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PREFACE

The recent discovery of whirling disease in rainbow trout in Montana has caused a sudden
growth of interest in whirling disease research. We recognize that some scientists may have
limited accessibility to libraries and the literature. We therefore desired to give various individuals
interested in whirling disease research immediate access to key papers. As a result, we have
prepared this bibliography on whirling disease in salmonid fishes. The majority of the papers in
this bibliography are research articles published in peer-reviewed journals, although we have also
included some reports, abstracts, leaflets and book chapters that deal directly with Myxosoma
cerebralis. In addition to the bibliographical listing of articles, we have attached reprints of each
article when possible. Reprinting the articles would not have been possible without the generosity
of publishers who, almost without exception, have given copyright permission and allowed the
papers to be recopied at no charge. Because a goal of this project was to provide only courtesy
copies of this bibliography, any requests for royalty charges were noted and only the abstract was
printed for the articles in question.

Articles included in this bibliography were selected with essentially one criterium: they
deal specifically with whirling disease or M. cerebralis, including any intermediate life stages. We
have put together as many of these key papers as we could find. Since some papers may have
been omitted, we apologize in advance, and request from the user the favor of correspondence if
you have identified such papers. It is our intent to continue to collect artacies on this subject and
create an addendum in a year or two.

The first part of this document is numbered in lowercase Roman numerals, and contains a
Table of Contents, a Subject Index and the bibliographic listing of papers. The second part of the
document contains the copied articles and is numbered with Arabic numerals. The listing of
articles is alphabetized and numbered, and paper's number is also found in the upper right hand
corner of odd-numbered pages. We hope this will aid in finding each article of interest. The
Subject Index was made so the reader might have a starting point for finding articles dealing with
a specific area of whirling disease. The Index is not comprehensive; rather we have extracted key
words from the titles, index descriptors, abstracts or introduction when appropriate. We hope the
Index will accelerate the usefulness of the bibliography for the reader.

The authors gratefully acknowledge the support by Montana State University-Bozeman
and the Montana Department of Fish, Wildlife and Parks.
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AN ENDEMIC DISEASE OF SALMONIDS

IN SAKHALIN ISLAND
E. A. Bogdanov

PARASITOLOGY
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Translated from Doklady Akademii Nauk SSSR, Vol. 134, No, 8§,

pp. 1501-1503, October, 1960
Original article submirted April 4, 1960

One of the best documented diseases of young Sal-
monid fish is "vertigo,” a disease caused by the Myxo-
sporidian parasite Myxosoma cerebralis (Hofer, 1903)
Plehn, 1805,

According to the literature, this disease is wide-
spread in Salmonid hosts and occurs in many European
countries. M. cerebralis was first discovered in Germany
[1-4] and during the subsequent decade in France £5],
Italy [ 6], Czechoslovakia [7] and Poland {8]. There are
some acecounts of its occurrence in Denmnark,

Vertigo in Salmonids was not recorded in the Soviet
Union until comparatively recently, Symptoms of the
disease were first noted in rainbow tout from the " Rop-
sha” fish farms, leningrad Region, in 1952, Later, this
disease was observed in young Black Sea trout at the
Chernorechensk fish farm, Abkhazia, and spores of M,
cercbralis were found in wild Black Sea trout {Salmo
trutta labrax) and rainbow trout (S, irideus), inhabiting
the Black Sea rivers [9],

So far, it would appear that this parasite has been
recorded only from Eastern and Westemn Europe, How-
ever, in 1959, the author found and studied vertigo in

~Pacific salmon of the genus Oncorhynchus, at the fish

hatcheries in Southern Sakhalin Island.

The infection was found in young ketas (O, keta),
gorbuschas (O. gorbuscha) and simes (0. masu) and de-
tailed pares'i_taiogicai dissection revea"igﬂ'fs—presence
in the following wild species; Salvelinus leucomaenis,
S. malma morpha and young O, masu, Specimens of
these fishes were taken from the Kalininka, Lesna, Seraka-
vo and Taranaika rivers, The first of these rivers flows
into the Terpenia Strait, the second into the Sea of
Okhotsk near the township of Okhotsk, the third into the
Gulf of Terpenia and the last into Anivskii Bay, In ad-
dition to the above-mentioned localities, numerous fish
were examined from hatcheries, fish farms and reservoirs
in the Kalininskii, Lesnoi, Sokolovskii and Taranaiskii
catchment areas,

Spores of M, cerebralis were discovered in cartila-
Binous tissue from the skulls of . masu (64%), Salve-
linus leucomaenis (44%) and 8. malma morpha {in al}
five specimens examined), The extent of the infection

among the different species of fish varied from one
river to another, Thus, spores of M. cerebralis were
found in ali the specimens of Q. masu examined from
the Kalininka and Serakavo rivers, whereas only one
individual from the TaranaikaRiver was found 1o be in-
fected. Salvelinus leucomaenis from the Lesna and Se-
rakavo rivers were found to be less heavily infected than
those from the Kalininka River, All the individuals of
8. malma morpha from the Kalininka and Lesna rivers
were found, on dissection, 1o be infected with this para-
site, At a magnification of 40 X 15 diameters, a single
field of vision ysually yielded one M, cerebralis spore
when preparations of S, malma morpha were examined.
Preparations of Q. masu tissue showed higher infestation
by the parasite: at a magnification of 40 X 15 diame-
ters up to 15-16 spores were visible in a single field of
vision,

These observations suggest that in the Far East, par-
ticularly in the Sakhalin Islands, there is an endemic
focus of parasitism associated with M. cerebralis. Spores
of this parasite have been observed in fish of the genera
Oncorhyncus and Salvelinus from the rivers of the west-
em, eastern and southern coasts of Southern Sakhalin
Isiand. M. cerebralis may, therefore, be described as
having a wide distribution in this area, The fact that
this pathogen occurs in a region of intensive fish culti-
vation has very considerable practical imnportance, Sal-
monids between five and six months old are known to
suffer considerable damage from the activities of this
myxosporidian; the infected fish show obvious symptoms
of disease and many die,

Young salmonids suffering from vertigo may be dis-
tinguished from healthy individuals by several external
signs, e, g, the blackening of the posteridr half of the
body, the curvature of the spine, the rudimentary nature
of the operculum, the uncoordinated movements which
they exhibit, etc. '

The author's rescarches into the biotogy of this
parasite have shown that the fish become infected from
the moment when they commence active feeding, The
plasmodial stage in the life cycle is the stage which is
most harmful to the young Salmeonids, for it is the plas-
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modium which infiltrates into the cartilaginous tissue of
the host's skull and destroys it, The young fish begin to
die from vertigo as early as July. By then the diseased
fish have all acquired their abniormal pigmentation,
Depending on the time of hatching of the fish fry and
ont climatic conditions, sporulation of M, cerebralis may
be observed during the month of August. Spores of the
myxosporidian are found in the external medium after
the death of the discased {ish and the dissolution of
their tissues, They are also passed through the alimen-
tary tract of living fish suffering from vertigo. Conse-
quent upon this latter state of affairs, wild fish entering
hatcheries and fish farms, where young Salmonids are
raised, prove a constant source of M. cerebralis infec-
tion,

Under the conditions prevailing in the Sakhalin
Islands three species of wild Salmonid fish, namely
Salvelinus leucomaenis, 5. malma and Oncorhznchus

masu, are the main dissemninators of M, cerebralis spores,

Observations, carried out in 1959 on young ketas,
gorbuschas and on their hybrids, also on young simes,
have shown that from May to the beginning of june
these species are free from any externally apparent

\v&\“\\“\\\\\“
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Fig, 1. Transverse section through the skull of a
young autumn O, keta smolt infected with Myxoso-

symptams of vertigo. This period of time coincides
with the seaward migration of the Salmonid smols in
natural waters. Howewer it must be admitted that young
fish in the early stages of vertigo infection reveal no ex-
ternal signs of the disease, and that it is not possible 1o
detect the plasmodium of M. cerebralis in any general
parasitological examination. Conseguently, it was de-
cided to make histological sections of the cartilaginous
skulis of young fishes at this time of the year. For this
purpose six month old keta smolts were taken from the
Kalinskii fish farm® on June 2, 1859,

As a result of the investigation it was established
that plasmodia of M, cesebralis were present in the car-
tilage of the skull and the branchial arches of these fish
at the timne, Characteristic of this phase of the dissase
was the destruction of the cartilaginous tissue of the
skull (Fig. 1). The fact that the fish were not shedding
spores at the time, can be explained in terms of the
conditions under which the young fish are reared, The
water in the rearing tanks is at a low temperature (usual-
iy 3-4°, very occasionally reaching 7°), consequently
the development of the parasite is retarded and sporula-
tion does not occur during the period when the salmon
smolts would normally descend the Kalininka River for
the sea. Lengthening the time of sojourn in the hatch-
eries until July and August may resuit in the smolts
showing symptoms of vertige and shedding ripe spores
of M. cetebralis.

M. cerebralis is, therefore, not only a parasite of
the wild Salmonids, Oncorhynchus and Salvelinus in the
Sakhalin Islands but also occurs in young ketas reated
under ariificial conditions, These young fish are released
into rivers at a time when the parasite is beginning to
spotulate, and further development takes place when the
fish reaches the sea,

The discovery of a new center of disuibution for
M. cerebralis demonstrates the need for carrying out ad-
ditional investigations, with 2 view to determining levels
and dynamics of infection in young fish belonging to
various species of the genus Oncorhynchus. In addition

there is need to study the biology of this parasite, par-

ticularly in relation to the conditions prevailing in
Sakhalin Island, together with other allied problems.
Artificial rearing of Pacific salmon is widely prac-
ticed in Japan [10], in the United States {11] and alo in
Canada, In these countries, there are considerable num-
bers of fish hatcheries and fish farms where millions of
young saimon of the genus Oncorhynchus are reared ap-
nually, For this reason the determination of the distri-
butional range of M. cerebralis and its cecurrence among

ma cerebralis (stained Ehrlich's hematoxylin);  a}
cavity formed as a result of the paraéite destroying
the cartilage: b} chondrocytes with nuclei: c) plas-
modinm of parasite penetrating cartilage, together
with chondrocytes; s} spore of M. cerebralis (with
polar capsules.
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*$. leucornaenis, O. masy, and S. malma were all con-
stant visitors to this particular fish farm, as well as in-
habiting the reservoirs from which the water in the fish
farm was derived, These species, therefore, furnished
the M, cerebralis spores, which increased the incidence
of infection among the resident Saimonid smoits.




Oncorhynchus species andthose of other salmon genera,
both in fish farms and in natural waters, is of great
scientific and practical importance.
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AN EFFICIENT CONCENTRATION AND
PURIFICATION METHOD FOR SPORES OF
MYXOSOMA CEREBRALIS

NICHOLAS CoNTOs and HanNs ROTHENBACHER

Department of Veterinary Seience, The Pennsylvania State University
University Park, Pennsyivama, 16802

THE PRIMARY NEED FOR SPORE CONCENTRATION
techniquies has been for the purpose of inereas-
ing the reliability of diagnosing whirling dis-
ease in trout. In present diagnostic procedures,
skulis from suspect fish are minced and the
watery suspension examined mieroscopically
for spores [7]. Such suspensions are too dilute
and debris-laden to be efficient for use in the
diagnosis of early or mild infections of whirl-
ing disease or for immunological studies re-
quiring spores. Large amounts of clean and
highly concentrated spores are necessary for
practical studies dealing with spore physiology,
tissue culture, and immunologic studies.

This paper describes a simple, efficient meth-
od for production of clean, concentrated spore
suspensions by mechanical homogenation and
chemical digestion of infected trout tissues.

MATERIALS AND METHODS

Trout from 4 to 6 inches in length and ex-
hibiting whirling disease signs were processed

i lots of 5 to 6 fish. The fish were skinned

and defleshed leaving only head and spine in-
tact. The heads and spines were cut into small
picces with scissors and placed in a Waring
blender chamber. The chamber was filled with
1ce-cold distilled water and the tissues homog-
enized for 5 to 10 minutes.

The homogenate was mixed 1:1 with a di-
gestive solution consisting of 2 percent dried
pepsin {(Merck and Co., Inc. Rahway, N.J.)
and 2 percent.HC], and placed on a magnetic
stirrer for 8 to & hours. The 2 percent di-

Note—Journal Series Paper No. 4539 of the Agricul-
tural Experiment Station, The Pennsylvania State Uni-
versity.

VOL. 36, NO. 2, APRIL 1974

gestive solution was prepared by dissolving 20
grams of dried pepsin and adding 20 milliliters
of concentrated HCI per liter of distilled water.
The digested homogenate was passed through
sieves having T2 micron openings to remove
any large debris.

The filtrate was placed in 250 milliliter cen-
trifuge tubes and spun at 1,000 xg for 15
minutes. The supernatant was drawn off, and
the pellets resuspended in distilled water and
pooled into one large centrifuge tube. Twenty
milliliters of ethyl ether was added to the
suspended spore-debris mixture which was
shaken well and spun at 200 xg for 16 minutes.
The ethyl ether layer and the water-ether
interface were drawn off leaving only the spores
in the water fraction below.

The spores were washed twice in distilled
water by alternate resuspension and centri-
fugation at 1,000 xg. Finally, the spores were
resuspended in a known volume of water,
counted in a hemacytometer chamber, treated
with penicillin and streptomycin (200 M peni-
cillin/ml, 200 ug streptomycin/ml), and elther
stored at 4°C or frozen.

RESULTS

Several lots of 5 to 6 trout 4 to 6 inches in
length were processed. Each lot yielded a
white pellet of pure spores containing 10 to 12
million intact spores. No debris could be ob-
served in samples of resuspended spores ex-
amined microscopically,

DISCUSSION

The modified concentration technique for
Myxosoma cerebralis spores described above
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has been shown to be an efficient, simple meth-
od to produce spore suspensions sufficiently
pure and concentrated for diagnosis as well as

experimental applications. Rydlo [2] described
a cruder and more time-consuming method of

spore concentration employing chemical diges-
tion only. He cut the infected fish into chunks
and placed them in an acid pepsin solution for
several hours. The filtrate of the digestion was
again digested in acid pepsin for an additional
10 to 20 hours. Rydle's process was only in-
tended for diagnosis and was unsuitable for
producing a clean suspension. His aim was
only to qualitatively determine the presence of
spores in various organs of the trout.

The initial defleshing and mechanical ho-
mogenation of the skulls and spines of the
trout allowed rapid and thorough digestion of
the tissues including bones and cartilage by
the acid pepsin. A trace of undigested residue
was collected when the digested homogenate
was passed through the T72.micron-opening
sieve. Apparently, only spores, very small sus-
pended particles, and dissolved components are
left in the homogenate after screening with the
sieve. Mixing with ether removes fatty sub-
stances and suspended particles into the ether
layer or the water-ether interface. The use of

02

ether in a M. cerebralis spore concentratic
method was first described by workers of i}
Eastern Fish Disease Laboratory at the Whir.
ing Disease Workshop, March 21-22, 1973, Les. %
town, W. Va. After centrifugation at lou i
speeds (with the ether), the water phase cor.
tains only spores—most of which have co.
lected in a visible white pellet allowing th-
ether phase to be drawn off with little or n-
loss of spores. This method of spore concern.
tration will produce consistent results wher
followed closely. The critical steps probably
include thorough defleshing of skull and spine,
using fresh and sufficient acid pepsin (at leas
1:1 with the homogenate), and centrifugatior
at the proper speeds.
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Experimental transmission of two Myxobolus spp-
developing bisporogeny via tubificid worms
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Abstract. Spores of Myxebolus coiti El-Matbouli
and Hoffmann 1987 and M. cerebralis Hofer 1903
{fresh or after 5 months in mud) are taken in by
tubifex worms and develop in their gut epithelium
cells into actinosporea of the genus Triacting-
myxon. Triactinomyxon deriving from M. corti
differ distinctly from those derived from M. cere-
bralis in morphology and the number of sporo-
zoites in the epispore. It could be shown that Triac-
tinomyxon spores infect fish either via the water
{bulthead, rainbow trout) or by feeding of infected
tubifex (rainbow trout), developing into AMyxobo-
fus spores in cendral nervous tissue (bulthead) or
cartilage (rainbow trout). Fresh or ripencd Spores
of M. cotti and M. cerebralis were not infectious
for bullheads or rainbow trout, respectively. The
results of our experiments confirm the hypothesis

. that the life cycle of M. cotti and M. cerebralis

includes an intermediate host and a metamorpho-
sis into actinosporea of the genus Triactinomyxon.

All published transmission experiments with
members of the class Myxosporea have been done
with Myxobolus cerebralis (syn. Myxasoma cere-
bralis}, the agent of whirling disease in salmonid
fish. All transmission trials were ineffective until
& new aspect to this unsolved problem was revealed
by Markiw and Wolf (1983), Wolif and Markiw
(1984) and Wolf et al. (1986), who presented the
theory not only that tubificid worms are necessary
as intermediate hosts, but also that a transforma-
tion of M. cerebralis to an actinosporean { Triactin-
omyxon gyrosaimo) occurs in tubifex, and only this
Triactinomyxon can infect salmonids. These results

have not generally been accepted; thus, Hamilion

Reprini requests to: ¥, El-Mathouli

and Canning (1987) reported that M. cerebralis
spores do not induce a higher prevalence of Triac-
tinomyxon in tubifex,

The present paper gives further evidence for
the involvement of tubifex or actinosporean in the
life cycle of Myxobolus spp. using M. cotti, which
infects the CNS of bulthead (Cottus gobio) (El-
Matbouli and Hoffmann 1987), and M. cerebralis,
which invades the cartilage of salmonids, especially
rainbow trout (Salmo gairdneri).

Materials and methods

Twao serics of experiments were carried out in 1986 and 1987,
For the first series {(experiment 1), four bultheads were fed ho-
mogenated spinal cord of bultheads infected with M, corti, The
bullheads were kept in a 201 glass aquarium to obtain feces
for microscopic examination. In experiment 2, spores of A,
coiti deriving from CNS were transferred 1o a 20-1 glass aquar-
ium with a 5-cm-thick layer of sterilized sand on the bottom,
After filling the aquarium with water (temperature, 16°-17° <),
50 g tubifex worms {90% Tubifex tubifex Miller and 10% T,
ignotus Stolé and Limnadrillus hoffmeisteri Claparéde) was add-
ed (tank 1). As a control, 50 g tubifex was put in another 201
aquarinm with a S-cm-thick layer of sterilized sand on the bot-
tom {tank 2).

Every 2 days, samples of tubifex from hoth tanks were
taken for squash preparations, and other samples were fixed
in 5% buffered formakin and embedded in Parablast. Sections
3 prn thick were stained with hemotoxylin and eosin and Giem-
sa's solutions. After the appearance of 7 riactinomyxon spores
in the gut of worms or the water in tank 1, the tubifex were
washed with distilled water. These Triactinomyxon-containing
lubifex were put into capsules of 2 meshwork with 260-pm
width and transferred to a 20| aquarivm containing buftheads
from an environment without Myxosporea. The bullheads were
transferred 20 days later to a new aguarium without tubifex i
at §12°-15° .

In the second series (experiment 3), 20 rainbow trout fry
(4-6 om long) were put in a 100! tank containing spores of
M. cerebralis ripened in tubifex-free mud for 4 months. In ex-
periment 4, the conditions were identical to those in experi-
ment 2, except that M. cerebralis spores were used insiead of
those of M. corii.



isolated from waier: episporc with 8 sporozoites,
an infected {ubifex. Giemsa; x 825. Fig. 4. 7. gyrosa

Fig. 1. T. myxoboli cotti from lhe.homcgcnale of infected tubifex: epispore with 16 sporozoites. x 925, Fig. 2. T. myxoboli m;’;

% 1200. Fig. 3. Pansporocyst of T. myxobolus cotti in the gut epithelium of
I from the homogenate of infected tubifex: epispore with 32-50 sporozoties’

% 350. Fig. 5. Spores of T. gyrosalmo in the gut epithelium of an infected tubifex, CGiiemsa; x 350
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Results

Series [ transmission of Myxobalus colti

Experiment I: direct transmission. Feeding of
healthy bullheads with material from the CNS of
infected bultheads containing spores of M. couri
did not result in any changes in the recipients, but
unchanged spores could regularly be found in their
feces.

Experiment 2 transmission via tubifex. In sampies
of tubifex taken every 2 days for squash and histo-
logic examination, developing stages and spores
of a member of the genus Trigctinomyxon were
detected beginning on day 80. This Friactinenyxon
was anchor-shaped and had three polar capsules;
the anterior cavity (epispore) contained 16 spheri-
cal sporozoites (Fig. 1). On day 125, living and
dead spores could be seen attached to the glass
wall and swimming freely in the water; the free
stages contained only eight spherical sporozoites
(Fig. 2) whose total length (epispore and styl) was
88.64 um on average. Histologically, masses of
pansporocysts could be found in the gut epithelium
(Fig. 3) and free Triactinomyxon spores werc de-
tected in the gut fumen of tubifex. Tubifex from
control aquaria without contact io material from
the CNS of infected bullheads did not show evi-

dence of Triactinomyxon spores or developing -

stages. In one of three bullheads in the tank with
infected tubifex, spores of M. cotti could be de-
tected in the spinal cord on day 130 after the first
contact with tubifex.

Series IT — transmission of M. cerchralis

Experiment 3: direct transmission. Rainbow trout
fry in the tank containing spores of M. cerebralis
ripened in tubifex-free mud did not show clinical
signs of whirling disease. All postmortem examina-
tions gave negative results during the 5 months of
observation. :

Experiment 4 : transmission via tubifex. On day 82,
pansporocysts and spores of an actinosporean of
the genus Triaciinomyxon were found in squash
preparations of tubifex. As in experiment 2, the
spores were anchor-shaped, with three polar cap-
sules, but the epispores contained 32-50 spherical
sporozoites (Fig. 4). Histologically, developing
stages could be detected in the gut epithelium on
day 82 (Fig. 5). Beginning on day 94, freely swim-
ming spores could be observed. There was no dif-
ference between spores in the squash preparation

Table . Infection of young rainbow trout fry with M, cerebralis
via the water

Fish Time between  Time between  Occurrence of

number  infection and infection and M. cerebralis
clinical signs necropsy
{in duys) {in days)

H £6 120 +

2 46 116 +

3 — 140 +

4 96 172 -+

Table 2. Results of oral infection of rainbow trout fry with
M. cerehralis

Fish Time between  Time between  Qccurrence of
numbcer  infection and infection and M. cerebralis
clinical signs necropsy
{in days) - {in days)

- 60
- 95
25 102
15
- 118
n 21
o i3

R R R T A W O
[
O A R

and those in the water; their arm length was
135.62 um on average. Control tubifex did not
conlain any stage ol Triactinomyxon. The coniinu-
ation of this experiment was modified: infected tu-
bifex were divided into two groups.

Experiment 4a: transmission via water. As in exper-
imeni 2, infected worms were encapsulated in
meshwork cages and transferred to aquaria with
rainbow trout fry (4-5cm long). Beginning on
day 86 after indirect contact with tubificids, typical
signs of whirling disease (black tail, whirling) were
observed. Both the squash preparation and histo-
logic slides showed evidence of M. cerebralis in
all trout (Table 1),

Experiment 4b. Seven rainbow trout were fed with
the remaining tubifex. Whirling disease could be
proven in five {rout between days 95 and 131 after
ieeding {Table 2).

Discussion

The results of the present study support the theory
that tubificid worms are obligaie intermediate
hosts for Myxobolidae. Not only M. cerebralis but
also M. cotti are transmitted by tubifex. Whereas
the actinosporea spp. deriving from M. cerebralis
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was identical to that described by Wolf and Mar-
kiw (1984), T. gyrosaimo, the Triactinomyxon de-
riving from M. cotri strongly differs morphologi-
cally. Therefore, we suggest that the latter be
named Triactinomyxon myxaboli cotti; this name
should also document that Myxobolus and Triac-
tinomyxon are only different stages of the same
parasite. Current systematics (Levine et al. 1980)
should therefore be revised, since they present re-
sults also favor the theory that the use of an inter-
mediate host is commonly necessary in Myxo-
sporea.

It is very surprising that sporogony takes place
twice during the life cycle of these parasites: there
are several possible explanations for this. The first
could be that the original hosts were only tubificids
and that after the phylogenetic appearance of ver-
tebrates, an additional host was involved. In terms
of the distribution of the parasiles, the inclusion
of freely swimming Triactinomyxon spores favors
positive contact with the next host. Especially in
trout, contact with Myxobolus spores is improba-
ble except by cannibalism; in fact, only fry and
fingerlings of salmonids can become clinically in-
fected, whereas spore development takes place in
farger fish (Hoffman 1962). The spores are found
in body tissue that does not come into contact
with the environment, which enabics release only
after the death of the fish, after which most of
the spores will appear at the botiom of the watcr.

ic
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Direct contact with freely swimming trout is im-
probable, but tubificid worms can easily come into
contact with the spores. The multiplication of these
parasites in tubificid worms in combination with
the development of freely swimming stages favors
effective contact with the final host,
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Effects of Freezing, Aging, and Passage through the Alimentary
Canal of Predatory Animals on the Viability of
Myxobolus cerebralis Spores!

M. EL-MATBOULI AND R. W. HOFFMANN

Institute of Zovlogy and Hydrobiology, University of Munich
Kaulbachstrasse 37, 8000 Munich 22, Germany

Abstract.—In transmission experiments with tubificids Tubifex tubifex as primary hosts and frv
of rainbow trout Oncorhynchus mykiss as secondary hosts, it was shown that Myxobolus cerebralis
spores can tolerate freezing at ~20°C for at least 3 months, aging in mud at 13°C for at least 3
months, and passage through the guts of northern pike Esox fucius or mallards Anas plaryrhynchos

without loss of infectivity,

The failure of many experiments designed fo
infect fish directty with freshly isolated spores of
Myxobolus cerebralis has led to the general opin-
ion that spores need to ripen by aging 4-5 months
in mud (Hoffman 1962; Hoffman and Putz 1969;
Putz 1970; Putz and Hoffman 1970; Schiperciaus
1979). Plehn (1904, 1924) suggested that spores
were resistant to drying and freezing, and had a
long survival time. Hoffman and Putz (1971) fur-
ther suggested that aging of previously frozen
spores for about 4 months was necessary for in-
fectivity.

Mevers et al (1970) and Schiperclaus (1979)
implicated avian vectors in the transmission of
M. cerebralis by finding spores in the feces of great
blue herons Ardea herodias. Hoffman and Putz
{1970) were unable to infect fry with heron feces
containing M. cerebralis spores aged 4 months;
however, it was unknown as to whether the spores
were viable, Taylor and Lottt (1978) were able to
infect trout in ponds in which feces from contam-
inated waterfow! were suspended.

Clarification of the life cvele of AL cerebralis,
which includes a tubificid intermediate host (Wolf
and Markiw 1984; El-Matbouli and Hoffman
1989), has allowed experimental transmission of
whirling disease. The ability to complete the life
cycle in the laboratory has enabled us to investi-
gate factors that affect the viability of M. cerebralis
SpOTES,

Methods

Experiment I: Transmission of M. cerebralis via
Tubifex tubifex infected with fresh spores. —Spores

! This study was sapported by the Deutsche Forsch-
ungsgemeinschaft {gramt DFG HO645/8-1),

of M. cerebralis were mechanically isolated and
enriched. {Infected cartilage was disrupted, fil.
tered, and centrifuged, and the resulting pelets
were resuspended in phosphate-buffered saline
[PBS)). A 20-L glass aquarium with a 5-cm-thick
layer of sterilized sand was filled with tap water,
Afterwards, 100 g of tubificids (90% Tubifex tu-
bifex, 10% Tubifex ignotus and Limnodrilus hoff-
meisteri) of our laboratory-reared specific-patho-
gen-free (SPF) stock were distributed on the sand
layer. The tubificids were regularly tested and
shown to be free of Acrinosporea. Aquaria were
undisturbed for 2 d to aliow the tubificids to bur-
row into the sand. Water flow was then stopped,
and M. cerebralis spores were added in a ratio of
about 50 spores per tubificid worm. Water tem-
perature was 16-17°C. At 90 d after initial expo-
sure, waterborne triactinomyxon spores (consid-
ered the intermediate stage of M. cerebralis) were
detected. The maximum numbers of triactino-
myxon spores were found in the water 120-140 d
after exposure.

At day 120 after exposure, infected tubificids
were transferred to a capsule with 2 200-um-mesh
screen allowing only triactinomyxon spores to
leave. This capsule was placed in 2 50-L tank with
30 fry of rainbow trout Oncoriivnchus mykiss (3
5 cm in length) from our SPF stock. Aquaria were
aerated, but water flow was stopped for 7 4. After
7 d, the capsule containing the infected tubificids
was removed, and water flow was set 1o about 800
mbL/min. Water temperature was [2-13°C. The
fry were observed daily for clinical signs of whirl-
ing disease.

Experiment 2: Transmission of M. cerebralis vig
7. rubifex infected with aged spores. ~ Spores of M.
cerebralis were added to a 20-L aguarium with a
5-cm-thick fayer of sterilized sand and z water
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TanLe |.—Results of infections of rainbow trout fingerlings with treated spores of Myxobolus cerebralis.

First detection of

Number of fish (%) with whirling
disease 130 ¢ after ¢xposure
10 tnaclinomyxon spores

1actnomyson
in water M. cerebralis
{days after $pores in head
Spore treatment N expostre} Clinical signs cartilages
MNone {fresh) 30 90 22673%) 28 (93%)
Aging in mud kit RO 20 (67%) 30 {100%)
Freezing
2 months 0 78 18 (60%) 20 {97%)
3 months . 30 81 16 (53%) 28 (93%:;)
Spores passed through the alitnentary
canal or piscivore
MNorthern pike 15 75 11 (73%) 12 (80%)
Mallard 15 84 E3{87%) 13 (87%)

flow of about 400 mi/min. Tap water of 13°C was
used. Aquaria were undisturbed for 5 months to
allow the spores to age. Afier this time, 100 g of
SPF wbificid worms were added in a ratio of one
tubificid worm to 50 spores, As in experiment 1,
120 d after exposure to spores, tubificids were en-
capsulated in mesh cages and transferred to agquar-
ia containing 30 rainbow trout fry.

A negative control consisted of placing 20 rain-
bow trout fry into a tank containing sand with
spores aged for 5 months. :

Experiment 3: Transmission of M. cerebralis vig
T. tubifex infected with frozen spores, — Ten spore-
bearing rainbow trout heads were frozen for 2
months, and another 10 for 4 months. After freez.
ing, M. cerebralis spores were isolated and en-
riched as in experiment 1. The two groups of fro-
Zen spores were added to separate aquaria, each
containing 100 g of tubificid worms. The aguaria
contained sterilized sand as described in experi-
ment 1. At 120 d after exposure, the tubificids
were isolated from the sand, encapsulated in mesh
cages, and transferred to one of two aquaria con-
taining 30 rainbow trout fry. Further procedures
were as in experiment }.

Experiment 4: Transmission af M. cerebralis via
T. tubifex infected with M. cerebralis after passage
of spores through fish. —QOver a peried of 2 weeks,
10 experimentally infected rainbow trou finger-
bings (7-8 cm long) with strong clinical signs of
whirling disease were fed to five northern pike
Esox fucius (26-30 cm long). During 15 4, feces
were collected, suspended in PBS and passed
through a 200-um-mesh sieve to remove Bross
barticles. Feces were then passed through 100-,
50-, and 25-um-mesh filters. The final filtrate with
Spores was cemrifuged at 130 x gravity for 10
min. The peliets with A7, cerebralis spores were

T

resuspended in PBS. The suspension of harvested
spores was added to a 20-L aquarium with sterile
sand and 50 g of tubificids, as in experiment 1. A
120 d after exposure, tubificids were removed and
exposed 10 15 rainbow trout fry as described in
experiment 1.

Over a 1-week period, 10 spore-bearing rain-
bow trout heads were fed to three mallards Anas
platyrhynchos. Feces from the ducks were collect-
ed for 7 4, and spores of M. cerebralis were iso-
lated as from fish feces and used to infect 15 rain-
bow trout fry.

Controis for each experimeént consisted of one
aquarium with a 5-cm-thick sand layer and 100 g
tubificids from the same population but without
addition of spores. The water and the tubificids
were regularly examined for the presence of triac-
tinormnyxon spores.

Resnlis

The timing of the first appearance of waterborne
triactinomyxon spores was similar for all experi-
ments in which M. cerebralis spores were in con-
tact with tubificids. Triactinomyxon spores first
appeared at an average of 81 d (range, 75-90 d)
after exposure of tubificids to the different treated
spores of M. cerebralis. These triactinomyxon
spores were identical 1o those described in Wolf
and Markiw (1984), and by Ei-Matbouli and Hoff-
mann (1989). In the tank containing only aged AJ.
cerebralis spores but no tubificids, triactinomyxon
spores could not be detected at any time.

In all groups of rainbow trout fingerlings ex-
posed to triactinomyxon spores, a high percentage
developed clinical (53-77%) or morphological (80~
100%) signs of whirling disease (Table 1}. In con-
irast, among fish having contact only with aged
spores of A cerebralis, neither clinical Signs nor
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spores in head cartilages were detected. Control
fish from the breeding stock were free of signs of
disease.

Discussion

This study demonstrated that spores of Af. cere-
bralis survive for at least 3 months at —20°C. In
addition, spores passed through the alimentary ca-
nals of northern pike and mallards remained vi-
able. The ability of spores to survive passage
through the intestines of piscivorous fishes, birds,
or mammals is important in the natural distri-
bution of whirling disease, because affected salmo-
nids can be easily caught by predators. Therefore,
the implications of transferring fish-eating ani-
mals to other regions or continents free of . cere-
bralis must be considered. The results of this study
support the hypotheses of Meyers et al. (1970),
Taylor and Lot (1978), and Schiperclaus (1979)
on the role of fish-eating birds in the distribution
of whirling disease.

In contrast to the suggestion that M. cerebralis
spores must ripen in mud for 6 months (Schip-
erclaus 1931; Hoffman et al. 1962; Putz and Hof
man 1970} or age for 4 months after freezing
(Hoffman and Putz 1971) to become infective, our
results show no difference between fresh and mud-
ripened spores with regard to induction of triac-
tinomyxon development in tubificids. There is a
Iong period between release of M. cerebrafis spores
in the water and first sipns of whirling disease be-
cause the parasite stages in the first host (7. tu-
bifex) and the second host (salmonid fish} each
take about 3 months to develop (Wolf and Mar-
kiw, 1984; El-Matbouli and Hoffmann 1989).

Freezing down to —20°C did not inhibit the in-
fectivity of M. cerebralis spores. This is an im-
portant consideration in the shipmen: of frozen
food fish. Resistance to freezing seems to be a
common attribute of Myxobolus spores, because
spores of M. corti and M. pavipvskii have a com-
parable quality (our unpublished observations).

In conclusion, the treated spores of M. cere-
bralis {fresh, aged 5 months in mud, frozen at
—20°C for 3 months, or passaged through the al-
imentary canals of northern pike and mallards)
were ingested, along with mud particles, by oli-
gechaetes of the genus Tubifex. Inside the whifi-
cids, the spores differentiated into the fish-infec-
tive stage, the triactinomyxon stage. The resilient

13

qualities of AMvxobolus spores as well as their pos-
sible transmission through piscivorous predators
must be considered in programs for prophylaxis
and eradication of whirling disease.
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Light and electron microscopic observations on the route of
the triactinomyxon-sporoplasm of Myxobolus cerebralis
from epidermis into rainbow trout cartilage

M. EL-MateouLl, R. W. HOFFMANN aAND C. MANDOK

Institute of Zoology, Fish Biolagy and Fish Diseases, University of Munich,
80539 Munich, Germany

(Received 17 January 1994, Accepted 1 June 1994)

Penetration of triactinomyxon-sporoplasms of Myxobolus cerebraiis through skin, fins, gills
and buccal cavity have been demonstrated experimentally in rainbow trout. Furthermore
the multiplication-stages of penetrated triactinomyxon-sporeplasms reach the cartilage via
peripheral nerves and the central nervous system (CNS). “This is in contrast to the assumption
that the agent reaches the cartilage via blood, lymph, andfor coelomic finid. Duaring the first
hour following penetration, the sporoplasm migrates between the epidermal ceils. Then, it
enters the epithelia and multiplies intracellularly. These stages migrate deeper into the subeutis,
then through the peripheral nerves and CNS. After sbout 21 days the parasites reach the head
cartilages. During their migration they also multiply to increase parasite numbers. The
ultrastructure of the proliferative phase (presporogonic development) and the sporogonic phase
of the life cycie are demonstrated and discussed.

Key words: Triactinomyxon, Myxobolus cerebralis; epidermis; CNS; cartilage,

'

INTRODUCTION

Whirling disease is mainly a chronic disease of trout fry and fingerlings caused by
the myxosporean Myxobolus cerebraiis. The increased resistance of older fish is
due to ossification of cartilages as well as a result of an acquired immunity
(Hoffmann er al, unpub. obs.). The first confirmed outbreak occurred
in Germany as early as 1903 among rainbow trout Oncorhynchus mykiss
(Walbaum), a fish species which was not indigenous to Europe (Hofer, 1903).
The transcontinental spread of whirling disease and its economic importance has
increased with the worldwide development of salmonid farming. The disease has
therefore been included in the International Office of Epizootics list of important
infectious diseases of fresh water fish. M. cerebralis has been recorded in 18
species of salmonids (Halliday, 1976). Rainbow trout is the most sericusiy
affected species, brook trout Salvelinus fontinalis Mitchill less severely, and
brown trout Salmo trutta L., seems to be the most resistant (Hoffman er al.,
1962).

Wolf & Markiw (1984) and El-Matbouli & Hoffmann (1989) demonstrated
that M. cerebralis has a two-host life cycle involving fish and a tubificid
oligochaete. During the last 3 years a series of studies has proven a two-host-life
cycle of other myxosporean species including an actinosporean developing in an
oligochaete (Table I). Two different stages of sporogony occur, one in each host.
M. cerebralis spores in fish cartilage are the infectious stage for Tubifex tubifex
and transform in their gut epithelial cells into an actinosporean triactinomyxon.
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ROUTE OF TRIACTINOMYXON-SPOROPLASM TO CARTILAGE 921

Only this is able to infect salmonid fish and induce whirling disease. Susceptible
salmonids either ingest infected tubificids harbouring the specific triactinomyxon
or contact waterborne triactinomyxon spores which penetrate the fish surface
(Wolf & Markiw, 1984; El-Matbouli & Hoffmann, 1989},

The initial penetration of the triactinomyxon-sporoplasm into the fish host
takes place in the epithelium of fins, skin, gills and intestine (Markiw, 1989;
El-Matbouli er al, 1992a). These authors demonstrated experimentally that
within a very short time (5-10min) after initial exposure, individual forms
of aggregates of triactinomyxon-sporoplasms (12-18 um} were found in the
superficial epithelium. The peak of infection was evident in the fish epidermis
2 to 4 h after exposure. Aggregates of penetrated sporoplasms were no longer
evident after 8 h and after 24 h only single sporoplasms were recognizable,
scattered in deeper epithelial layers (Markiw, 1989; El-Matbouli e al., 19924).
How, in what form and where in the fish the penetrated triactinomyxon-
sporoplasms reach the cartilage has been a matter for speculation for a long time.
The purpose of this study was to determine the route of the penetrated
triactinomyxon-sporoplasm into the cartilage of rainbow trout fry.

MATERIAL AND METHODS

EXPERIMENTAL PRODUCTION AND ENRICHMENT OF
TRIACTINOMYXON SPORES

Parts of the skulls of 60 rainbow trout clinically affected by whirling disease were
minced in small pieces and homogenized in an Ultra Turax, suspended in phosphate
buffered saline (PBS) and passed through screens with mesh size of 1000, 500, 250 and
100 um. The final filtrate was centrifuged and the resulting pellets containing Myxobolus
cerebralis spores were resuspended in PBS. Three trials were performed with the
harvested spores. In each trial one-third of the harvested spore suspension was kept
in a I2- glass aquarium containing a S-cm-thick layer of sterilized mud, 200 g
actinosporea-free tubificid oligochaetes (90% Tubifex wbifex, 0% T. ignotus Stolc and
Limnodrilus hoffmeisteri Claparede) and filled with tap water. In all three trials, each
tubificid worm was exposed to about 200 A, cerebralis spores.

To harvest triactinomyxon spores we started the trials in 2-week intervals. As a
control. tubificids from the same population were kept in another aquarium under
identical conditions except for M, cerebralis spores. Water flow was stopped for 24 h
then a slow flow of water was provided at a rate of 10 ml min ~ '. Water temperature was
13-15"C. One hundred and twenty days after initial exposure of tubificid worms to
M. cerebralis spores, the waterborne triactinomyxon spores were collected every 2-3 days
by filtering 75% of the aquarium water through a 20-pm-mesh screen. This water was
replaced by fresh tap water.

EXPERIMENTAL INFECTION OF RAINBOW TROUT FRY

After each fiitration process, the harvested waterborne triactinomyxon spores were
exposed to [4-21-day-old specific-pathogen-free (SPF) rainbow trout, In all infection
trials, each fish was exposed to an average of 10 000 waterborne triactinomyxon spores.
The trout were exposed for a maximum of 1 h and were then transferred to tanks supplied
with tap water. Samples of water (100 ml) were also filtered through 20-pm-mesh screen
10 min after fish were in contact with triactinomyxon. Retained triactinomyxon spores
were examined microscopically immediately. Eight fish were taken at 5,10, 15, 20, 25, 30,
40, 50 min and thereafter one fish every hour for 18 h after contact with triactinomyxon
spores; then one fish was examined daily for 130 days. Trout were anaesthetized with
chlorobutanol {1.1.1-trichlor-methylpropanot 0-1 g 1~ . water). Blood was collecied and
smeared from the caudal vessel after cutting off the caudal fin. Fish were then necropsied
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and parts of fins, skin, muscies, gills, skull, brain, spinal cord and parenchymatous organs
were fixed in 5% buffered formalin and embedded in Historesin. Sections were stained
with H&E and Giemsa’s solutions. Blood smears were air-dried, fixed in methanol and
stained with Diff-Quick. Specimens of fins, skin, cartilage and central nervous system
were also fixed in 6-25% Sorensen-phosphate buffered glutaraldehyde (pH 7-4) for 3h
and post-fixed with 1% OsQ, in the same buffer for 2h. After dehydration, they were
embedded in Epon-812. Semithin sections were stained with toluidine blue and safranin,
uitrathin sections were contrasted with uranyl acetate and lead citrate, and examined by
light respectively transmission electron microscope (Zeiss EM 109). :

RESULTS

In all three trials, triactinomyxon spores appeared in the water 94 days
on average after tubificids had been exposed to M. cerebralis spores. The
waterborne triactinomyxon spore, as described by Wolf & Markiw (1984) and
El-Matbouli & Hoffmann (1989), is anchor-shaped with three polar capsules at
the top (Fig. 1). The style with epispore measures about 140 pm and contains a
minimum of 64 spherical sporoplasm cells (sporozoites). The tapering arms
measure 175-200 um. The maximum amount of waterborne triactinomyxon
spores was obtained between 110 and 160 days post-exposure. Infected tubificids
were shown to release triactinomyxon spores for more than 12 months after their
first appearance. Spores or developmental stages of triactinomyxon could not be
found in negative controls, and trout exposed to the control tank remained free
of M. cerebraiis spores.

INFECTION OF TROUT FRY

Thirty minutes post-exposure of trout fry to waterborne triactinomyxon
spores, filtered water contained between 40-60% of triactinomyxon spores which
had released sporoplasms. These consisted of spore-shells without polar capsules
and sporoplasm cells (Fig. 2). Occasionally, single, naked sporoplasms were
found free in filtered water. These were membrane-bound, elongate and filled
with sporoplasm cells (Fig. 3).

EXAMINATION OF SKIN AND FINS OF TROUT FRY

Within 5 min of exposure of trout fry to triactinomyxon spores, histological
examination of skin and fins revealed triactinomyxon spores just penetrating
the epidermis (Fig. 4). Moreover, the polar capsules of the penetrated
triactinomyxon spore could be demonstrated in surface epithelia (Fig. 4). At
15 min post-exposure the penetrated triactinomyxon sporoplasm was recogniz-
able deeper in the epidermis (Fig. 5). At 5 to 15 min post-exposure aggregates of
sporoplasm cells were compact, intensively stained with Giemsa and their
structure could not be differentiated by light microscope. Their cells measured
2:0 to 2-5 um in diameter. The number of these membrane-bound cells ranged
from 20 to 60, sometimes more. Their recognition was frequently facilitated by
the occurrence of a surrounding lytic zone.

Electron microscopically, it could be shown that the sporoplasm aggregates
found 1 h post-exposure were situated intercellularly in the epidermis (Fig. 6).
Sporoplasm cells {about 20 cells) were electron-dense and in close contact with
each other and seemed to be enveloped with a large cell. Each cell within these
membrane-bounded aggregates possessed a large, distinct nucleus with a dense,
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Figs 1-7. F16. 1. Unstained mature waterborne triactinomyxon spore released from 7. tubifex, 120 days
post-exposure. x 260. Fi1G. 2. Empty spore-shell of waterborne triactinomyxon spore, 30 min
post-exposure 1o trout fry, unstained fresh preparation, x 260. FiG. 3. Free sporoplasm of
triactinomyxon found in water containing triactinomyxon spores, 30 min posi-exposure of trout
fry. x 700. FiG. 4. Triactinomyxon-sporoplasm (arrow) penetrating the epidermis (E) of caudal
fin, Smin post-exposure. P, Polar capsules, x 700, Fig. 5. Compact aggregate of sporoplasm
{arrow) between epithelial cells of the caudal fin, 15 min posi-exposure. P, Polar capsule, x 1050,
Fig. 6. Electronmicrograph of interepitheiial focalized aggregate of triactinomyxon-sporoplasm
forming pseudopodia-like projections (arrowsy; lesions of the epidermis (arrowheads); 1 h post-
exposure, x 2800. FiG. 7. Penctrated triactinomyxon-sporoplasm in the gill epithelial cells (arrow),
30 min post-exposure, Giemsa, = 700.
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homogeneous nucleoplasm, and a cytoplasm which appeared much denser than
that of the surrounding matrix. Moreover, osmiophilic bodies, endoplasmic
retictlum and electron-dense mitochondria were observed within these cells. It
was evident from serial sections that these intercellular, membrane-bounded
aggregates formed pseudopodia-like projections between epidermal cells (Fig. 6).

At 30 min post-exposure, individual aggregates of triactinomyxon sporo-
plasms were also found in the epithelium of the gills (Fig. 7) and in the skin of all
examined trout. However, the greatest number of penetrated triactinomyxon
sporoplasms were observed in caudal fin sections, 1 h after initial exposure of
trout to waterborne triactinomyxon spores. At this time the sporoplasm cells
appeared not only as compact aggregates in the epidermis but also as many
smaller clusters of cells. which occurred intracellularly in epithelia (Fig. 8). Each
cluster was enveloped by one cell with an eccentric, large nucleus. Infected
epithelial cells had a narrow cytoplasmic border and their nucleus was
compressed to one side (Figs 9 and 10).

Within 2 h post-exposure some telophase stages of mitosis were observed in
sporoplasm aggregates infecting the caudal fin of trout fry. The cells were
elongated and contained two intensively stained spots situated one at each pole
of the cell. At this time, all intra-epithelial cells appeared to be in a synchronous
cell cycle (Fig. 11). Electron microscopic observations revealed that the dividing
sporoplasm cells are enveloped by a large cell containing electron-lucent
cytoplasmic matrix and are located intracellularly in the epidermis. The
epithelial cell nucleus was pushed between the sporoplasm aggregate and the
plasmalemma (Fig. 12). The two daughter nuclei of the dividing sporoplasm
cells were electron-dense and occurred at opposite sides of the cells in telophase
(Fig. 13). Their cytoplasm contained mitochondria and endoplasmic reticulum,.
Four hours post-exposure, membrane-bound intra-epithelial sporoplasm cells,
each containing two nuclei, were observed (Fig. 14). In these cells. endoplasmic
reticulum surrounded one of the daughter nuclei and produced the plasmalemma
of the envelope cell (Fig. 15).

Fish necropsied 7h post-exposure showed membrane-bound intraepithelial
sporoplasm cells consisting of primary cells each enveloping one secondary cell
(Fig. 16). These stages were found 2 h later free in the host cell cytoplasm
without a surrounding membrane. Single cell-doublet of these stages was
degenerate and did not follow a regular course of development., These
degenerate stages showed dilatation of cell organelles and karyolysis (Fig. 17).
Intra-epithelial developmental stages are released by rupture of the plasma-
lemma of the epithelial cell into the intercellular spaces at 8 h post-exposure
(Fig. 18). These migrating parasitic stages could be found in trout epidermis
until 12 h post-exposure. Between 12 h and 20 h only single, often degenerated
stages, were found. Twenty-four hours post-exposure, no stages or aggregates
were detectable in the epidermis.

The first observable appearance of developmental stages in the subcutis was
2 days post-exposure. In sections of pectoral fins, compact parasitic aggregates
of more than 20 cells were situated in the subcutis {Fig. 19). Each cell of these
aggregates included one secondary cell (Fig. 20). The cytoplasm of both cells
were electron-dense and contained free ribosomes and mitochondria. These
stages in the subcutis were found until 4 days post-exposure. The search for the
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Buccal cavity mucosa (BC) with numerous intraceltular aggregates of dark stained
sporoplasms (arrows), | h post-exposure. Giemsa, x 700. Fig. 9. Part of dorsal skin with one
infected epithelial cell: the host cell nucleus (arrow) is compressed to one side of the cell: EN.
enveloping cell nucleus: HN, host eell nucleus, 1 h post-exposure. Giemsa, = 1050, Fic. 10.
Etectronmicrograph of intraceltular membrane-bounded sporoplasm in dorsal skin. Note the
margination of the host cell cytoplasm (HC) and displacement of the host celf nucleus {HN3L L h
post-exposure, x 4400. Fic. 11. Part of caudal fin with two infected epidermal cells {arrows). Al}
sporoplasm cells showing the telophase of mitosis, 2 b post-exposure. Giemsa, = 700. Fic. 12,
Electronmicrograph of dividing sporopiasm cells, The cytoplasmic matrix (CM) of the aggregate
contains numerous mitochondria and is less dense than that of the host cell. Note that the
sporoplasm cells are surrounded with membrane (arrows) and also the displacement of the host cel
nucleus (HN). Host cell plasmalemma (arrowheads} is also evident. x 4400, Fig. 13. Higher
magnification of a dividing sporoplasm celf in late telophase. Two daughter nuclei {DN) have
formed at each pole and nuclear membranes are reappearing. A narrow cyioplasmic bridge stifl
connects the two daughter cells; ER, endoplasmic reticuizm: M. mitochondrium, x 10 000,
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Figs 14-19. FiG. 14. Synchronous endogeneous divisions of intra-epithelial localized sporoplasm cells
{arrow} in pectoral fin. Note that all parasitic ceils are binucleate, HN, host cell nucleus: 4 h
post-exposure. Giemsa, * 1050. Fwz. 15. Electronmicrograph of a binucleate cell. Note that
vesicles of the endoplasmic reticulum (arrows) envelop one of the daughter nuciei (DN to produce
the plasmalemma of the enveloped cell, M, mitochondrium. x 19 600. Fig. 16, Intra-epithelial
membrane-bound sporoplasm cells consisting of celi-doublets {arrow}. HN, Host cell nuclews, 7h
post-exposure, x 4400. Fig. 17. Celi-doublets free within the host cell cytoplasm. One showing
degeneration process (D); HN, host cell nucleus; arrows indicates extracellular located cell-
doublets; 9 h post-exposure, * 4400. Fic. 18. Infected epithelial cell in the dorsal fin containing
cell-doublets within the host cell cytoplasm {arrows). Note one unit piercing the host cell
plasmalemma to enter the extracellular space (arrowheads). D, Degenerated cell; HN, host cell
nucleus; 8 h post-exposure, x 4400, Fic. 19. Aggregates of parasitic stages in the subcutis of the
pectoral fin (arrows). E, Epidermis; D, dermis; §, subeutis; 2 days post-exposure, Giemsa, = 700.
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FiGS 206-25. Fug, 20. Electmnmlcrogra;:h of migrating cell-doublets (arrows) in the subcutis. D, Dermis:
F, fibrocytes. x 4400. FiG. 21. Spindie-shaped and elongated developmental stages {arrows)
between nerve fibres of spinal cord; 4 days post-exposure. Giemsa, % 1050, Fic. 22, Rounded
developmental stages (arrows) in the medulla oblongata; 6 days post-exposure. Giemsa, x 1030
Fig. 23. Membrane-bound developmental stages {arrows) in a head ganglion near the auditory
organ. N, Nerve cells; BV, blood vessel with erythrocytes; 20 days post-exposure. Giemss,
= 1050. F1G. 24. Celi-doublet consisting of primary cell (PC) and secondary cell (8C) between
nerve fibres of spinal cord. Note that the enveloped secondary cell has pseudopodia-like
cytoplasmic protrusions (arrows); SN, secondary cell nucleus; M, mitochondria; 14 days post-
gxposure. x [0 000. Fic. 25. Primary cell (PC) enveloping two secondary celis {(SC) in the head
ganglia. PN, Primary cell nucleus; M. mitochondria; 16 days post-exposure. X 6100,
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presence of developmental stages in the muscles was only once achieved on
histological section of head muscie, two cell doublets were detected between
muscle bundles. :

CENTRAL NERVOUS SYSTEM (CNS)

Four to 24 days post-exposure of trout fry to triactinomyxon spores, different
developmental stages of the parasite were detected in nearly all parts of the CNS
and in some peripheral nerves. However these stages were found most frequently
in the dorsal part of the spinal cord, in the grey matter of the brain and in the
head ganglia,

Stages found between nerve fibres of the spinal cord and along peripheral
nerves were spindle-shaped and elongate (Fig. 21). They measured 1-5 um wide
and 6-5 pm long. At the transition of the spinal cord to the medulla oblongata
the white matter was dispersed, the developmental stages were rounded with a
diameter of about 2-6 um (Fig. 22). Stages observed 14 days post-exposure
reached a diameter of 2-8-3-8 um. Compact aggregates of developmental stages
containing numerous parasitic cells were surrounded by a thin membrane. They
were detected 20 days post-exposure in the head ganglia near the auditory
capsule {Fig. 23).

As far as could be concluded ultrastructurally, the earliest developmental
stages in the nervous tissues were cell-doublets. The secondary cell of these
stages had pseudopodia-like cytoplasmic protrusions (Fig. 24). The nucleus of
the secondary cell was remarkably large and had a distinct nucleolus (Fig. 24).
In more advanced neural stages, the primary cells contained two or numerous
secondary cells inside (Fig. 25). Their cytoplasm included, in contrast to that of
the primary cell, numerous free ribosomes so that it has a dense appearance. In
addition to free ribosomes, there was rough endoplasmic reticulum and several
mitochondria in the cytoplasm of both cell types. Neither tissue reactions nor
degeneration of nerve tissues in areas around the parasite stages were recognized.

MENINGES

Early developmental stages composed of one secondary cell within the
enveloping primary cell resembling those in the nervous tissues were also
observed 14 days post-exposure in the connective tissues between the
vertebrae of the spinal column (Fig. 26). Twenty-four days post-exposure of
triactinomyxon spores to trout, aggregates of parasite stages were also detected
in the brain meninges near the head cartilages (Fig. 27).

CARTILAGE

The penetration of parasitic stages in the form of cell-doublets, into head
cartilages could be observed 20 days post-exposure. Ultrastructural studies
showed that large plasmodia formed pseudopodia projecting into their surround-
ing cartilages (Fig. 28). The electron lucent cartilage matrix was lysed
around the parasites. The plasmodia contained vegetative nuclei and generatiive
cells inside. Some of the generative cells showed late telophase of mitosis. Forty
days post-exposure, in addition to plasmodia, there were one-cell stages
scattered in the cartilage (Fig. 29). These stages were remarkably similar to the
generative cells inside the plasmodia. They had an eccentric nucleolus, and a
hyperchromatic nuclear membrane. Adherence of two generative cells (80 days
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Figs 26-31. FiG. 26. Cell-doublet in the connective tissues between the vertebra of spinal column. PC.

Primary cell; SC, secondary ceil; F, fibrocyte: 14 days post-exposure. x 6100. FiG. 27. Aggregate
of parasite stages (arrow) between the fibrocytes of brain meninges. 24 days post-exposure.
Giemsa, x 1050. Fig. 28. Two plasmodia in the head cartilage containing generative cells {arrows)
and vegetative nuclei (arrow heads). DG, Dividing generative cell. Note the pseudopodia of the
plasmodia (PR) and the lysis of the surrounding cartilage; 40 days post-exposure. X 2800, Fic. 29.
One-cell-stage in the head cartilage probably released from the plasmodia. N, Excentric nucleus:
M, mitochondria; G, Golgi apparatus; LI lipid inclusion; 64 days post-exposure.  x 19000,
Fi6. 30. Two generative cells, one electron lucent and just enveloping the other to become the
pericyste (PC), the enveloped one is electron dense and becomes the sporogonic cell (SC). Note the
cyiopiasmic projections of the pericyste surrounding the sporogonic cell {arrows). PN, Pericyste
nucleus: SN, sporogonic cell nucleus; 80 days post-exposure. * 19 9008. Fic. 31. Early pansporo-
blast with two sporogonic cells (I and 2). PN, Pansporoblast cell nucieus: M. mitochondria;
GC, free generative cells in the head cartilage; LI lipid droplet; 110 days post-exposure, x 6100.
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By A P

Fios 32 anp 33, Fia. 32. Maturing sporoblast in the head cartilage. SP, Sporoplasm with two nuclei (SN}
and the characteristic sporoplasmosomes (arrows); CC, two capsulogenic cells with polar capsules;
CN, capsulogenic cell pucleus; VC, two valvogenic cells; SL, sutural line; L., lipid droplet in the
surrounding cartilage. x 6100. Fic. 33. Longtudinal section through a maturing polar capsule.
Note the seven respectively eight helically arranged coils of the membrane-bound filament (F).
OL, IL. Outer and inner layers of the capsular wall. x 19 000.

post-exposure), one just enveloping the other represented the first recognizable
step of sporogenesis of M. cerebralis (Fig. 30). Subsequent developmental
events involved division of the enveloped cell (sporogonic cell) resulting in
pansporoblast stages which consisted of 2 to 12 sporogonic cells, all situated
within a non-dividing envelope cell (mother cell). A three-cell pansporobiast,
apparently resulting from division of the sporogonic cell within an envelope cell
is shown in Fig. 31. The cytoplasm of all three cells contained several
mitochondria with loose cristae, which were detached from the inner membranes
forming circular rings in the matrix.

The sporogenesis of M. cerebralis was asynchronous and resulted in the
formation of a disporic pansporoblast. In each spore, a pair of valvogenic
cells enclosed capsulogenic cells and a sporoplasm and each forms half of the
spore valve. Where the valvogenic cells meet, thickened crests from apposing
cells are joined by a continuous septate junction forming the sutural ridge and
suture line. In more mature spores, discontinuous, electron-dense substances
appeared in the cytoplasm of the valvogenic cells (Fig. 32). During the spore
maturation, the valvogenic cells form a narrow layer around the spore and
their organelles degenerate and become incorporated into the vaives. Two
capsulogenic cells, each containing a large club-shaped capsular primordium
are enclosed by the valvogenic cells. The capsular primordia were enclosed by
a membrane which overlies an electron-dense zone followed by an electron
lucent one. The base of the primordium is rounded and the narrow end of the
apex grows as an clongated, external tube. Longitudinally, as well as trans-
versely, sectioned tubes were filled with a moderately electron-dense, substance.
In advanced stages of spore maturation, capsular primordia were transformed
to mature polar capsules containing well organized polar filaments. In most
sections the filament had seven to eight coils (Fig. 33). As soon as the polar

26

I

e



ROUTE OF TRIACTINOMYXON-SPOROPLASM TO CARTILAGE 931

capsule primordium appeared, the sporoplasm could be recognized easily
because of its characteristic formation of cell organelles. The sporoplasm was
binucleate (Fig. 32). In mature spores, the sporoplasm filled all of the space
beneath both polar capsuies and partially extended between them. Several
electron-dense bodies (sporoplasmosomes) were always present in the sporo-
plasm cell (Fig. 32). In all sections, where early and later sporogenesis was
observed, round to oval lipid droplets were found in the surrounding cartilage
tissue. At this time the chondrocytes were phagocytized by the plasmodia and
the cartilage was destroyed.

Examination of blood smears from all mecropsied fish did not reveal any
myxosporean stages.

DISCUSSION

The ability to produce and enrich the triactinomyxon spores experimentally by
tubificid worms made it possibie to perform this study. For a period of 70 days
about 30 000 to 60 000 triactinomyxon spores could be harvested per day which
then were used to infect trout fry.

It has been demonstrated previously that the actinosporean triactinomyxon
initiates whirling disease (Wolf & Markiw, 1984; El-Matbouli & Hoffmann,
1989). Regarding the portals of entry for salmonid whirling disease, Markiw
(1989) and El-Matbouli ez al. (19924) showed that the triactinomyxon sporo-
plasm penetrated the epidermis of exposed trout less than 10 min after contact.
However, the role of the polar capsule-filaments, the transfer mechanism and the
further development remained unexplained. The present study corroborates
these findings further. In addition, it describes the route and development of
penetrated triactinomyxon sporopiasms into the cartilage.

Within 5 min post-exposure, the triactinomyxon spores begin to attach to the
epidermis of the trout. At this point the triactinomyxon spores extrude their
polar filaments into the epidermis. Figure 4 reveals that the purpose of the polar
filaments is to anchor the spore during the penetration of the sporoplasm into the
epidermis of trout. However the mechanism that causes the spores to extrude
their polar filaments is still unknown. According to the host specificity,
triactinomyxon spores of whirling disease recognize specifically their final host.
In an unpublished study, we observed that the epidermis of cyprinid fish
{(Cyprinus carpio 1.. & Carassius auratus L.) exposed to triactinomyxon spores of
M. cerebralis were free from sporoplasm aggregates and the triactinomyxon
spores remained intact. How the initial stage is able to identify the fish host is
enigmatic, though presumably through chemotaxis. The results of this study are
summarized in Fig. 34. The developmental sequence of the agent of whirling
disease in the fish host is as follows.

Infection of trout begins as the triactinomyxon-sporoplasms penetrate the
epidermis. During the first 60 min following penetration, the sporoplasm
aggregates remained compact and migrated intercellularly in the epidermis
respectively gill epithelium. This is in contrast to Daniels ez al {1976) and
Markiw (1989) who reported only intracellular occurrence of the parasite stages
at this time, After 60 min, the sporoplasm-enveloping cell disintegrates and each
sporoplasm cell penetrates an epidermal or gill epithelial cell. The first division
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Fic. 34, Life cycie of Myxobolus cerebralis within the fish host {rainbow trout). B to M: Presporogonic
phase of the life cycle. N to P: Sporogonic phase. B and C, Occurring inter-epithefial. D to H,
Intra-epithelial. I and J, Intercellular in the subcutis. K to M, In pervous tissue. M to P, In the
cartilage. A, Waterborne triactinomyxon spore produced in Tubifex tubifex. B, Compact
triactinomyxon sporoplasm between epithelial cells. C, Interepithelial free sporoplasm cells, each
penetrates an epithelial cefl (D). E, Intracellular endogencous cell division of the parasite
producing primary and secondary cells. F, Numerous secondary celis resulting from mitotic
divisions. . Endogeneous divisior of the secondary cells producing cell-doublets. H, Cell-
doublets rupture the aggregate membrane and pierce the host cell plasmalemma, then penetrate
other epithelial cells or migrate deeper into the dermis and subcutis. 1, Intercellular growth of the
cell-doublets in the subcutis through mitosis. J, Endogeneous divisions in the subcutis. K and L,
Similar to | and J but in nervous tissue. M. Triplet in CNS$ and cartilage. N, Plasmodium in head
cartilage. O and P, Formation of pansporoblast arising from the unification of two cells, pericyste
and sporogonic cell. S, Sporoblast. a, Host epithelial cell, b, host cell nucleus, ¢, degenerated
cell-doubiet, d, vegetative nucleus, e, generative ceil.

of these now intracellular localized sporoplasm cells is an endogeneous cleavage
producing within the enveloping cell (primary cell}, an inner one (secondary cell).
A series of rapid synchronous mitotic divisions occurs resulting in an increase in
the number of secondary cells. At this time {2 h post-penetration) intracellularly
localized enveloped groups of parasitic stages were recognizable in sections
scattered in three to five neighbouring epithelial ceils of skin and fins. A nuclear
division of the enveloped secondary cells, in which vesicles of the endoplasmic
reticulum surround one of the daughter nuclei, occurs to produce the plasma-
lemma of the tertiary cell. These intra-epithelial membrane-bound parasitic
stages, composed of cell-doublets, are comparable with the blood stages
of Sphaerospora species described by Lom er al (1983, 1983), Molnar {1988},
Baska & Molnar {1988}, Dykova e af (1990) and Suppamattaya er af (1993).
The presence of stages of enveloping (primary) cells containing enveloped
{secondary} omes are considered as the most important characteristic of
myxosporeans (Lom, 1987).

Following formation of cell-doublets within the membrane-bounded intra-
epithelial aggregates, these cell-doublets rupture the aggregate membrane and
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enter the host cell cytoplasm. At this time. singie cell-doublets seemed to be
destroyed within the cytoplasm of the host epithelial cell. Daniels er al. (1976)
also reported small parasitic cells within the cytopiasm of phagocytic cells in
rainbow trout. When all cell-doublets are free within the host cell cytoplasm,
they pierce the host cell plasmaiemma and enter the extracellular space {Fig. 18).
These now extracellularly situated cell-doublets may penetrate neighbouring
epithelial cells or may migrate deeper into the dermis and subcutis layers and
penetrate new host cells, where they start the cycle all over again.

In the subcutis, aggregates of more than 30 cell-doublets were observed 2 days
post-exposure. While the number of observed parasitic stages in the subcutis
declined until 4 days post-exposure, they increased considerably in the nervous
tissue especially of the central nervous system. Most parasitic stages were found
in the spinal cord between 6 and 14 days post-exposure, and in brain between 16
and 24 days. Apparently a rising migration of the parasite stages into the cranial
part of the central nervous system occurred. In any case the parasite stages were
found interaxonally in the nerve tissues in the form of free as well as of
membrane-bound aggregates of cell-doublets. These cell-doublets repeat the
cycle in the subcutis and nerve tissues, but only intercellularly.

The lack of tissue reaction in the nervous system, in contrast to the epidermis,
is not surprising, even if the parasite acts as a foreign body; however, no evidence
could be found for contact of the parasite with the blood or immunocompetent
cells, which could trigger an immune response. Therefore, the migration of the
parasite via the nervous system to the cartilage is understandable. Careful exami-
nation of light and electron microscopic sections revealed that entry of the para-
site stages into the central nervous system occurred along the peripheral nerves.

Stensaas et al. (1967) showed light and electron micrographs of similar
aggregates in the axon of toad Bufo arenarium. However, they suggested that the
observed organism was probably a sporozoan of the order Eucoccidia: further
identification of the parasite was not attempted. Ferguson er ol (1985) also
observed intra-axonal aggregates in the common shiner Notropis cornutus
{Mitchill), which had a typical myxosporean structure of a primary cell contain-
ing a secondary cell. They assumed that these organisms might represent
presporogonic stages of a concurrent Myxobolus sp. infection in the muscles.

Occurrence of myxosporean sporogenesis in the CNS of fish were studied
ultrastructurally in fathead minnow Pimephales promelas Rafinesque (Mitchell
et al., 1985) and in bulthead Cotus gobio L. (Lom ez al., 1989; El-Matbouli er al.,
1990). A typical observation is the lack of cellular reaction in myxosporeans
affecting the CNS (Hoffmann e al, 1991). Most of these myxosporeans finish
sporogenesis in the CNS in contrast of M. cerebralis.

In whirling disease transfer of the parasitic cell-doublets from nervous tissue
into the cartilage was observed 20 days post-exposure. The primary cell grows
and its nucleus divides to produce numerous vegetative nuclei, whereas the
enveloped cell divides to produce many cells termed generative cells (Fig. 28).
This stage is called a plasmodium. According to our observations, after
disintegration of the enveloping cell, each enveloped cell either repeats the cycle
producing numerous plasmodia or unite with another cell (Fig. 30), one
becoming the pericyste envelope and the inner one forming the sporogonic cell;

- this unit generates pansporoblasts with two spores.
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The general events of sporogenesis and the features of the pansporobiast
comply with data existing on other Myxobolus species. In addition 1o the
sporogonic phase of M. cerebralis occurring in the cartilage, this study also
demonstrates the existence of purely proliferative and multiplicative phases in
the epidermis and CNS of rainbow trouts. Since these multiplicative and
proliferative phases take place before the sporogonic phase starts, we prefer to
call it the presporogonic phase. The fact, that M. cerebralis uses the CNS for its
development is also of interest with regard to the nomenclature. Whereas Hofer
(1903) chose the species name * cerebralis’ supposing spores could be situated in
the brain, he wanted to change it into ‘ chondrophagus ’ when Plehn convinced
him of the real localization of mature spores in cartilage (Hofer, 1904).
However, the present study proves that the CNS is in fact involved in the
development of M. cerebralis and thus the name can be regarded as correct,

We thank Mrs C. Vogt and Ms E. Wanschura for excellent technical assistance.
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Whirling Disease in Trout

Wamuine disease, long recognized as a serious problem
in the intensive rearing of salmonid fish in Europe, has
now been found in Seotland. In CGctober 1868, the
mwyxosporidian protozoan parasite Mywosoma cerebralis,
the actiological agent of the disease, was Identified in
rainbow trout (Salmo gairdnerii) from two troui farms.
In recent vears the disease has appeared in North America.
USSR and Japan, but the causative parasite has not
previously been identified in Great Britain.

The following symptoms (which have been described
previcusly!-!) were observed in the thirty-nine 6-8 month
old Tainbow trout examined: blackened iails, spinal
curvature and exhaustive tail chasing movements: at the
same time mortalities oceurred. Microscopical prepara-
tions of wet mounts of head cartilage (Fig. 1} revealed
the presence of the spores of M. cerebralis from which
polar filaments were extruded following the application
of & per cent NaOH to the wet mount material. Further,
numerous spores were found in sections of head cartilage
{Fig. 2}. Infection oeccurs during the first vear of life?,
usually in the first few weeks of active feeding and before
the formation of bone; at this stage the cartilage is most
susceprible and the effects most severe. Survivors become
carriers of the disease as spores of the myxosporidian
remain in the tissues for up to three vears.

It is possible that the disease already existed in wild
populations before the present diagnosis, but it is also

Fig. 1. Photomirrograph showing two spares of Myzesene eerebralis
from posterior part of the cranbu, Weor mount by phase contmast
microscony { » 1,206,
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Fig, 2, Phutomivropmph of .%I_lf.nfxu,-m:.mwh_rrfl;‘;s in eartilage of young
daitthow freut.  fdemsa’s stain { x 250),
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possible that spores of M. cerebralis may have hapy,
introduced to Scotland via cgg packing materials. In th,..
United States the authorities consider that sammples f
frozen table fish, which were either aceidentaliv fed oo
thelr viscera discarded into streams, were the direct eans.
of the initial outbreak in Nerth America. In the four
months subsequent to this first record of an outbreak of
whirling disease in Scotland. the parasite was found iy
trous from two other fish farms and, on a svinptomatie
basis, it is not impossible that a further two fish farms are
alse affected. This Hlustrates how rapidly a previously
unrecognized disease, which may or may not have alreads
existed in the wild in Britaim. appeared over a period
of months in several widely spread fish farms apparently
from a single source. ’

I thank Dr Iaim Anderson (Unilever Research Labora-
tory} for the preparation of the sections and the photo.
mierographs of the M. cerebralis spoves.
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THE MYXOSPOREA OF FISH: A REVIEW

OLIVER GARDEN
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Herdfordshive ALY 7TA

INTRODUCTION

Fish farming is one of the fastest growing agriculwiral industries in Britain today.
Over 30 000 tonnes of salmon and 15 000 tonnes of trout are produced annually
by fish farms in the United Kingdom, representing over 50 million individual fish
(MAFF figures). Similarly, the intensive culture of carp in Eurcpe has shown
tremendous growth in recent vears. The Myxosporea, which are protozoal para-
sites of the phylum Myxozoa, cause a number of fatal diseases of fish, important
both for their economic and welfare implications (Ferguson, 1988). This review
describes the present views on the biology of the Myxosporea, and considers the
more important myxosporean diseases in some detail.

MYXOSPOREAN LIFE CYCLES

The Myxosporea are transmitted from host to host by means of spores, multicellu-
lar spheroid structures of approximate diameter 10 gm. These spores have a
characteristic morphology, which forms the basis of the axonomy of the Mvxo-
sporea. Each comprises up to six polar capsules—typically IWO-—containing extrus-
ible coiled filaments; an infective sporoplasm, either single and binucleate or dou-
ble and uninucleate; and a shell encasing the whole, which may have projections
leading to distinctive shapes, or a mucous coat which aids in flotation (Fig. 1).

The pathogenic potential of Myxosporea was recognized at the beginning of
this century, when spores had been identified as the transmissible agents of myxo-
sporean disease. It was also known that cyst-like formations up to several milli-
metres in diameter (found in various tssues such as kidney, liver and spieen) were
responsible for the acute inflammatory and granulomatous tissue responses which
attended heavy myxosporean infections. These cyst-like structures, representing a
wrophic phase of the life cycle, contained numerous mature spores.

About 70 papers were devoted to myxosporean life cycles in fish hosts, often
proposing complicated schemes which included alleged gamete formation (see
review by Lom, 1987). However, electron microscopy revealed that the pre-spore
stage of the life cycle was formed by the union of two generative cells, and pho-
tometry appeared to confirm that autogamy—fusion of haploid nuclei in the
sporoplasm—was a primitive, and the only, sexual process in the myxosporean life
cvele. The known facts fitted a simple life cycle, thought 10 be common to all
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Mucqus coat

Folar tapsule weth coiled filoment
Oum Shell comprising 2-6 valves

Sporoplosm

~—Extension of shell

Fig. I. Diagrammatic representation of a myxosporean spore,

Myxosporea. This life cycle, described below, remained unchalienged until the
late 1970s (Fig. 2). ‘
Spores were thought to be ingested by the host fish, and to hatch in its digestive

tract. Hatching involved the violent uncoiling of the polar filaments, fracturing of

the spore shell, and release of an amoeboid sporoplasm into the gastrointestinal
lumen. The sporoplasm would penetrate the epithelium of the gastrointestinal
wall and undergo the process of autogamy to produce a trophozoite. The wopho-
zoite was thought to reach the final site of infection in an unknown way, and 1o
become a multicellular sporogonic (spore-forming) structure called the plas-
modium; the plasmodium was in fact the cystlike structure described by earlier
workers. Formation of the plasmodium involved the process of endodyogeny, or
‘internal budding’, giving rise to two populations of nuclei—one present freely
within the cytoplasm of the primary host cell {vegetative nuclei), and the other
present within secondary cells which were themselves contained within the cyto-
plasm of the primary cell (proliferative cells). (See inset, Fig. 2, for diagram illus-
trating endodyogeny; this arrangement of cells enveloped one within the other is
a characteristic feature of the Myxosporea.)

Adjacent generative cells would then unite, one enveloping the other. A pan-
sporoblast, or sporeforming structure, would thus be formed, the inner
{sporogonic) cell dividing to give the number of cells necessary to complete two
sporoblasts. which then matured to become spores—this process involving a one-
step meiosis to reach the haploid state. The life cycle was then completed either
by the rupture of plasmodia and the liberation of spores into the environment (in
the case of superficial lesions), or by the ingestion of tissues containing infective
plasmodia following death of the host or the act of cannibalism (deeper lesions).

This life cycle was typical of Myxobolus cerebralis, a species known to be respon-
sible for Whirling disease of young salmonids (considered later}. Certain other
species, including Sphaerospora renicola, did not conform to this pattern, producing
small plasmodia-~or pseudoplasmodia—comprising just one vegetative nucleus
that produced one or two spores enly. In yet other species, again including
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Trophozoiie

Plasmodium
{showing one
quorter piece }

.: Sporobiasts

Endodyogeny

Fig. 2. A conventional idea of a myxosporean life cvele,
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S. renzcola, spores were produced without pansporoblasts by direct division of gen-
erative cells. These differences, however, were considered to involve minor derails
only, and the ‘conventional idea’ of the life cvele remained unchallenged for
several vears.

CONTROVERSIAL FINDINGS FUEL A HEATED DEBATE

[t was not until the early 1980s that the ‘conventional idea’ of the ANNOSporean
life cycle was called into question. Wolf ef al. (1986) presented some remarkable
dara on the life cycle of Myxobolus cerebralis, which coutd—if confirmed—Iead to a
complete revision of the current general concept of the life cvcle and taxonomv of
the Myxosporea. :

It had been known for some time that orallv administered spores of Al cevebralis
would fail to produce infection in experimental fish unless the spores underwent
an extended period of 'maturation’ at the bottom of earthen pouds. Wolf e al,
{1986) explained this observation by suggesting the necessity of an oligochaete
intermediate host, which inhabits mud at the bottom of ponds. Hence, the worm
Tubifex tubifex was reported to ingest spores of M. cerebralis; these spores were
observed to develop into a Tractinomyxon, an organism belonging to another class
of the phylum Myxozoa, the Actinosporea; and only spores produced by this
organism, when released from the worm and ingested by the experimental fish,
would initiate a M. cerebralis infection. '

These findings revealed an unparalleled case of an organism alternating two dif-
ferent life cycles; each with its own sexual and asexual processes occurring at dif-
ferent points in the cycle. Clearly, if these findings could be confirmed, and this
alternation of life cycles demonstrated in other myxosporean species, the ramifi-
cations would be great indeed,

‘UNIDENTIFIED BLOOD ORGANISMS’

In 1976, a fish pathologist in Hungary reported a curious organisit in the blood of
fingerlings of commeon carp (Cyprinus carpioy. Csaba (1976) found amoeboid
organisms which showed continuous rotating movements, each organism cou-
sisting of a cell with up to eight inner cells. These organisms seemed to differ
from all other protozoa—including  apicomplexans, myxozoans  and
haplosporidians—and so were called ‘unidentified blood organisms’ (UBOs), or
‘Protozoa’ (from Csaba}. Subsequent epizootiological and ultrastructural studies
have indicated that these UBOs may represent a proliferative phase of the life
cvcle of Sphaerospora renicola, a common myxosporean parasite of carp in intensive
culture, UBOs were also found in other fish species harbouring other species of
Sphaerospora, and it came to be realized that the mvxosporean life cvele was more
than just a cvcle of sporogenesis, as described in the ‘conventional idca’ mei-
tioned earlier: a proliferative, or extrasporogonic, phase also existed, destined 1o
increasing the number of parasites in the host. This phase was thought o occur
both before and during the sporogonic stages,

Csaba’s initial observations provide the basis of the modern concept of oxira-
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sporogonic development namely, that the eyele alwavs begins with a primary cell
conwining a secondary cell, such as is produced by the released sporoplasm that
the secondary cells undergo repeated divisions within the growing primary cell;
that terdary cells are formed by the endogenous division of secondary cells: and
that the cycle begins afresh when the primary cell eventually disintegrates, thereby
releasing the secondany and tertiary cells (which respectively form the primary
and secondary cells of the subsequent cvele). These events are illustrated in Fig. 3.

Endodyogeny of
secondary cells to
give tertiary cells

Primuory cell ‘
contaming o Repeated division of
secondary ceil secondory cells

0

Disintegretion of primary
celfl to release secondary
ord tertiory cells

Fig. 3. Exirasporogonic development of the Myxosporea.

MYXOSPOREAN DISEASES

The myxosporeoses are as varied as they are numerous. Both sporogonic and
extrasporogonic stages of the myxosporean life cvcle are known to cause disease,
and often myxosporean diseases are fatal (Ferguson, 1988).

Whirling disease

Whirling disease is a disease of voung salmonids which occurs throughout the
world, and in Britain is notifiable (Hoffman, 1990). It is characterized by anom-
alies of movement—in particular, a ‘whirling’ motion of fish—and is cansed by a
sporogonic stage of Myxobolus cerebralis (see earlier). The plasmodium of this
myxosporean parasite digests the cartilage of the cranium and the spine of its
host, destroying the labyrinth organ and causing spinal abnormalities; these
lesions cause the loss of balance and erratic swimming characteristic of this dis-
ease. A granulomatous inflammatory response is established, and death follows
anorexia due to an inability to catch and prehend food, or through cannibalism
of affected fish. Fish over 6 months old do not develop the disease because the
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plasmodia of M. cerebralis are unable to penetrate cartilage which has ossified. This
disease is amenable to control since the transmission of M. cerebralis depends on
development within an intermediate host, Tubifex tubifex, which lives in mud at the
bottom of earthen ponds (Wolf ef al,, 1986); control is therefore easily achieved by
rearing fish in concrete ponds until older than 6 months. Contaminated earthen
ponds must be drained and sterilized with calcium hydroxide before the reintro-
duction of fish. An alternative method of control is to kill the spores before they
reach the fish by sterilizing the water flowing into the farm with ultraviolet light,
although this is often not possible for economic and, or, practical reasons. In
addition, the sterilizing efficacy of ultraviolet lamps deteriorates rapidly with time,
necessitating regular changes of bulbs.

Studies carried out by Schmahl e al (1989) have indicated that the symmetric
triazinone drug, toltrazuril, has activity against all the developmental stages of
Myxobolus sp. except the mature spores. Bream (Abramis brama) were naturally
infected with Myxobolus sp. from the River Ruhr and the Lake of Kemnade, and
were put into aguaria containing various concentrations of toltrazuril for periods
of 2 or 4 h. Transmission electron microscopy of their tissues revealed that the
sporogonic stages of the parasite suffered most damage following treatment with
10 ug roltrazuril/ml for 4 h. Since the drug was not found to have activity against
spores, repeat treatments would be necessary after 2 or 3 months for effective con-
trol. These results offer exciting possibilities for the control of M. cerebralis in sal-
monids: although toltrazuril is not currenty licensed for use in fish in the United
Kingdom, this does not preclude its use by the veterinary surgeon for fish under
his care.

More recently, equally encouraging results have been obtained by medication
with Fumagillin dicyclohexylamine (DCH) (El-Matbouli & Hoffmann, 1991).
Rainbow trout fry (Oncorhynchus mykiss) were exposed for 14 days to mesh capsules
of tubificid worms heavily infected with Triactinomyxon; 30 days after the introduc-
tion of the worms (16 days after their removal), the frv were divided into two
groups of 30, kept separately in 50-1 tanks; one group received medicated pellets
containing 0.1% Fumagillin DCH at a rate of 1.0% of body weight per day, while
the other received the normal diet. Control groups of specific pathogen free
(SPF) fish were also put onto these feeding regimens. Whereas 73.3-100% of non-
medicated fish in two experimental series suffered severe infection, only 10~20%
of medicated trout harboured spores of Myxobolus cerebralis, and then only to a very
low degree (El-Matbouli & Hoffmann, 1991). In addition, spores from trout
treated with Fumagillin DCH had distinct morphological detects, in contrast to
those from medicated fish. El-Matbouli & Hoffmann (1991) therefore concluded
that Fumagillin DCH seemed to be an effective drug for the control of whirling
disease in salmonid fish. Like toltrazuril, Fumagillin DCH lacks a product licence
for use in fish, but may nevertheless be prescribed by a veterinary surgeon for fish
under his care. Definitive diagnosis of whirling disease depends upon the demon-
stration of spores within the cranial cartilage, which can be achieved by making a
crush preparation of cartilage in water or saline (Bullock, 1980),

Renal sphaerosporosis
Renal sphaerosporosis is one manifestation of a disease caused by infection of
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young cyprinids with Sphaerospora renicola (Lom et al., 1985). Sporogonic pseudo-
plasmodia ol this specics develop within the renal tubules, causing distension of
their Tumina with consequent atrophy and necrosis of the rubular epithelium.
These changes. impair the excretory and haemopoietic functions of the kidney,
rapidly leading to death. Sphaerosporosis caused by S. renicole has been reported
in Hungary, Czechoslovakia, Germany, Poland, Bulgaria, Yugoslavia, the Union of
Soviet Socialist Republics, and lsrael (Dvkova & Lom, 1988).

Another manifestation of sphaerosporosis, caused by an extrasporogonic stage
ol 5. renicela, is swimbladder inflammation. This disease is seen in young cyprinids in
their first or second summer, often in July, and is characterized by erratic swim-
ming of affected fish on their sides, often in circles as they rise to shallower water.
An extrasporogonic swimbladder infective agent (SBI}—consisting of primary,
secondary and tertiary cells—develops within the wall of the swimbladder, leading
to an exudative, proliferative inflammatory reaction. Thus, there is oedema of the
connective tissue, infiltration of lymphocytes, haemorrhage, and hyperplasia of
the lamina propria. This disease can be fatal, especially in 2-4-month old fry. It
has previously been confused with spring viraemia of carp and ascites of bacterial
origin (the former notifiable in Britain) (Ferguson, 1988).

Blood sphaerosporosis is a third clinical manifestation of infection with S. renicoia.
It is characterized by the presence in circulating blood of extrasporogonic stages
of the parasite, the ‘C-protozoa’ of Csaba (sec earlier) (Csaba, 1976). The patho-
genicity of (-protozoa is currently unknown.

The final clinical manifestation of infection with S. renicola involves the intracel-
lular development of extrasporogonic stages within renal tubular epithelium.
Infected epithelial cells become hypertrophic, fusing to give rise to a syncvtium
which assumes the form of a ‘cyst’ of parasites. These extrasporogonic forms
beceme structurally complex, but are then spontaneocusly degraded, becoming
non-viable and eventually being eliminated from the host tissues. They thus seem
to represent a ‘blind alley’ in the development of S. renicola but may nevertheless
seriously compromise the excretory and haemopoietic funcuons of the kidney
during their long span of development. While the blood and sporogonic forms
are prevalent from spring through to the autumn, the intracellular forms are
prevalent in the winter.

In summary, transmission of the species is achieved by the ingestion of spores
which initiate an infection which is manifest in the blood and, or kidneys. While
much is known about the individual clinical manifestations of sphaerosporosts, the
true sequence of infection sites is not yet fully understood. A definitive diagnosis
of this disease can be made by examining Giemsa-stained blood smears. which
may show a variety of extrasporogonic forms from as early as 4 weeks after hateh-
ing in carp fry (Lom e al, 1985). The possible treatment of 8. renicola infections
fias been explored in recent years by Cirkovie (1986) and by Molnar et o/ (1987).
Cirkovic {1986) succeeded in preventuing the outbreak of swimbladder sphaero-
sporosis in carp fry by administering food medicated with nitrofurazone: a con-
centration of 0.6 g/kg feed was used during the period from 14 1o 29 days post-
haiching, then raised to 2.0 g/kg until day 60 post-hatching, with two 7-day breaks.
With equally encouraging results, Molnar e gl (1987) were able to prevent renal
sphaerosporosis following the intraperitoneal injection of infective swimbladder
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homogenate by feeding their fish a diet containing Fumagillin DCH at a concen-
tration of 1.0 g/kg feed. In addition, the prevalence and intensitv of spontanecus
renal and swimbladder sphaerosporosis were greatly reduced in carp frv treated
with Fumagillin DCH. Neither nitrofurazone nor Fumagillin DCH is currently
licensed for use in fish in the United Kingdom, though this should not preclude
their use by a veterinary surgeon for fish under his care. :

Proliferative kidney disease

Proliferative kidney disease (PKD) is a disease of salmonids which has been
reported throughout Europe and in North America (Clifton-Hadlev et al, 1984).
It is a seasonal disease which in Europe reaches peak prevalence in July and
August. Clinical signs become evident when water temperatures reach or exceed
15 °C, and include drowsiness, exophthalmia and anaemia, the last responsible for
the high mortalities often experienced on commercial fish farms. Mortalities
throughout the summer season may reach 90%, but usually remain below 50%
(Clifton-Hadley et al, 1984). Even in the absence of high mortality, morbiditv rates
may reach 100%, and fish with PKD show reduced food conversion, poor toler-
ance of environmental stress, and greater susceptibility to secondarv infection
(Clifton-Hadley er al, 1984). Extrasporogonic PKX cells of Myxidium lieberkuhni
develop in the lumina of renal tubules, inducing a granulomatous interstitial
nephritis and tubular atrophy (Kent & Hendrick, 1986).* In heavily infected fish,
PKX may also be found in the spleen, intestine, gills, liver and muscle, where it
similarly invokes a granulomatous response. The PKX parasite most likely reaches
these organs via the circulatory system and may adhere to vessel walls, provoking a
necrotizing vasculitis. If fish survive PKD, the interstitial hyperplasia subsides in
1220 weeks, and kidneys of recovered fish show little if any signs of previous
infection. Such fish develop a solid immunity to the disease.

Two drugs, malachite green and Fumagillin DCH, have been shown to have effi-
cacy against PKD (Clifton-Hadley & Alderman, 1987; Hendrick et al., 1988a}. Mala-
chite green is an organic dye used in aquaculture as an ectoparasiticide and exter-
nal fungicide on fish and fish eggs (Alderman, 1985). Clifton-Hadley & Alderman
(1987} discovered that when rainbow trout (Salmo gairdneri) infected with PKX
were treated with malachite green and formalin to cure an incidental infection
with the ciliate Ichthyophthirius multifiliis, the subsequent development of PKD was
delayed. Further experiments indicated that the therapeutic effect of the drug
combination against PKD was due to the malachite green, and that repeated flush
treatments using 1.0 p.p.m. malachite green eliminated PKX cells from the kid-
neys of clinically affected fish (Clifton-Hadley & Alderman, 1987). The results of
preliminary studies on the pharmacokinetics of malachite green m rainbow tout
were also mentioned by Clifion-Hadley & Alderman (1987) in the same paper; it
was observed that the drug accumulates within exposed fish to levels greater than
the initial exposure concentration, and that its main route of excretion is hepatic.
Attention was also drawn to the persistence of malachite green within the tissues
of fish, and to its potential acute or chronic toxicity. Iis use as a chemotherapeur-

*Recent observations v Hendrick o af (19588h) support the controversial view that PEX cells are. m face,
the rophoroites of a Sphaerospera sp.
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ant against PRD was therefore discouraged und] its pharmacokinetic properties
had been further researched. Malachite green has since gained widespread use in
the chemotherapy of PRI, being ‘zpphed as a flush treatment sufficient to give
100 p.p.m. minutes® (Alderman & Clifton-Hadley, 1988). However, the inital res-
ervations of Clifton-Hadley & Alderman (1987) should not be forgouten, since the
drug has both a low mfen margin—especially in fine scaled fish and frv——and a
long tissue persisience, necessitating carelul calculation of dosages and obser-
vaton of a long recommended withdrawal period of 100 degree dayst
{Alderman & Clifton-Hadley, 1988}.

Following the success of Molnar et al (1987} in conwrolling renal sphaero-
sporosis of the common carp with the drug Fumagillin DCH, Hendrick e al
(1988a) were prompted to test its efficacy against PRX infections in chinook sal-
mon (Oncorhynchus ishawytscha) . The experimental fish were given intraperitoneal
injections of kidney homogenate from infected chinook salmon, and then either
fed the medicated diet immediately after the injections, or following a 7-day
period of feeding a control diet lacking Fumagillin DCH. }t was found that Fumag-
illin DCH was able to prevent the development of PKX and the accompanying
renal pathology at concentrations in the feed as low as 0.5 g/kg, when fish were
fed approximately 1% body weight per day. The drug was found to be effective
even when first administered 1 week after experimental infection, thus showing
promising potential for the control of established infections of PKX such as occur
in the fieid. This is in contrast 10 the observations of Molnar ¢ ol {1987), who
found that Fumagillin DCH was only effective against renal sphaerosporosis of
common carp when fed prior to, or immediately after, experimental infection of
the fish. The question of the possible toxicity of Fumagillin DCH was also
addressed by Hendrick et ol (1988a), who reported the unpublished results of
preliminary trials with rainbow trout {Salme gairdneri): levels of 0.5-1.0 g of Fumag-
illin DCH/kg feed, offered at 1.5% of bodv weight per day for 8 weeks, were found
to cause mortality at the higher doses and depletion of haemopoietic tissues at all
experimental doses. Fish receiving the highest dose became inappeterit following
8 weeks of treatment, and showed severe splenic and renal hypertrophy. However,
doses of 0.13-0.25 g/kg feed, offered at 1.0% fish bodv weight per day, were
found to incur minimal toxic side effects. Hendrick et al (1988a) concluded that
although Fumagillin DCH had potent anti-PKD properties, further pharmacoki-
netic data were needed before it could be used with confidence in the field.

Other control strategies against PKD aim to prevent, or to palliate the effects of,
the disease. Atternpts at sterilizing the inflow water to the farm can be made using
uitraviolet light, though this is often impracticable. During warm weather the
stresses associated with intensive husbandry should be minimized. Hence, con-

*The unit p.pm. minuwies represents the integral function of the decay curve of
concentration—measured in p.p.n.——against time—measured in minwes——and indicates the camulative
dose of drug to which the fish are exposed over a cerlain period of time. In praciice, computer programs
exist which calculate cumulative p.p.m. minutes for specific situations.

+The unit degree days is similar to that of p.pan. minutes, representing the cumulative remperature o
which the fish are exposed over a certain number of days. One can approximate ks value by summing the
mean daily iemperatures for the evaluation period. This way of siating withdrawal periods recognires the
fact that elimination of a drug from the tissues of an ectotherm is & funciion both of environmental
emperature and time.
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sideration should always be given to the likely oxygen content of the water: stock-
ing densities should be kept as low as possible, sprinkler systems or aerating
devices should be considered to increase dissolved oxygen, and feeding should be
minimized or stopped when water temperatures exceed 15 °C, this latter to elimin-
ate the biological oxygen demand of digestion. However, prolonged periods of
reduced feeding should be avoided, since they compromise growth and pro-
duction and may themselves cause stress: clearly, the stockman must use his good
sense to resolve the dilemma of maximizing production while at the same time
minimizing digestive oxygen stress in warm weather. Current research is directed
towards the development of a vaccine for PKD, which is likely to be useful because
such an effective natural immune response is shown.

Kidney enlargement disease

One of the first myxosporean species to be described was Hoferellus (Mitraspora)
oyprini, which causes kidney enlargement disease (KED) of young cyprinids.
Ahmed (1974) established the course of the disease in a series of experiments car-
ried out in a 2-year period from 1969 to 1971. Trophozoites settle on the epi-
thelium of renal tubules and, or ureters and undergo endodyogeny, slowly becom-
ing large plasmodia. Initially, the trophozoites congregate on the luminal surfaces
of the epithelial cells, but are progressively incorporated within the cell layer as
hyperplasia and papillary growth of the epithelium occurs. Some of the trophozo-
ites undergo degeneration, giving rise to characteristic cells which have a large
central vacuole and peripheral nuclei (ring type cells) (Ahmed, 1974); others con-
tinue development, giving rise to plasmodia which discharge spores into the
lumen of the tubule. In the terminal stages of this infection cycle, the epithelial
cells become a homogeneous mass of degenerating cytoplasm. The tubules show
extraordinary enlargement, displacing the swimbladder and giving rise to marked
abdominal distension. Affected fish thus lose equilibrium, and are thought to die
from asphyxia, since they become unable to rise to the water surface to take gulps
of air during periods of oxygen shortage. Fish affected with KED may also suc-
cumb to secondary pathogens such as Aeromonas spp. and Saprolegnia spp. In
Ahmed’s studies (1974) carried out at the University of Tokyo, fish which were
hatched in April and May became infected with spores of H. cyprini from May to
August; showed signs of abdominal distension from September onwards; and
experienced heavy mortality from winter to early spring. This pattern is typical of
the pathogen, although disease may generally be observed throughout the year.
Thaose fish which survived the disease did not seem to show any subsequent
immunity (Ahmed, 1974). KED is seen throughout Europe and Japan, and iso-
lated cases of the disease have been observed in the UK (P. W, Scou, personal
communication). At present, no drugs are known io be effective against this
pathogen, and treatment aims to alleviate the problem of oxygen shortage in the
water and to prevent secondary infection with bacteria or fungi.

Bi- and multivalvulid myxosporeans

Several myxosporean species are known to parasitize the muscle cells of fish.
Multivalvulid myxosporeans with more than two spore valves and polar capsules
are among the most important of these pathogens, developing within myocvtes to

—
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form oval pseudocysts which contin a great number of spores (Lom, 1984).
These parasites are of great economic concern because they may render fish
unsuitable for human consumption, either as a result of their unsightly appear-
ance within fillets, or because of their ability to cause myodegeneration and
softening of the muscles post mortem.

The most common multivalvulid genus is Kudoa, which has four spore valves
and polar capsules. Various species of Kudoa exist, of which the most Important
are considered briefly in this review.

Kudoa clupeidae has been reported to parasitize yearling Atlantic herring (Clupea
harengus) from the Maine coast of North America (Sinderman, 1970). Older her-
ring do not seem to show evidence of infection and it has consequently been pro-
posed that cysts of K. clupeidae burst open to the surface of the fish, thus releasing
their spores, ensuring transmission of the species and freeing host fish from infec-
tion. Other Kudoa species have been reported to cause large, persistent cysts, such
as those produced by K. alliara parasitizing southern blue whiting (Micromesistius
australis) from the South Atlantic (Wootten, 1989). These large pseudocysts ren-
der fillets unacceptable to the consumer.

The association of pseudocysts of certain Kudoa species with post-mortern myo-
degeneration and development of softened muscle has been the subject of intense
research (Patashnik et al, 1982). Characteristically, fillets soften and lose their
culinary value within 24h of death or on cooking, despite refrigeration.
Patashnik e al (1982) sought to determine the reason for this myodegeneration
in the fillets of Pacific whiting (Merluccius productus), noting that this phenomencn
alone was responsible for the lack of their exploitation for the food market.
Several years before, Willis (1949) had suggested that the postmortem myodegen-
crative effects of the myxosporean Chloromyxum thyrsites might be due to the extra-
cellular release of powerful lytic enzymes. Patashnik et al. (1982) entertained a
similar idea to account for the myxosporean-induced softening of whiting fillets.
They discovered cysts which appeared as dark or white filaments between the myo-
tomes, the darker ones being older and containing a brown pigment. Both types
of cysts were found to have proteolytic activity, that of the younger, lighter cysts
predominating. Examination of the morphology of the spores within the cysts
revealed that two species of Kudoa were responsible for the myodegenerative
changes. Patashnik ef al (1982) suggested that the proteolytic activity of the Kudoa
spp. was localized within the cysts during life, but that on death of the fish, the
enzyme(s) diffused out of the cyst and affected progressively more of the muscle
biomass. However, no adverse effects on fillets were observed if the fish were rap-
idly chilied, processed and cooked, and consequently it was recommended that
Pacific whiting be marketed as a fastcooked or deep-fat-fried, portion-type prod-
uct, limited to about 3/8 inch {0.95 cm) in thickness.

The two species of Kudoa described by Patashnik e al (1982} had been ident-
ified by Kabata & Whitaker (1981). These were Kudoa thyrsitis and an uncharac-
terized species, for which the authors proposed the name Kudoa paniformis. Both
species were thought to be involved in the myodegeneration of whiting, a view
which was indeed confirmed a year later (Patashnik et al, 1982). Pseudocysts of
various forms could be identified, some appearing simply as white masses of
spores within myocytes, and others appearing more degenerate: these latter would
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be associated with melanin deposits and would assume a contracted, fragmented
form, some even consisting of nothing more than a solidified mass of cell debris.
The authors considered that the deposition of melanin granules around infected
fibres was a host defence response, and that it led to the destruction of the con-
tents of the pseudocysts. Moreover, the frequent coexistence of ‘young’ and
‘degenerate’ pseudocysts in the same host was taken to indicate that multiple, per-
haps continuous, infections were not uncommeon. Kudoa thyrsitis has also been
reported to infect Atlantic salmon (Salmo salar) (Harrell & Scott, 1985). In this
host species, the parasite seemed not to elicit the ‘melanization’ response charac-
teristic of infection in Pacific whiting. However, pseudocysts caused extensive dam-
age to surrounding muscle fibres, thought to be due to the same proteolytic
enzyme as that released by cysts of K thyrsitis in Pacific whiting (M. productus)
{Patashnik e al, 1982). Harrell & Scott (1985) reflected that the development of a
defence mechanism against K thyrsitis in Pacific whiting had led to the evolution
of a stable relationship between parasite and host. The absence of any similar host
response in the infections of Atlantic salmon was taken to indicate that this species
was a relatively new host on the evolutionary scale, and that sufficient defences
had not yet had time to evolve. Other examples of infections involving species of
the genus Kudoa include K. thyrsitis in John Dory (Zeus faber) trom South African
waters (Davies & Bevyers, 1947) and K. musculoliguefaciens in the Japanese swordfish
(Xiphias gladius) (Matsumoto, 1954),

The bivaivulid genus Henneguya includes a number of pathogenic species which
infect both warm and cold water species of fish in both the marine and freshwater
environments. Henneguya species are noted for causing infections of the muscu-
lature and gills. For example, H. zschokkei causes “boil’ disease in a number of
Pacific salmon (Petrushevski & Shulman, 1961). The parasites develop deep in the
musculature, often near the spine. As the cysis enlarge to a diameter of 2-3 em
they rupture through the integument and discharge a white fluid rich in spores.
Ulcers are thus formed, and may provide a portal for secondary infection which
can kill the maturing salmon. Another species which parasitizes Pacific salmon is
H. salminicola, which causes ‘tapioca’ disease (Wood, 1968). The parasites are con-
tained in up to 50 small white cysts in the musculature, each 3-6 mm in diameter
(Sinderman, 1970). H. salminicola is typically prevalent in up to 40% of fish, ren-
dering fillets unsalable in heavy infection.

Several species of Henneguya parasitize the gills of fish. Dykova & Lom (1978),
reflecting on the paucity of knowledge of tissue reactions and inflammatory pro-
cesses in myxosporean infections of fish, sought to characterize the histopatho-
logical changes of fish gills infected with Henneguya species. Thus, studies were
undertaken of the respective development of F. psorospermica and Fi. creplini in sec-
ondary lamellar arterioles of perch {Perca fluviatilis) and ruff (Acerina cernua), and
of the development of H. pserospermica in the afferent filament arteries of pike
{Esox lucius). Fish were caught from localities throughout Southern Bohemia,
Czechoslovakia. Infection of perch with H. psorospermica was limited to the cold
seasons of the vear, first detected in the second half of December;
cysts—comprising plasmodia located in the blood vessels at the bases of secondary
lamellae—reached maximum size in April, when they would contain many mature
spores (Dykova & Lom, 1978). Young plasmodia were about 6.35 mm in diameter
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and took the form of small cysts, whose walls were formed by flattened host endo-
thelial cells. As plasmodia grew in size they were further encased by flattened epi-
thelial cells of the respiratory lamellae, with the disappearance of the stratified col-
umnar epithelium between them. Spores were often released from the cvsts
following their maturation. Some cysts, however, were reduced and eliminated by
a host defence reaction, which was characterized by invasion of the parasitic mass
by macrophages and removal of spores by phagocytosis, followed by the infil-
tration of fibroblasts and histiocytes to create a granuloma (Dykova & Lom, 1978},
This tissue response was minimal at the temperature of the natural habitat of
perch (6-8 °C), but became marked in those fish transferred to water which was
maintained at room temperature; this was interpreted to reflect the temperature
dependence of inflammatory reactions in fish (Finn & Nielsen, 1971). Infections
of H. creplini in ruff showed seasonal fluctuations similar to those of H. psorosperm-
ica in perch, but were never as heavy (Dykova & Lom, 1978). In addition, the cysts
were always separated by regions of undamaged gill tissue. The structure of young
and mature cysts, and the granulomatous tissue response leading to their elimin-
ation, were similar to those in perch. The temperature dependence of the host
defence reaction was demonstrated once again (Dykova & l.om, 1978).

Species of the genus Henneguya also infect channel catfish (Jetalurus punciatus).
McCraren ef al {1975) described seven possible disease manifestations of Henneg-
uya in this species: these are described in the following paragraph. These diseases
could be divided into three categories: those of branchial infection, those of
cutaneous infection, and a third category including lesser known infections of the
gall bladder, and of the connective tissue surrounding the mandibular teeth. Both
mtralamellar and interlamellar forms of branchial infection could be identified.
The intralameliar form was commeonly observed among cultured catfish, spores
developing within capillaries of gill lamellae or blood vessels of gill filaments. This
form was thought to debilitate fish without causing high morulity. The interlamel-
lar form was characterized by the development of spores among basal cells between
gill lamellae. Lamellar tissue was observed to undergo great hypertrophy with
spore development, and would lose its original histological structure (McCraren et
al., 1975). This form was noted to be the cause of great mortality among young
cultured channel catfish, with reports of epizootics involving losses of 95% of fing-
erlings less than 2 weeks old (Meyer, 1969). The consequence of interlamellar
infection was a great loss of respiratory function, and fish would show signs of
anoxia such as swimming at the surface of ponds with flared opercula. In addition,
fish with interlamellar infection tolerated handling poorly. Of the cutaneous
infections, papillomatous and cystic forms could be identified (McCraren ef al,
1975). The papillomatous form was characterized by the presence of white, granu-
lar growths on the dorsal, anal and caudal fins, and caudal peduncle, of cultured
catfish; the largest growth recorded was 1 cm in diameter. The lesions were often
haemorrhagic, and were associated with the presence of large numbers of tropho-
zoites, sporoblasts and spores of Henneguya. The growths consisted of hyperplastic
squamous epithelium and numerous goblet cells; tissue proliferation was super-
ficial and did not extend beyond the basement membrane. The second cutaneous
form of infection was characterized by the presence of visible cysts of diameter
2-4 mm in the connective tissue of the dermis. Neither trophozoites nor sporo-
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blasts were noted in these lesions, suggesting that they represented an end-stage,
or mature, state. The mandibular form of infection was characterized by the pres-
ence of cysts containing spores in the connective tissue surrounding the mandibi-
lar teeth, while the gall bladder form was associated with great enlargement of the
gall bladder and the presence of spores in its lumen.

Primary celi
confaining secondary cell

intraceitulor
renal sphoerosporosis

'PRX cell

'SBI' agent

Fig. 4. Extrasporogonic agenis of myxosporean disease.
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Other myxosfrorean diseases

Two myxosporean diseases which are briefly considered in conclusion of this
section are ceratomyxosis, and sphaerosporosis caused by Sphaerospora molnari. The lat-
ter is seen in yearling carp and has several clinical manifestations, in common with
its counterpart caused by S. renicola (see earlier); these are respectively calied
branchial {or gill}, cutaneous (or skin), and blood sphaerosporosis {(Lom et al,
1983). Branchial sphaerosporosis is the most important of these three states,
being caused by the invasion of primary and secondary lamellar epithelium by
pseudoplasmodia. This leads to epithelial hyperplasia and subsequent necrosis of
branchial tissues, leading to the release of spores into the water. These changes
greatly compromise the ability for gaseous exchange, resulting in tachypnoea,
lethargy and even death. Diagnosis is based on the demonstration of developing

" extrasporogonic stages and spores in circulating blood. Little can be done w

counter the disease, although antibacterial and antifungal agents may be used to
prevent possible secondary infections. Branchial sphaerosporosts has been
reported in Czechoslovakia, Hungary, Poland and Yugoslavia (Dykova & Lom,
1988). '

Ceratomyxosis is an enigmatic myxosporean disease of young salmoenids restric-
ted in location to the western United States and British Columbia {Bower, 1985).
It is caused by Ceratomyxa shasta, whose plasmodia give rise to granulomatous
lesions in the spleen, liver, kidney, muscle and intestine. Fish affected by the dis-
ease show dropsy due to an abdominal accumulation of fluid rich in spores. Cera-
tomyxosis can be diagnosed by the post-mortem examination of sentinel fish, or
the microscopical demonstration of spores in abdominal fluid collected from live
fish by abdominocentesis. Chemotherapeutic agents for the disease are currently
lacking. Indigenous fish seem to develop immunity to C. shasta, a situation rather
similar to that for PKD (see earlier).

‘The various extrasporogonic agents of myxosporean disease are summarized in
Fig. 4. ‘

CONCLUSION

The Myxosporea are an enigmatic group of parasites. The diseases they cause-are
of great economic concern, compromising food conversion and causing direct
loss. Control measures against the myxosporeoses largely aim to reduce the
stresses of intensive culture which bring about infection, since few drugs have
been shown to have activity against the Myxosporea. The last decade has seen
some large leaps forward in our knowledge of myxosporean life cycles and modes
of transmission.
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Myzxosoma cerebralis: Detection of Circulating Antibodies
" in Infected Rainbow Trout (Salmo gairdneri)
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antibodies in infected rainbow trout (Salmo gairdneri). J. Fish. Res. Board Can.
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Circulating antibody against spores of Myxosoma cerebralis has been detected for the
first time in rainbow trout (Salmo gairdneri) affected with whirling disease. An indirect
fluorescent antibody test (IFAT) was employed for detection of trout immunogiobulin.
Most sera of fish from an infected experimental group were found fo give a positive
reaction in the IFAT, while the majority of specific-pathogen-free control sera gave no
reaction. Reagent preparation as well as staining and evaluation procedures are given.
These results provide additional information for understanding the host/parasite relation-
ship and offer a potential for development of a nondestructive serological test for whirling
disease.

Key words: indirect fluorescent antibody test, immune response, whirling disease

GrerriN, B. R, avp E. M. Davis. 1978. Myxosoma cerebralis: detection of circulating
antibodies in infected rainbow trout (Salmo gairdneri). I. Fish. Res. Board Can.
35: 1186-11%0.

Nous avons décelé pour Ia premiére fois chez des truites arc-en-ciel (Salmo gairdnert}
affectées de la maladie giratoire un anticorps en circulation contre des spores de Myxosoma
cerebralis, Pour la détection de immoglobuline des truites, nous avons utilisé un test
d'anticorps & fluorescence indirecte (IFAT). Nous constatons gue la plupart des sérums
de poissons provenant d’un groupe infecté expérimentalement ont une réaction positive &
I'IFAT, alors que Iz majorité des sérums de témoins libres de 'agent pathogéne ne donnent
aucune réaction. Nous décrivons ia préparation des réactifs et les méthodes de coloration
et d'évaluation. Ces résultats nous permettent de mieux comprendre la relation héte/
parasite et pourraient servir & mettre au point un test sérologique non destructeur de la
maladie giratoire.
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THE myxosporidan parasite Myxosema cerebralis causes
the disfiguring, often crippling or fatal whirling disease
of salmonids. The pathobiology of whirling disease has
been reviewed most recently by Halliday {1976).

Lom {1969} suggested that poikilothermic animals
generally show little, if any, response to myxosporidan
infections. Neither Pauley (1974) nor Halliday {1974)
was able to detect anti-M. cerebralis antibody in rain-
bow trout { Salmo gairdneri) through the use of serolog-
ical techniques. Pauley’s {1974} investigation of the
spore antigens of M. cerebralis indicated that they mimic

" the antigens of rainbow trout cartilage even though elec-
" trophoretic differences were demonstrated. This host

antigen mimicry apparently would account for the ease
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with which the parasite establishes itself in host tissues.

Hailiday (1974), using rabbit antibody against whole
trout serum in an indirect fluorescent antibody test was
unable to detect specific antibody in rainbow trout with
natural infections or in trout experimentally inoculated
with spores of M. cerebralis.

The ability of various fish species to develop immunity
and demonstrable antibody during some parasitic infec-
tions has been documented, Hines and Spira {1973}
demonstrated acguired immunity as well as the presence
of immobiiizing antibodies in common carp (Cyprinus
carpio) infected with Ichthyophthirius multifiliis. Mok
nar and Berczi {1965) detected precipitating antibodies
to Ligula intestinalis in infected bream {4 bramis brama).
Other investigators have shown the presence of an im-
mune response, indicated by increased levels of 1
sistance to challenge {although not demonstrated by
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the presence of specific antibody) in several species:
Kennedy and Walker (1969} in dace (Leuciscus
lewciscus) infected with Caryophyllacus laticeps:
peckert and Allison {1964) in white catfish ([fetafurus
catus) infected with Ichthyophthirius multifiliis; and
Nigrelli (1937) in Florida pompano (Trachinotus
carolinus) and permit (T. falcarus) infected with
Epibdella melleni,

The purpose of this paper is 1o report the develop-
ment of an indirect fluorescent antibody technique for
detection of trout antibodies to M. cerebralis, and to
show by application of the technique a correspondence
between the presence of M. cerebralis spores in fish tis-
sue and specific antibody in their serum.

Materials and Methods

(GENERAL APPROACH

Rainbow trout immunoglobulin was purified by elution
from specific antigen-antibody compiexes and used as
antigen for the production of anti-trout immunoglobulin
antisera in rabbits. Rabbit immunoglobulin G was purified
by standard methods and labeled with fluorescein isothio-
cyanate for use in conventional indirect fluorescent antibody
tests.

INFECTED AND SPECIFIC-PATHOGEN-FREE RAINBOW TROUT

Rainbow trout infected with Ad. cerebralis were obtained
from the Lamar (Pennsylvania) National Fish Hatchery,
and specific-pathogen-free rainbow trout controis from the
Leetown (West Virginia) National Fish Hatchery. Fish
were kept in 12°C spring water, the chemical characteristics
of which were reported by Warren (1963).

PREPARATION OF ANTISERUM

Immunoglobulin from high titer rainbow trout antiseram
igainst 4 eromonas salmonicida was purified by & modifica-
tion of methods described by Cisar and Fryer (1974}, Adult
minbow trout (25-30 cm fork length} were immunized by
intraperitoneal inoculation of 0.5 mg (dry weight) of for-
malin-killed A. salmonicida in Freund's incomplete adjuvant,
followed in 6 me by an intraperitoneal inoculation of 1 mg
of a similar bacterial preparation in phosphate-buffered
sline, pH 7.2. The fish were bled 4 wk after the second
injection and the sera from 30 animals were pooled.

The globulin fraction was collected after precipitation
with an equal volume of cold saturated ammonium sulfate
and centrifugation at 27 000 x g for 10min at 4°C. The
globulin proteins were dialyzed against two changes of 0.1 M
phosphate buffered saline, pH 7.2 (globulin: buffer ratie =
1:100), and specific immunoglobulins were adsorbed for 1 h
& 25°C onto formalin-fixed A, salmonicida cells (50 mg dry
weight/ml. serum)}. The bacterial cells had been washed
with 0.1 M KCN, pH 11.0 to eliminate any bacterjal com-
Ponents that might later be cluted along with the specific
aatibody. The cells were then equilibrated in 0.1 M phosphate
buffered saline, pH 7.2. After immunoglobulin adsorption,
celis were centrifuged at 27 000 % g for 10 min at 46C. The
Sipernatant was discarded and the cells were resuspended,
Washed, and centrifuged three times in 0.1 M phosphate
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buffered saline, pH 7.2. Immunoglobulins were then eluted
from the cells by three sequential resuspensions and
centrifugations in 0.1 M KCN; the volume of each wash was
equal to that of the original serum. Immunogicbulins were
precipitated from KCN by the addition of an equal volume
of cold saturated ammonium sulfate, collected by centrifuga-
tion, and dissolved in and dialyzed against 0.1 M phosphate
buffered saline, pH 7.2 at 4°C.

Immunoglobulin samples were applied 1o a 1.4- % 100~
¢ column of Sephadex G-100 {Pharmacia Fine Chemicals,
Inc.) equilibrated in 0.1 M phosphate buffered saline, pH

7.2. The leading portion of the effluent void volume peak

absorbing at 280 nm was collected and concentrated (by
the addition of saturated ammonium suifate and centrifuga-
tion) as before. After exhaustive dialysis against 0.1 M
phosphate buffered saline, pH 7.2, the protein concentration
was adijusted to 2 mg/mL. For quantitation, protein con-
centration was estimated on the basis of optical density,
assuming an extinction coefficient of 1.6/mg/mL at 280 am.

The immunoglobulin was emulsified with an egual vol-
ume of Freund's incomplete adjuvant. Rabbits were im-
munized by injection of 1.0mL of the adjuvant mixture
divided between two subcutaneous sites. A subcutaneous
booster of 1 mg of protein in ! mL of 0.1 M phosphate
buffered saline, pH 7.2, was given 20 d later. Final bleeding
followed 7d after the booster. Rabbit anti-rainbow trout
immunoglobulin prepared in this way gave a single line of
precipitation in immunocdiffusion against whole rainbow
trout serum.

FLUORESCENT LABELING

Fluorescein isothiocyanate was conjugated to rabbit anti-
body by a modification of the methods of Johnson and
Holborow (1973).

Rabbit antibody to rainbow trout immunoglobulin was
mixed with an equal volume of cold, saturated ammonium
sulfate; after centrifugation the precipitate was dissolved in
and dialyzed against 0.015 M phosphate buffer, pH 8.0, and
applied to a column of Sephadex DEAE, A-25 (Pharmacia
Fine Chemicals, Inc.), equilibrated in the same buffer. Non-
binding protein was collected, then concentrated by adding
an equal volume of saturated ammonium suliate followed
by centrifugation at 27 000 x g for 10 min at 4°C. The
precipitate was dissolved in and dialyzed against 0.15 M
NaCl and the protein concentration was adjusted to 10
mg/mL. Protein concentration was estimated on the basis
of optical density, assuming an extinction coefficient of 1.4/
mg/mi. at 280 nm,

A 10% volume of 0.5 M carbonate-bicarbonate buffer,
pH 9.5, was added and dry powdered fluorescein isothio-
cyanate (Isomer I, Sigma #F7250, Sigma Chemical Co.}
was added at a ratio of 40 ug/me protein. The mixture was
shaken gently for 2 h at room temperature (pH maintained
at 9.5 by addition of 0.5 M Na,C0,), and then applied to a
2.5 X% 12 cm column of Sephadex G-25 equilibrated in 0.1 M
phosphate-buffered saline, pH 7.2, for removal of unreacted
dye. The fluorescein to protein ratio ranged from 04 to 1.1
in different preparations as indicated by absorption at 495
nm/280 nm. Whern a counterstain was used, Rhodamine
(Difco #2340-56) was added at a 1:20 ratio. Conjugated
rabbit anti-rainbow trout immunoglobulin antibody prepared
in this way retained its biological activity and gave 2 single
line of precipitation in immunodiffusion against whole rain-
bow trout serum.



ji88 1. FISH, RES. BOARD CAN., VOL, 35, 1978

Fia. 1. Mature spores of M. cerebralis in the indirect fluorescent antibody test. A, spore after
staining, using infected trout serum; B, spore after staining, using strongly positive, undiluted,
infected trout serum; C, spores after staining, using serum from specific-pathogen-free fish; D,
unstained spore, showing autofluorescence.

INBIRECT FLUORESCENT ANTIBODY STAINING

For the test, spores of M. cerebralis obtained from in-
fected trout by the pepsin-trypsin-dextrose method {Markiw
and Wolf 1974a) were spread on an acid cleaned slide and
dried (60°C for 10 min). Test rainbow trout serum was
added and slides were incubated 40 min at room tempera-
ture in a moist chamber. Slides were rinsed with a stream
of 0.1 phosphate buffered saline, pH 7.2, and immersed
in the same buffer and shaken gently for 30 min at room
temperature. The conjugate was added and after incubation
for 30 min the slides were rinsed and washed as before.
Stained slides were mounted in 2 mounting medium of 50:50
glycerol, 0.5 M carbonate~-bicarbonate buffer, pH 9.5, and
observed with reflected UV illumination at 500x.

To assess correlation between the presence of spores and

p
L

specific antibodies, we microscopically examined 28
agueous preparation of crushed cranial cartilage and bont
from each fish for spores; the time limit was 5 min pef
sample.,

Results

The indirect fluorescent antibody test revealed a cof-
relation between the presence of spores in fish tissues and
the presence of serum antibody against M. cerebralis
Sera from the group of fish infected with M. cerebralit
gave fluorescence in 16 of 18 samples when tested v
diluted and in 14 of 18 when diluted 1:3.

Spores were detected in 14 of the 18 trout whed
crushed cranial cartilage smear preparations were €%
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amined microscopically. There was not an absolute cor-
relation between the presence of spores and the presence
of antibody in individuals since in one case spores were
detected but antibodies were not demonstrable in the
serum of that animal and conversely antibody was de-
tected in three sera from specimens in which spores were
not detected. However, application of the sign test
showed that the association of spores with serum anti-
pody was statisticaily significant (P = 0.01). The un-
diluted control sera, on the other hand, yielded no
fluorescence in 15 of 18 individual samples and when
diluted 1:3 gave weak fluorescence in only one. Spores
were not detected in the crushed cranial smears pre-
pared from these specific-pathogen-free controls.

The test was specific for trout antibody to M.
cerebralis. If spores were incubated with positive serum
and then reacted with unconjugated rabbit anti-trout
immunoglobulin before being stained with conjugate,
specific fluorescence was not observed. Spores incubated
with high-titer rainbow trout anti-4. salmonicida sera
and then stained with the conjugate were also negative.

Fluorescence was usually apparent along the periphery
of the spore with little staining of internal structures
{(Fig. 1A). Some undiluted sera gave bright confluent
fluorescence over the entire spore surface {Fig. 1B);
however, when these sera were diluted 1:3 the stain-
ing pattern was peripheral (as in Fig. 1A). Spores
treated with sera from normal controls typically showed
s dufl autofluorescence after staining (Fig. 1C) that was
characteristic of unstained spores (Fig. 1D). Polar
filaments were often observed in the stained preparation
but no consistent staining pattern was noted. The best
fluorescence was obtained with conjugate preparations
exhibiting a fluorescein to protein ratio ranging from
0.7 to 1.1, Rhodamine was not necessary since negative
and positive preparations were readily distinguishable;
however, the counterstain facilitated the identification
of the bicapsular spore. :

Discussion

The demonstration of circulating antibody in the
present study does not support currently held opinions
that rainbow trout do not mount an immune response
WM. cerebralis. Halliday (1974) has suggested that the
spores of M. cerebralis may occupy an immunologically
privileged or guarded site in the cranial cartilage and
bone of the infected animal, or alternatively that the
thsence of detectable antibody may be due to what he
described as “non-pathogenicity of the spores.” Failure
o detect antibody in infected fish appears to have been
the resuit of Halliday's use of a nonspecific fluorescent
intibody conjugate rather than due to an insufficiency
on the part of the infected animal. Similarly, Pauley’s
(1974) failure to demonstrate the presence of aptibody
may well have been due to the use of an insensitive
#say — immunodiffusion in gel — rather than o the
absence of antibody resuiting from antigenic mimicry.
Indeed, Pauley clearly illustrated molecular differences
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between spore material and normal fish tissue by elec-
trophoretic analysis.

The detection of an immune response in trout infected
with M. cerebralis provides additional background for
understanding this host/parasite relationship. Dineen
{1963a, b) suggested that specific antigenic disparity
between parasite components and host tissues can serve
to stabilize the relationship. The immune response to a
limited range of parasitic antigens would control the
parasite population to within tolerable limits that would
not kiil the host, thus enhancing survival of the parasite.
Any strong display of critical parasite antigens which
might lead to elimination of the infection through an
intense host immune response would work against the
iong-term survival of the parasite. Antigenic disparity
then, to best serve the host/parasite relationship, must
be reduced but not eliminated.

Although the rainbow trout is not considered to be
the natural host for M. cerebralis (Hoffman 1970}, it is
in the same genus as the natural host, the brown trout
{Salmo rtrurza). The detection of antibody to M.
cerebralis in infected rainbow trout makes plausible the
argument of limited antigenic disparity in explaining
the stability of the natural host/ parasite relationship.

The inability of previous investigators to detect the
immune response of trout infected with M. cerebralis
has prevented consideration of 2 serodiagnostic test that
is independent of finding spores for diagnosis, hence
the methods of spore detection have been refined con-
siderably. Markiw and Wolf (1974b) compared several
of the currently available methods of detecting spores
in an infected population and concluded that the pepsin—
trypsin—dextrose centrifugation method (Markiw and
Wolf 1974a) was most sensitive. The demonstration of
circulating antibody to M. cerebralis spores in infected
rainbow trout, as reported here, opens for investigation
the use of the indirect fluorescent antibody test, or other
serodiagnostic techniques, in the diagnosis of the disease.
This test is nondestructive and can be performed in a
matterof 2to 3 h.

A number of factors required for a useful sero-
diagnostic test employing the indirect fluorescent anti-
body test are still to be investigated. These include an
analysis of the range of cross-reactivity with other
myxosporidans; a study of the age of the fish when anti-
body is detectable; an understanding of the influence of
temperature on production of antibody; and an under-
standing of the predictive value of specific antibody as
an indicator of the presence or absence of infection.
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from Ambulatory Clinic, Royal Veterlnary and Agricultural University,

lopenthagen, Denmark.

Studies on Myxosoma cerebralis,

2 Parasite of Salmonids.

{l. The development and pathology of Myxosoma cerebralis in experi-
imentally infected rainbow trout (Salme gairdneri) fry reared at different

water temperatures

ty M. M. Halliday

The different parasitic slages identified and the hislopathology
are described and discussed. High waler femperatures increased
the rate of parasitic development bolh morphologicelly and

pathologically.

" In gencral the ouicome of protozoan
infections of fish seems to be dependent
on the action of the ecological variables
iflnencing the relationship. Early ac-
sunts of myxosporidian pathology have
wen reviewed by Plehn (1910) and Ni-
grelli & Smith (1938), and to some ex-
tent the pathology appears {o be depen-
dent upon the host and/or organ para-
sitised, Little is known of the predispos-
ing factors to infection,

The pathology of M. cerebralis, a car-
filagophagous myxosporidian, is thought
% be dependent on at least two variables:

8 The age of the host when it is first
exposed to the pathogen.

B The number of infective units fo
which the fish is exposed.

Descriptions of the histopathology vary
md mo really detailed accounts exist
o the carlier stages of infection. Most
workers have reported none or only
dight destruction of the cartilage 40
days post infection (Schdperclaus 1954,
Hoffmran et al. 1862, Lucky 1970} but

Ford. Vet-Med. 1878, 25, 349...358.

61

they identified granulation tissue §—12
months post infection. Roberls & Elson
(1970) did net identify any of these
latter host reactions. Lucky (1870) cop-
cluded that the tissne response was
dependent on the site of infection,
With the exception of the work of Sché-
perclaus (1931) biood elements have not
been identified around the infected areas.

Similar types of host reaction have
been observed in other cartilagophagous
myxosporidia. With infections of Myzo-
soma cartilaginris n. sp. in centrarchid
fish an initial tissue reaction occurred
4—35 months post infection {(Hoffman ef
al, 1963},

Since the ambient water temperature
has been cited as an important factor in
myxosporidian host-parasite relations
(Hoshina 1952, Leith & Moore 1967, San-
ders ef al. 1970, Lom 1870). It was de-
cided to investigate the effects of this
variable on M. cerebralis infections. The
observations were resiricled to zboui
four months post exposure fo the in-
fection,

10
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Studies on Myxosoma cerebralis,

a Parasite of Salmonids

IV. A preliminary immunofiuorescent investigation of the spores of

Myxosoma cerebralis

by M. M. Halliday

Antibodies fo Myxrosoma cerebralls were detected in a rabbit
inoculeted with M. cerebralis spores but no antibodies could be
detected in rainbow froul, either naturally infected or inoculated

with spores.

Fluorescent antibody (FA) methods
have been used in many aspects of micro-
biology. The methods and their applica-
tions have been discussed by Goldman
{1968), In research on fish diseases the
indirect fluorescent antibody (IFA) test
has been used to diagnose viral haemor-
rhagic septicaemia {Jdrgensen & Meyling
1972) and to detect the presence of Aero-
monas liquefaciens (Lewis & Savage
1972). For the latter pathogen the direct
method also has been used (Lewis & Alli-
son 1971).

Because the spores of M. cerebralis lod-
ge in the tissues of salmonids for long
periods they may be a source of antigen
for antibody producltion. Igmitially the
antigenic properties of intact spores were
investigated by inoculating them into a
rabbit and assessing the results by means
of the IFA test. As in any immunodiagnos-
tic test, the quality of the antigen is an
important factor in iis success, For this
reason the investigation of M. cerebralis
was confined to the spore stage; because
it was the only stage in the life cycle

which could be oblained in a relatively

pure state,

Nord, Vet.-Med. 1974, 26, 173178,
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Material and methods
Rainbow trout

For the production of rabbit anti-
rainbow trout serum, serum was taken
from fifteen healthy eighteen-month-old
rainbow trout which had been reared in
the laboratory at a water temperature of
15°C. Six similar rainbow trout were ino-
culated with M. cerebralis spores,

Samples of yearlings naturally infected
with whirling disease were obtained in
May and June from a Danish trout farm,
Six of these fish which were examined
histologically contained all stages of the
parasite, and in addition some granula-
tion tissue.

Collection of rainbow front serum

After anaesthetizing the frout with
either chlorobutol (2.0 g/I) or MS 222
(3.75 g/, blood was taken from their
dorsal aorta with a 2 ml plastic syringe
and a 38 mm og 19 gauge needle (Schiff-
man 1339}, The freshlydrawn blood was
allowed to stand at room temperature
and was then left to clot at 4°C for 4 h.
The serum was separated by centrifuga-

12
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The biology of Myxosoma cerebralis: the causative
organism of whirling disease of salmonids

M. M. HaLimav®

Ambulatory Clinic, The Royal Veterinary and Agricultural University of
Copenhagen, Denmark

(Accepted 20 May 1975)

Theliterature describing the biology and control of Myxosoma cerebralis {whirling disease)
isreviewed. New data on the world distribution of the parasite are presented. It is concluded
that the presence of M. cerebralis is not an important limiting factor in salmonid farming
per se but only limits methods of production.

L INTRODUCTION
THE CURRENT PROBLEM OF WHIRLING DISEASE

Whirling disease is caused by the protozoan Myxosoma cerebralis [Hofer, Plehn,
1904 emend. Kudo, 1933 syn. Lentospora c. (Hofer, Piehn) and Myxobolus c. Lom &
Hoffman, 1970]. The transcontinental dissemination and economic importance of
M. cerebralis have paralleled the increased development in salmonid fish farming.
The disease has therefore been included in the International Office of Epizootics list of
major infectious diseases of freshwater fish. However, despite its economic import-
ance, there is a lack of biolggical information on the parasite concerned; this arises
from research difficulties, some of which are outlined by Hoffman & Putz (1970a).

Infections with M. cerebralis have been refered to as * Myxosomiasis °. However, as
there are many species of Myxosoma which may cause different diseases, or perhaps no
disease, this is not the most appropriate name for the disease. It is suggested that the
name ‘ whirling disease > (Myxosoma cerebralis) of salmonids be continued to avoid
fature confusion. Whirling disease is known in French as Tournis; in Spanish as
Torneo; in Russian as Vertesch; in German as Drehkrankeit; in Italian as Capostorno
or Lentosporiasi; in Danish as Drejesyge, and in Swedish as Kringsfuka. Short reviews
of the biology of M. cerebralis have been published in the following languages—
Danish by Christensen (1966); English by Hoffman ez al. (1962); French by Christensen

{1966); German by Schiperclaus (1954a); Italian by Ghittino (19702); and Russian by
Bogdanova (1960) and Hoffman (1971).

The first confirmed outbreak of whirling disease occurred in Germany in 1903
among rainbow trout (Salme gairdneri), which are not indigenous to Europe (Hofer,
1903). From 1903 until 1952 whirling disease had been reported from Germany,
France and Denmark (Bruhl, 1926; Schéperciaus, 1931; Luling, 1952; Vanco, 1952).

Whirling disease is indicative of an imbalance in the relationship of M. cerebralis
and its host. The international importance of this disease has led to speculation as to

* Present address: Joseph Johnston & Soms Lid, 3 Arerica Street, Montrose, DIDIO 8RE,
Scotland.
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the factors which have caused the imbalance. The following two explanations have
been suggested.,

(i) Whirling disease originated from feeding rainbow trout with raw marine fish,
which were infected with spores similar to M. cerebralis (Bergman, 1922; Plehn,
1924). However, it is probable that the spores were those of Myxobolus aeglefini
(Schaperciaus, 1954a; Hoffman, 1970aq).

(ii) 1t has been stated that brown trout (Salmo trurta) become infected but not
diseased (Hoffman er al., 1962). Thus Hoffman (1970a) suggested that brown trout
are a natural host of M. cerebralis, and that whirling disease in rainbow trout has
arisen from their contact with naturally infected brown trout. He suggests that other
European and Asian salmonids may also be natural hosts.

It has not been firmly established that brown trout are resistant to whirling disease.
According to Schiperclaus (1931); Bauer (pers. comm., 1973) and O’Grodnick
(pers. comm., 1973), brown trout appear to be less susceptible to clinical disease than
rainbow trout. However, Havelka & Volf (1970) have reported 80-90%/ mortality
in brown trout caused by M. cerebralis. Brown trout can therefore become clinically
infected, but are less susceptible than rainbow trout to lower levels of infection.

An additional explanation of the host-parasite imbalance is that the increase in
disease may be a by-product of intensive salmonid husbandry. The severe clinical
manifestations of the disease only arise where a high rate of infection occurs {Putz &
Hoffman, 1970; Halliday, 1974a). Therefore, the problem of whirling disease may
have arisen from the introduction of an unnatural host into an area where M. cere-
bralis is endemic and/or from the introduction of M. cerebralis into an environment
where an high infective potential can build up.

II. DISSEMINATION OF M. CEREBRALIS AND CURRENT GEOGRAPHICAL
DISTRIBUTION .
DISSEMINATION :

In general the large-scale spread of M. cerebralis is thought to have arisen from the shipping
of infected fish and fish products to areas where the parasite did not occur naturally. Any
attempt to explain the spread of A{. cerebralis is complicated by the fact that the numerous
intercontinental shipments of ova from brown trout and other salmonids occurred prior to
the first description of M. cerebralis (MacCrimmon & Marshall, 1968; MacCrimmon &
Campbell, 1969; MacCrimmon, 1971}. The possibility that viable spores can be transferred
as a contaminant of egg shipments has been suggested by Schiperclaus (1931), Keiz
(1964) and Putz & Hoffman (1970).

In addition, almost all observations of the parasite oceur in trout farms, and from the few
observations on natural populations of salmonids {Uspenskaya, 1957; Bogdanova, 1960,
1964, 1966, 1968, 1969, 1970 and 1972), it is difficult to ascertain if the infection was naturatly
endemic or introduced. There is therefore little evidence from which to define the original
distribution of M. cerebralis. Nevertheless attempts have been made using the following
¢riteria.

(i) The observation that M. cerebralis was first described in Europe, and some 50 years
elapsed before it was identified in other continents.

(ii) The assumption that brown trout are a natural host.

(ili) The assumption that where M. cerebralis has been found among natural populations
of European and Asian salmonids, these represent original foci of the parasite. :

According to these criteria, M. cerebralis is thought to have had a natural distribution
which inciuded central Europe and North East Asia (Hoffman, 1970a; Bogdanova, 1972).
Schulman (1966) supposes thai the parasite has a holarctic distribution. In view of the
relatively recent appearance of M. cerebralis in the U.8.A. and South America and its virtual
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absence from Canada, it seems likely that the parasite was introduced to America recently
glthough shipments of brown trout ova from Germany to America began in the 1880%.

CURRENT GEOGRAPHICAL DISTRIBUTION

Table I shows the current geographical distribution of M. cerebralis. Information could
not be obtained from some countries. Inconsistencies are evident in the lterature which it

is not always possible to resolve,

Tasre J. The current world distribution of M. cerebralis

M. cerebralis

13

Reported {+)
Not Reported
Continent Country/state {(—) Origin of Report
Africa Cape Province o Wyk (1968}, Smith (pers.
Comm., 1973)
Morocco - Preudhomme (1970)
Transvaal Suspected Pott (pers. comm., 1973}
America Canada -+ Bogdanova (1969)
- Margolis (pers. comm., 1972)
South America
Columbia Linder investigation Conroy (pers. comm., 1973)
Ecuador o+ Meschkat (1971)
- Mexico -+ Osaka {(pers. comm., 1973)
Venpezuela — Meyers {1969q, b)
U.S.A.
California -+ Hanath (1970)
Connecticut s Hnath (1970}
Massachussets + Hoffman (pers. comm., 1973}
Michigan -+ Hnath (1970)
Nevada + Yasutake & Wolf (1970)
New Jersey + Hoffman (1968)
Ohio N Tidd & Tubb (1970}
Pennsylvania + Hoffman er al. (1962)
Virginia -+ Hoffman (19708)
West Virginia + Meyers (19695)
Asia China
Taiwan — Chen (pers. comm., 1973)
Japan — Hoffman (1970a)
Lebanon + Hoyek {pers. comm., 1973)
Australasia Australia —_ Francois (pers. comm., 1973)
New Zealand -+ Anon. (1971}, Hewitt & Little
1971
Europe Austria 4 . F.AL0.(1972)
Belgium +- F.A.0.(1972)
Bulgaria -+ Margaritov (1960)
Cyprus - F.A.Q.(1972)
Czechoslovakia = Dk (1954}, Volf (1957),
Havelka & VolIf {1970) &
Lucky (1970}
Denmark 4 Bruhl (1926)
Schiperclaus (19545, ¢}
Rasmussen (1967),
Christensen {19724)
Eire (Southern Ireland) + Halliday (1974a)
Finland — F.A.C . (1972)
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TABLE L—continued
M, cerebralis
Reported (-}
Not Reported
Continent Country/state {3 QOrigin of Report
France - VYanco (1952)
Qermany A Hofer (1903), Plehn {1904,
1924), Heuschman {1940,
1949), Schiperciaus (1931,
19544a)
Greece — E.A.O.(1972)
Hungry + F.A.Q.(1972)
¥celand — Palsson {(pers. comm., 1973}
Israel - Sarig (pers. comm., 1973)
Ttaly + Scolaria (1954), Ghittino
(1962 & 19708)
Liechtenstein + Luigg {pers. comm., 1973}
Luxemburg o+ F.A.O. (1972
Netherlands e F.A.Q. (1972)
Norway + Hastein (1971)
Poland - Kocylowski (1953)
Portugal - Sitva Leitdo (pers. comm.,
19749
Spain + Cordero-del-Campilio &
Alvarez-Pellitero {pers.
comm., 1974)
Sweden 4 Johansson (1966)
Switzerland - Thomson (1972}
United Kingdom
England — Mawdesley-Thomas (pers.
comm., 1973)
Northern Ireland — Vickers (pers. comm., 1973}
Scotland e Elson (1969), Roberts & Eison
(1970)
Wales e Mawdesley-Thomas (pers.
: comm., 1973)
US.5.R. B Uspenskaya (1955 & 1957),
Bogdanova (1960, 1966,
1968, 1969, 1970}
Yugosiavia + Tomasec (1960}
{1} Canada

Bogdanova (1969) has found spores of Af. cerebralis in wild Salfvelinus maima from British
Columbia. However, Margolis {pers. comm., 1972) examined over 500 fish from the same
source, of which about half were 5. malma. All were negative for the parasite, and he is sure
that whirling disease has not been identified in Canada.

{iiy Korea

Whirling disease has often been quoted as occurring in Korea by Tinkina (1962). However,
the report only states that the usual preventative measures are adopted against whirling
disease. It cannot therefore be accepted that the disease oceurs in Korea. No information
could be obtained to clarify this point.

{ifi) South America
Reports have been published stating that whirling disease has occurred in Venezuela
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{Anon., 1969a; Martinez, 1966 cited by Bogdanova, 1968). The report by Martinez (1966) is
not mentioned in her bibliography. According to Meyers {19695} the authorities deny its
occurrence; this discrepancy was apparently due to problems in translation.

1. THE HOST RANGE OF M. CEREBRALIS

The parasite has been mainly identified in farm-reared salmonids and, with the
exception of work by Uspenskaya {1957) and Bogdanova (1960, 1964, 1966, 1968,
1969, 1970 & 1972) in the U.S.S.R, has only rarely been detected in the wild,

Table II illustrates the known host range of M. cerebralis in both farms and natural
populations of salmonids (Uspenskaya, 1957; Hoffman, 19705; Havelka & Volf,
1970; Yasutake & Wolf, 1970; Bogdanova, 1972; Christensen, 1972b; Yoder, 1972).

Tanre II. The occurence of M. cerebralis in salmonids in hatcheries and natural waters

Europe and Asia and Far East America
A, rey
I R ¥
Species Natural waters  Hatcheries Natural waters  Hatcheries

Salmo clarki - — — .
S. gairdneri (S. irideus) - -+ e
8. ischchan isp. aestivalis - -+ - -

8. ischchan isp. gegeriuni — At — -

S. salar -+ bt - —_—

S. trutta + A + At
S.trutra labrax + SRR — —
Salvelinus fontinalis - + -+ + -
S. leucomasnis e —_ - —

5. malma e - + -

8. namaychush 0
Oncorhynchus gorbushcha + o - -

Q. keta + + -

O, kisurch 4]

0. masu + o+ oo

Q. nerka — + — —

0. tschawytscha

+ M. cerebralis present.

-4+ Whirling disease recorded.
0 Experimental infection.

~— Figsh not examined.

M. cerebralis has been recorded from seventeen species of the genera Salmo,
Oncorhynchus and Salvelinus. The parasite has also been reported from grayling
(Thymailus thymalius) by Volf (1957), Havelka & Volf (1970) and Bogdanova {(1971);
tench (Tinca tinca), gudgeon (Gobio gobic), pike (Fsox lucius) and perch (Perca
Jluviatilus) by Ramirez-Medina (1962). Dannevig & Hansen (1952) reported infections
of M. cerebralis in young aquarium-reared herring (Clupea harengus). These reports of
M. cerebralis in coarse fish and herring are possibly errors in identification due to the
many species of Myxosoma and A{yxobolus.

Bogdanova {1970) stated that all salmonids participated in the distribution of the
parasite in nature, but that nonanadromous forms were the most important hosts.
Infection only took place in fresh water, The incidence of infection could reach 100%
but the intensity was low and no disease symptoms were observed.
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Little is known of the differential susceptibility of salmonids. Rainbow trout are
most seriously affected, brook trout less severely and brown trout seem to be more
resistant to clinical infection (Hoffman f al., 1962}, Although current information
indicates that the parasite is generally limited to salmonids, other species of fish may
be natural or potential hosts.

iv. THE LIFE CYCLE, DEVELOPMENT AND TRANSMISSION OF
M. CEREBRALIS

LIFE CYCLE

Information is scarce on the means of infection, Experiments designed to infect
susceptible fry have been unsuccessful or inconclusive. Hoffman & Putz (1970a)
state that in 26 attempts over an 8 year period only seven aquaria yielded positive
infections. Since Schiperclaus (1954a) and Hoffman ef al, (1962) were unable to
infect fish by exposing them to spores, they supposed that either an intermediate host
and/or different water conditions were necessary for infection to occur. However,
Uspenskaya, 19665 (pers. comm., to Walliker) was able to produce an infection by
ageing the spores for 4 months in 2 non-freezing stream before introducing them into
the fishes’ stomachs. Hoffman & Putz (1969), Putz (1970) and Putz & Herman (1970)
confirmed the spores aged in the presence of mud for 3:5 to 6 months became infective.
In addition, they demonstrated that the infective agents were retained by a 12 pm
filter. Schiperclaus (1931) and Halliday (19735, 1974a) were able to produce infec-
tions by exposing rainbow trout to mud taken from earthen ponds which had previous-
ly contained infected fish.

The factors, organic or inorganic, influencing the infectivity of the spores are
unknown. It is generally assumed that the spores are ingested by the host, although
infection by the gills is also possible,

Initial penetration of the host’s tissues is assumed to take place in the intestine.
This assumption is based on the observation that the action of the digestive juices,
caused the spores of several species of myxosporidia to extrude their polar filaments,
split along the suture line and liberate their sporoplasm (Erdman, 1971; Kudo, 1922).
The polar filaments are thought to anchor the spore during its passage through the
alimentary canal (Kudo, 1930). Lom (1964); Hoffman, et al. (1965); Plehn (1904)
and Uspenskaya (1957) found that acid (unspecified), glycerine, alcohol, ether and
artificial gastric juice did not cause extrusion of the filaments of M. cerebralis whereas
1-2 %7 potassium hydroxide was successful (Meyers, Scala & Simmons, 1970).

Halliday (unpublished results) failed to release consistently the sporoplasm from
M. cerebralis spores which had been freshly collected or stored for 4 months at 4° C
by treating them with digestive juices collected from various parts of the alimentary
tract of rainbow trout. It is possible that the ageing process required before the spores
are infective may affect the release of the sporoplasm. To the author’s knowledge no
published work exists on this aspect of the biclogy of M. cerebralis.

After release, the sporoplasm is thought to pass between the cells of theintestinal tract
and reach the cartilage by means of the blood, lymph, and/or coelomic fluid. In the
cartilage it develops into a multinucleate amoeboid trophozoite. The subsequent
development of M. cerebralis (from histological observations), has been described by
several authors (Plehn, 1904; Schiiperciaus, 1931; Hoffman, e 4l., 1962; Lucky,
1970; Halliday, 1973b; O’Grodnick & Gustafson, 1974). Although the trophozoites
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can be stained with haemotoxylin and eosin, better results are obtained with the
Mallory Heidenhain (Casson modification) {0’Grodnick & Gustafson, 1974). As far
as the author is aware electron microscopy has not been used in the study of the
development of M. cerebralis.

Once established, the trophozoite grows by nuclear division and cytoplasmic
growth. It may reach a maximum of 1 mm in diameter (Hoffman, er al., 1962) with 50
or more nuclei (Bykhovskaya-Pavlovskaya er al., 1962). Nutrients are assumed to be
absorbed at the surface of the trophozoite, since pinocwtosis and phagocytosis have
Seen observed in other species of Myxosporidia (Lom & Puytorac, 1965; Uspenskaya,
1966; Lom, 1969),

In some species of Myxosporidia, division of the nuclei is accompanied by plasmo-
tomy (Minchin, 1922; Noble, 1944). If plasmotomy is a regular feature of the
development of M. cerebralis trophozoites, clinical infections could result from initial
infections of a single trophozoite. However, Putz (1970) suggests that there is a
relationship between the duration of exposure of fry to M. cerebralis and the severity
of the infection. The production of clinical symptoms seemed to require an accumu-
lation of infective agents in the host. Thus it seems likely that the infective potential
of a single spore is limited.

The factors regulating the growth of the trophozoite are unknown, but at some
stage the process of spore formation begins. Within the trophozoite pansporoblasts
are formed which contain 12-14 nuciei (Hoffman, et al., 1962; Christensen, 1966).
Two spores are formed within each pansporoblast. The nuclear products are in-
corporated into the structures of each spore as follows—two nuclei contribute to the
shell valves, two nuclei contribute to the polar capsules, and two nuclei form the
sporoplasm nuclei. Nucleic acids have been demonstrated in spores of M. cerebralis
by Halliday (19735).

The final feature which has been observed in the parasitic development of the spores
of M. cerebralis is their acquisition of acid fastness (Halliday, 19735). Completely
acid fast spores have been called ‘ mature * by Halliday (19735). However, it is not
known if this feature indicates that spore development in the host is complete. The
final development of the spore necessary for infection takes place after the spore has
been released.

DEVELOPMENTAL TIME SCALE

Observations on the initial stages of the parasite are limited. However, it is generally
thought that trophozoites are evident from about 40 days post infection until 3 months
(Schiperclaus, 1931; Hoffman, et al., 1962). Spores can be demonstrated in the
cartilage of infected fish 4-6 months after infection (Schiperclaus, 1931, Hoffman &
Putz, 1969; Putz, 1970; Tidd & Tubb, 1970). Most of these observations were taken
from hatchery epizootics but have now been substantiated by experiment (Halliday,
19735; O’Grodnick & Gustafson, 1974),

Bogdanova (1960) and Schiperclaus (1931) have noted that the water temperature
affects the rate of parasitic development. The effects of temperature on development
have been studied by Halliday (19735). From experimental infection of rainbow trout,
he found trophozoites were apparent 35 days after exposure to infection and Spores
were completely acid fast by 52 days after infection when the fish were reared at 17° C.
At water temperatures of 12 and 7° C, spores took 101 and 120 days respectively to
become acid fast.
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In addition to water temperature, the results of Halliday (1974a) suggest that
parasitic development may be retarded in older fish. In experimentally infected
rainbow trout 7 months old, spores were first identified at 100 and 150 days after
infection at 17 and 8° C respectively.

TRANSMISSION .

As in other species of Myxosporidia, the details of transmission are unknown. It is
generally assumed that the spores are the infective stage. The spores are thought to be
released after the death of the host. However, Uspenskaya (1957 & 1964) and Rydlo
(1971) have found spores in other parts of the body and they suggested that spores may
be released in the faeces. Schiperclaus (1954a) Meyers e al. {1970) have implicated
avian vectors in the transmission of M. cerebralis by showing that spores are found in
the faeces of the great blue heron (Ardea lerodias). But Hoffman & Putz (1970%)
could not infect fry with heron faeces containing M. cerebralis spores aged 4 months.
However it is not known if the spores were viable. The possibilities of cannibalism
have been investigated by Putz and Hoffman (1970). They could not infect trout by

. feeding them with ground fish heads containing various parasitic stages,

Transovarian transmission of the parasite has not been demonstrated, O°Grodnick
& Gustafson (1974) but viable spores may be transferred with eggs, {Schiperclaus,

1931; Keiz, 1964; Putz & Hoffman, 1970).

An important factor in the transmission of the parasite is the resistance of the
infective agent to environmental conditions and disinfectants, but studies on the
survival of M. cerebralis spores are faced with the problem that no reproducible tests
exist for determining viability. In studies on Myxosporidia, a commonly accepted
criterion of spore viability is the extrusion of the polar filaments. However, the
variety of treatments which produce extrusion of the filaments supgests that this
property may not be an indicator of spore viability. McKinney & Bradford (1970)
propose that the viability of M. cerebralis spores may be determined by measuring their
respiration. Other workers, e.g. Hoffman er al. (1962), examined the morphology of
the spores and noted if any abnormalities arose from the treatments.

According to Plehn (1904, 1924) and Schiperclaus (1931, 19544}, the spores are
resistant to drying and freezing and have a long survival time. Bauer {1959) suggests
that they retain their viability for 12 years, Hoffman et af. (1962) found 2 maximum of
3 years storage, while Funk (1968) believes that they are viable for 30 years. Hoffman
& Putz (1969) found keeping spores at a temperature of 60-100° C for 10 min is
sufficient to kill them. Thus, Hoffman (19705) suggests that spores would be killed if
trout were smoked. However, the spores retain their infectivity after freezing at
—20° C for 2 months (Putz, 1970; Hoffman & Putz, 1971).

Transmission of M. cerebralis may therefore be effected by shipments of live trout,
frozen trout, eggs and by birds. Halliday (1974a) suggests that human agency and
wind may be additional vectors. In conclusion, the complete life cycle of M. cerebralis
has not been established. Observations have been limited to the development of the
parasite once it is established in the cranial cartilage.

V. PATHOLOGY OF M. CEREBRALIS IN RAINBOW TROUT
SYMPTOMATOLOGY

The symptomatology of whirling disease has been described by Plehn (1904),
Schiperclaus (1931, 1954a), Uspenskaya (1957), Hoffman et al., {1962}, Christensen
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(1966), Bogdanova (1968), Havelka & Volf (1970) and Meyers & Scala (1969). Clinical
symptoms are evident only in young fish. The most obvious clinical sign is a tail chas-
ing movement which occurs 2-3 months after infection (Schiperclaus, 1931). Accord-
ing to Hoffman et al. (1962), whirling can last a year after infection. However,
Halliday (19742) has studied outbreaks of the disease where whirling initially appeared
in yearlings. Whirling was at one time thought to be caused by toxins released by the
parasite (Plehn, 1904, 1924), but it seems more likely to be caused by erosion of the
cartilage surrounding the auditory organ (Hoffman & Dunbar, 1961). In addition,
observations by Christensen (1966) and Halliday (19744) suggest that granulation
tissue, produced by the host between 8-12 months after infection (Lucky, 1970), can
cause pressure on the auditory capsule and thus induce whirling. Halliday (1974q)
suggests that when this is produced in response to an earlier subclinical infection, it
could initiate whirling in yearlings and prolong whirling in survivors. In some fish
which display whirling the symptoms can disappear (Schiperclaus, 1931; Halliday—
unpublished observations). This is assumed to be caused by ossification of the auditory
capsule alleviating the effects of the parasite. Excessive whirling can cause severe
exhaustion, malnutrition and death.

The parasite can also infect the cartilage of the spinal column, and when this occurs
posterior to the 26th vertebra, it causes pressure on the caudal nerves which control
the pigment cells in the tail. This produces a black tail in the fish (Plehn, 1904,
Schiperclaus, 1954; Hoffman er ol, 1962; Hoffman, 1966) and causes permanent
spinal deformities in survivors (Hoffman, 1966; Havelka et al., 1971}

The additional deformities listed below have been associated with infections of A,
cerebralis:

(i) Cranial deformities—due to interference with the process of osteogenesis
(Hoffman et al., 1962; Christensen, 1966; Hoffman, 19705).

(iiy Deformities of the jaws and opercula (Christensen, 1966; Havelka & Volf,
1970; Lucky, 1970).

(iii) Disintegration of the fins (Havelka & Volf, 1970).

(iv) Opercular cysts (Taylor & Haber, 1974).

The symptomatology of epizootics varies. Schiperclaus (1931) has described
whirling as the most common symptom, Uspenskaya (1957) black tails while Bauer
(1959) has attributed high mortalities in fish which did not display any abnormal signs.
These observations may be explained in terms of variations in the diasthetic condition
of the host. Bauer (1959) has postulated that symptoms are manifest when the
critical phase of the infection has been overcome. A decrease in growth rate can occur
among survivors of an epidemic (Uspenskaya, 1957; Rydlo, 1971; Hoffman, 1974).

It is generally considered that susceptibility to the parasite decreases with increasing
age of the host, (Hoffman et al., 1962; Rasmussem, 1965; Putz & Hoffman, 1966).
However, there are several reports of older fish becoming infected (Schiperclaus,
1954a; Bradford & McKinney, 1969—quoted by Hoffman, 1970; Halliday, 1974a).
Halliday (1974q) suggested that reinfection is possible.

Water temperature is another factor which is known to influence the symptomato-
logy of whirling disease. Schiperclaus (1931) reported that the course of whirling
disease was mild at water temperatures of 20-25° C. This was attributed tc the more
intensive growth rate of trout at these temperatures. Halliday (19735) observed that
symptoms {whirling and black tails) were more frequent in rainbow trout infected at
17° C than those at 12 and 7° C. In addition he suggested, that should there have been
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any suboptimal nutrition, bone and cartilage may have been more susceptible to disease
at high growth rates. The observations of Schiiperclaus may equally be interpreted as
the parasite being unable to withstand very high water temperatures (Lom, 1970).

HISTOPATHOLOGY

The histopathology of M. cerebralis is dependent on at least three variables.

(i) The age of the host when first exposed to infection (Hoffman et al., 1962).

(ii) The number of infective units to which the fish is exposed (Putz, 1970).

(iii) The ambient water temperatures (Halliday, 19735).

The trophozoite is the pathogenic stage of the parasite, and, after an incubation
period (40-60 days) which is temperature dependent (Halliday, 19735) it directly or
indirectly destroys the cartilage (Schiiperclaus, 1954; Hoffman er al., 1962; Lucky,
1970). Osteogenesis is disrupted and irreguiar bone formation producing permanent
deformities can result. The main reaction to the infection is the production of
granulation tissue (Hoffman er al., 1962; Lucky, 1970; Taylor & Haber, 1974).

Lucky (1970) concluded the tissue response was dependent on the site of infection. -

Roberts & Elson (1970) did not identify any host defence reaction in rainbow trout
4-6 months old. Halliday (1973b) and Runnells, Monlux & Monlux (1965) have
suggested that a process of fibrinous inflammation may occur in an infected area.

In general, whirling disease is mainly a disease of fry. The increased resistance of
older fish is assumed to be due to a decrease in the amount of cartilage produced by
osteogenesis, and calcification of existing cartilage. The details of these processes
remain to be investigated but they are dependent on both the age and growth of the
fish.

V1. DIAGNOSIS OF THE INFECTION

The need for an accurate diagnostic technique has been emphasised by the Furopean
Inland Fisheries Advisory Commission (Christensen, 19725). Direct demonstration
of the presence of the parasite is the only certain method of diagnosis (Hoffman e al.,
1962, 1968) as symptoms similar to those associated with whirling disease are found
in other diseases (Halliday, 19734). Due to the difficulties of conclusively identifying
the amoeboid stages (Hoffman er al., 1962; Halliday, 19735), the spores are considered
as the diagnostic criterion (Hoffman er al., 1968).

Techniques for the routine examination of fish for M. cerebralis have been outlined
by Hoffman et al. {1968). The spores can be demonstrated by either maceration of
the cranial skeleton or scraping the bones surrounding the auditory capsule, and
examining a sample of the preparation microscopically. Since these techniques were
proposed, more sensitive methods have been described (MacLean, 1971 ; Prasher ef al.,
1971; Rydlo, 1971; Halliday, 1973a; Landolt, 1973; Tidd, Tubb & Wright, 1973;
O’Grodnick, 1975). In general these techniques concentrate the spores (if present)
by homogenizing the skeleton, and centrifuging the homogenate with or without prior
filtration. The preparation can then be stained by Giemsa, malachite green or methyl-
ene blue to aid recognition of the spores. The sensitivity of these methods, as pointed
out by Halliday (19734), is likely to decrease with older fish due to ossification of the
skeleton making homogenization of the cranium difficuit. A more detailed investiga-
tion of the recovery of M. cerebralis spores from infected fish hag been carried out by
Contos & Rothenbacher (1974) and Markiw & Wolf (1974). Either technique is
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suitable for diagnosis and the preparation of spore antigens for immunological
studies.

Halliday (19740} has investigated the possibilities of using an indirect fluorescent
antibody test on the basis that since spores lodge in the host’s tissues for a considerable
time they may be a source of antigen. However, although antibody to spores of M.
cerebralis could be detected in a rabbit inoculated with a suspension of spores, it could
not be detected from rainbow trout inoculated with spores or from clinically infected
yearlings. Pauley (1974} has shown that spore antigens mimic antigens of rainbow
trout,

VIL. IDENTIFICATION OF M. CEREBRALIS

The classification of the Myxosporidia relies entirely on features of the spore (Kudo,
1920). The large number of species described by this system indicates its limitations.
The most modern description of the spores of M. cerebralis is given by Lom & Hoffman
(1970). The average dimensions (in um) are as follows.

Spore Length 9-7 Breadth 8-5
Polar capsules Length 4-2 Breadth 3]
Polar filaments 5-6 coils

The spares are usually oval. Polar capsules are normally of equal size. There is no
regular intercapsular process but only a thickening on the shell border. Shell markings
are absent from the frontal view. The scanning electron microscope has revealed a
deep ridge separating the vaulted surface of the shell from the valve border, a distinct
opening of the canal for the discharge of polar filaments, as well as a mucous envelope
on the posterior half of the spore (Lom & Vavra, 1963; Lom & Hofiman, 1970,
1971). These characteristics are considered as being species specific. Furthermore,
Lom & Hoffman suggest that parasites of American and European origin should be
compared. Halliday (unpublished results) has examined spores of M. cerebralis from
Denmark with a scanning electron microscope and identified the same structures as
described by Lom & Hoffman. No additional morphological characteristics were
observed. Immunological techniques may be used as a further means of clarifying the
problems on inter- and intra-specific variation (Halliday, 19745; Pauley, 1974).

Hoffman er al. (1965) have prepared a list of the cartilophagous Myxasporidia of the
genus Myxosoma from North American fish. They conclude that M. cerebralis has
the smallest spores. Among species of the genus Myxobolus listed by Bykhovskaya-
Paviovskaya er al. (1962), Mxyobolus neurobius invades the spinal cord and brain of
salmonids. The author has identified this parasite in brown trout (unpublished).
However, in view of its large size, different spore shape and polar capsules, con-
fusion with Af. cerebralis is unlikely,

VII. CONTROL AND TREATMENT

Disinfection, husbandry and water treatment, have been used with varying success
to control whirling disease (Hoffman er al., 1962; Rasmussen, 1958, 1961 and 1965:
Brierly & Scott, 1965; Hoffman & Putz, 1969; Ghittine, 1970a; Hoffman, 18706, c;
Hoffman & Hoffman, 1972). Hoffman ez al. {1962) and Schiperclaus (1954) recom-
mend destroying all fish which have been exposed to the infection. However, Bauer
1959), Rasmussen (1965) and Bogdanova (1968) suggest that only those fish which
exhibit symptoms should be destroyed.
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DISINFECTION

After removing the infected fish, the holding facilities can be disinfected by one of
the following methods (Schéperclaus, 1931; Tack, 1951; Scolari, 1955; Rasmussen,
1958; Hoffman er al., 1962; Hoffman & Putz, 1969; Meyers & Scala, 1969; Werdelin,
1970; Hoffman, 19708, c; Hoffman & Hoffman, 1972).

(i) Hatchery facilities and rearing 1anks

Calcium hydroxide 0-5-2-0%
Calcium oxide (quick lime) ‘ 0-25-20%
Chlorination
Sodium hypochiorite 1600 p.p.m,
Chlorine 200 p.p.m.
Potassium hydroxide
Roccal (alky! dimethyl benzyl ammonium chior:de) 200-800 p.p.m.
Sodium hydroxide 2%
{ii) Earthen ponds
Calcium oxide 1250 kg/ha
Calcium cyanamide 50000-10000 kg/ha

Schiiperclaus (1954a) states that calcium cyanamide is more effective than quicklime.
Since earthen ponds are difficult to disinfect (Hoffman, 1970b), they are not recom-
mended for rearing fry. Schiperclaus (1931) suggests after treatment with calcium
cyanamide, the upper layers of mud and silt should be removed. Disinfection should
be repeated with flushing between treatments. Tack (1951) allowed 6 weeks before
adding fingerlings. The success of the treatment can be assessed by using suscepnble
test fish in floating cages (Hnath, 1970).

HUSBANDRY

Prevention of the disease is based on the premise that once a fish has reached a
length of 5-6 cm (i.e. approximately 4-5 months of age) it is generally resistant to
infection because ossification of the skeleton will prevent massive infection. Since
ossification is a function of both the age and growth of the fish, these factors must be
taken into account in control measures (Rasmussen, 1967). This method is used
successfully in Europe (Christensen, 1966; Rasmussen, 1961, 1967; Ghittino, 19705).
The technique is summarised as follows.

Eggs are hatched in spore-free water. After hatching, the fish are reared in either
tanks or raceways. These replace the earthen ponds which were a source of infection.
The fish are placed in earthen ponds only when they are considered to be clinically
resistant to the parasite.

The success of this technique in Denmark has been assessed by Halliday (19744).
His results showed that where trout farms used stream water, subclinical infections
existed in many of the tanks and raceways used to prevent the disease. It was con-
sidered that transmission of the infection within these rearing facilities was unlikely
and the infections were due therefore to spores entering the tanks in the water supply.
Subclinical infections were also prevalent among yearlings in earthen ponds,

As in Denmark, trout farmers in the U.S.A. have been able to reduce signs of
whirling disease by rearing fry in concrete raceways and restocking cleaned ponds.
Eradication of whirling disease from two fish hatcheries has been achieved by these
procedures and the convertion to well water. The carrier problem certainly exists in
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the U.S.A. but there has been voluntary control of the spread of carriers (Hoffman
pers. comm., 1973). )

A risk of whirling disease limits the methods which can be used to produce fry
particularly when the farm is receiving water which has already passed through other
farms. The problem of whirling disease is amplified to an extent which makes fry-
rearing impossible (Christensen, pers. comm., 1973).

The production of trout free from infection with 3. cerebralis is only essential when
the fish are being exported to countries where the parasite has not been reported or
which have legislation against its introduction. In addition to normal farming
procedures, restocking operations and ‘ put and take * harvesting may be susceptible
to such an opportunist pathogen as M. cerebralis (Halliday, 1974a). Therefore its
introduction to such systems should be avoided where possible.

WATER TREATMENT

Several types of filtration systems have been developed to eradicate the problem of
whirling disease. Sand-charcoal filters have met with some success in France (Hoffman
et al., 1962). Recently a method of irradiating hatchery water supplies with ultra-
violet light has been developed. This treatment, in addition to destroying other fish
pathogens kills the spores of two important myxosporidians—Ceratomyxa shasta and
M. cerebralis (Leith & Moore, 1967; Anon., 19695; Bedell, 1971; Flatow, 1971.
Fryer, 1971; Sanders, Fryer, Leith & Moore, 1972; Hoffman, 1970c, 1974). 2537 A
units of UV at dosages of 35 000, 43 000 and 112 000 MWS/cm? prevented infection.
According to Ivanov et al. (1968) (cited by Bogdanova, 1972) this treatment has been
used in Russia with promising results.

CHEMOTHERAPY

No proven chemotherapy is available at present. However, some control has been
achieved with the drug acetarsone (N-acetyl-4-hydroxy-m-arsanilic acid or stovarsol)
at 10 mg per kg of fish, (Vanco, 1952; Scolari, 1954; Bauer, 1959; Ghittino, 19705).
Fish are treated daily on three consecutive days with weekly intervals between each
course. Hofiman et al. (1962) concludes that further work is required to evaluate this
treatment. Ten drugs have been tested by O’Grodnick and Gustafson (1973, 1974) for
action against M. cerebralis in rainbow trout. The drug amprolium hydrochloride
showed promise of success causing a reduction in spore numbers in test fish but
could be toxic. Taylor er al. (1973) have shown the drug furazolidone reduces
spore formation. Further studies are in progress to determine the minimum effective
dose.

INTERNATIONAL LEGISLATION IN THE CONTROL OF WHIRLING DISEASE

A lack of national legislation is a major factor in the spread of fish diseases. A
recent E.LF.A.C. survey in 1969 {cited by Hjul, 1971) stated that 38 of 86 countries
bad no regulations governing the imports and exports of fish and fish eggs. They
further state that the most reported disease was whirling disease. Disease regulations
to prevent the spread of M. cerebralis are being emphasised at the state, national and
international levels (Hoffman et al,, 1968; Tunison, 1969; Hoffman, 1970a, b;
Canadian Committee on Fish Discases, 1972; Mackelvie, 1972). An F.A.Q. report
{F.A.Q., 1972) concludes that the most practical disease control system is one of
inspection and certification at the source. Systems of farm disease records have also
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been proposed by Tunison (1969) and the Canadian Committee on Fish Diseases
(1972).

The effectiveness of certification in controlling whirling disease is dependent on the
number of fish examined and the efficiency of the diagnostic technique. Hoffman er
al. (1968} suggest that a minimum of 1 fish per 1000 should be examined. The
U.S.A. Division of Fish Hatcheries (Anon., 1969¢) proposes that hatcheries should be
sampled to detect an incidence of more than 4%,. Two inspections for M. cerebralis
are proposed, both to take place during the first year of life. Halliday (1974q) suggests
that an annual examination of both fry and fingerlings would give a more accurate
result rather than the examination of export shipments. With this system farms could
be granted an export licence. Since the present diagnostic techniques for whirling
disease can only demonstrate the presence of an infection but not its absence, the locai
or national incidence of the parasite should also be taken into account for the purposes
of legislation. Thus, Halliday (1974a) suggests that in those countries where M,
cerebralis is known to be established, salmonids should only be certified as free from
the parasite if they have been reared in isolation from other fish in spore-free water,
and tests for the parasite are negative.

1 wish to thank Professor N. O. Christen for guidance with this work. I am also grateful
to Dr. R. J. Roberts and Miss A. D. Jackes for valuable criticism. This work was supported
by the Wellcome Trust.
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Studies on the proposed rofe of Tubifex tubifex (Muller)
as an intermediate host in the life cycle of Myxosoma
cerebralis (Hofer, 1903)

A F HAMILTON & E. U. CANNING Department of Pure and Applied Biology.
Impevial College, London, UK

Abstract. i 2 recently proposed hypothesis for 1he trarsmission of Myrosoma
cerebralis. the causstive agent of salmonid whirting discase. it was sugpested that there
was a developmentat cvele in tebificid worms culminating in actinosp spures,
which were infective 1o the fish. Results are presented here which do nat support the
achsesporcan involvement in the iie cycle. Dn addition of M. cerebraiis spores 1o
Tubifes mehifer eotorszed in sterilized medivm. no sigrificanz change in the provalence
of Frigetinpmyron dubium {i.c. T gyroslmo) was found. Aftbough it is shown that
these woarnss wre cupable of ingesting M. cerebralis spores. neither hazching of the
spares nor further developmoeat within the worm has heen observed. Fiekd observa-
teons on the distritution of actinosporcan species show no obviows correlation between
the occurrence of T. dubiim and M. cerehralis.

Introduction

The exact mode of tremsmission of Myxasoma cerebralis (Hofer. 1903), the causative apons
of whirling disease in satmonid fish. has long remained problematical. Uspenskaya {quoted
by Hoffman & Putz 1969) reporied direct transmission of the disease but only after M,
cerebralis spores had undergone some type of ageing process. More recently, Prihoda ( 1983)
produced similar results. However. a more radical hypothesis for the transmission has been
suggested by Markiw & Wolf (1983) and Woif & Markiw (1984). They proposed that M,
cerebralis spores were not in themselves infective to salmonids but that the spores passed into
Tubifex tuhifex. an ofigochuete warm. and there underwent further development. The phase
in T. tubifex corresponded 1o the fife cycle of an actinosporean species which they numed
Triactinomyxon gyrosaimo. At the end of this cycle typicad ACTINGSPOTCAN SPOTCS Wore
praduced, which in turn infected juvenile fish. Thus A corefralis in fish and 7. gvrosalme in
tabificied worms were considered (o be parts of a single life cyele.

Most recently, Wolf, Markiw & Hiltunen (1986) have shown that on exposuee 1o A
cerehralis spores, the prevalence of T2 gyrosalme i T, tubifox increases stgnificintly, This
paper examines the roles of Actinesporea and tubificid worms in the life evele of M. eerebralis
by means of prevalence studies. and also presents the results of histological studies which
were undertaken 1o detect the uptake of M. cerebralis sporesinto T. wbifex. In addition, field
observations on the distribution of verious actinosporean species are included.

In their deseription of 7. gvsosalmo, Wolf & Markiw gave spose dimuemsions s cpispore,
36 gy bong, eontaining between 32-50 sporoplasms. surmounting o style. W g in length,
with projecting arms reaching 170 pm further. These characteristics and the published
iliustration do not differ substamtially from u previously described species 7. diuhium Gra-
Correspoandence: Dr AL Hamilton. Depaniment of Puze and Applicd Biodogy. kmperial Collepe, London SW772
2BH.
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SHORT COMMUNICATION

The production of mouse anti-Myxosoma cerebralis
antiserum from Percoll®-purified spores and its use in
immunofluorescent labelling of Historesin®-embedded
cartilage derived from infected rainbow trout, Salmo

gairdneri Richardson

A ) HAMILTON & E. U. CANNING Deparvment of Pure and Applied Biology.
Imperial College ar Sibwood Park, Ascot, Berks, England

Myxosoma cerebralis is an important myxosporean parasite which destroys the cartilage of
infected juvenile salmonids. Heavy infections may cause gross skeletal deformity of the
skull and backbone. and damage to the otoliths mav lead to the condition known as
whirling disease (Schaperclaus 1954). The diagnosis of this pathogen has relied principally
on the isolation of the spore stage; cartilage is removed from around the brain and gill
arches and, in the simplest procedure, crushed and smeared for examination. More
complex purification and concentration regimes have been developed to enhance the
detection of spores (Markiw & Wolf 1974; Kozel, Lott & Taylor 1980).

However, pre-spore stages cannot be detected with any degree of reliability with these
techniques. Early stages of development have been detected using conventional paraffin
wax embedding and sectioning (Lucky 1970; Hoffman 1970: Halliday 1973} though the
descriptions of these stages are not definitive. The detection of pre-spore stages is of
particular significance in fish which have low levels of infection or have only recently
become infected, since in these cases spores will not be easily identifiable.

immunofluorescence has been used to great effect in localizing hypnozoites of malaria
parasites, which are small and sparsely distributed in mammalian liver, and barely
detectable by conventional staining techniques {Krotoski, Garnham, Bray. Krotoski,
Killick-Kendrick, Draper, Targett & Guy 1982). This paper deals with attempts to localize
pre-spore stages and spores within sections of rainbow trout. Saufmo gairdneri Richardson,
cartilage using anti-M. cerebralis antiserum via immunofluorescent labelling.

Trout heads were obtained from three localities where M. cerebraiis was known 10
occur: infected rainbow trout farms in West Germany and France and an experimental
infection system used at Imperial College. London. Englard. Infected fishes were
processed in batches of 10. Cartilage, removed from around the brain, particularly from
the otolith region and from the gill arches. was mechanically disrupted, suspended in
phosphate buffered saline (PBS) and filtered through 64 and 25u4m meshes. The crude
extract was concentrated by centrifugation at 1000Ug for 5 min. and the peller was
resuspended in 1 ml PBS. Cne millilitre of cartilage extract was added 1o the top of a
column consisting of 2ml lavers of 15, 30, 75 and 1007 Percoli {Pharmacia Labs. Milton

Correspendence: Dr A. J. Hamilien, Department of Pure sad Appled Biology. imperial College. London 57

2BB. England.
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Keynes, UK). made up in PBS. in a universal tube. The column was centrifuged at 300g
for 5 min and cleancd spores were then removed and washed in 5mi PBS at g for 5
mins,
The pellet was then resuspended in PBS to a volume of 2m) and filtered through a
0-8gem Millipore filter (Millipore S.A., France). Spores were retained on the filter, which
was then washed in 10ml PBS. After centrifugation at 1000g for 5 min, filtration and
washing were repeated twice, followed by a final centrifugation and resuspension of the
pellet in I ml PBS. Spore density was estimated using a haemocytometer, and the spores
were stored at 4°C for subsequent use as antigen. A total of 2% 107 cleaned spores in Sml
PBS were sonicated on ice intermittently for a total of 30 min using a M.S.E. 150W
sonicator with a Ymm probe at an amplitude of 124m peak to peak. After centrifugation
at 1000g for 5 min the pellet was resuspended in (-25ml PBS and mixed with (=75 m!
Freund's compiete adjuvant (FCA), until a water in oil emulsion was formed. Five Balb ¢
mice gach were inoculated intraperitoneally with 20041 of the antigen preparation.

A second intraperitoneal inoculation of 20041 of the antigen in FCA was given 20 days
fater. After a further 7 days. the mice were exsanguinated. The pooled blood was altowed
to clot for 30 min at room temperature and at 4°C overnight. The samples were then
centrifuged at 1000 g for 10 min and the serum collected. Serum was stored in aliguots at
—=20°C for subsequent use. The mouse antiserum was absorbed by incubating with
macerated cartiluge and bone fron uninfected rainbow trout for 2 h at 4°C. followed by
overnight incubation at 10°C. The absorbed antiserum was centrifuged at 10000 g for 10
min and the supernatant was passed through a 0-224m Millipore filter. previously washed
with a 1% solution of porcine serum albumin in PBS. to prevent antibody sticking to the
filter. The antiserum was filtered a second time. then titrated. using freshiv extracted A1,
cerebralis spores in a fluorescence antibody test (Markiw & Wolf 1978) and stored ar
—~20°C for further use.

Cartilage from infected rainbow trout was dissected from the otolith region and fixed
~ overnight in aqueous 3% glutaraldehyde. Specimens were dehvdrated. via an ethanol
series, and embedded in LKB Historesin. after overnight infiltration at 4°C. The resin was
polymerised for 1h at J0°C. The blocks were sectioned at 0-5-2-0m using glass knives on
a Reichert Jung Supercut 2050 microtome and were floated on to microscope slides for
drying on a hotplate. Cartilage sections were incubated with absorbed mouse antiserum at
dilutions of 1:23. 1:30 and 1:75 for 40 min, at 37°C. After washing three times in PBS.
fluorescein conjugated swine anti-mouse IgG (Sw @ M'FITC. Nordic Labs. Maidenhead,
UK} was added at dilutions of 1:40 or 1:80 and the slides were incubated again as above.
After a further three washes with PBS, the slides were rinsed with a 1% solution of Evans
Blue in PBS. mounted in Citifluor Jow fiuorescence mounting medium and examined
using dark ground illumination on a Zeiss microscope with u.v. illumination at
330-500 nm. Normal mouse serum was used as a negative control. along with controls in
which PBS was substituted for the mouse serum or the conjugate. Some of the slides were
also stained using the Giemsa/Colophonium technique.

Preparations of M. cerebralis spores contaminated with onlv verv small amounts of
cartilage were obtained by phase separation of triturated infected cartilage on the
discontinuous Percoll gradient. Clean spores were found at the interface of the original
cartilage extract and the 25 Percoll band. On this basis. the density of the spores was
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Table §. Number of spores isolated {spores/mb) from individual infected trout

Percoll 7T-month-old 1rout I¥-month-ofd 1row Semronth-ald
band {77) from German furm from French farm wfected at §.C.
%28 2501000 350004} L5000
2584 8000 13530 30K
S0/75 IS 35800 —
757400 — — _

approximately 1-08g/ml. Spores were also found at the 25/50% and at the 50 737%
interfaces, but with a higher level of contamination. The latter were effectively puritied
after reprocessing through the gradient. Bacteria were largely confined to the bund
containing the original extract at the top of the column. Table 1 shows numbers of Spores
isolated from given bands on the gradient for individual fish.

The mouse anti-M. cerebralis antiserum. raised against spores separated on the Percoll
gradient, titred out at 1:120 in an IFAT against freshlyv isolated M. cerebralis SPOTes
(using fluorescein conjugated [gG swine anti-mouse antiserum at 1:40). The polar capsale
region of the spores was less reactive than the remainder of the spore wall. which
appeared as a pronounced fluorescent halo (Fig. 1). At dilutions >1:120. the fluorescence
pattern became indistinguishable from the background: firstly. the fluorescence around
the polar capsule disappeared, followed by the fluorescence from the spore wall itself,
When aged spores were used in the IFAT (those which had been previously extracted and
stored at 4°C for several days) the antibody titre was only 1:60. When spores were
incubated with normal mouse serum. the fluorescence was barelv detectable. and the
same was found when spores were incubated with PBS in place of antiserum or conjugate.

Using the Historesin embedding technique. semi-thin sections of infected cartilage.
and even of the heavily ossified cartilage of older fish. were easily cut for immunofluoresc-
ence examination. The absorbed mouse anti-A. cerebralis antiserum, in combination with
fluorescein conjugated swine anti-mouse antiserum, reacted most strongly with Spores in
the sections. Figures 2 & -3 show spores in which both the spore wall and the polar
capsules show a strong fluorescence. These spores occurred mainly on the margins of
damaged cartilage. which appeared as dense fibrous areas in Giemsa/Colophonium

stained sections. These areas in turn showed pronounced fluorescence compared with the
surrounding normal cartilage (Fig. 4). The fluorescence pattern was more clearly seen in
the younger fish (3 months old). which had been experimentally infected, than in the
oider fish sampled from fish farms. Similarly. brightly fluorescent presumptive pre-spore
stages (Fig. 4) could be seen within areas of damaged cartilage derived from the younger
fish, bur they were seldom seen in cartilage from older fish. The fluorescence. patterns
described above were clearest when mouse anti-M. cerebralis antiserum was used ar {: 3(,
and the swine anti-mouse antiserum FITC at I : 40. Background levels of fluorescence. as
assessed by the use of normal mouse sera and PBS in place of the fluorescent conjugate.
were significantly lower. as shown in Fig. 5 in the case of damaged cartilage and Fig. 6 in

the case of a spore in section.

It is difficult to estimate the relative efficacy of the numerous methods. developed
principally for direct diagnosis, which have been used 1o isolate spores of M. cerehrulis,
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because of the variation in intensity of infection between samples used in previous studies.
For example, O'Gradnick (1975) recovered an average of 91000 spores per fish using his
plankton centrifuge method, and Tidd, Tubb & Wright (1973) recovered between 135300
and 2885000 spores per fish from the head region alone, using their wash, filter and
centrifuge technique. The spore counts obtained in the present study. using Percoll. of
between 16000 spores per fish in young experimentally infected fish and 510000 spores
per fish (heads only) in older, naturally infected fish, compare reasonably well with the
previous studies. However, the principal advantage of this method is that it avoids the use
of acid or enzyme treatments, as has been used by some authors (Markiw & Wolf 1974).
because these could substantially alter the antigenicity of the spores for use in
immunological studies. The importance of this is clearly illustrated by the fluorescent
corona, which is seen in freshly isolated spores used in the IFAT. Griffin (personal
communication) has observed that if the IFAT is performed on spores that have been
enzymatically treated the corona effect is greatly reduced, in much the same wayv as on
spores which have been stored before use. The spores of M. cerebralis have a pronounced
surface coat, particularly around the posterior half (Lom & Hoffman 1971). and it may be
damage or loss of this by ageing or removal by enzymes which reduces the immunological
reactivity of the spore. It is, therefore. advisable that only freshly isolated spores be used
in immunological studies in M. cerebralis. There are a number of advantages to Historesin
over wax embedding techniques which make it an excellent embedding medium for
cartilage. Firstly, Historesin is effective with hard specimens which are difficult 1o cut. so

that the decalcification techniques necessary for processing the highlv ossified cranial

cartilage of older fish, which might disrupt or destroy pre-spore stages, are avoided.

Secondly, thin sections (0-5-2um) are easily cut and. as a result, resolution is much

higher. Thirdly, it is unnecessary to remove the resin prior to staining, as is the case when

using paraffin wax embedding.

The absorbed mouse anti-M. cerebralis antiserum reacted strongly with spores within
the Historesin sections when used in the IFAT. indicating that the relevant antigens had
survived fixation and embedding. In turn, the antiserum reacted with pre-spore stages
showing that antigens are shared between the pre-spore and spore stages. The generalized
labelling of areas of damaged cartilage. in which the pre-spore stages were found, suggests
that parasite antigens are released into this area. These antigens may represent enzvmes
released by the parasite which might be responsible for the destruction of the cartilage.

Figure 1. M.cerebralis spore fluorescing tn an IFAT using anti-M. cerebralis antiserum (%400}

Figure 2. Immunofluorescent labeHed M. cerebralls spores in Historesin section { X400}

Figure 3. As for Fig. 2 {x1000).

Figure 4. Infected cartilage incubated with mouse anti-M, cerebralis antiserum. Mote generalized iabelling and
presumptive pre-spore stage {arrowed) | X256}

Figure &, Infected cartilzge section incubated with normal mouse serum and fluorescein conjugate {negative
wonirel) { x 4003,

Figure 6. Spore incubated with norma! mouse serum and fluorescein conjugate ‘acgative onirod) { x 471
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The detection of such Iabelled areas in young infected fish, in which spores have not yet
developed, may be of some use in the early diagnosis of M. cerebralis.
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Brief Communication

THE OCCURRENCE OF WHIRLING DISEASE
{MYXOSOMIASIS) IN NORWAY

Whirling disease caused by Myxosoma cerebralis is a wide-
spread and feared disease in fingerlings of hatchery reared rain-
bow trout (Salmo gairdneri). Since the first description of Whir-
ling disease (Hofer 1903), it has been diagnosed in many coun-
tries in and outside Eurcpe.

In Norway whirling disease was first delected in 1970. In-
vestigations, however, showed that the disease probably had

~ existed for several years in a fish farm near Oslo without con-

firmation of the diagnosis.

In the following a short description iz given of whirling di-
sease in rainbow trout in connection with outbreaks of the
disease in three Norwegian fish farms.

The disease was first diagnosed in a freshwater fish farm
in connection with an inspection of the farm required by the
Norwegian fish disease legislation. A great deal of the fry thai
were held in earth ponds showed blackened tail, deformities of
the vertebral columns, misshapen heads with.shortened gill co-
vers and shortened, twisted lower jaw. Some of the fishes had
a tendency to whirling movements. The mortality was minimal,
probably because the fry had been held in giassfiber-armed
plastic throughs uniil they reached a length of 5—10 cm before
they were stocked in earth ponds, Previously the fry had been
transferred directly from the hatching troughs to the earth ponds
with a resulling heavy mortality. The older fish in the farm
(fingerkings to brood fish) showed more or less the same path-
ological picture as described above, but the frequency of mis-
shapen fish was not so high. Except for the protracted stocking
of the earth ponds, nothing had been done io control the disease.

The disease was spread o two other fish farms which had
bought 5800 fingerlings each from the fish farm mentioned
above. In these farms there were heavy losses of fish the firs?
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Three Myxosporeans Found in the Cranial and
Branchial Tissues of Rainbow Trout in California
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Abstract. —Three myxosporeans were encountered in the cranjal tissues of a Catifornia popu-
iation of rainbow trout Oneorhynchus mykiss examined for the presence of Myxobolus cerebralis,
the causative agent of whirling disease. Typical spores of M. cerebralisand a previously undescribed
species of Myxobofus were found in the cranial tissues prepared by the pepsin HCl-1rypsin digestion
method. Henneguya zschokke! was also detected in digest preparations of cranial tissues, but was
more numerous when branchial cartilage was included in the preparations. Microscopic exami-
nations of tissues of individual rainbow trout showed occasional infections with both myxobolid
species. Myxobolus cerebralis trophozoites and spores were found in the cranial and gill cartilage,
and Myxobofus sp. was found in the brain and spinal cord. Henneguya zschokkei was also found
within granulomas in the connective tissues below the gill arch. Both M. cerebralis and H. zschokicei
were associated with a chronic inflammatory response in their respective tissues. In contrast, the
Myxobolus sp. spores were found in pockets within the nervous tissues with no detectable host
response. The spore measurements, calculated from fresh digests of infected tissues for the three
myxosporeans (¥ = 20), for length x width x thickness in micrometers (SD)} were 11.7 (0.6)
without tails and 42.6 (5.2) with tails x 7.7 {0.8) x 7.0 (0.1) for H. zschokkei, 9.9 {0.4) % 8.4
0.1y x 6.5 (0.3) for M. cerebralis, and 12.7 (0.7) x 10.5 (1.0) x 9.5 (0.8} for Myxobolus sp.
Examined under scanning electron microscopy, the latter two species were morphologically similar
although distinctive in size,

Myxosporeans are commenly encountered par-
asites in the tissues of wild and cultured fishes
(Mitchell 1977). Among salmonids, several
myxosporeans cause serious diseases, In North
America, Myxobolus cerebralis, Ceratomyxa
shasta, and PKX (the causative agent of prolif-
erative kidney disease) are associated with mor-
bidity or mortality (Wolf and Markiw 1985; Hed-
rick et al. 1986; Bartholomew et al. 1989).
Vegetative or sporogonic stages of ali three
myxosporeans induce an intense inflammatory re-
sponse, and with C. shasta and PKX, this may
iead to organ dysfunction and death.

Fish health control programs in the western USA
aimed at preventing the spread of important
myxosporean diseases rely on detection and then
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containment or destruction of infected stocks
(Hoffman 1970). With M. cerebraiis, this requires
accurate identification of the spore, particutarly
after active infections have ceased. The proce-
dures commonly employed to detect spores rely
on extraction of the spores from infected cranial
or gill tissues with 2 regimen of pepsin HCl and
trypsin (Markiw and Wolf 1974). This method
removes most extraneous tissues and concentrates
the spores into a small volume for microscopic
examination. During examinations of several fish
populations for evidence of M. cerebralis, several
spore types have been encountered. In certain sit-
uations, the morpholegy and size of these Myxob-
ofus spp. spores have led to confusion regarding
their proper identification.
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At least three Myxobolus spp. have been de-
tected in cranial tissues of salmonids. Myxobofus
cerebralis (Hofer, 1903), found in the cartilage or
bone, has been detected in most species of sal-
monids in many European and North American
countries, including those in several eastern and
western LS, states (Hoffman 1970, 1990; Wolf
1986). The parasite has been detected recently in
additional western states including Oregon, Wash-
ington, Wyoming, Colorade, Utah, and Idaho (D.
Anderson, U.S. Fish and Wildlife Service, person-
al communication).

Myxobolus neurobius (Schuberg and Schroder
1905} has been described from the nervous tissues
of brown trout Salmo trutta, sockeye salmon On-
corhynchus nerka, coho salmen Q. kisutch, round
whitefish Prosopium cylindraceum, Asctic gray-
ling Thymallus arcticus, Arciic char Salvelinus al-
pinus, and whitespotted char S. leucomaenis in
the Soviet Union (Shul'man 1966:; Konovalov
1971); in brown trout and Atlantic salmon Salmo
satar in the UK (Kennedy 1974); lake whitefish
Coregonus clupeaformis, round whitefish, Arctic
grayling, lake trout Safvelinus namaycush, sock-
eyve salmon, and coho salmon in Canada (Arthur
1975; Margolis and Arthur 1979); and sockeve
salmon in Alaska (T. Mevers, Alaska Department
of Fish and Game, personal cornmunication).

A third myxobolid species, M, kisutchi (Yasu-
take and Wood 1957), has been found in the spinal
cords of coho and chinook salmon in Washington
and Oregon (Yasutake and Wood 1957; Wyatt
1978). In the following report, we describe an ad-
ditional Myxobolus sp. and Henneguya zschokkei
found in the cranial and branchial tissues of a
single population of rainbow trout from nerthern
California. These parasites were encountered in
examinations for the presence of M. cerebralis,

Methods

Fish.—Tissues and spores observed in this study
by light and electron microscopy were from rain-
bow trout from a privaie aquaculture facility in
northern California. The fish were vearlings with
an average weight of 70 g.

Spore isolation. —Fish were euthanized with 500
mg tricaine (MS 222)/L. The head, including all
gill arches and the anterior spinal cord, were then
removed, divided in half, and placed on ice. One-
half of each head was placed into fixative for later
histological examination, and the other was placed
into a bag on ice. Pordons of the head and gills
from 30 fish were digested as five-fish pools by
the pepsin HCl-trypsin method described by

12

Markiw and Wolf (1974} and Amos (1985). Spores
were concentrated by repeated cycles of centrifu-
gation, including sedimentation through a dex-
trose column (Markiw and Wolf 1974). Spores
were resuspended in 0.85% saline and placed onto
glass slides.

Light and electron microscopy. —One-half of the
heads from five of the fish used for the digestions
were fixed in Bouin’s solution, embedded in par-
affin, sectioned, and stained with hematoxylin and
eosin or Giemsa (Humason 1979). Ten rmeasure-
ments of each spore dimension were taken with a
micrometer at 600 X magnification (Lom and Ar-
thur 1989). In addition, spore suspensions pre-
pared by digestion were fixed in 2.5% glutaralde-
hyde, dehydrated in ethanol, critical-point-dried,
sputier-coated with gold, and observed with a
Philips SEM 3501 scanning electron microscope.

Results
Myxobolus cerebralis

Three spore types were detected in the cranial
and branchial tissues of the rainbow trout exam-
ined in this study. Two myxosporeans were clas-
sified as Myxobolus spyp., one of which was iden-
tified as Ad. cerebralis based on its size and shape
(Table 1). Trophozoites of M. cerebralis were as-
sociated with granulomatous lesions in the carti-
lage (Figure 1A). There were both multinucleated
trophozoites (Figure 1B) and spores (Figure 1C,
D) detected.

The two valves of M. cerebralis spores were
thickened at the suture, and a prominent groove
was visible in most spores (Figure 1E, F). A prom-
inent, thickened ventral structure on either side of
the suture (Figure 1F) and occasional mucous en-
velopes (not shown) were observed on the poste-
rior aspect of the spores. In more mature spores,
the apical openings for the polar filaments were
visible on opposing anterior aspects of the two
valves (Figure 1E). The spore measurements {(V
= 20}, calculated from fresh digests of infected
tissues, for length x width x thickness (SD) were
9.5 (0.4) x 8.4 (0.1) x 6.5 (0.3) pm (Table 1).
Both polar capsuies were of similar size with a
length x width of about 5.4 x 3.3 um. Spore
measurements (& = 10) from tissue sections were
8.4 {0.8) x 7.7 (0.8) x 6.0 (0.7) um (Table 1.
Polar capsules were 3.5 x 2.0 um.

Myxobolus sp.

Pockets of Myxobolus sp. spores were detected
in the spinal cord in the absence of any detectable
host response (Figure 2A, B). The spore concen-
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Figure 1.— Myxobolus cerebralis in the cranial cariilage of juvenile rainbow trout. {A—C) Tissue sections siained
with hematoxylin and eosin. (A} Trophozoites inducing a chronic granulomatous response in cartilage with sur-
rounding bone. Bar = 4 mm. (B) Multinucleated trophozoites. Bar = 0.5 mm. {C) Sporogonic stages and spores.
Bar = 0.5 mm. (D} Spores surrounded by bone stained with Giemsa. Bar = 0.5 mm. (E and F) Scanning electron
micrographs of spores from anterior and lateral perspectives, respectively. Bars = 2 gm,

trations were greatest in the anterior portions of
the spinal cord, and fewer spores were found in
the medulia oblongata. No well-formed cysts were
detected, but instead the spores were lying freely
within pansporoblasis between neurons (Figure
2B). Trophozoties were not detected. The Adyvxob-

olus sp. was found in three rainbow trout that also
had active cartilage infections with M. cerebralis.

The spores of Myxobolus sp. were composed of
two valves of similar shape to those of M. cere-
bralis except for their overall greater dimensions
{Table 1). A prominent groove on the valve edge

113

17



58 HEDRICK ET AlL.

FiGURE 2.-~Myxobolus sp. in the brain and spinal cord of juvenile rinbow trout. (A and B) Tissue sections
stained with Giemsa. {A) Spores in the anterior spinal cord. Bar = 4 mm. (B) A small cyst with no host inflammatory
response. Bar = 0.5 mm. (C and D) Scanning electron micrographs of spores from {C) dorsolateral and {D) ventral
perspectives. Bars = § um,

TaBLE |.—Mean dimensions (SD) of fresh and fxed spores of three myxosporeans found in the cranial and
branchial tissues of rainbow trout. PC = length x width of polar capsules.

Dimension (um)

Species and
type of spore Length Width Thickness PC (zm)
Myxobolus cerebrafis
Fresh (¥ = 20) 9.9 (0.4) 8.4 (0.1 4.5(0.3) 5.4x3.3
Fixed (N = 10} B4{0.8) TGS 8.0 (0.7) 3.5%20
Afyxobolus sp.
Fresh {N = 20) 12,787 EQE {100 9.5(G.8) 5.3-5.8x3.2
Fixed (¥ = 1) 11.2 (0.6} 9.5 (0.9} 7.8(1.2) 4.5-47%23
Henneguya sp. )
Fresh (V = 20} 11.7 (068 7.7 (0.8} 7.00.5) 49121
42.6 (5.2)°
Fized (N = L) 9.9(0.5P 7.4 {0.8) 5.5 (0.6} 37x2.8
33,405

& Lengtk of speres without tails.

b Length of spores with tails.

¢ Standard deviation was not calculated because sufficient numbers of fully ailed spores were not found in fGixed and sectioned
1iSsues.
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FiGURE 3. Henneguya sp. in the connective tissue of the branchial arch of juvenile rainbow trout. (A and B)
Tissue sections stained with hematoxylin and eosin. (A) Sporogonic stages and spores in a granuloma. Bar = 4
mm. (B} Tailed spores and paired polar capsules of spores within granuloma. Bar = 0.5 mm. (C and D) Scanning
electron micrographs of spores from (C) dorsal and (D) iateral perspectives. Bars = 5 and 2.5 um, respectively.

surrounding the suture, as in M. cerebralis, was
also observed (Figure 2C, D). A thickened ventral
aspect and mucous envelopes {not shown) on some
spores were also ‘detected (Figure 2C, D). Spore
measurements (V¥ = 20), calculated from fresh di-
gests of infected tissues, length x width = thick-
ness were 12.7 (0.7) » 10.5 (1.0) x 9.5 (0.8) um
(Table 1). Both polar capsules were of similar width
(3.2 pm), but one was slightly longer than the other
{5.3 versus 5.8 um). Sporc measurements (N =
10) from tissue sections were 11.2 (0.6} x 9.5 (G.9)
x 7.8 {1.2) um {Table 1). Polar capsules were 4.5~
4.7 x 2.3 um,

Henneguya sp.

Granulomas in the connective tissues underly-
ing the giil arches were detected in several fish
{Figure 3A). Layers of macrophages sarrounding
sporogonic stages, including spores, of a Henne-
guya sp. were also detected (Figure 3B). The Hen-
neguya sp. was found in two fish that also bad A

cerebralis infections. Both valves contained cau-
dal extensions, giving the spore a tailed appear-
ance (Figure 3C). The body of the spore was el-
liptical, and the valves were slightly thickened at
the suture (Figure 3D). There were no prominent
grooves near the edge of the valves as in the two
myxobolid spores. The spore measurements (N =
20), calculated from fresh digests of infected tis-
sues, for length x width x thickness (SD) were
11.7 (0.6) withowt tails and 42.6 (5.2) with tails x
7.7 (0.8) x 7.0 (0.5) um. Both polar capsules were
of sirnilar size with a length % width of about 4.9
x 2.1 um. Spore measurements (¥ = 10} from
tissue sections were 9.9 {0.5) without tails and 33.4
with tails x 7.4 {0.8) x 5.5 (0.6} um ({Tabile 1)
Polar capsules were 3.7 » 2.8 um.

Discussion
Prespore stages of trophozoites were associated

with the granulomatous lesions detected in trout
with both Henneguya zschokkei and M. cerebralis
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infections. Tissue sections from the cranium
showed that trophozoites of M. cerebralis induced
a chrenic inflammatory response associated with
digestion of the cartilaginous tissues {(Figure 1A).
This response is common in smailer, more sus-
ceptible salmonids and first appears at 30 4 fol-
fowing exposure to the infective stages at water
temperatures of 12°C (Halliday 1973). Onset is
delayed and severity of whirling disease is less-
ened with lower temperatures or in larger fish
{Halliday 1973, 1976, Hoffman and Byme 1974:
Hoffman 1976).

Chronic inflammation associated with extra-
sporogonic stages of myxosporeans is character-
istic of the more pathogenic species (Lom 1987).
This strong cellular response is presumably ac-
companied by a humeoral reaction because circu-
lating antibodies to the spore stages of M. cere-
bralis have been detected (Griffin and Davis 1978).
Granulomatous lesions may resolve, but the en-
trapment of spores during ossificarion results in
persistence of the resting stages of the parasite
(Halliday 1973). Myxobolus cerebralis has now
been found in salmonids from nearly all of the
western USA and can be considered enzootic in
several watersheds (Hoffman 1990; Anderson,
personal communication). The effect of this dis-
ease on fish populations and the inability to erad-
icate the pathogen have resulted in limited control
programs that stress management and restricted
movements rather than stock destruction.

The larger myxobolid detected in our study
seems to differ sufficiently from previously re-
ported species to warrant further description. The
spores can be found abundantly in certain rainbow
trout populations in northern California, and their
similar morphology and appearance in digest
preparations has led to some confusion with M.
cerebralis. In one case, destruction of fish harbor-
ing only the larger Myxobolus sp. occurred (our
unpublished data). Confusion between the two
spore types is understandable because they share
microscopic details (Figures 1E, Fand 2C, D). The
shape of the valves, their characteristic thicken-
ings, and grooves near the suture are seemingiy
identical between the two species (Figures 1E, F
and 2C, D). These characieristics have been de-
scribed for spores of M. cerebralis observed by
scanning electron microscopy by Lom and Hoff-
man {1971), although the groove they observed
near the suture was accentuated by what appeared
to be more shrinkage of the valves than was ob-
served in our study. As with both Myxobolus spp.
we examined, Lom and Hoffman (1971} detected

residual mucous envelopes on the posterior as-
pects of the spores even following pepsin HCl-
trypsin treatments, The opposing openings, one
on each vaive at the anterior of the spore for ex-
trusion of the polar capsules as reported for other
Myxobolus spp. (Lom 1964), were detected in
spores of M. cerebralis in our preparations (Figure
1E).

Although the two myxoboiids we found were
similar in morphological respects, their tissue tro-
pism and corresponding host responses were re-
markably different. In contrast 1o M. cerebralis,
the larger myxobolid does not elicit a strong in-
flammatory response or accompanying tissue de-
struction, and no known detriment to the host has
been associated with moderate to heavy infections
(M. Willis, California Departmen: of Fish and
Game, personal communication). A similar re-
sponse in coho salmon infected with M. kisuichi
was previously reported (Yasutake and Wood
1957, Wwyatt 1978). However, brain and spinal
cord infections with a Myxobolus sp. similar to
M. kisutchi in chinook salmon from Washington
are believed to lead to progressive emaciation and
death (J. Morrison, U.S. Fish and Wildlife Ser-
vice, personal communication).

A third myxobolid found in nervous tissues is
M. neurobius {(Schuberg and Schroder 1905).
However, both M. newrobius and M. kisutchi can
be clearly separated from the Myxobolus sp. de-
tected in our study by their shape and size, re-
spectively. The smaller spore size of M. kisutchi
in tissue sections (length x width x thickness) of
7.0-8.5 x 6.5-7.0 x 3.5-3.8 um (Yasutake and
Wood 1957; Wyatt 1978) distinguishes it from the
Myxobolus sp. we observed {Table 1). Although
the spores of M. neurobius are of similar size to
the Myxobolus sp., they are characteristically
pointed at the anterior end, giving the spore a
pyriform shape (Shul’man 1966). In addition, the
polar capsules of Af. neurobius are significantly
greater in length than are those of the Myxobolus
sp. {7.0 versus 5.8 um). Comparisons of the sizes
of fresh and fixed spores between studies is diffi-
cult due to shrinkage during preparation and
staining. However, our results indicate a fairly
constant rate of shrinkage of the spore valves
{about 15% or less). Assuming similar shrinkage
with other observations of A, kisutchi (Yasuiake
and Wood 1957, Wyatt 1978), that spore would
clearly be smaller than those of the Afyvxobolus sp.
observed in the nervous tissue in our study (Table
1), We have examined fixed and stained spores
from chinock salmon with A4 kisurchi from
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Washington, and their measurements correspond
quite well with the measurements given in earlier
descriptions (Yasutake and Wood 1957). Our con-
clusion is that the larger Myxobolus sp. is a third
myxobolid that may be encountered in the ner-
vous tissue of salmonids.

Pathological changes were not associated with
infections of rainbow trout with the Myxobolus
sp. in our study. In contrast, heavy infections of
the nervous tissues with M. neurobius in sockeye
salmon {IDana 1982) and of M. &isurchi in chinook
salmon in Washington can cause clinical disease.
These two parasites, when in great numbers, may
therefore have substantial undetected effects on
anadromous salmonid populations that have not
been recognized with the Myxobolus sp. we ob-
served.

The Henneguya sp. identified in digests origi-
nates from connective tissue cysis underneath the
gill arches of infected rainbow trout (Figure 3A).
This myxosporean presumably contaminates di-
gest preparations as a result of the inability to
remove all soft tissues from cartilage and bone
used in the assay. The size of the spore, location
in the connective tissue, and presence in salmonid
fish are consisient with descriptions for H. zschok-
kei (Gurley, 1894; syn. H. salminicola: Ward,
1919) for Pacific salmonids from western North
America, the USSR, and UK, as reported by Fish
{1939) and Shul'man (1966). In North American
salmonids, the cysts may be observed macroscop-
ically in the musculature, rendering the flesh un-
suitable for sale (Boyd and Tomiinson 1965).

Three myxosporeans have been reported from
the cranial and branchial tissues of rainbow trout
examined for the presence of M. cerebralis. We
found that at least one population of rainbow trout

" may harbor all three myxosporeans and that a

single fish may be the host for both myxobolid
species simultaneously, or the fish may alterna-
tively be coinfected with M. cerebralis and H.
zschokkei, Although the severity of discase caused
by M. cerebralis has been debated, heavy infec-
tions lead to moderate to severe lesions. The two
other myxosporeans detected in our study were
associsted with minor or no microscopic lesions,
suggesting that under conditions of light infections
they are probably not seriocus pathogens of sal-
monid fish.
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EFFECTS OF WHIRLING DISEASE

Whirling disease, crippling and some-
times fatal, is caused by Myxosoma cere-
bralis, a cartilage-destroying sporozoan,
If the fish is very young when infected, it
may succumb. If the fish survives, the
head--and the spinal column in a severe
case--will be badly misshapen. The dis-
ease is spread from hatchery to hatchery
by transfer of diseaged fish.

The 2-year-old rainbow trout in the
photograph shows the effects of whirling
disease,
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Disinfection of Comtaminated Water by Ultraviolet
Irradiation, with Emphasis on Whirling Disease
(Myxosoma cerebralis) and Its Effect en Fish

G. L. Horrman?

Bureay of Sport Fiskeries and Fildlife
Eastern Fish Disease Laboratory
Kearneysville, West Virginia 25430

ABSTRACT

Rainbow trout frv developed whirling disease upon exposure o water contaminated with
Myxosoma cerebralis. When similarlv contaminated water was irradiated with 2537 Angstrom
units of ultraviclet light at dosages of 35,000, 43,000, and 112,000 microwan sec/cm?, iniection
of fry was prevented. The minimum effective dosage was not determined in the present experi-
ments. High mortality and a 61% growth inhibition of survivors cccurred in the infected fry.

Although some fish pathogens larger than
15 pm in diameter can be removed from water
supplies .by wvarious methods of filiration,
alternative methods of water treatment are
necessary for the removal or destruction of
pathogens smaller than 15 pm in diameter,
Ultraviolet (UV) irradiation, which has been
used for many vears as a bactericide, appears
promising as a possible means of destroying
many of the smaller fish pathogens {Burrows
and Combs 1968).

UV irradiation of water at 2537 Angstrom
units (A} wave length has proven effective
and practical for the destruction of certain
protozoans and is nontoxic to fish. Wave
lengths below 2000 A produce ozone which is
toxic to fish, and wave lengths above 3000 A
have proven less effective (Giese 1967). The
minimum effective exposure level of UV for
most fish pathogens has not been fully deter-
mined.

Effective exposure level is apparently re-
lated to the size and transparency of the or-
ganism to UV. As little as 3620 microwatt
sec/cm”® (MWS) killed Aeromonas salmoni-
cida {furunculosis} which is 0.5~1.0 pm wide
{Normandean 1968), but 1,717,200 MWS
were needed to kill Jchthyophthirius multifiliis
trophozoites (Vlasenko 1969) which are ap-
proximately 800 um in diameter.

Whirling disease (WD) caused by the proto-
zoan, Myxosema cerebralis, is an exotic dis-

* Present Address: U.S. Fish and Wildiife Service,
Fish Farming Experimental Station, Box 860, Stan-
gart, Arkansas T2160.

ease, having appeared in North America in
1957. 1t is a serious disease of cultured trout
and salmon in Europe, South America, Sounth
Africa, and Great Britain as well as the U.S.A.
tHoffman 1970a}.

The present study was designed to determine
whether UV irradiation would prevent in-
fection of rainbow trout exposed to water
containing M. cerebralis. A dosage of 112,000
MWS was arbitrarily chosen for the initial
experiment. Succeeding experiments tested
43,000 and 35,000 MWS in that order, in an
altempt to ascertain the mininum effective
dosage. Ultraviolet studies are also underway
at the Benner Springs Fisheries Research Sta-
tion, Bellefonte, Pennsylvania and the National
Fish Hatchery, Tishomingo, Oklahoma.

Undocumented observations by American
trout growers indicate that WD can cause high
mortality of trout fry in earthen ponds. The
other signs of WD (whirling, black tail, spinal
curvature) are well documented. Schiperclaus
11931, 1954) mentions similar observations
of mortality in Germany but cites no experi-
mental data. Scolari {1954) observed 30%
loss in the untreated group in his chemo-
therapy experiment.

Rydie (1971) reported that control rainbow
irout averaged 3.3 g. whereas those with WD
averaged 1.8 g. Uspenskaya (1957) observed
uninfected yearling rainbow trout averaging
61 g, whereas diseased fish weighed 85 g
under hatchery conditions. The following vear
uninfected fish weighed 24 g and the diseased
fish 17 g. In the present study, the initial ex-

541

121

19



TRANS. AMER. FISH. S0OC., 1974, NO. 3

542

{wmdi 3}
0LGT vARysuppoy oApE /WL 4E998-0898  — S8 (L) £-ndN -~ 86 X0 sewwo snppdofyidl
2dusop “xa dojopyny
LOBT tquassip piag wW g L85 1 - ‘ST-ANG SMI 000'UEE SEX 05 senwol snpypdoRyREL
ailusop
1961 Andug pepag gy asg - - — 085-4SHA uut gz ¢ “ds mr oL
(wdd )
LB T vavysumpyoy aarpayfa AT e£006-0508 — 86 (LN"d) e-ngn s 4 ds p PR E
wixa dujapquy ] .
GUGE osmegs 10 ag Les's g1 ~— ‘SE-ANg SMI 000681 0L X T8 U PUPOTILL
X AUSUIS HIEA
qULGE uvmigogg LD AT g LES'T i - dowjqey SMI 006'sE 0% X 81 s pupOyNLE
efusop
KOGT BrepurwlonN 1H1a] W —_ J— £ e {(S189) @' SMHM 00001 o8 agdds prufoosdey
plL6BE uIALR ¥adudly {wdi 31)
squEgy pun .f::.::ﬂ Lt H ..J.?_uuu.:m w—._.a—_..u.uum 6L e b} OF —_— SAVIN GOQ.hﬂ ¥i » 4] DIPYS Ekﬁ::cutnto
aapnalfa {aiz gy} "T9-19 .
GLEL TR 3 wopung AT LR o B Of asuenpHesaAy S 000°00T P X9 sIsoyy pXAWOIas
EZSFREIIES (wuhs gy 1oLt
TLHT T 1o siapury AT HIUE/ 9] 976 —_— 5 o5 FSVOLTUEPIAN JSMIN 008SIT FIX D VISLYS DXAROIa7y
EEVIREH B (it gy} FO-LE0D ¢ SAVIN 00000 . o
{LGT Hopog Q0T ARYRgoad U/ SaHE GTAD — & o asnnyiasisasy LI TERUTT FI X @ np oYy BXAHOp)
RS RETTE] ?Emw -4 WS
aaddand say unsgoq kA E_:\‘.Em 56 LES'S 1 Ly - ._mgz_mgﬁﬂm%mmn 0L Xy siprqaspa swsextipy
aitesop ’ dxa dojepey
BUGT sy Ty g o LOE'S el - Si-ANg SMH 00U'SILT RI-g THIU D]
afusup
BUGT BuapREzION FVHERT TN _ e & g {SLED} A'D SMIN POSGE 21 5 4 saiodsooz pirdajendug
{wadis 3 )
OLGT whwspuenuipyoy Gt 1oy Bl qE0880-089C 4 ¢ (2-Mud) ¢-0dn - d Bi-¥ 005007 PR OIARE
"k dogagipey
BOGT oI A aapags 3N Le8's  ©-1 — ‘CI~ALH SMI 000°CE ¢ Bl-¥ §20A5007 BruFaoadng
@itnsup
FOGT AN [ IR B 3 - - e — SMN 00395 8 BUFNE BUEY
adusop
FOG] SN FRIIIE R — — — . — SMIN 08058 [ Y ssatods s1pIgns supeeg
UiHjuajovat
BOGT nedpuvuiion P RIREN — I 4 {189 959 SMIW 0T LX a0 BIHBHGRGOS SDUHOHIOERY
SR SSHIDALID3 S MO RN ) s:”_“;:nzlﬁﬂi :_:ﬂ__ ErInOIE adAy dhunrg 2y ansodxs {uer ) 2235 Jo
36 pendat w Hiduag JON sy 0 4pasn allusogg TS Aaputer Bupstasoug
[RSTInIY FARAN

Ul Pajsif swsinea

uospedwio) dof SWSIWPRigy 041 U PUD SITISDIG Y314 Ho A fo paffg—1 davy

122



19

543

HOFFMAN—UV IRRADIATION OF WATER RE WHIRLING DISEASE

L9681 9501} w1 spapngy

Rl A T

GEGE6 LBulgse Ay ‘maradao} ‘proy

Ajumiaqy QP ‘Adojusoquey g y-Uulang fuuspiiiny pruostad. Y ‘saonng g
‘DAY BY fpias SANSOP A0Ss
¥ QU0'E000°G WAl [y sse) yona LY (94° 0~

S ¥ Uty apgquqoad s,
LIS IDPUGES J0 SSUeEG 13430 BUY) A 0F JuR]SIS3E Aa0iE Apuareddy or Aoy ssuwoaq pu uuspvde

ODO'E {L9G1) 25915 01 Biipnaoy 4
Hoo 303 PAPRIDLL BB DM BYONET, o

e Lee's s —— —_— SAMW D og SOO-1HIg SNUASTOUIT DY)
aflvsap plia dajopgsy
G961 uasrry pag wy HPIg LES'T -1 - ‘SE-ANH SMIK 00T L1241 608 Wnp supapgndotiypyoy
A tripateg
LGB 95016 e vy
PIAFHISHE] pus eiZegy “H0% payry :i Le8'% - . — SAW 00918 7 009-00% snaguLd VROWY
{wmdi ) N
06T vimisuryyoy AAIPYEY /W aBRE-0898 ¢ (dNud) £-NYR = e X OE X9 s snilopigang
O R L DT BT TR P
LOGT a5y -Run iag - LES'D - e SMIN 0O0'F6E Fuop 7 opg-003 I, §
Juaty vy
L0611 asmry BOLRESHG —_— LEG'S — —— -— SMW 000'FT fuop gec-oR | WHIBRRDD WinRFoauenIng oy
' o3
ailusop i
L0671 aanduery 2l ¢RI 1N la i —_— o — GR5HSHT it g 08-82 a8 maaonag
aflusop
FHG T APy [RE P H — — e - — SA 000 a0 08 -62 s mugg
diteson
LAGE Aopdury R eIy aueg o e — ogo-ysud ult gy 0L X g HLdhis soRapoRi )
afinsup ‘s dojapgsn
LOBT oquasuiy [RE L BH onmg LE8's o1 - ‘B1-ANd SAH G0F' RS gL X gt Hupdis spouapopyy
{ueld gy)
p1LBT SMozmg QL PN UHU/ IS G LE — 9 s g8 o +SMIN 000°LE 4001 X op sty supafiydouspy
efusop .
L9671 asuiey ey o g _ b - LM UHE £-G'% <001 X g MRy
afvsop ASUDS HHW
90461 weuygpolg TERS] ULy HERIS LE5'8 1 dogapge, CSMR 000%001 88 X 08 Sa3uoy snpapgaydofiayoy
audzazay SRAUDALIIAYE  MOQ AR qiEensitay  sdueeg airppiza adA} deuury UK} armsodxa () L 0
30 podaz (U it 3o op dutiry e fpasn aflesu( azig Aapran Rugssiodony
s aoyny DAL,

uf pasy| suesrasilio

(pomuniniosy j—1 auvy,




544 TRANS. AMER. FISH. S0C., 1974, NO. 3

periment, at 112,000 MWS UV treatment. pro-
vided an excellent opportunity to ebserve the
effect of severe W1 on rainbow trout.

REVIEW OF UV USAGE IN FISH CULTURE

Because particulate matter interferes with
ultraviolet irradiation, water from streams
and lakes, as well as re-use water must often
be pre-treated before ultraviolet treatment.
Therefore, this review will include some infor-
mation on filtration work.

The minimum effective dosage of UV for
most fish pathogens has not been fully deter-
mined. Some representative information of
the effect on these and related organisms, is
summarized in Table 1, which is intended as
a guide for setting up experiments with fish
pathogens.

The minimum safe dosage for treating
human water supplies has been established at
16,500 MWS2, Huff et al. (1965) have de-
scribed UV equipment and methods used to
control human pathogens.

UV irradiation was tested for disease control
at the Little White Salmon National Fish
Hatehery, Cook, Washington by Burrows and
Combs {1968). In the test installation 475
liters/min of Columbia River water contami-
nated with feral pathogens were passed through
two 76-em-diameter high-speed sand filters
and then through an 18-lamp UV unit divided
into three series of six 40.watt lamps each,
with a capacity of 160 liters/min per series
to give an estimated 37,000 MWS. The sand
filter was designed to remove particles larger
than 13 um in diameter and would help to
remove UV.opague particles. Treated water
was compared with regular Columbia River
water using Oncorhynchus kisutch {ingerlings
in two 7.6-m circular tanks. In the raw water
some fish were killed by columnaris disease
and the survivors succumbed to Ceratomyxa
shasta {Myxosporida}, The fish in the treated
water were normal. In preliminary experi-
ments, Burrows and Combs {1968} also found
that 75% of Nanophyetus cercariae were killed
with the above procedure.

?Ellner, Sidney, 1973. Personal communication,
President, Ultravioler Purification Systems, Ine, Scars-
dale, New York.

In an attempt to control Ceratomyxa shasta,
UV equipment was tested at the Pelton Hatch-
ery by the Oregon Fish Commission in 1967
A Steroline Model PVC.-2 UV sterilizer {Stero-
line Systems Corporation, Santa Fe Springs,
California)® was used, providing an estimated
215,500 MWS (probably excessive): Salmo
gairdneri fingerlings were the test fish. With
raw water. 20% of the fish died from Cera-
tomyxa infection. Only 1% died in the UV
treated water and no Ceratomyxe was found.
Similar results were obtained with eoho salmon
at the Bonneville Hatchery using a Model SWL.
100 unit iSteritronics International, Orange,
California)®. The dosage was estimated at
360,000 MWS {probably excessive}: however,
2% of the coho salmon became infected with
Ceratomyxa shasta, but this may have been
due to an experiment accident {Sanders et al.
1972). Similar resunits were obtained by Bedeil
{1971} in California.

Rapid sand-gravel filtration followed by UV
irradiation is being used to treat the lake water
supply to the Craig Brook National Salmon
Hatchery, Bucksport, Maine. Estimate of
dosage was not reported. Since installation,
parasites have been seen only once in the
haichery {ish and this was probably due to
contamination from fish brought in from else-
where?,

Clearwater River water is being used with
filtration and UV irradiation at the Dworshak
National Fish Hatchery, Ahsahka, Idaho.
The UV system consists of sixteen 190-liter/
min units, each consisting of six 7.6-em
chambers in serpentine arrangement, and each
containing a UV lamp. The equipment is de-
signed to produce 35,000 MWS and the lamps
are discarded when they fade to 16,000. Be.
cause of a high flow rate, the initial dosage is
probably less than 35,000 MWS. The water
passes through a rapid 15.um sand filter
before UV treatment. The efficiency, as deter-
mined by bacterial reduction, stays at 99.5%
during times of clear water hut has dropped

* Mention of product names in this paper dees not
imply endorsement by the Bureau of Sport Fisheries
ang Wildlife.

*Dexter, Reger. 1972, Personal communication,
Hatchery Biologist, Craighrook National Fish Hatch.
ery, East Grland, Maine 04401,
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to 90% during 50 mg/liter turbidity. The
effect on parasites has not heen reported?.
Overhead irradiation of flowing sea waler
reduced the coliform bacteria 99.96%; pro-
tozoa were not siudied (Kelly 1961). Two
types of equipment were used. The first con-
sisted of two 30-walt germicidal lamps sus-
pended under a reflector 15.6 em over the
water in a trough 91.4 cm long, 20.32 cm wide,
and 15.2 cm high with a longitudinal center
baffle 6.4 ¢m high. Water flow through the
unit was 40 liters/min with an actual retention
time of 45 sec. The second unit was similar,
but larger, and consisted of thirteen 30-watt
germicidal lamps 91.4 cm long in a reflector
14 cro over the water in a trough 208.3 cm long
by U em wide by 9.5 cm deep with water depth
1.9 em. Water {low through the unit was 150
liters/min with an actual retention time of 15

sec. The amount of ultraviolet energy reaching -

the water at this flow rate was 57,600 MWS/
cm”,

Filtration followed by ultraviolet irradiation
of sea water in a closed aguarium system was
reporied by Herald et al. (1062): it caused
98% reduction of bacteria. The UV system
consisted of a 190 liter/min flow over four
Westinghouse Sterilamps, each 50 watts and
measuring 91 ¢m {36 in) long. The tubes dis-
charged radiation in the 2537 A region. The
authors did not note the effect on protozoa.

An uitraviolet unit for continuous {low sea
water was described by Culverhouse (1971}8;
the system consisted of 228 liters/min {low
over four General Electric G30T8 30-watt
germicidal lamps 91 em long, 2.54 em in diam-
eter. These lamps discharge radiation in the
2600 A region. More than 90% of bacteria
present were killed, but the effect on protozoa
was not studied.

MATERIALS AND METHODS
Experiment 1 (112,000 MWFS)
In the first experiment (112,000 MWS),

waier from tanks containing mud znd water -

*Wold, E. 1971. Personal communication, Dworshak
National Fish Hatchery, Ahsahka, Idazhe 83520.

? Culverhouse, B. J. 1971. An ultravielet sterilizer
for large volume marine aguariums. U. S. Tropical
Atlantic Biological Laboratory, Miami, Florida 33149,
{Manuscript in preparation}.

seeded with “aged” M. cerebralis spores {Hofl-
man and Putz 1971) was pumped to eight 150
liter experimentsl ianks. Spores were placed
in mud-bottom agquaria and “aged” for at least
4 mo to ensure infectivity. Two tanks received
untreated, contaminated water {controls}. Two
tanks received contaminated water which was
passed through a cartridge-type filter {Micro-
Wynd I} D-PPPF, G. P. Dempler Company,
Bridgeville, Pennsylvania}? having a 25-um
porosity. Twe tanks received contaminated
water that had passed through the above filter
followed by exposure to UV irradiation at
112,000 MWS at 2537 A in an Eliner Model
EP.8 Water Purifier with built-in UV sensor®.
Further specifications of this purifier at the
recommended rate of 30.3 liters/min are: 2.5
liters/min per cm of lamp, 3.876 MWS/cm?
output at 5 em from lamp (G36T6) at 27 C,
chamber size 10.16 ¢m diam and 76.2 cm
length, retention time 17 sec, dosage 35,000
MWS/em®. Two tanks received contaminated
unfiltered water exposed to 112,000 MWS in
a second Model EP-8 Water Purifier. The
water purifiers were designed to deliver 30.3
liters/min. Because only 9.5 liters/min of
water were used, the reduced flow raised the
UV exposure from the designed 33,000 to
112,000 MWS,

To determine flow rate for a different
dosage for this equipment, the following
formula was used: 35,000 MWS -+ desired
MWS % 30.3 = new flow rate in liters. To
determine dosage for a different {low rate for
this equipment, the following formula was
used: 30.3 liters/min + new flow rate X
35,000 = new dosagze in MWS,

Before entering the ianks, the water con-
tained (.28 g/liter total hardness, 0.005 g/liter
suspended solids, had a pH of 7.3, and was
12 C.

One hundred newly-hatched, commereially
purchased rainbow trout fry from a single lot
were placed in each of eight tanks receiving
the above waters. The appropriate water was
supplied continuously for 30 days, after which

? Mention of preduct names in this paper does not
imply endorsement by the Bureau of Sport Fisheries
and Wildlife.

? Ultraviolet Purification Systems, Inc., 100 RMoni.
gomery Ave., Scarsdale, N. Y. 10383
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Frcure 1—Ef{ects of whirling disease on rainbow
trout, The upper four fish were selected randomly
from a group receiving untreated M. cerebralis-
contaminated water; note the smaller size, spinal
curvature, and misshapen heads (the black tail
coloration dissppeared upon anesthetization). The
lower three were seiected randomly from sz group
receiving the same water, unfiltered but irradiated
with 112,000 MWS of ultraviolet Iight.

spore-free spring water was supplied. Daily
observations were made until the termination
of the experiment.

At 57 days post infection (PI), 14 or more
randomly selected fish from each tank were
preserved in buffered 10% formalin for his-
tological examination.

At 146 days Pl, the remaining fish were
counted, weighed, and returned to their tanks.
At 6 mo, 20 fish from each tank were necrop-
sied and examined for spores. The entire head
was homogenized with a mortar and pestle
with the aid of 380-um sand, and 4 ml of water
were added. One drop of the resultant sus-
pension was placed on a microslide, 2 22-mm-
square coverslip was added, and the shide was
examined at 430 X for the presence of spores.

126

Tasuy 2.—Effects of 112,000 MFSicm® of wultra.
violet irradiation and filtration, alone and in com.
bination, on the infectivity of water containing
Myxosoma cerebralis and incidence and effect of
whirling disease on rainbow trout

Average
weight
No. and of fish No. and
% of fish at 146 % of fish
Treatment of remaining davs containing
contaminated at 146 B spores at
swater days PId {g) 180 davs
Untreated T3 (37%) 29 Tof 7 {100%)
Filtereda 130 (65%}) B.5 150f 15 (100%)
Filtered,
followed by

UV treatment® I7T0 (85%} 8.6 Qof 30 (0%):

UV-treated®
without
filtration 128 (84%) T4 Oof 40 (0%)¢

“)Commemiﬂl filter cartridge with 25-am porosity  {loc,
cit, ).

B 112,000 MWS/cme

® This sampling plus those found negative in histologic

sections exceeds the 95% confidence level for 4% incidence.
4 P s post infection.

In all experiments the original plan was to
necropsy only enough fish to determine if
there were infected fish present. Therefore,
the number of samples from the positive ex-
periments is small. However, in those tests
deemed negative larger numbers of samples
were taken,

Experiment 2 (43,000 MWS)

Because the contaminated water contained
very little particulate matter and the supply
of contaminated water was limited, the experi-
mental design was changed slightly for the
second experiment (43,000 MWS): (1) twe
tanks received untreated water; {2) two tanks
received similar water that was passed through
a 25-um filter (loc. cit.); and (3) four tanks
received unfiltered water that passed through
the Eliner EP.8 Water Purifiers at a {low rate
resulting in an exposure of 43,000 MWS,
Water contaminated with M. cerebralis was
supplied 1-3 hr daily for 30 days and M.
cerebralis-free water was supplied at all other
times,

Experiment 3 {35,000 M ¥s)

During the third experiment {35,000 MWS)
some silt was present in the water, so the ex-
perimental design was again changed slightly:
(1) two tanks received untreated contaminated
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TanLe 3.—Effect of jiliration and witravioler irradiation on Myxosoma cerebralis infection in reinbew trous

Untreated Filtered Fiitered U'V-treated
water anly plus UV ordy

Fxperiment i 100% incidence 100% ineidence, No WD NowD
(112,000 MWS} of severes WD maderatet WD No spores No spores
Experiment 2 100% incidence 9% incidence Omitted No WD
{43,000 MWS) of severs= YWD of mild® WD No spores
Experiment 3 100% incidence Omitted No WD Omitted
{35,000 MWS) moderate to severs? WD Nao speres

* Black tail, whirling, spinal curvature,
b Black tail, whirling.
° No black tail, only sporadic whirling.

water, and {2} two tanks received contami-
nated water passed through separate 25-um
filters and separate Ellner EP-8 Water Puri-
fiers at a flow rate resulting in exposure to
35,000 MWS, Because of water flow lmi-
tations, each tank was drained and refilled
with test water in the morning; the test water
was allowed to remain 1 hr, and then a small
trickle of spore-free water was supplied for
several hours before the flow was returned to
the normal rate. This procedure was repeated
28 times during the first 34 days of the experi-
ment in order to expose the fish to the experi-
mental water as long as possible.

RESULTS

Untreated Water

The untreated water contained infective M.
cerebralis.

First experiment (112,000 M S)—Control
fish receiving untreated contaminated water
were severely diseased as evidenced by signs
of WD-whirling, black tails, spinal curvature
1Fig. 1}—with 100% incidence of infection
as determined by the presence of spores or
trophozoites. At 57 days Pl, trophozoites of
M. cerebralis were seen in sections of all 23
specimens examined histologically,. Many
spores were found in all seven fish necropsied
at 180 days. Severe whirling disease caused
reduced weight gain and mortality; uninfected
fish weighed 7.4 g and severely diseased fish
weighed 2.9 g (Table 23,

Second experiment (43,000 MWFS)—Five
of the 100 fish from each of the two tanks
recelving untreated water were taken at ran-
dom at 4 mo and necropsied; all showed signs
of whirling disease {black tail and whirling)
and spores were present in all fish. The re.
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maining fish were so severely diseased (black
tail, whirling) that it did not seem necessary
to necropsy more.

Third experiment (35000 MWS J——Many
fish died during the first 90 days of the ex-
periment. Microscopic examination showed
lesions typical of bacterial gill disease as well
as whirling disease, and I could not determine
to what extent each was involved in the mor-
tality rate. The whirling disease signs were
moderate to severe and spores were found in
all 10 fish examined. Thirty ( 18.5%) of the
200 fish were alive at 171 days and averaged
6.9 g, whereas the uninfected fish averaged
8.5 g

Filtered Water

Water from the same source as the untreated
water was passed through a 25-um cartridge
filter (loc. cit.}.

First experiment {112,000 MW S)—The fisk
receiving filtered water were moderately dis-
eased (several with black tail and whirling).
At 57 days, trophozoites were found in his-
tological sections of 13 of 23 fish examined.
Spores were found in all 15 fish (100% in.
cidence) necropsied at 180 days {Table 3).

Second experiment (43,000 MiF, S)—Five
fish from each of the two tanks receiving fil-
tered water were taken at random at 4 mo and
examined. At necropsy, spores were found
in five from one tank and four from the other.

Third experiment (35,000 MW5)—Omitted.

Filtered Water Followed by UV Treatment

Water from the same source as the untreated
water was passed through a 25-um cartridgs
filter (loc. c¢it.) followed by UV treatment.

First experiment (112,000 MF'S }—The fish
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receiving filtered and UV-treated waier showed
no signs of disease (Fig. 1, Table 2). At 57
days PI, no trophozoites were seen in 21 fish
examined. At 146 days the fish weighed
slightly over twice as much as those showing
signs of severe whirling disease. Thirty fish
were necropsied and no spores were found.
Sampling of 51 of the 170 surviving fish
exceeds the 95% confidence level for 4% in-
cidence. .

Second experiment (43,000 MW¥S)—
Omitted,

Third experiment (35,000 MWS)—No signs
of whirling disease or gill disease were seen
in fish in the two tanks receiving filtered UV.
treated water. Ten of 10 fish from each of the
two tanks were free of spores. This sampling
of 20 of the 142 surviving fish exceeds the 05%
eonfidence level for 10% incidence.

UV Treated Water

Water from the same source as the untreated
water was passed through UV equipment (loc.
cit.) at a flow rate and lamp wattage to pro-
duce the cited dosage,

First experiment {112,000 MW S )—The fish
receiving unfiltered UV-treated water were
also free from disease (Fig. 1). Ne tropho-
zoites were seen in sections of 14 fish examined
at 57 days PI. No spores could be found in
40 fish necropsied at 80 days; this exceeds
sampling necessary for the 95% confidence
level for 4% incidence; 128 of 200 fish {64%)
remained. Surviving fish were 2.5 times as
heavy as those with severe WD (Fig. 1,

Table 2).
Second experiment (43,000 MWS)}—No

signs of whirling disease were seen in fish in
the four tanks receiving UV.treated water.
One hundred ninety-three of the remaining
280 fish were examined for spores at 4 mo;
no fish were infected. This sampling exceeds
the 95% confidence level for 0.5% incidence.

Third experiment {35,000 MW S }—QOmitied.

DISCUSSION

Ultraviolet irradiation at a wavelength of
2537 A, for 35,000, 43,000 and 112,000 micro-
watt sec/em” {MWS) following filtration
through 23-um-pore cartridge-type filters killed
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or removed Myxosoma cerebralis. The omis-
sion of filtration at 43,000 MWS in the absence
of visihle particulate matter did not influence
the results. Obviously, filters should be used
when particulate matter is present. Fifteen-
micron-pore fiiters plugged up too rapidly in
the preliminary tests; 25-um size was satis-
factory with our contaminated water, which
contains a moderate but undetermined amount
of particulate matter. Apparently some of the
25-um pores became partially plugged with
detritus so that some of the 10-um spores
became trapped. With the relatively high
dosages of UV used, the effect of filtration on
subsequent UV irradiation could not be deter-
mined in the present experiments. However,
because the filters reduced the infective load
in the non-UV tests, filtration appears bene-
ficial. Likewise in experiments with Millipore
filters, Putz {1969) demonstrated that spores
become trapped in 14-um filter sizes. Further
research on filiration and subsequent UV ir-
radiation is needed.

The manufacturers of UV equipment state
that water may contain suspended or dis-
solved material, transparent to the eye, bui
refractory to UV irradiation. This may be as
important as visible suspended solids: at least
one manufacturer, Ultraviolet Purifications
Systerns, Inc. (loc eit.}?, is equipped to test
sample water.

Commercially available equipment can be
obtained that will deliver UV intensities
ranging from 16,000 to 112,000 MWS, varied
by flow regulation and monitored by built-in
sensors. Less electricity per liter of pumped
water is needed for the lowest intensity, but
16,000 MWS cannot be recommended until it
has been tested and found effective; this work
is in progress.

There has been little standardization in the
reporting dosages used. Only the most helpful
information is included in Table 1. The
dosages given in Giese (1967) are listed in
ergs; I converted to MWS for comparison,
In some cases I was not able to determine the
MWS or ergs dosages used and so listed the
tvpe of equipment used. Soviet scientists

. " Mention of product names in this paper does not
imply endorsement by the Burcau of Sport Fisheries
and Wildlife.
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were not able to furnish necessary data be-
cause of patent regulations. UV efficacy re-
ports should include liters/min per cm of
lamp. wavelength and output of lamp(s} at
5 om, size of chamber, retention time in
seconds, and MW35 dosage. Such information
would help aveid confusion that can oceur
in reporting only MWS/cm*® since most equip-
ment can not accurately measure MWS.

The present work and others have demon-
strated that UV irradiation at 35,000 MWS
will successfully disinfect waters containing
Aeromonas salmonicida, M. cerebralis, Sapro-
legnia sp., small Trichodina sp. and probably
other organisms of similar or smaller size
{Table 1). Further testing is needed.

If the equipment can be installed in a
gravity-flow system, the cost of the equipment
is the only major expense. If water must be
pumped, proper plumbing of the UV irradi-
ators will result in the need for very little
additional electricity. Most commercial units
contain UV bulbs housed in a quartz cylinder
around which the water flows, Great care
must be taken to keep the cvlinders clean:
otherwise the effectiveness will be reduced.
Some custom-built units consist of bulbs
suspended over a thin sheet of flowing water:
if splash is avoided, these units need little
eleaning. UV bulbs tend to lose intensity with
use. so it is very important to have reliable
UV sensory equipment available, or per-
manently installed, to test them.

After many experiments with whirling dis-
ease in our laboratory (Hoffman and Puiz
1969. 1971, unpublished) we have found that
the intensity of whirling disease is directly
related to the intensity of infection. ie., few
infective units in water produce subclinieal
infection, and many infective wunits ecause
severe whirling disease, The studies of the
effect of filtration in the present experiments
substantiate this observation. Although spores
were found in the fish receiving filtered water,
the fish showed fewer signs of disease than
those receiving untreated water. It is ap-
parent that some of the spores were removed
and the intensity of infection was less, but
total spore counts were not made.
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WHIRLING DISEASE (Myxosoma cerebralis):
CONTROL WITH ULTRAVIOLET IRRADIATION AND

EFFECT ON FISH

G. L HOFEMAN, T US, Fish and Wildlife Service, Fish Farming Experimental Station,

P.0. Box B60, Stuttgart, Arkansas 72160, USA

Absiract: Water contaminated by AMyrosoma cercbralis was disinfected with ultra-
vio.et irradition to control whirling disease. Trradiation at 18,000 microwatt seconds/
cm® {MWS/cm®) reduced infectivity of M. cerebralis by 31-86% and 27,650 MWS/
cm® reduced infectivity by £6-100%, even in the presence of a small amount of silt.

INTRODUCTION

Since its introduction to North Ameri-
ca about 1937, whirling disease (WD)
of salmonids has spread to nine states.?
With the cooperation of state and fed-
eral agencies and private fish culturists,
the rate of spread of the disease has been
reduced during the last six years, How-
ever, since the possibility for further
spread continues to exist, better control
and eradication methods are needed.

Ultravielet {(UV) irradiation was re-

ported as a possible method of control-

ling WD in contaminated water. In the
United States, 35,000 microwatt seconds
(MWS)/em®  successfully disinfected
water,”™ and in the USS.R. UV aiso
showed promise for WD control? The
present report concerns a continued
search for the minimum effective dosage,
which has not been determined.

MATERIALS AND METHODS

Two experimenis were prepared as
described by Hoffman?® Eight 150-liter
stainiess steel tanks each received 100 1i-
ters of contaminated water daily followed
by running spring water as needed. The
water In tanks 1 and 7 was irradiated
with 18,000 MWS and the water in tanks

3 and 4 was passed through a 25-um
filter and treated with 27,650 MWS.
Dosage was determined as in Hoffman
(1974).7 Water in tanks § and 6 was un-
treated; water in tanks 7 and § was passed
through the same 25-um filter used for
tanks 3 and 4. Each tank was stocked
with 100 two-week-old Nasuab strain
rainbow trout {Saimo gairdreri},

In both sets of tests a small amount
of visible silt which did not depress the
UV-sensor needle was accidentally
pumped through the equipment and into
the tanks during the first four days of
the test. The filier used for the 27,650
MWS .series should have removed all
particles larger than 25 am.

MNegative control fish were reared in
spore-free spring water. Fish were ex.
amined for spores by the digest method.*

RESULTS AND CONCLUSIONS

Reduction of infectivity was 31% to
86% at 18,000 MWS and 86% to 100%
at 27 650 MWS (Table 1). Negative con-
trol fish reared in spring water were
free of WD and spores. 1 cannot account
for the low survival rate {23%, tank 3)
in one lot of fish receiving UV-treated
water.

(¥ Work performed at the Easiers Fish Disease Laboratory, Kearneysvitle, West Virginia.
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At 444 months post-exposure, Tish re-
ceiving treated water were 1.8 to 2.6
times heavier than diseased costrols;
most of the controls had gross signs of
WD (Table 1},

Since sift may have interfered with the
effectiveness of UV in this experiment it
would be advisable to repeat the study
with silt-free water.

Ackrowledgements

Until & lower dosage can be conchu-
sively shown to control WD, 35,000
MWS should be considered the jowest
effective level® The marked reduction in
both incidence and severity of infection
observed in lots reared in water treated
with successively higher dosages of UV
supports the earlier determination that
35,000 MWS is adequate.

Mrs. M. Markiw dewernnined presence of spores and M. W. Hill, both of the Eastern Fish
Disease Laboratory, prepared the eguipment and cared for the fish.

LITERATURE CITED

1. HOFFMAN, G. L. 1970. Intercontinental and transcontinental dissemination
and transfaunationn of fish parasites with emphasis on whirling disease
(Myxosoma cerebralis). Pages 69-8] in 8. F. Snieszko, ed. A Symposium
on Diseases of Fishes and Shellfishes, Spec. Publ, No. 3, Am. Fish Soc.

2. e 1974, Disinfection of contaminated water by ultraviolet irradiation
with emphasis on whirling disease {Myxosoma cerebralis} and its affect on
fish. Trans. Am. Fish. Soc. 103¢3)}: 543-330.

3. IVANOV, A. P, R. YA, KOSYREVA and N. L. NECHAEVA. 1568, Imple-
mentation for health of salmonids in fish culture in southern U.S.S.R. {in
Russian}. 1972. Food and Agricuiture Organization of the United Nations,
Symposium on the Major Communicable Fish Diseases in Europe and
Their Control. FLEIFAC 72/8C 1I-S8ymp 183,

4. MARKIW, M. E. and K. WOLF. 1974, Myxosoma cerebralis: isolation and
concentration from fish skeletal elements. II. Sequential enzymatic diges-
tions and purification by differential centrifugation. J. Fish, Res, Board

Can. 31(1): 15-20.

20

5. O'GRODNICK, 1. and C. C. GUSTAFSON. 1974. A study of the transmission,
life history and control of whirling disease of trout. Progress Report, Penn-
sylvania Fish Comumission, 31 pp.

6. OSSIANDER, F. ], and G. WEDEMEYER. 1973, Computer program for
sample sizes required to determine disease incidence in fish populations. .
Fish. Res. Board Can. 30(9): 1383-1384.

Received for publication 8 April 1975

133

T— — A e ] L Al



134



Journal of Aquatic Animai Health 2:30-37, 1990

Myxobolus cerebralis, a Worldwide Cause of
Salmonid Whirling Disease!

G. L. HoFrMaN?
Rowte 3, Box 36, Kearneysville, West Virginia 25430, USA

Abstract. —Salmonid whirling disease was discovered in Europe in 1893 and has since been
spread around the world with shipments of cultured and wild fish, The causative agent is the
protozoan parasite Myxobolus cerebralis, whose taxonomy and life cycle remain controversial, It
causes lesions of salmonid skeletal tissues, particularly in the head. Diagnosis usually is straight-
forward, but can be complicated by the presence of other Myxobolus species and by other parasites
that cause fish to whirl. The pathogen is difficult 1o eradicate, but its seriousness can be managed
if fish are cultured in spore-free source water, in concrete raceways with strong water flows, or in
ponds that are regularly disinfected, and if they are constantly monitored for the presence of spores.
Fish can carry M. cerebralis spores and still be healthy. Such fish may be suitable for stocking into
waters already conaining M. cerebralis, and even for human consumption,

Recent findings of whirling disease ip the west-
ern USA have prompted this brief review. Whiri-
ing disease is caused by the myxosporidan parasite
Myxobolus cerebralis (previously known as A vxo-
soma cerebralis). Lom and Noble (1984) synon-
ymized Myxosoma with Myxobolus because the
only separating characteristic, the glvcogen {iodi-
nophilous) vacuole, is not always reliable taxo-
nomically. However, this historically useful char-
acteristic remains very helpful in identification of
many species of the genus. Workers in the USSR
have not accepted the synonymization of Myxo-
soma, and some of them have studied the vacuole
rather intensively (Podlipaev and Schulman I 978;
Schulman et al. 1978).

In this review ! discuss the possible origin of M.
cerebralis, its distribution in Europe, and its later
recognition around the world, in addition 10 its
biclogy, diagnosis, and control measures. Pre-
vious reviews include those of Hoffman (1970,
i976), Halliday {1976), Ghittino and Vigliani
(1978), Wolf and Markiw {1985), and Wolf (1986).

Europe, 1893-1988

Apparently M. cerebralis evolved as a non-
pathogenic parasite of brown trout Sa/me trutta
in central Europe and northern Asia (Hoffman
1970; Bogdanova 1972). It was not discovered un-
tii 1893, when Hofer reported whirling disease

! Invited paper given at the International Fish Health
Conference of the Fish Health Section of the American
Fisheries Society, Vancouver, British Columbia, Cana-
da, July 1921, 1988.

2 U.5. Fish and Wildlife Service, retired.

{Drehkrankheit} from rainbow trout Oncorhyn-
chus mykiss (formerly Salmo gairdneri) in Ger-
many that had been recently imported from the
USA. Hofer (1893) described the parasite as
AMyxobolus cerebralis, but changed the name to
Myxobolus chondrophagus in 1904. Plehn (1905)
corrected the species name to cerebralls, following
the International Code of Zoological Nomencla-
ture. She introduced the new generic name Len-
tospora for species similar to Myxobolus but not
possessing the iodinophilous vacuole, and then re-
named the parasite Lentospora cerebralis. Some
time later, Kudo (1933) reduced Lentospora 1o
synonymy with Myxosoma, and the parasite’s
name became AMyxosoma cerebralis. As men-
tioned earlier, the name was changed back to
Myxobolus cerebralis by Lom and Noble in 1984,
The Europeans have learned much about the bi-
ology, pathogenicity, and control of M. cerebralis.
They have learned that in most instances, eradi-
cation is impossible, but that reduction in infec-
tion levels is possible, so fish can be raised that
are not deformed by whirling disease (Plehn
1924 —Germany; Schiperclaus 1931, 1954,
1979 —Germany; Kocylowski and Miaczynski
1960—Poland; Bregnballe 1963 Denmark; Keiz
1964 —West Germany; Rasmussen 1965 —Den-
mark). European methods include (1) raising fin-
gerlings to at least 6 cm in length in spore-free
water, (2) converting earthen ponds 1o concrete
raceways, and (3} draining, cleaning, and disin-
fecting earthen ponds that cannot be converted. I
have seen the results of such practices in Germany
and Denmark and recognize that apparently
healthy fish can be raised where A, cerebralis can-

1ot be eradicated.
36
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World Distribution

Myxobolus cerebralis has probably been trans-
ferred worldwide in shipments of infected live and
frozen trout and possibly as a contaminant with
trout eggs (Hoffman et al. 1962; Bogdanova 1968:
Elson 1969; Hewitt and Little 1972; Halliday
1976). Experimentally, it can be transmitted by
fish-eating birds, but it is not known how long or
how far it can be so carried (Taylor and Lott 1978).
Myxobolus cerebralis has been found in Germany
(1893), Italy (1954), the USSR (1955), the USA
(1958), Bulgaria (1960), Sakhalin Island of the
USSR {1960), Yugoslavia (1960), Sweden {1866),
South Africa (1966), Scotiand (1968), New Zea-
land (1971), Ecuador (1971), Colombia (1972),
Lebanon (1973), Ireland (1974), Spain (1974), and
England (1981). The published reports do not
prove that M. cerebraiis arrived in these countries
at the reported times, but do indicate that it has
been moved with fisheries activities. The signs of
infection in fish culture are so spectacular that it
is probable that M. cerebralis did not exist in most
of these places earlier than reported (Hoffman
1970; Halliday 1976).

Because of greater awareness of whirling disease
and the emergence of methods of certification, it
is hoped that the spread of M. cerebralis world-
wide will be slowed down and the effects dimin-
ished.

Situation in the USA

Whirling disease was first diagnosed in the USA
in 1958 by S. F. Snieszko and G. L. Hoffman,
assisted by Art Bradford of the State of Pennsyi-
vania. The spectacular whirling and the black tails

- indicated Drehkrankheit (whirling disease) as de-
scribed by Schiperciaus (1954) in his German text
on fish diseases. Circumstantial evidence strongly
suggested the origin of this disease to be ffom im-
ported frozen European rainbow trout. At about
the same time, whirling disease was found in Ne-
vada {(W. T. Yasutake, Nationa! Fishery Research
Center, personal communication); again frozen
European trout were suspected. Importation
ceased, and no further new sites were found until
1961, when the disease was identified in Con-
necticut, where it was believed to have arrived in
live rainbow trout. In 1963 it was found in a Vir-
ginia fish hatchery, and in 1966 in Massachusetts,
California, and several more locations in Penn-
sylvania. During the next 3 years, whirling disease
was found in New Jersey, again in Pennsvivania,
in Ohio, in Michigan, again in MNevada, and in
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West Virginia. The spread continued: 1980 —New
Hampshire; 1984—New York; 1987-Oregon,
Idaho, and Colorado (Hoit et al. 1987; Horsch
1987; Barney et al. 1988; Hauck et al. 1988). Not
all of these infections can be attributed to fish
transfers.

The Fish Disease Subcommittee of the Colo-
rado River Wildlife Council (Anderson and Goede
1988) held an emergency conference on whirling
disease April 1214, 1988, in Denver. There were
69 participants from state and federal agencies and
from private trout farms. From their reports and
the records lisied above, we can surmise that
whirling disease came to the USA in frozen table
rainbow trout and thai it has spread largely by
transfer of live fish and by movement of infected
fish in streams. Because M. cerebrualis has been
experimentally passed, alive, in the feces of fish-
eating birds, it is possible that some otherwise
unexplained transfers occurred in this fashion.
There is no concrete evidence that AL cerebralis
was transferred in the USA with trout eggs, but it
remains possible that it could spread by contam-
ination of eggs.

In the affected areas, facilities with earthen ponds
usually contained heavily infected fish, whereas
those with faster-flowing water in concrete race-
ways usuaily had unaffected or sometimes lightly
infected fish.

The attitude toward M. cerebralis has changed
in the USA. We have learned that condemnation
and confiscation of infected fish do not eliminate
whirling disease from fish hatcheries and trout
streams, but control measures, as practiced in Eu-
rope and outlined later in this paper, help amelio-
rate the impact of the disease. Equally important
and gratifying is evidence of better understanding
between federal and state employees and com-
mercial trout farmers. For example, J. W, Warren
(U.S. Fish and Wildlife Service, personal com-
munication) stated that his agency was able to help
a commercial trout farmer sell his healthy-ap-
pearing but contaminated fish for stocking, with-
out causing harm, in fishing waters where M. cere-
bralis aiready existed. In my opinion, this is a
highly commendable attitude.

Life Cycle (Tubificid or Not Tubificid?)

The major aspects of the life cycle of A4, cere-
bralis in rainbow trout tissues have long been es-
tablished (Plehn 1924; Schiiperclaus 1931, 1954;
Uspenskaya 1957, 1978, 1979). In susceptible
trout, the trophozoite parasite can first be found
in the head cartilage 20 4 after exposure (O*Grod-
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nick 1978). The trophozoites stain well with Mal-
lory~Heidenhain stain (Casson modification): col-
or photographs of this material may be seen in
Hoffman and Meyer {1974}, Trophozoites of A7
cerebralis grow, divide, and finally produce pan-
sporoblasts, each of which produces two spores
{Hofiman 1976; Pfihoda 1978).

Some of the spores move, presumabiy by tissue
pressures, and some are shed in feces and from
the gills, but most are probably disseminated from
dead infected fish. As long ago as 1931, Schiper-
claus hypothesized that M. cerebralis might be
carried by invertebrates such as snails, insect lar-
vae, or crustaceans. It has been known since 19535
that spores are not infective when fresh: to be in-
fective, they must be “aged” for about 3% months
{Uspenskaya 1955, 1978; Hoffman and Putz 1969).
More recently, Wolf and Markiw (1984} demon-
strated that Tubifex worms are the obligate inter-
mediate hosts, where the parasite assumes the form
of Triactinomyxon sp., a very dissimilar actino-
sporean sporozoan. Wolf and Markiw (1984) pro-
posed the name Triactinomyxon gyrosalmo for the
parasite. However, Corliss (1985) stated, “The or-
ganism’s name, simply by application of the rule
of priority, must remain Myxobolus cerebralis
(Hofer, 1903) Kudo, 1933 (the older name for the
dentical species, with Trigctinomyxon gyrosalmo
following as a junior synonym.” Both stages are
thus correctly called M. cerebralis, one being called
the triactinomyxon stage of M. cerebralis. In En-
gland, Hamilton and Canning (1987) reported
“results—which do not support the actinosporean
involvement in the life cycle.” El-Matbouli and
Hoffmann (1989) in Germany, support the Trigc-
tinomyxon connection, but Pfihoda (1978), in
Czechoslovakia, does not. Lom (1987), in a re-
view written before the paper by El-Matbouli and
Hoffmann (1989) stated,

This surprising finding {Triactinomyxon connection}
met with considerable misgivings. It is an unparal-
leled case of an organism alternating rwo different life
cycles, each with its own asexual proliferation and
sexual process occurring a1 different points in the cycle.
If these findings were confirmed, they would radically
alter our general concept of the life cycle and taxon-
omy of Myxosporea. If we accept the idea that each
myxosporean has a maiching actinosporean, repre-
senting the second half of its cycle, then the relatively
few actinosporean species are clearly outnumbered by
myxosporeans, and very markedly $0 in the marine
environment. However, since that remarkable paper
of Wolf and Markiw in 1984, no one ¢lse has con-
firmed their findings.

However, Markiw (1989) has found that the
myxosporean and actinosporean stages cross-react
in a direct fluorescent antibody test. It is obvious
that more work must be done on the life cycles of
M. cerebralis and other myxosporeans.

Diagnosis

Clinical signs, such as black tail, whirling, and
skeletal deformities, are useful in diagnosing
whirling disease in salmonids, but histoclogical
identification of typical spores of M. cerebralis in
lesions in the skeletal tissues (Figure 1), particu-
larly of the head, confirms the diagnosis (Plehn
19035; Schiiperclaus 1931, 1979; Schulman 1966;
Halliday, 1973; Ghittino and Vigliani 1978), The
spores were originally described by Hofer (1904)
and Plehn (1903); electron micrographic descrip-
tions were provided by Lom and Hoffman (1971)
and Lunger et al. {1975). Serologic verification of
the presence of M. cerebralis (Markiw and Wolf
1978) has apparently been complicated by cross-
reactions with other species of myxosporeans
{Amandi et al. 1985; Horsch 1987; Markiw 1989);
in addition, testing materiais and equipment are
not available in many laboratories. Hamilton and
Canning (1988) devised an immunofinorescence
method for identifying trophozoites of M. cere-
bralis in tissue sections. Bartholomew et al. {1989)
developed immunodiagnostic methods for iden-
tifying trophozoites and spores of Ceratomyxa
shasta, but some of their antibodies reacted with
white blood cells and with myxosporeans of the
genera Myxobilatus and Sphaerospora. Perhaps
DNA analysis can be used in the near future to
confirm myxosporean identifications. Other pos-
sible future aids in species identification might be
the circumferential groove seen on the spore under
scanning electron microscopy and the mucous en-
velope seen in India ink preparations (Lom and
Hoffman 1971).

When time and circumstances permit, the use
of caged rainbow trout fry as sentinel fish is one
of the most reliable methods for establishing the
presence of absence of M. cerebralis (Hnath 1570;
Horsch 1987; N. Boustead, New Zealand Ministry
of Agricuiture, personal communication).

Sometimes confusing in the diagnosis of whirl-
ing disease is the finding of spores of other species
in fresh preparations, including those prepared by
the concentration methods of O’Grodnick (1975),
Markiw and Wolf (1974), and others. This can
sometimes be avoided by dissecting the fish care-
fully or by making histological sections to deter-
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Ficure 1.—Histologic section of rainbow trout show-
ing spores of M. cerebralis in the cartilage. Stained with
methylene blue. Courtesy of the late P, Ghittine, Torino,
Itaty.

mine which tissues are infected. Myxobolus cere-
bralis is almost always found in the skeletal parts
and rarely in granulomas on the periphery of skel-
etal siructures. Confusing species that have turned
up in diagnostic work are

Myxobolus neurobius. —1In central nervous system
of trout, salmon, Arctic grayling Thymallus arc-
ticus, and whitefish. Pear-shaped, larger than A7,
cerebralis; 10~13 um long. Circumpolar distri-
bution.

Myxobolus kisutchi.—In central nervous system
of coho salmon Oncorhvnchus kisutch and chi-
nook salmon Oncorhynchus tshawytscha, pos-
sibly rainbow trout. Spore very similar to that
of M. cerebralis, but with an iodinophilous vac-
uole; spores usually in clusters.

Myxobolus squamalis (Myxosoma squamalis). -
In scales of rainbow trout and saimon. Very
similar to M. cerebralis, but with two lateral
ridges.

Myxobolus insidiosus. —¥n muscle of cutthroat
trout Oncorhynchus clarki {formerly Salmo
clarki), chinook salmon, and coho salmon. Pear-
shaped, larger than M. cerebraiis; 13-17 pm long.

Another disease that has been confused with
whirling disease is vitamin C deficiency, which
also causes black tail and spinal curvature, This
is known 10 have occurred in the USA, Venezuela,
and Portugal.

In addition, there are cartilage-infecting species
of myxosporidans in.other fishes:

Henneguye brachyura. -In cartilage of fin ray of
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pugnose shiner Norropis anogenus; Lake Erie,
USA.

H. schizura.—In sclera of eye of northern pike
Esox lucius; Germany and USA.

Myxobolus aeglefina. —Marine; in head cartilage
of the cod Gadus aferdeen.

M. bilineatum. —Sometimes in cartilage of mum-
michog Fundulus heteroclitus; eastern 1SA.
M. cartilaginis. —In gill arches of bluegill Lepomis
macrechirus, green sunfish Lepomis cvanellus,
and largemouth bass Micropterus salmoides;

West Virginia and Maryland, USA.

M. chondrophilus.—In gill rakers of the clupeid
Sardinella anchovina; South America.

M. dentium.—Causes “loose-teeth™ disease of
muskellunge Esox masguinongy, North Amer-
ica.

M. ellipsoides.—In cartilage of the cyprinid Leu-
ciscus cephalus; Russia and England.

M. eucaliae. —In skeleton of brook stickleback
Culaea inconstans, Lake Michigan, USA.

M. gangulli. —Marine; India.

M. guyenoti —Rarely in cartilage of European
perch Perea fluviatilis; Switzerland.

M. hoffmani. —In cartilaginous sclera of eye of fat-
head minnow Pimephales promelas; North Da-
kota, USA.

M. hyborhynchi.—In mandibular bone of biunt-
nose minnow Pimephales notatus; Canada.

M. nuevoleonensis. —In cartilage and bone at bas-
es of fins of shortfin molly Poecilia mexicana
and guppy Poecilia reticulata;, Northern Mexi-
co.

M. petruschewskii.—In gill arch of the sculpin
Mpyoxocephalus sp.;, Bering Sea, USSR,

M. scleroperca.—In cartilaginous sclera of eye of
yellow perch Perca flavescens and logperch Per-
cing caprodes; Lakes Michigan and Erie, USA
and Canada.

M. sp.—In cartilage and muscle of fathead min-
now; Ohio, USA.

Sphaerospora platessae. —Marine; in sclera of eye
of plaice Pleuronectes platessa; England.

In addition, there are two parasites that cause
whirling of fish, but that are not found in cartilage:

Myxobolus drjagini.—1In central nervous system
and semicircular canals; causes whirling of sil-
ver carp Hypophthalmichthys molitrix in China
{S.-R. Hsieh, Institute of Hydrobiology, Aca-
demia Sinica, Wuhan, China; unpublished).

Galactosomum sp.—Metacercariae in the brain-
case cause whirling of anchovies and cultuged
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vellowtail Seriola lalandei in Japan (Kimura and
Ende 1979}

Control and Prevention

Control and prevention of whirling disease are
well covered in rather recent review articles by
Cordero del Campilio et al. {1975—S8pain), Hal-
liday (1976 —Denmark}, Hoffman {1976—1LI5A),
Ghittino and Vigliani (1978 —Italy), and Wolfand
Markiw (1985 USA). Extensive fish disease sur-
veillance is essential.

Myxobolus cerebralis should not be transferred
to fish culture facilities or other waters where it
does not already exist. Persons receiving fish for
such waters must insist that the fish be certified
free of M. cerebralis. In the USA and many other
countries, there are parasitologists and fish pa-
thologists capable of determining the presence or
absence of M. cerebralis. In cases of doubt, caged
sentinel rainbow trout fry should be placed in
waters where M. cerebralis may exist; spores should
be found in the sentinel fish in about 4 months if
M. cerebralis is present.

This method of prevention may sound easy to
the novice, but 1o make it work there must be
national as well as state or provingcial regulations,
not se much to restrict fish farmers as to help
avoid the transfer of M. cerebralis. In the USA,
e.g., as evidenced in the aforementioned Colorado
River Wildlife Commission conference on whiri-
ing discase in May 1988, various states have fish
disease laws that encourage monitoring of trout
culture facilities for M. cerebralis. Many U.S. state
laws prohibit the importation of trout with M.
cerebralis, as do Canadian law and European and
British regulations. Therefore, a system of certi-
fication is developing that surely will help prevent
the uncontrolled spread of M. cerebralis.

In my opinion, no condemnation of fish stocks
shouid be included in these regulations uniess ad-
equate indemnification is also provided.

Managing M. cerebralis

The construction of concrete raceways makes it
possible to reduce infection levels of M. cerebralis
1o the point at which healthy-looking, but lightly
infected, fish can be reared. For those who must
use earthen ponds, the long-established European
methods described by Schiperclaus (1931, 1954),
Bregnballe {1963), and Christensen (1966), and
now used by some U.S. facilities, should be em-
ploved as follows.

{}} All trout and salmon facilities using earthen
ponds or surface water should be monitored reg-
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ularly for the presence of M. cerebralis {not nec-
essarily overt whirling disease).

{2) At facilities where M. cerebralis exists, all
possible measures should be taken to prevent or
reduce its impact. Concrete raceways with fast-
Howing water should be constructed where feasi-
ble. Fry and fingerlings should be reared in known
spore-free water as long as possible, but at least
until they are 6 cm long. Springwater and well
water are usually pathogen-free. Surface water can
be disinfected by filtration followed by ultraviolet
irradiation or ozone or chlorine treatment {Gerard
and Tiret 1974; Hoffman 1974, 1975; Ghittino
and Vigliani 1978; Williams et al. 1982; Horsch,
1987). Earthen rearing ponds or raceways should
be drained annually, disinfected with quicklime
(Ca0), calcium cyanamide, or chlorine (calcium
hypochlorie), and dried, if possible.

{3) Where proper control of M. cerebralis cannot
be achieved, the trout grower should consider rais-
ing other species that are less prone to infection.
O'Grodnick (1979) determined the susceptibili-
ties of several species, here listed in order of de-
creasing susceptibility: rainbow trout, sockeye
salmon Oncorkiynchus nerka, brook trout Salveli-
Rus fontinalis, chinook salmon, Atlantic salmon
Salmo salar, brown trout, coho saimon. Lake trout
Salvelinus namaycush and splake (hybrids be-
tween brook trout and lake trout) are refractory
to infection by M. cerebralis.

Using the techniques outlined above, fish cul-
turists do rear healthy fish, aithough often some
fish carry spores. In my opinion, there is no reason
why these fish should not be stocked in waters
already containing M. cerebralis or used for hu-
man consumption. Such fish could be labelled
“healthy, but may contain a few spores of M. cere-
bralis. Spores not visible, food quality excellent.
Unused, uncooked parts must not be discarded
in, or adjacent 10, salmonid waters.” This sort of
wamning should be put into a national fish disease
law in the USA and perhaps in other countries. I
believe such a national law is needed, and that it
should include M. cerebralis. It shouid allow sal-
monids 10 be raised in the presence of M. cere-
bralis, but regulate the use of such fish. Such fish
need not be confiscated if they are used appropri-
ately, If there are condemnation procedures, they
should be accompanied by appropriaie indemni-
fication.
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Fish Age as Related to Susceptibility to Myxosoma cerebralis, Cause of
Whirling Disease

Rainbow trout up to 12 months old were ex-
perimentally infected with Myxzosoma cerebra-
lis. As determined by the presence of spores in
exposed fish, individuals that were exposed at
various ages from 2 weeks to 12 months be-

came infected experimentally (see table). Ex-
cept for one 8-month-old lot, the fish exposed
to whirling disease when 4.5 months or older
did not develop clinical signs of whirling
disease, -

Age of rainbow trout and susceptibility to Myxosoma cerebralis (whirling disease)

Age of fish
at time of Number Length of Clinieal Presence of spores
exposure of fish exposure signs? in one or more fish
2 weeks 160 0 (control) 0 : 0
2 weeks 50 2 weeks . -
4.5 months 200 2 months 0 e
6 months 25 6 weeks 6 +
8 months A 10 2 weeks ] E
Smonths B many 8 months e e
1l months 5 8 days G B
12 months 4 2.5 months 8 -+

* See Hoffmen, Dunbar, and Bradford, 1969, Whirling disesse of tronis caused by Myxrosoma cerebralis in the United States. U.S. Fish and

Wildlife Service, Special Scientific ReportFisheriea No. 427,

VOL. 36, NO. 3, JULY 1974
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STUDIES ON THE CONTROL OF WHIRLING DISEASE
{ Myvxosoma cerebralis).

I. The Effects of Chemicals on Spores in vitro,
and of Calcium Oxide as a Disinfectant in Simulated Ponds

G. L. HOFFMAN, $R., Eastern Fish Disease Laboratory, Kearnaysville, West Virginia 25430

G. L. HOFFMAN, JR., Dartmouth Coliege, Hanover, New Hampshire

Abstract: Based on presumptive evidence of death (extrusion of polar filaments and
disintegration of sporoplasm) 1.0%, 0.5%, and 0.25% calcium oxide or potassium
hydroxide kilied the spores of Myxosoma cerebrallis in vitre. Chlorine at 400 ppm
destroyed 36% to 0% of the spores but 13% to 37% of those in the controls
perished. Calcium hydroxide, ammonium chloride, sodium borate, potassium perman-
ganate, Roccal (alkyl dimethylbenzylammonium chioride), and copper sulfate allowed
survival of 38-96% of the spores, usually not much less than the rate of survival of

the controls.

In simulated pond testing, quicklime at 380 grams or more per square meter
{3360 lbs/acre) of pond bottom prevented whirling disease in rainbow trout (Salmo

gairdneri).

INMTRODUCTION

Whirling disease, caused by Myxosoma
cerebralis (Protozoa: Myxosporida), has
caused great concern among trout cultur-
ists ever since it first became evident in
Germany about 1900 Ceontrot and era-
dication of the disease involves cleaning
and disinfecting the ponds. Schiperclaus,’
Tack," and Ghiuino' used calcium cyana-
mide (CaCWN.), and Schiiperciaus® also
recommended quicklime (CaO) for dis-
infection. In addition, a noncontaminated
water supply must be provided and, where
possible, concrete raceways should be
built, Whirling disease does not exist in
properly designed raceways supplied with
spore-free water,

Although widely used in Europe, nei-
their calcium cyanamide nor calcium
oxide has been tested under laboratory
conditions. Cal¢ium cyanamide is a rich
source of nitrogen and its effect on
natural waters should be considered.
Calcium oxide does not cause significant
pollution when used in drained trout
ponds, Quicklime and fresh hydrated lime

alse have been used to control ectopara-
sites in ponds.®™ Fresh calcium oxide is
also bactericidal; a 1% aqueous solution
of calcium oxide in 20% chicken feces
killed Staphylococcus aureus in 90 min.?

The spore wall of M. cerebralis appears
to be very resistant and it has long been
assumed that only rather drastic disinfec-
tion procedures would kil the spores.

Hoffmar and Putz' found in pre-
liminary experimemts that the following
chemicais and concentrations would kil
the spores by releasing the polar fila-
ments, destroving the sporoplasm, or
cansing disintegration of the spore valves:
calcium hydroxide, 0.5% and 29 avai-
able chiorine {as . sodium hypochiorite)
1600 ppm: Roccal (alkyl dimethylbenzyi-
ammoniom chloride), 200 and 860 ppm
active ingredient. X

The work reported consists of (1) a
search for better or additional disinfec-
tants by observing the treated spores
microscopically, and {2) a test of calcium
oxide against M. cerebrafis under simu-
lated pond conditions.
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Control of whirling disease (Myxosoma cerebralis): use of
methylene blue staining as a possible indicator of effect of
heat on spores

GLENN L. HOFFMAN

Fish Farming Fxperimental Station, P.O. Box 860,
- Stuttgart, Arkansas 72160, U.S.A.

AND

Maria E. Markrw

U.S. Fish and Wildlife Service, Eastern Fish Disease Laboratory,
Route 1, Box 174, Kearneysville, West Virginia 25430, U.S.4.

(Accepted 15 August 1975)

Methylene blue staining (0-08°;) was used to determine efficiency of heat treatment in
killing spores of Myxosoma cerebralis. Nearly all spores heated at 90° C for 10 min and
70° C for 100 min became stained giving presumptive evidence that they were killed.

I. INTRODUCTION

Heat might disinfect tanks and equipment contaminated with the causative agent of
whirling disease (Myxosoma cerebralis). Heat-treatment of food products such as
smoked or canned salmon could destroy spores of M. cerebralis.

Intra-vital stains for M. cerebralis were ineffective, hence we tested methylene blue
as a stain indicator of death. Preliminary testing indicated that the heat-killed spores
{80° C, 10 min) of M. cerebralis became stained with methylene blue, whereas most of
the spores in unheated samples did not become stained. The purpose of this study
was to determine the minimum heat necessary to kill the spores as demonstrated
presumptively by staining with methylene blue.

II. MATERIALS AND METHODS

. The spore sample was obtained from rainbow trout (Salmo gairdneri) experimentally
infected 7 months previously at 12° C. Only the fish heads were used; the soft tissue was
removed with forceps and the remaining skeletal parts cut into small pieces. The pieces were
pulverized with mortar and pestle and strained through a 250 um-mesh screen. The filtrate
“us difuted 50 : 50 with water, stored 16 h at 6° C, and the supernatant was discarded. This
Drocedure was repeated until the supernatant was clear, leaving a few millilitres of spore
“Oncentrate. The concentrate was diluted with water so that one could easily count micro-
scopically 100 or more spores. For heat exposure, 0-15 ml samples of spore concentrate
“ere placed in small tubes and heated in a water bath. Controls were maintained at room
iemperature,

Staining was accomplished by adding 18 ul of 0-25%; agueous methylene blue to 37 ul of
SPore concentrate on a microscope slide; final concentration of methylene blue was 0-08 Ve
Glass medicine droppers were drawn to deliver the above amounts in one drop, respectively.
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When more stain was used, the mount was too dark for study. The slides were examined
least 5 min after preparation, but no longer than 30 min. If lef overnight, almost all spo
heated or not, became stained; presumably they were killed by the stain. In each trial, 100
spores were observed with the results expressed as percentage of stained spores.

OI. RESULTS

Heat-treated spores became stained quickly, but sometimes lightly in the 50 or 60° ¢
preparations (Table I}. Those in the 80 and 90° C tests stained quickly and intensely,
All spores were stained after heating at 90° C for 10 min and we presume they were
killed. At 80° C for 10 min all spores were stained except in one of five trials whey
88 7 were stained. At 70° C for 10 min, an average of 60%, were stained in contrastto
an average of 229 for the controls. At 60° C for 10 min an average of 34% wer
stained, not much more than the controls (Table I). After 70° C for 100 min nearly
all spores became stained (Table ).

TasLg I. Eifect of heat for 10 min on the spores of Myxosoma cerebralis
as determined by methylene blue staining, expressed in percentage
stained; 100 spores were counted in each case

Temperature Tr:al
co \
1 2 3 4 5 Average
Control 0 g 15 23 26 22
50 10 15 32 i9 42 24
60 30 8 36 34 60 34
70 87 26 60 48 80 60
80 100 100 100 100 88 98
S0 100 100 100 100 10 100

TasLe I1. Effect of prolonged heat at 70° C on spores

of Myxosoma cerebralis as determined by methylene

blue staining, expressed in percenmtage stained; 100
spores were counted in each case

. Trial
Exposure in N

minutes at 70° C 1 2 3 4
Control 23 26 29 26
10 69 - — e
20 63 . — —
3¢ 85 72 -~ —
44 82 84 79 —_
50 - 63 e —
60 — 76 92 87
80 — — 91 84
00 — — - 92
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IV. DISCUSSION AND CONCLUSIONS

Hoffman & Putz (1969) and Hoffman & Hoffman (1972) reported presumptive
microscopic evidence of the death of spores of Myxosoma cerebralis using high
concentrations of certain chemicals. A more reliable method for determining viability
of spores was needed. In preliminary tests we found that neutral red and trypan blue
were not satisfactory vital stains for M. cerebralis. Presumably the spore wall and polar
capsule plugs of normal spores resist the entrance of many chemicals. However, it is
apparent that methylene blue will enter the heat-treated spores and, until tested with
susceptible fish, we may assume that the spores were no longer viable. The present
study demonstrates a method of staining presumably killed spores, as well as the
altering of the spores with heat.

We presume that since 1009 of the spores treated at 90° C for 10 min do stain with
methylene blue that they are killed. This, of course, should be verified with a live fish
bioassay method. It is possible that the small percentage of stained spores in the
controls and lower temperature tests represent young spores in which the polar
capsule plugs have not become completely hardened. Hoffman & Putz (1969) reported
that heat caused the distortion of spores; such was not seen in this study except some
polar filament extrusion.

This work was inspired by Dr Pietro Ghittino, Torino, Italy, who uses methylene blue in
his diagnostic work for whirling disease.
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HOST SUSCEPTIBILITY AND THE EFFECT OF AGING,
FREEZING, HEAT, AND CHEMICALS ON SPORES OF
MYXOSOMA CEREBRALIS

Glenn L. Hoffman and Robert E, Putz
Bureau of Sport Fisheries and Wildlife
Eastern Fish Disease Laboratory, Kearneysville, West Virginia 25430

FOR MANY YEARS WHIRLING DIS-
EASE, caused by Myxosoma cerebralis,
has been a threat to trout and sgalmon
culture. The disease has been found in
brook trout (Salvelinus fontinalis), rain-
bow trout (Salmo gairdneri), brown trout
(S. trutta), Atlantic salmon (S. salar), and

grayling (Thymallus sp.) in Europe and -

the United States (Schiperclaus, 1931;
Hoffman et al,, 1962; Johannson, 1966;
Uspenskaya, 1957; Volf, 1957}, and in
chum (Oncorhynchus keta), pink (Q. gor-

buscha), seema {O. masu), Koundja (Sal~
velinus leucomaenig), and malma salmon
(S. malma) on the island of Sakhalin (USSR)
in the Sea of Japan {(Bogdanova, 1960), In
spite of the high incidence of the disease
in some areas, little is known about the
biology of the organism or of its sensi-
tivity to heat or to chemicals,

This paper will report on the suscepti-
bility of other important North American
salmonids to the disease; it will present
results of preliminary experiments on the
effect of aging, freezing, heat, and dis-
infectants on the spores of the organism;
and it will record the first experimental
transmission of the disease in the United
Siates.

Materials and Methods

Rainbow trout, 6 to 8 months old, that
had spontaneously acquired whirling dis-
eage and that had many spores in their
tigsues, were used as source material for
the experimental infection studies.

THE PROGRESSIVE FISH-CULTURIST
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Fiberglass tanks and stainless-steel
troughs were used for the infection studies
with aged or frozen spores. About 7.5
centimeters of spore-free pond mud was
added to each tank, and cut-up infected
heads and running spring water {(at 12,5°
C.) were supplied. The frozen heads
were kept at -20° C, for periods of 3 days
to 8 months. :

All salmonids were raised from eggs
obtained from a hatchery that had no his-
tory of whirling disease. For the experi-
ments on host susceptibility, trout and .
salmon fry were placed in live-boxes in
the stream receiving the effluent from the
laboratory containing fish that had whirl-
ing disease. Control fish were raised in
the same water before it was exposed to
infected and diseased trout,

Resgults and Discussion

Host Susceptibility.--The coho salmon
(Oncorhynchus kisutch), chinook salmon
(O. tshawytscha), and lake trout (Salve-
linus namaycush) were exposed to the dis-
ease in live-boxes receiving water in
which diseased fish were held. All three
species became infected, showing typical
sympioms of whirling disease (which was
verified by demonstrating the spores).
This proved that whirling diseasze is a
threat to the fisheries involving any of the
above-named salmonids.

The brown trout may not show symp-
toms but may be an important carrier of
the disease. Volf (1957) reported serious
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logses of brown trout fingerlings as well
as losses of rainbow {rout, brook trout,

and grayling.

Aging.--Many preliminary attempts to
infect trout fry with fresh spores failed,
although the fry could be infected as early
as 2 days after hatching by placing them in
live-boxes in water where the disease was
well established (Putz and Hoffman, 1968).
Uspenskaya® succeeded in infecting fish by
placing aged (4-month-old) spores in their
stomachs,

In the present study, nine aguaria were
set up and spores were added on 0 day,
3 days, 113 days, 4 months, and 6 months
before the fry were added. In only two
aquaria did the fish become infected. In
one of those aquaria the spores had been
added 4 months before the fish, In the
second of those aguaria, the spores had
been added when the fry were introduced,
but the fish did not show symptoms until
7 months later--an indication that these
spores were aboul 4 months old when
the fish became infected. The symptoms
appeared at 71 days. The disease was
verified by demonstration of the presence
of spores at 94 days post-exposure.

These experiments indicate that the
spores are not infective when f{first re-
moved from the fish, but they are infec-
tive when they have been ''aged' in cool
running water for 4 to 5 months. We
do not know what factors, living or dead,
present in the water or mud, may exert
an influence upon the infectivity of aged
spores.

Freezing.--Table trout (mostly rain-
bow) are commonly supplied as yearling
fish and preserved by freezing at about
-20° C, Ii has been recommended that
the fish reach the consumer in less than
2 months. Therefore, it ig desirable io
know whether the spores of Myxosoma
cerebralis survive 2 months at ~20° C,

Six aguaria were set up and supplied
with spores frozen for 3 days, 18 days,

1a. V. Uspenskaya, of the Institute of
Cytology,: Academy of Sciences of the USSR.
Pr, Maviiha 32, Leningrad, USSR, Personal
communication, 1963.
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and 9 months. Fry were added on O day,
113 days, and 4 months later, all at 12° C,

Whirling disease developed in only the
one aquarium in which the spores were
frozen 18 days and aged 4 months. Details
were as follows: On August 1, 1967,
11 frozen infected heads were added to
this trough, and 200 rainbow trout fry
were added to it on December 5, 1967
{4 months). The mud was stirred gently
about once a week. Three whirling fish
were first seen on February 16, 1968 (73
days}), By March 11, there were many
whirlers. Spores were found in three of
six fish examined on March 11 (3 months).
This proved that the spores survive freez-
ing at -20° C, for at least 18 days.

We hope to be able to find out whether
gpores will survive 2 months or longer.
Until then, we must treat frozen infected
fish with great caution. It is very prob-
able that Myxosoma cerebralis reached
the United States in frozen table trout. We
hope that proper precautions will prevent
further spreading.

Heat.--As in some facilities it might
be possible to apply heat as a disinfecting
agent, spores were exposed to heat in
0.85 percent saline in 50-milliliter beak-
ers and observed microscopically. Ten
minutes at 60°, 80° and 100° €. caused
distortion and probable death of spores,
whereas spores held at 40° C. and room
temperature showed no change.

We assume that 60° to 100° C., for
10 minutes--perhaps less--will kill the
spores of M, cerebralis.

Selected Chemicals.~-The spores were
observed microscopically for 2 weeks
after at least 24-hour exposure io chemi-
cals. Disintegration of the sporoplasm
and/or the polar filaments was interpreted
as death of the spore.

The following were effective in causing
distortion and probable death of spores:
Calcium hydroxide, 0.5 percent and 2
percent; available chlorine {as sodium
hypochlorite}, 1,600 p.p.m.; Roccal {alkyl
dimethylbenzylammonium chloride), 200
and 800 p.p.m. (active ingredient}. Chlo-
rine at 200 p.p.m. gave variable results.
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EFFECT OF FREEZING AND AGING ON THE SPORES
OF MYXOSOMA CEREBRALIS, THE CAUSATIVE
AGENT OF SALMONID WHIRLING DISEASE

Glenn L. Hoffman and Robert E. Putz
Bureau of Sport Fishéries and Wildlife
Eastern Fish Disease Laboratory, Kearneysville, West Virginia 25430

EVER SINCE WHIRLING DISEASE was °

reported by Schaperclaus (1931) to have
reappeared in a pond that had been drained
and frozen, it has been assumed that the
spores of Myxosoma cerebralis survive
freezing, In 1969 we reported that rain-
bow trout {Salmo gairdneri) fry became
infected when exposed to spores that had
been frozen for 18 days at -20°C. and
then aged for 4 months in spring water in
an aquarium containing mud. The resulis
reported here show that spores can sur-
vive freezing much longer,

Materials and Methods

Aging

The aguariums used were as follows:
Five 340-liter fiberglass tanks (four of
them containing 3 to 5 inches of mud, and
one without mud); four 150-liter stainless
steel tanks (one containing mud, and three
without); and four 75-liter glass aguariums
without mud. :

Fourteen i{o twenty macerated infected
trout heads were added to each aguarium,
and about 600 milliliters per minute of
spring water at 12° C. was supplied {o
each aquarium. The spores were allowed
to "age' from 0 to 6 months. After this
aging, the water flow was increased to
about 1, 800 milliliters per minute and
about 100 3- to 10-week-old rainbow trout
were placed in each aquarium.

After 5 months, these fish were exam-
ined. Trout in only 4 of the 13 lots had

THE PROGRESSIVE FISH- CULTURIST
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become infected. The remaining fish in
all aquariums were discarded, and new
fry were added to eight of the aquariums
containing the original spores with or
without mud. These fish were examined
4. 5 months later, {See table 1.}

Freezing

The aquariums used were as follows:
Eleven 340-liter fiberglass aquariams
{nine of them containing mud, and two
without); two 150-liter stainless steel
tanks with mud.

Spores, water, and fish were supplied
as for the aging experiments. The spore-
bearing heads had been freozen from 0.1
to 32 months at -20° C.

After 5 months, these fish were exam-
ined. Only 2 of the 13 lots had become
infected. The remaining trout were dis-
carded, and new fry were added to seven
aquariums. These latter fish were exam-
ined 4. 5 months later. {See table 1.}

Control

Fry from the original lot were held
in similar facilities to serve as a control
for both the aging and the freezing experi-
ments.

Results

None of the control fish showed symp-
toms of whirling disease, and examination
of the fish revealed no spores.
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Table 1| summarizes the results of
these experiments. .

Neo fish in the 10 aquariums without
mud became infected,

Fish hecame infected in two tanks con-
taining mud and spores which had been
frozen 2 months., in one of these tanks,
one lightly infected fish was found in the
first lot of fish and spores were found in,
the fish of the second lot. There were no
symptoms, and spores were not numerous.
In the second of these tanks, no infected
fish were found in the first lot, but a few
spores were found in the fish of the sec-
ond lot. There were no symptoms.

Fish became infected in five other
aguariums that contained mud and spores
aged 3.5 to 4 menths. » :

Apparently neither aguarium size nor
tank material affected results, since fish
became infected in 150-liter steel tanks as
well as in 340-liter fiberglass tanks.

Discussion

Spores of Myxosoma cerebralis sur-
vive for at least 2 months at -20° C., and
it is very probable that they survive much
ionger. Our negative results are incon-
clusive because it is very difficult to in-
fect fish experimentally, as evidenced by
our 18 negative experiments and the fail-
ure of others with other Myxosperidea.

Aging of previously frozen spores for
about 4 months is probably necessary for
infectivity, Longer aging may not desiroy
all spores, but our results are inconclu-
sive because the first lots of fish may
have shed spores which became infec-
tive for the second lots. We have under-
way experiments in which we shall try
to demonstrate how long spores remain
viable in spring water at 12° C.

The mechanics of infection with any of
the hundreds of species of histozoic Myxo-
sporidea have never been clearly demon-
strated. Uspenskaya' reported that she
had infected rainbow trout fingerlings by
pipetting 4-month-aged spores directly

1A, V., Uspenskaya, of the Imstitute of
Cytology, Academy of Scisnces of the USSR,
Br, Maviiha 32, Leningrad, USSR. Personal
communication, 1963,

g8
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into the stomach., In 1985 we reported
that we had infected rainbow trout by
placing them in aquariums into which
mud and spores had been placed ¢ months
previously. Schafer (1968) was able to
infect trout with Ceratomyxa shasta by
holding experimental fish in a contami-
nated lake and by injecting infected mate-
rial into the visceral cavity, but trout
placed in tanks containing S-month-aged
spores did not become infected. In the
present experiments fish became infected
only in tanks containing mud and spores;
but this does not prove conclusively that
the mud and zll the resulfant organisms
are necessary, because nine lots with mud
and spores were negative. Schaperclaus
(1831) theorized that the spores may be
carried temporarily by small inverte-
brates which are later eaten by trout fry.
However, because we {PPutz and Hoffman,
1966) were able to infect 2-day-old sac fry
{pre-feeding stage}, it may be that the
gporeg do not have to be eaten.

It is possible--but not proved--that
fish become infected, not only through the
intestinal iract, bui also through the gills
or ctherwise.

L
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A case history of whirling disease in a drainage system:
Battle Creek drainage of the upper Sacramento River
hasin, California, USA

¢ 51, HORSCH US Fish and Wildlife Service, Coleman Fish Health Center, Anderson.,
ifornia, USA

Abstract. Whirking discase was dingnosed in steelbead trout, Salme gairdnen
Richardson. during 1985 at Coleman Nationad Fish Hatchery i the Battle Croek
drainuge of the gpper Sacramento River binin, Culiforsia, USAL Eardy confirma-
ton of the actiologic agent, Mysoholus cerebrafis Hofer, 19030 was dificult.
However, later investigation contirmed the identity of the agent and led to o
management deciston o destroy the 1985 brood vear of sweelhesd rouwr ot the
hatchery. Sentinel fish and collections of leral frouwt were used to survey Bugtke
Creck watershed to determine the source of infectivity, Feral rambow trout. Salmn
wairdneri Richardsen, from South Fork Bastle Creek were found o be mtected with
M. cerepradis and other infected trout were later found af two commeroal nnbows
trout hatchertes, No reinfection with M. cerebrafiy has been detected at the
Coleman hatchery since ozoration was begun in early 1986,

introduction

Whirling disease, caused by the myxosporean Ayrobolus cerebralis Hofer., 1903 (Lom &
Noble 1984). was first detected in California, USA. in 1966 at a trout furm on Garrapata
Creek (Fig. 1) near Monterey (Hoffman 1974), In 1968, it was diagnosed at a Nevada
Y rtment of Wildlife trout hatchery on the Truckee River. which drains the California
egsT~lope of the Sierra Nevada mountains (Hotfman 1970}, Myxobolus cerebralis has
sii .o been found in 1[4 streams and lakes in northern Nevada (Pat Coffin. Nevada
Department of Wildlife, personal communication) and is now known to occur in at least
48 streams and lakes in California (*known distribution of whirling disease tn California.
October 1985 California Department of Fish and Game, unpublished report).

The 1984 detection of M. cerebralis in fingerling. vearling and adult rainbow trout.
Salmo gairdneri Richardson, and yearling golden trout, Saimo aguabonita Jordan. at Mt
Whitney State Fish Hatchery (SFH) (D. Manzzer, California Department of Fish and
Gume. personal communication) prompted California authorities to determine the
~ wide host and geographic ranges of the parasite.

t mid-February 1985, myxosporean spores of 12-15um diameter were found in
o orial 1aken from heads of vearling rainbow trout sampled at the Darrah Springs SFH
{Fiz. 2). The trout were immediately destroyed: however, later examination of the spores
recovered from the fish showed that they were M. Xiswichi located in nervous tissue rather
than in cartifage and bone.

Darrsh Springs SFH 15 on Battle Creek, a major tributary to the Sacramento River,

Correspondence: Christopher M. Horsch, Coleman Fish Heaith Center. Route | Box 2165, Aadenwon,
Cantornin a7, LSA.
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1« Trinity River (1585)
2- Battie Cregk {1985) o
3+ Dwar Croek {1985)
&~ Foathaer River (1985}
5- American River (1984)
& Mokslumne River (1983}
7- Starusiaus Aiver {1584}
8- Sacrarmento River (1985)
8- San Lorenzo Aver (1972}
10~ Big Creek (1970's)
11. Garrapata Creek {1366}
12. Lake Tahoe (1970's)
13- Truckee River {1968}
14. Waiker River (1970's}

Sacramento 7
.
"%
San Francisco féb
} %,
3 s,
10 s
Monterey
i1

N
¢ 0 140
! i i .05 Angeles

KILOMETERS

Figure 1, Major waterways in California from which trout. infected with Mvxobolus cerebralis, have been
collected through 1986.

16km upstream from Coleman National Fish Hatchery (NFH). Effluent from this
hatchery drains into the Coleman Canai. a major water source for Coleman NFH (Fig. 7).

The emergency disease eradication project at Darrah Springs SFH justified an
extensive monitoring programme at Coleman. which was begun in late-February 1985,
The purpose of the programme was to determine if 3. cerebralis has been established in
the Coleman Canal, and if infections were present in vearling steelhead trout, Salmo
gairdneri Richardson, and parr of fall chinook salmon, Oncorhynchus shawyischa

{Walbaum).

Miaterials and methods

Sampling fish populations for M. cerebralis

Sample collections for the detection of M. cerebralis from steelhead vearlings of brood
vear 1984 (BYS84) and fall chinook salmon smolis (BY84) began at Coleman NFH in
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456 O M. Horsch

mid-February 1985, Collections of steelhead parr (BYSS) and fall chinook salmon parr
(BYS83) were continued in June 1985, Collections were made by netting 3-month-oid fish
from the upper, middle and fower end of each raceway. Fish showing clinical signs of
whirling discase were collected. Sample size ranged from 30 to [30 fish. Fish from each
sample were pooled in groups of 30. After M. cerebralis was confirmed tn a sumple,
additional samples were pooled in groups of five or examined individually to measure
prevaience of infection and to enumerate spores.

In March 1985 and thereafter, rainbow trout of various ages were coliected from
Coteman Canal by electrofishing. Three collections were made at the entrance of the
canal to the hatchery. Coliections were also made of fish trapped on intake screens,

Beginning in October 1984, cight samples were taken from commercial  trout
hatcheries located on Battle Creek or Coleman Canal. Ten to 30 fish ol various sizes were
obtained at each hatchery. Depending on fish size. samples were processed in pools of
5-13. Four commercial haicheries were under investigation in this survey, of which three
were owned and operated by the same trout farm (Hatcheries 1-3. Fig. 21 The fourth
{Hatchery 4. Fig. 2) was owned by an independent operator who obtained eggs trom the
aforementioned trout farm.

Collecting of rainbow and steelhead trout began in mid-September 1985, from 12
locations on Battle Creek and two from the Sacramento River, Sites were selected on the
basis of proximity to fish-culture activity, water diversions and hatchery stocking
programmes. Samples were collected by electrofishing and by angiing. Fish were pooled
in groups of five: occasionally single fish were examined. Additional collections from
North Fork Battle Creek were made in August 1986,

Sampling for M. cerebralis with sentinel fish

Fry of cutthroat wrout Salme clarki Richardson. and rainbow rout were used as sentinel
fish in live cages at four sites on Battle Creek and two in hatchery effluent streams that
drain into Battle Creek or Coleman Canal (Fig. 2). Each cage held 50-100 fish. Cages
were left in place for 2 weeks; the fish were then transferred to and held in pathogen-free
water for |3 months. until a pump failed and the fish had to be supplied with untreated
creek water. Half of the fish were sacrificed at this time and examined histologically for
lestons of whirling disease. The rest were maintained in untreated water and samples were
examined by the plankton centrifuge harvest method of O 'Grodnick (1975} at I-month
intervals until all fish had been used.

Control populations consisted of two species of trout held in live cages in untreated
water at Coleman NFH. Two additional control groups were started at Coleman NFH in
March 1986. A total of 300 stecthead trout fryv and 100 fall chinook sulmon firgeriings
were placed in troughs supplied with untreated creek water and held for 3 months until
August 1986. Each control population was sampled at l-month intervals and examined

histologically for the presence of M. cerebralis trophozoites.

Sample processing and diagnosis
Pooled or individual fish were processed and examined by the methods of O'Grodnick
{1973) and Wolf & Markiw (1983). If no spores were detected after up to three drops of
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the resultant concentrate had been examined for 30 min, the material was further purified
by trypsinization (Markiw & Wolf 1980) and examined for an additional 30 min.

' Diagnosis was based on the presence or absence of M. cerebralis spores or
trophozoites, either n tissue concentrates after 1h of microscopic examination or in
histologic tissue sections of the head. Confirmatory diagnosis was made by using the
fuorescent antibody techmique {FAT) of Markiw & Wolf (1978) on spore concentrates.
.ootes of spore numbers in each concentrate were made with a haemocytometer.

Kosults
Coleman NFH survey

"About 73% of the BY84 steethead trout were found to harbour spores of M. kisurcir, Of

the spores recovered from these fish. about 5% were morphologically simifur to spores of

M. cerebralis and also lacked iodinophilous vacuoles commonly seen in M. Kwswechi

Histologic examination revealed spores of this tyvpe in lesions in craninl cartilage. These

~eeres were presumptively diagnosed as M. cerebralis but FAT confirmation of the spores
inconclusive. The trout were released in March 1985,

Ir July 1985, nine coded-wire tagged juvenile steethead (Coleman NFH stock. BYS+4)
collected from the Sacramento River, were found to harbour spores identified by FAT as
A cerebralis. '

Evidence of M. cerebralis was not found in fali chinook salmoen (BYS4, BYS3. BYS6)
that were examined by the plankton centrifuge harvest method of O Grodnick (1975) or
by histologic section,

In June 1983, M. cercbralis was confirmed by FAT in one stecthead fingggling (BYSS)
at Coleman NFH that had shown clinical signs of whirling disease. Infected fish were then

'nd in all raceways. Examination of individual fi<h jpdicated that the average
salence rate was 757

t uctober 1983, a gross examination of 50000 steethead trout from one raceway
vielded 12 fish {0-01%¢) with clinical signs suggestive of whirling disease. However. no
spores or trophozottes of M. cerebralis were recovered from six of these trout.

Banle Creek collections

Eight collection sites. in addition to Coleman NFH. vielded normal-looking rainbow trout
“urbouring spores of M. cerebralis (Table 1). All sites from which trout infected with M.

wehralls were coilected in September 1983, were downstream from the confluence of

~oss Country Canal and South Fork Battle Creek (Fig. 2). In October 1985, trout were
cxumined from Ripley Creek spring, which drains into Cross Countrv Canal; spores
10-12um in diameter, indistinguishable except in size from 3. cerebralis. were recoverad.
However, attempts to identify these spores by FAT were inconclusive. In November 1985,
Cross Country Canal was drained. and nearly 1500 rainbow trout and brown trout. Sairio
trurta L.. were salvaged by California Department of Fish and Game personne! and
stocked inte thz North Fork Baitle Creek beiow Volta Power House (Fig. 2). The
rainbow trout were found 1o harbour spores of M. cerebralis bui the brown trout were not
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Table 1. Results of rainbow trout® examinations for the occurrence of Myxobolus cerebralis during

1985
Cutiection No. of
Location date fish Resultst
Darrah Springs State Hawhery 5 Sept. i -
North Fork Battle Creek at Volta Power House 6 Sepl. 30 -
22 Nov, ¥ +
& Sept. 30 -

North Fork Battle Creck at Wildeat Road
North Fork Battle Creek at Wildeat Dam 6 Sept. 33 -

Digger Creek at Manton Road 6 Sept. 30 -
Digger Creck at Bristof Benton (anal 5 Sept. 82 -
South Fork Battle Creck at South Power House & Sept. a2 +
24 Sepr. 12l +
Battle Creek at Coleman NFH 5 Sepr. 27 +
Batile Creek at Coleman Power House 5 Sept. 3 +
Coleman Canal at Coleman NFH 15 Sept. i) -
South Fork Battle Creek below South Power House 20 Sept. 60 +
Cross Country Canat at Ripiey Creek T Oct. 30 -
South Fork Battte Creek at inskip Power House 2 Sept. 28
Sacramento River above Batle Creek 15 Sept. 100 -
22 Jaly 9 +

Sacramento River below Battle Creek?

* All trout sampied excepl in Sacramento River below Battle Creek were 0-2 vears oid.
+ Minus sign (—) indicates the absence of M. cerebralis by plankton centrmifuge harvest; + indicates

M. cerebralis present.
t Coded-wire-tagged BYS4 Coleman steelhead trout.

infected. Samples taken from North Fork before the stocking of trout salvaged from Cross
Country Canal showed no evidence of M. cerebralis.

Commercial hatchery survey

In May 1986, commercial trout hatcheries 1 and 2 (Fig. 2) in Battle Creek drainage. each
with its own water supply, were found to have trout with M. cerebralis. Samples taken
during October 1984 had shown no evidence of M. cerebralis.

Flooding during February 1986 caused the Eagle Canyon Canal to overflow into both
of the hatcheries with infected fish. This canal originates in the North Fork Battle Creek
below Volta Power House (Fig. 2), where known infected trout were planted in October
1983, Infectivity thus might have been introduced to these haicheries by the flooding.

Hatchery 3 (Fig. 2) vielded trout with M. kiswichi but there was no evidence of M.
cerepralis. The water supplv for this hatchery is Ripley Creek spring, from which trout
harbouring spores intermediate in size between M. cerebralis and M. kiswchi were

collected.
No myxosporeans were detected in trout from Hatchery 4.

Sentinel fish
Sentinel fish held for 2 weeks in six live cages in various locations in Battle Creek
drainage (Fig. 2) failed to contract whirling disease. Control fish maintained in untreated
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creck water at Coleman NFH remained uninfected until late April 1986 (spores were first
recovered from steelhead and rainbow trout in early August 1986). The infection was light
(<50000 spores per five-fish pool) when compared with the previous infection of
steelhead trout in August 1985 (294000 average number of spores per five-fish pool).

O'Grodnick (1979) recovered an average of early 3-7 million M. cerchralis spores from
five-fish pools of rainbow trout during four stream exposure studies in Pennsylvania,
Recoveries from feral rainbow trout from Battle Creek and hatchery steelhead trout from

-man NFH were less than 10% of that number (301000 spores from five-fish pools of

oy trout; 294000 spores from five-fish pools of steethead). This moderate level of
wiectivity in Battle Creek could account for the chinook salmon remaining uninfected. as
O'Grodnick {1979) demonstrated a 27-fold greater spore pepulation in rainbow trout than
in chinook salmon that received equal exposure to infection.

Discussion

Clinical signs of disease at Coleman NFH attributed solely to infection with M. cerebraiis
“¢ lacking. Mortalities among steethead trout could not be attributed to M. cerebrafis.
rudging by the resuits of this investigation, the occurrence of M. cerebralis probabhy

i an as a localized infection in rainbow trout in the vicinity of South Fork Battle Creek

and Cross Country Canal. It then spread downstream, infecting steelhead trout (BYR!

and BYS5) at Coleman NFH. Activities of the California Department of Fish and Game
spread the infection to the North Fork. The occurrence in 1986 of M. cerebralis at the two
commercial haicheries in the North Fork drainage suggested that the parasite had
established itself there. Collections made in late August 1986 from North Fork Battle

Creek below Volta Power House vielded young-of-the-year rainbow trout with very light

infections with M. cerebralis, confirming the presence of infectivity in that stream.

The release of steclhead trout (BYS4) from Coleman NFH (later confirmed 10 be

ccted with M. cerebralis) might contribute to the spread of M. cerebralis to other
drainages in the Sacramento River basin. Better methods for early detection of low level
infection are needed.

Control bMeasures

Drastic measures were taken at Coleman NFH to prevent further spread of infection.
After 8 months of quarantine and observation. all infected or suspect steethead trour .
1Y85) were destroved in February 1986. and sent to a rendering plant. All adult
:ethead morialities and spawned fish were destroved by iacineration or burial. Because
+f practical limitations. eradication measures were not attempted in the extensive Battle
Creek drainage. ,

In an attempt to continue production of steelhead rout at Coleman NFH. well water
was used to incubate eges after iodophor disinfection. Frv were then moved 10 2
recirculating water svstem supplied only with well water, and were held in this svstem
until the completion of an czone water treatment svstem to disinfect Battle Creek water,
Ozonation began in April 1986, All steethead production {BY56) has been maintained in
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this system. Periodic shutdowns of the ozonation units have occurred, but no evidence of
infection with M. cerebralis has been detected either by parasitological assay of fresh
tissue or by examination of histologic sections. Steelhead trout will be released as smolts
provided they remain free from infection. Chinook salmon will be reared in untreated
water and also released as smolts if they, too, remain uninfected.
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Due to copvright restrictions or rovalty requirements,_we regret the full article cannot be
reprinted. Below is the abstract from the article,

The phylum Myxozoa has been considered to comprise two classes, Myxosporea Biitchli,
1881 (primarily of fishes) and Actinosporea Noble in Levine et al., 1980 (primarily of aquatic
oligochaetes). About 10 years ago it was demonstrated that the life cycle of Myxobolus
cerebralis Hofer, 1903 (Myxobolidae: Platysporina) of salmonid fishes requires transformation of
the myxosporean into an actinosporean stage in the oligochaete worm Tubifex tubifex
(Tubificidae), and that the stage infective to fish is the actinosporean spore. This type of two-host
life cycle has now been demonstrated or strongly implicated for 14 myxosporean species,
belonging to 6 genera in 4 families. In light of these findings, the taxonomy of the Myxozoa is
revised. We propose the following: suppression of the newer class Actinosporea and the order
Actinomyxidia Stolc, 1899; and suppression of all families in the Actinosporea except
Tetractinomyxidae. This family and its one genus, Tetractinomyxon Ikeda, 1912, are transferred
to the order Multivalvulida Shulman, 1959 (Myxosporea). We also propose that actinosporean
generic names be treated as collective-group names, thus they do not compete in priority with
myxosporean generic names. 7riactinomyxon dubium Granata, 1924 and Triactinomyxon
gyrosaimo Wolf and Markiw, 1984 are suppressed as junior synonyms of Myxobolus cerebralis.
The myxosporean stage of no other previously named actinosporean has been identified. Other
actinosporean species are therefore retained as species inquirendae until their myxosporean stages
are identified. A revised description of the phylum Myxozoa is provided that includes our
proposed taxonomic and nomenclatural changes.
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Isolation of Myxosoma cerebralis (Whirling Disease) Spores from
Infected Fish by unse of a Physical Separation Technique

TroMAs R. KozEL, MARLEY LoTT, AND ROBERT TAYLOR

Departmens of Microbiology and the Departmeni of Veterinary Medicine, University of Nevada, Reno, WV 89537, USA

Kozew, T. R, M. Lotr, anp R. Tavior. 1980, Isolation of Myxosoma cerebralis (whirling
disease) spores from infected fish by use of a physical separation technique. Can. J.
Fish. Aquat. Sci. 37: 1032-1635,

Imriscible, liquid, two-phase systems are produced when aqueous solutions of dextran and
of polyethylene glycol are mixed above certain concentrations. This phase system was used to
isolate Myxosema cerebraiis spores from infected fish tissue. Myxosoma cerebraiis partitioned
into the polyethylene-glycol-rich upper phase, whereas the tissue debris partitioned into the
dextran-rich lower phase. Myxosoma cerebralis spores partitioned into the upper phase, regard-
less of the electrostatic potential in the phase system, indicating that isolation of M. cerebralis
was unrelated to surface charge, which suggests that relative to fish tissue, the surface of the
spore is highly hydrophobic, The technique is useful for detection of small numbers of spores
from populations of infected fish; however, the greatest value of the technigue is the isolation
of spores for biochemical and immunologic studies that are unrnodified by the relatively harsh
techniques usualy used.

Key words: Myxosoma cerebralis spores, Myxosoma spore isolation techniques, polymer
aqueous two-phase systems

Kozer, T. R., M. LotT, anp R. TavLor. 1980, {solation of Myxosoma cerebralis (whirling
disease) spores from infected fish by use of a physical separation technique. Can. J.
Fish. Aguat. Sci. 37: 1032-1035.

Quand des sohutions aqueusgs de dextran et de polyéthylene glycol sont mélangés a des
concentrations dépassant un certain niveau, il en résulte des systémes & deux phases liquides
non miscibles, Un tel systéme a ét€ utilisé pour isoler des spores de Myxosoma cerebralis de
tissus de poissons infectés. Myxosoma cerebraiis se répartit dans la phase supérieure riche en
polyéthylene glycol, alors que les débris tissulaires se répartissent dans la phase inférieure riche
en dextran. Les spores de M. cerebraiis se répartissent dans la phase supérieure, sans égard au
potentiel électrostatique du systéme de la phase, ce qui indique que Ia séparation de M. cere-
braiis dans le systéme n'est pas liée & la charge superficielle. Ces résuliats laissent croire que
la surface de la spore est forternent hydrophobe par rapport au tissu du poisson. Cette méthode
est utile pour la détection de petits nombres de spores chez des populations de poissons in-
fectés; cependant, elie a le plus de valeur dans la séparation de spores en vue d'études bio-
chimiques et immunoclogiques qui ne sont pas modifiées par les techniques relativement
brutales généralement utilisées dans Pisolation de spores de M. cerebralis.
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WHIRLING disease caused by Myxosoma cerebralis may
be tentatively diagnosed in severely affected salmonids
by clinical signs such as iail chasing, black tail, and
skeletal deformities. Unfortunately, most fish have sub-
clinical infections, yet such fish are quite capable of
transmitting the infection. As a consequence, several
microscopic procedures have been developed to identify
the trophozoite form of the organism on microscopic
examination of thin cartilage sections; however, conven-
tionat technigues require demonstration of spores in
wet mount preparations of head cartilage. Myxosoma
cerebralis is identified by s size (8.8 X &8 um),
demonstration of the absence of an iodinophilic
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vacuocle, and by the location of the spore in the host
These criteria still cause confusion in differentiating M.
cerebralis from certain other Myxosoma and Myxobolus
species.

Various serologic techniques offer a promising nevw
approach to diagnosis of whirling disease (Griffin and
Davis 1978; Markiw and Wolf 1978; Pauley 1974).
Direct assays for protozoal antigen could identify the
organism in infected tissue. Alternatively, assays for
antibody to M. cerebralis could be used to screen serum
from fish believed to have z subclinical infection. Such
assays will require purified preparations of speres as
well as specific, high-titered antiserum against the
spores.

Unfortunately, existing techniques for purification of
M. cerebralis spores are not entirely suitable for prepa-
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ration of antigens for use in immunologic studies. Ex-
raction of spores from infected fish by use of trypsin
(Landolt 1973) or trypsin and pepsin {Markiw and
woll 1974) may produce spores with an antigenic com-
position that has been altered by the protcolytic action
of the enzymes. Use of ether extraciion {(Landolt 1973)
in combination with enzymatic digestion could further
accclerate degradation of spore antigens.

The objective of our study was to develop a physical
separation technique for isolation of M. cercbralis
spores that are unmodified by the harsh enzymatic or
ether extraction procvedures used previously and are
uncontaminated by tissue debris. This paper describes
an cffective isolation technique that utilizes an agueous
polymer two-phase system.

Materials and methods — Rainbow trout, Salmo gaird-
neri, fingerlings were infected by exposure for five or more
months to M. cerebralis comtaminated mud. Spores obtained
by grinding of head cartilage were identified as M. cercbralis
by size and absence of an jodinophilic vacuole.

The head cartilage and spinal columns of the fish were
minced with a pair of scissors and then ground in a mortar
with a pestle. This material was further homogenized at
room temperature in a Waring Blendor for 1-3 min, filtered
through a double layer of gauze, and centrifuged at
10000 X g for 20 min at 4°C. The supernatant was poured
off. and the pellet was resuspended in saline (0.15 mol/L
NaCl) and centrifuged at 700 x g for 30 min. This pellet
was used for isolation of spores in the phase system.

The two-phase system was prepared from agueous stock
solutions of 20% (w/w) polyethylene glycol {PEG) 4000
{J. T. Baker Chemical Co.), 20% {(w/w) polyethylene
glveol (PEG) 6000 (I. T. Baker Chemical Co.}, and 20%
tw/w) dextran T 500 (Pharmacia Fine Chemicals, Uppsala,
Sweden). All stock solutions were stored at 4°C.

Isolation of spores by phase system partition using
dextran-PEG 4000 was achieved by mixing 1.0 mL infecied
debris, 3.5 mi 20% dextran, 3.5 mL 209% PEG 4000, and
20 mL saline (0.15 mol/L NaCl). Phase system partition
using dextran-PEG 6000 was achieved by mixing 1.0 mL
infected debris, 2.93 mL 20% dextran, 2.25 mL 20% PEG
6000, and 3.82 mL saline. The final phase system of dextran-
PEG 4000 contained 7% dextran and 7% PEG 4000. The
final phase system of dextran-PEG 6000 contained 5.86%
dextran and 4.50% PEG 6000. The tubes were mixed by
inversion 30 times. The phase system was then allowed
to separate for 30 min at room temperature, After separa-
tion, the top phase contained the spores. This phase was
drawn off, dituted with an equal volume of saline, and the
spores were collected by centrifugation at 800 x g for 10
min. The spore pellet was washed one time with saline. The
pellet of spores was resuspended in 1 mL saline. and re-
cycled through the phase system a second time. Spore sus-
pensions were counted in a hemocytometer.

A series of agueous two-polymer phase systems having
different ionic compositions and different separation prop-
erties were prepared as described by Walter (1975}, Briefly,
phase systems with the following compositions were pre-
pared: (a) 5% (w/w) dextran and 4% (w/w)} PEG 6000
containing 0.11 mol/L. sodium phosphate buffer, pH 6.8;
(b} -same polymer concentrations but 0.09 mol/L sodium
phosphate buffer and 0.03 mol/L NaCl; (c) same polymer
toncentrations but 0.06 mol/L sodium phosphate buffer and
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0.075 mol/L NaCl; (d} same polymer concentrations but
0.83 mol/L sodium phosphate buffer and 0.12 mol/L NaCl;
and (¢) same polymer concentrations but 0.01 mol/L
sodium phosphate buffer and 0.15 mol/L NaCl. All phase
systems were prepared te contain 2 mi. of top phase and
2 mL of the bottom phase. Partitioning of spores between
the phases was determined by hemocytometer counts. Data
is reporied as the percentage of spores added that part-
tiened into the upper phase.

Bulk phase potential differences were measured by a
modification of the techniques described by Reitherman et
al. (1973}, Electrodes were Pasteur pipeties filled with 1%
agar containing 3 mol/L KCI. A Beckman R411 Dynograph
was used to measure the electrical potentials. Data is re-
ported as the mean of at least five determinations.

Results — Both the dextran-PEG 4000 system and
the dextran-PEG 6000 system produced spore prepara-
tions that were largely free of tissue contamination as
shown by microscopic examination. Spores partitioned
into the PEG-rich upper phase, whereas tissue debris
partitioned into the interface and dextran-rich lower
phase. Tissue contamination could be further reduced
by repeated cycling of isolated spores in additional
phase systems.

An experiment was done to determine what physical-
chemical property of the myxosoma spore permits isola-
tion in a phase systern. Reitherman et al. (1973) have
shown that a phosphate buffer system produces a
measurable electrostatic potential difference between
the phases whereas NaCl produces no potential dif-
ference between the phases. Therefore, partitioning of
myxosoma spores was studied in the presence of vari-
ous concentrations of phosphate buffer and NaCl. Equal
concentrations of spores were added to each of the
phase systems described in Materials and methods.
After 20 min incubation at room temperature, the per-
centage of spores in the upper phase was determined
and compared with the measured potential difference
between the phases. The resulis (Fig. 1) showed that
essentially all spores were partitioned into the upper
phase, regardiess of the concentration of phosphate
buffer in the phase system, Thus, isolation of Af.
cerebralis spores in an aqueous two-polymer phase sys-
tem is due to surface properties of the spore other than
surface charge.

Discussion —— Liquid polymer phase systems have
been used successfully to isolate a wide variety of
biological products such as proteins (Albertsson
1965b}, nucleic acids (Albertsson 1965a), viruses
(Philipson et al. 1960), bacteria (Stendah! et al. 1973),
chloroplasts {Albertsson and Baltscheffsky 1963), and
mammalian cells (Brunette et al. 1968), The properties
and wvses of liquid polymer systems have been reviewed
extensively (Albertsson 1965b). Briefly, a system is
prepared containing a two-phase system such as the
water—ether separation ‘used previously (Landolt
1873) for isolation of M. cerebralis spores. If particles
are added to such a system, the particles distribute ac-
cording to their surface properties. The factors which
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Fic. 1. Partitioning of M. cerebralis spores into the upper
phase of a system containing 5% (w/w) dextran and 4%
{w/w) PEG 6000 at different sodium chloride and sodium
phosphate concentrations {(O). The electrostatic potential
difference (mV'} between the two phases is shown at each
salt ¢concentration { @ ).

effect partition inciude particle size and conformation,
hydrophobicity, and surface charge.

Some ions, notably phosphate, partition unequally
between the phases, producing an electrostatic potential
difference between the phases (Reitherman et al.
1973} . Partitioning of cells in such systems is due pre-
dominantly to cell surface charge (Reitherman et al.
1973; Walter et al. 1976). Myxosoma cerebralis spores
partitioned almost entirely into the upper phase, re-
gardless of the electrostatic potential in the phase sys-
tem, indicating that isolation of M. cerebralis in the
phase system was unrelated to surface charge. The
basis for partitioning of cells in an uncharged system
is not fully known, bt hydrophobicity is one likely
possibility, Walter et al. (1976) have reported that par-
titioning in uncharged systems is closely related to sur-
face lipid concentration, and Albertsson (1965b) re-
ports that the PEG phase is more hydrophobic than
the dextran phase. These results are in good agreement
with an earlier report by Landolt {1973) that M.
cerebralis spores partition into the hvdrophobic ether
phase of an ether—water extraction system.

An uncharged phase system is recommended for
isolation of M. cerebralis spores from infected fish.
Spores partition into the upper phase regardless of the
concentration of phosphate buffer; however, introduc-
tion of an elecirostatic potential into the system in-
creases the likefihood that contaminating fish tissue
will also partition into the upper phase, Thus, we
recommend that g phase system consisting of 5.86%
dextran and 4.5% PEG 6000 be used for routine isola-
tion of M. cerebralis spores from infected tissue, We
recommend the PEG 6000 system because this polymer
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has received the most extensive study with regard
induction of a potentizl difference by phosphate ions
(Albertsson 1965b; Reitherman et al. 1973; Walter
1975; Walter et al. 1976).

We have successfully used the liquid polymer phase
technique for detection of small numbers of spores
in populations of infected fish; however, the mechanical
disruption of infected tissue may be a less efficient
means for releasing spores than previously described
enzymatic procedures {Landolt 1973; Markiw and
Wolf 1974). The principal advantage of the liquid
polymer phase technigue is the fact that isolation is
based solely upon physical surface properties. The iso-
lated spores are unaltered by harsh isolation techniques
and are thus quite suitabie for biochemical and im-
munoiogical analysis. Continuing studies in our labora-
tory are directed toward appropriate immunochemical
studies of M. cerebralis because these may permil
identification of infected tissue.
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Myxosoma cerebralis: Isolation and Concentration from Fish
Skeletal Elements — Trypsin Digestion Method

Marsua L. LANDOLT
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LANDOLT, M. L. 1973, AMyxosoma cerebralis: isolation and concentration from fish skeletal
elements - trypsin digestion method., J. Fish. Res. Board Can. 30: 1713-1716.

An improved method for detection of Myxosema eerebralis spores is described. Spores
were freed from skeletal tissue by trypsin digestion and ether was used for purification of

spore suspension. As compared to mechanical

increase in observable spores.

grinding, this procedure resulted in a sixfold

Lanport, M. L. 1973, Myxosoma cerebralis: isolation and concentration from fish skeletal
elements ~ trypsin digestion method. J. Fish. Res. Board Can. 30: 1713-1716.

Nous décrivons une méthode améliorée pour la détection des spores de Myxostoma
cerebralis. Les spores sont dégagées du tissu squelettique par digestion tryptique, et on utilise
Péther pour purifier 12 Suspension de spores. Comparée au broyage mécanique, cette méthode
produit une augmentation de six fois du nombre de spores observables,
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WiIRLING disease, caused by the histozoic parasite
Vrxosoma cerebralis (Protozoa: Myxosporidea),
i a disfiguring and often fatal disease of salmonid
ushes (Hoffman et al. 1962). The trophozoites
‘ocalize in the cartilage of young fish and undergo
sporulation (Hoffman et al. 1962). The mature
spores then become trapped as the skeleton ossifies,
i be released primarily when the fish dies and
gecays, and secondarily to be shed with fecal pro-
ducts (Hoffman et al. 1962).

While heavy infections of whirling disease are
zasily diagnosed by identifying the spores in minced
<keletal tissue (Hoffman 1970; Lom and Hoffman
1971; Macl.ean 1971), lght infections or carrier
sates with low numbers of spores are difficult to
Zetect with present methods. For this reason, a
method for obtaining pure concentrations of spores
nas been sought that would facilitate the visible
detection of the parasite,

The most important defense mechanisms against
iavasion by pathogens in fishes are nonspecific
factors such as the body covering and the pH of
imestinal fluid (Lom 1969). Fish do, however, also
possess specific internal inflammatory responses
tion and Nielson 1971), and immunogiobulins
Summerfelt 1966; Snieszko 1970}, and immuniza-
don of fish against certain bacteria has been well
Jocumented (Klomtz and Anderson 1970). An

Frinted in Canada (J3071)

immune response to protozoa is well known in the
higher vertebrates (Garnham et al. 1963), and evi-
dence has been presented for a host response by
white catfish ({ctalurus carus) to the ciliate Tehthyo-
phthiring pultifiliis (Baver 1959; Beckert and Allison
1964). No immunological work has been done with
myxosporideans; however, Coccidia evoke a speci-
fic immune response in domestic animals (Horton-
Smith et al, 1963). Salmonids may well produce
antibodies on exposure to M. cerebralis. A pure
spore suspension will be required for the serclogical
detection of exposed fish.

Since spores of this parasite are embedded singly
throughout the bone and cartilage, and seldom
in discrete granulomas, the preparation of pure
spore suspensions is difficult.

MacLean (1971) outlined a procedure. for detect-
ing spores. Prasher et al. (1971) described a second
procedure which yielded concentrations of up to
70,417 spores/ml. Neither procedure, however,
gave pure suspensions of spores. Preliminary work
at this laboratory indicated that concentration by
sedimentation, density gradient, filtration, or sonica-
tion is not satisfactory for obtaining pure prepara-
tions of spores. The need for chemical digestion of
the skeletal elements was apparent; two enzymes,
pepsin and trypsin, proved to be the most effective
for releasing spores from cartilage. Rydlo (1971}
described the use of pepsin but expressed his resulis
qualitatively rather than guantitatively. Markiw
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Tasee 1. Increase in total number and concentration of Myxoesoma cerebralis spores at each
step of digestion procedure, based on the mean values obtained from 20 fizh.

Total no. . Increase over Conen Increase over
Treatment spores per ot initial count spores/ml initial conen
Decalcification
{initial count) 325,000 - 9,363 -
Trypsin, 12 hr 612,000 1.88 fold 61,200 6.53 fold
Trypsin, 24 hr 1,525,000 4.69 fold 152,500 16.28 fold
Acidification 1,750,000 5.38 fold 175,000 18.69 fold
Etherization 1,340,000 4.12 fold 134,600 14.31 fold
Final washing 1,840,600 5.66 told 184,000 19.68 fold
Pelletting 1,840,000 5.66 foid 101,200,000 10,800.00 fold

{personal communication) described the use of
pepsin followed by trypsin, with well gquantified
results,

The purpose of this paper is to describe the use
of trypsin to implement release and allow concen-
tration and purification of spores. This technigue
resulis in a new method of detecting spores, and it
provides a source of antigen which will permit the
exploration of immunological-serotogical proce-
dures for a more rapid and sensitive detection of
carrier or subclinically infected fish.

Methods

Rainbow trout (Salme gairdneri} ranging in size up
to 15 cm in fork length were killed and immediately
placed in 45 C water for 10 min to soften the flesh
(MacLean 1971). The skeletal elements, with the excep-
tion of the fin rays, were then removed, weighed and
placed in Decal®, a commercial decalcifying agent.
Since spores of M. cerebralis did not survive at a pH
lower than 2.0 it was necessary to raise the pH of Decal®
to 2.0-2.5 with 0.1 N NaOH., For purely cartilaginous
tissue 30 min was sufficient, but with increasingly bony
tissue the time required to decalcify the tissue increased
to as much as 12 hr. The softened tissue, after being
washed in distilled wafer, was ground in a mortar and
pestle or pushed through a garlic press in order to expose
maximal surface area to the digestion fluid. The ground
tissue was diluted 1:10 with water and duplicate spore
counts made with a hemacytometer,

The dlgest:on fluid consisted of 2.09 (w/v) soiutton
of trypsin in Hanks’ Balanced Salt Solution. The pH
of the solution was adjusted to §.0-8.5 with 0.1 N
NaOH and buffered with Tris® at pH 8.0. It was found
that spore survival was very low at pH 9.0 or higher.
To avoid bacterial growth, potassiun: buffered penicillin
G (10,000 TU/mb and streptomycin sulfate (10,060
pg/mi) were added to the digestion fluid, Fresh trypsin
was prepared for cach day’s use and clarified by pressurg
filtration through a Millipore microfiber prefilter.

The minced, decalcified tissue was placed in the

trypsin in a ratio of one part tissue 10 100 parts digestion
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fluid, and stirred constanily at 37 C for 18-24 hr. After
digestion, the solution was cloudy and contained con-
siderable tissue debris.

The material was centrifuged at 800 g for 10 min &
25 C and the excess fluid decanted leaving 10-20 ml fur
easy handling. Using 0.1 ~ HCI, the pH of the solui
was gradually lowered to 3.0. As the pH approacin.
4.0 the dissolved proteins were precipitated in a focwu-
lent form. If the drop in pH were too sudden the intern..
anatomy of the spores was converted to & homogenoous
mass. To this turbid solution an equal volume of ¢t
ether was added. The ether: spore suspension ratio cou '«
not exceed 1:1 because at low pH ether is more solul
and the spores became homogeneous intermally. T
ether was thoroughly mixed with the solution and alfowcs
to stand. As the ether rose to the top, all of the protain-
aceous precipitate, whose buovant density may hne
been altered, was carried up with i, leaving a clean
pure spore suspension in the bottom of the containes.
This clear suspension was immediately withdrawe,
centrifuged at 800 g for 10 min at 25 C and the solution
was decanted. The spores were resuspended in distifled
water and centrifuged (800 g, 10 min 25 ) twice, after
which the spores were resuspended in Hanks' BSS and
stored at 4 or =20 C,

Davis 1925 and Hoffman et al. 1962 speculated thi!
the number of spores formed in any given fish is fived
and that some spores are shed as the fish ages. Yours
fish, therefore, were considered preferable to mature 10
both for their greater ease in decalcification and highet
ratio of spores per gram of tissue. Only fish that were
l-year-old or younger were used in this series of tests.

This process takes 18-24 hr for its completion; how
ever, only a few hours of the biologist’s time are actuali:
required. This method also diminishes the amount !
time that has previously been spent in the tedious prove
of microscopically looking for spores.

Results

To compare the efficiency of recovery of sporer
using mechanical means and using trypsin digestion.
two lots of 10 fish were employed. All of thesc tish
were the same age, had been exposed 10 M. cerchrali
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amultaneousty, and maintained in the same aguar-
wnn In the first trial, each of the 10 fish was
rrocessed separately and duplicate spore counts
were made after each step of the procedure. The
\nitial count represenied the number of detectable
wores  following mechanical disruption of the
assue. In the second trial, the skeletal tissues from
21 10 fish were pooled and then divided into 10
«bsamples of equal weight in an attempt to mini-
mize differing degrees of infection among the fish.
Arain, duplicate spore counts were made after each
step of the digestion procedure. The combined mean
values from these two trials are presented in Table
1. After tryptic digestion and ether separation, ap-
proximately a sixfold increase over the initial total
number of recoverable spores was achieved. Centri-
jugation of the spore suspension yielded a packed
cell volume of 1,840,000 spores in 0.18 ml. Since
the Initial concentration was 9,365 spores per ml,
the final concentration of 101,200,000 spores per
m! represented about an 11,000-fold increase in
soncentration (spores per milliliter).

Since it is not possible to naturally infect fish
with a known number of spores, 100,000 spores
were added to each of 10 uninfected skeletons prior
1o mincing of the tissue. Obviously, this was an
srtificial situation and could not be compared with
infected material; however, this was intended only
a5 a control measure to help estimate spore loss
during the procedure. At the termination of the
digestion procedure, a mean number of 89,600
snores were recovered from each fish and represented
soproximately a 909 recovery. This indicated that
with careful handling and a minimal number of
transfers there should theoreticaily be little loss of
available spores.

At the termination of the purification process the

" spores were judged to be alive and undamaged in

that the sporoplasm, polar capsules, and polar
staments were intact. At this time the mucopoly-
saccharide envelope could also be demonstrated
after staining with India ink. The same conditions
prevailed after repeated freezing and thawing of the
spore suspension.

Discussion

The described procedure provides a new method
for the detection of M. cerebralis infections. This
process has two potential uses. First of all, it is
especially valuable in cases in which there are low
sumbers of spores that might escape detection by
surely mechanical means. By increasing the total
number of recoverable spores by a factor of six, the
hatchery biologist who is called upon to certify
certain lots of fish to be free of whirling disease

consequently increases his chances of recognizing
low-grade infections. Secondly, a potential source
of antigen has been made available. Because the
mugcus envelope is intact, because the spore wall is
not visibly disrupted, and because the internal
anatomy is not visibly altered after digestion and
purification, hopefully, the antigenic determinanis
on the surface of the spore as well as those con-
tained within the spore are intact and serological
detection of whirling disease will soon be imple-
mented. '
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Myxosporea: a New Look at
Long-known Parasites of Fish

J. Lom

With the identification of Myxosporea as agents of swimbladder inflammation (SBI) in carp,

and proliferative kidney disease (PKD) in salmonids, this group of over 1000 protistan species ~ 'nstivte of Parasitology,

Czechostovak Academy

has been_recezmng Tenewed attention. Almost all species are parasites of fish, and some can of Sciences, 370 05 Ceské
cause serious losses in commercial fish farms. Yet adequate control measures cannot be planned Budéjovice,

without clarification of basic features of the parasites’ life cycles and modes of transmission.  Czechosiovakia

In this article, FiF{ Lom reviews progress in understanding these biological puzzles.

Myxosporea have been known since the
early 19th century. Now about 1200 species
are recognized, in 46 genera. They consti-
tute a class of the protistan phylum
Myxozoa and are mostly parasites of fish1:2,
Histozoic species live in tissues, either in
intercellular spaces, in blood vessels or
within the cells, while coelozoic species
infect cavities — mainly of the gallbladder
and swimbladder. In both cases the trophic
(vegetative) stages grow in the form of small
or large plasmodia. In histozoic species the
plasmodia are encased by a layer of host fib-
roblasts and when full of mature spores,
they appear as cyst-like formations up to
several millimetres in size.

Within the plasmodia, in tightly firting
vacuoles, are numerous separate generative
cells. These cells produce multicellular
spores, either by direct division or in a spe-
cial formation known as pansporoblast.
The spore consists of a shell composed of
two or more specialized cells, containing an
infective sporoplasm, and nematocyst-like
polar capsules — refractile in live spores — con-
taining 2 coiled, extrudable polar filament.
Thus spores and trophozoites are both mul-
ticellular, with germinal cells separated
within a somatic plasmodium. This, and the
funcrional specialization of these cells, are
features that surpass the simple unicellular
level of most protistans. That is why myxo-
sporea have sometimes been separated from
the kingdom Protista as kin or degenerate
descendants of mulricellular organisms34,
but this view is no longer accepted.

The pathogenic potential of Myxosporea
was recognized at the beginning of this cen-
mury (Box 1). However most of the early
smudies described new species and their
morphology. About 70 papers were devoted
to myxosporean life cycles in the fish hosts
- often proposing very complicated
interpretations of life cycles, including
alleged gamete formation. In 1944, Noble’
summarized the main problems which

NN .

Fig. |. Typical myxosporean spores: fresh s
Naorth American ireshwater fish, lctiobus cyprinelfus (% 2100).

Fig. 2. Trophozoites of
Myxabolus cerebralis
digesting the head
cartilage of rainbow trout,
Salmo gairdneri (X 344),

{. Dykovs.
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The Myxospores life cydle
debate stll ropes. Wolf and
Markiw provided evidence
implying that when the
spores of Myxabolus
cerebrals gre ingested by
an intermediate host, they
develop into a
Tracinomyxon —a
rernber of the
Actnosporeq, g completely
different class within the
Myxasporea. This creoture
produces different spores
within the intermediate hest
and it is only these spores
which appear able to initiate
infection in the fish. If
confirmed, these findings
weouild indicate an
unprecedented life cycie
systern — with each
organfsm glternating two
fife cycles each with its own
sexual and esexudl stoges.
But if each myxosporean
has a corresponding
actinosporearn form, one
difficuity becornes
immedicately obvious —
currently the myxosporeans
greatly outnumber the
actinosporeans, particularfy
in the manine environment.

arose from controversial interpretations of
myxosporean sexuality and the way in
which the pansporoblast is produced. Much
later, electron microscopy revealed that
pansporoblasts were formed by the union of
wo generative cells® (Box 2), and photom-
etry’ appeared to confirm that autogamy —~
fusion of nuclei in the sporoplasm — is a
primitive, and the only, sexual process in
myxosporea. The known facts fitted 2 simple
itfe cycle (Box 2).

This Iife cycle diagram is based on two
assumptions: (1) transmission through
spores is direct; and (2) the sporoplasm,
once reieased from the spore, reaches with-
out delay the final site of infection where it
grows and gives rise to the sporogonic plas-
modium. Both assumptions have recently
been challenged (see below).

Transmission of Myxosporea
As early as 1895, Thélohan8 reported ob-
servations on the hatching of myxosporean

spores in the digestive tract, but most

attempits at experimental infection by peror-
ally administered spores have failed. Of the
few successes, most concern Myxobolus (=
Muyxosoma) cerebralis, using spores that were
left aging in water for at least four months’.
In Ceratomyxa shasta, a serious pathogen of
salmonids in North America, even this
method failed?® and led some authors to sus-
pect the presence of some unspecified infec-
tive agent other than the spore in the con-
taminated water10,

The failures of experimental infection
might be explained by the results of Wolf
and Markiw!L12. Supported by what seem
to be meticulously conceived and fool-proof
experiments, they reported that the spores
of Myxobelus cerebralis, when ingested by an

Box 1. Pathogenic Potential of Myxosporeans

Mysxosporean infections are for the most part relatively harmless, with insig-
pificant or moderate host reactions. However, heavy infection may cause
serions damage, either by numerous large cyst-like histozoic trophozoites,
or by lytic action?? of the trophozoite mass pervading the muscle tissue ac-
companied by various types of regressive changes —especially inflammatory
and granulomatous tissue responses to the parasites.

The first serious myxosporean disease described was the whirling disease
of culrered salmonid fingerlings caused by Myxobolus cerebralis?3:3%, This
disease destroys the cartilage (Fig. 2) and causes moverment disorders, and
frequently leads to host death. M. cerebralis is still a serious problem in trout
hatcheries, and we now know several other serious myxosporeoses both in
freshwater and in marine fish cultures where high densities of fish exposed
to various stress factors can provide conditions favourable for the spread of
ifection. It is chiefly the fry and fingerlings that are susceptible to myxo-
sporean epizootics. For example, juvenile salmonids in North America fre-
quently suffer from infection with Ceratomyxa shasta®, while juvenile carp
in European intensive cultures suffer from gill infection with Sphaerospors
molndri®, from kidney and swimbladder infection with 5. renicola® %8, from
brain mfecuon with M; yxobalus mcepkaim” and fmm fin mfecum mxh
Thelohanellus nikolskyi*®®.

- "F'6 date there is no eﬁicxent medzcanon agamst ﬁsh myxosporeeses, and
we urgently require clarification of the parasite transmission cyclesin arder
1o pian appropriate preventive measures,
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intermediate host (the oligochaete worm
Tubifex tubifex), developed intc a Triac-
tnomyxon - an. organism belonging to
another class of the phylum Myxozoa, the

Actinosporea. This creature produces quite

different spores in Tubifex and only these
spores, when released from the worm and
ingested by the trout, can initiate a M. cere-
bralis infection in the fish.

This surpnising finding met with consider-
able misgivings. It is an unparalleled case of
an organism alternating two different life
cycles, each with its own asexual prolifera-
tion and sexual process occurring at differ-
ent points in the cycle. If these findings
were confirmed, they wouid radically alter
our general concept of the life cycle and
taxonomy of Myxosporea. If we accept the
idea that each myxosporean has a matching
actinosporean representing the second half
of its cycle, then the relatively few actino-
sporean species are clearly outnumbered by
myxosporeans, and very markedly so in the
marine environment. However, since that
remarkable paper by Wolf and Markiw!3 in
1981, no-one else has confirmed their find-

ings.

Extrasporogonic Phase of the Life Cycle

In 1976, . Csaba, a fish pathologist in
Hungary, reported!* a pioneering finding of
a curious organism in the blood of finger-
lings of common carp, a fish whose blood
has been often studied in Europe during
many decades. Csaba found amoeboid
organisms, exhibiting a constant twitching
or -rotating on-the-spot movement. Giemsa
staining revealed a cell with up to eight
inner cells. It was difficult to assign them to
any protozoan group and therefore Csaba
called them unidentified extracellular pro-
tozoans!4, Subsequent epizootiological and
ultrastructural analyses have indicated!s
that these C-protozoa (for Csaba) or UBOs
(for unidentified blood organisms) might
represent a proliferative phase of the Lfe
cycle of Sphaerospora renicola, a common
myxosporean parasite of carp in intensive
cultures. Small sporogonic pseudoplas-
modia of this parasite live in the renal
tubules of carp. Soon afterwards, these
UBOs were found in many other countries,
and in other fish species harbouring other
species of Sphaerosporals,

This discovery prompted studies on
extrasporogonic stages which were not
involved in sporogenesis but were destined
to increase the number of parasites in the
host, They probably occur in the host both
before and during the sporogonic stages,
which is why the term extrasporogonic is to
be preferred.
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The stages of the second extrasporogonic
eyele of S, renicola {Box 3) pervade the ts-
sue of the swimbladder wall of small carp
fry. They give rise to swimbladder inflam-
mation (the stages are called SBI stages)
which is a serious disease in 2-4 month old
fry that can cause high mortality or growth
retardation. When the SBI stages are
injected into uninfected fry, they giverise to
sporogonic plasmodial? confirming their
relatdonship with S. remicola. A similar
swimbladder cycle has been found in tench
infected with Sphaerospora (W. Korung,
unpublished) and may be expected in other
hosts.

Intracellular Development and Host Cell
Hypertrophy : _
Intracellular development is no exception
in the life cycle of myxosporeans. Most
species of the order Multivalvulidal® Live
intracellularly in myocytes (eg. the Kudoa
and Unicapsula genera). Myxosporean gen-
era infecting the wurinary tract {eg.
Chioromyxum) have intracellular stages in
the epithelial cells, and even in the genus
Myxobolus, where most species live in inter-
cellujar spaces, some species are intracellu-
lar (eg. M. cyprini in myocytes).
Sphaerospora remicola has one or more
types of extrasporogonic development, rep-
resented by intracellular stages in renal
tubules. The infected cells are greaty
hypertrophic, and fuse together to form a
syncytium resembling a nodule full of para-
sites. These stages reach a high level of
structural complexity, but are then spon-
taneously degraded, become nonviable and
are eventually eliminated by the host tssue
reaction. Thus they seem to represent a
‘blind alley’ in the development of 5.
rentcola. These stages have been mistaken
for mophozoites of another kidney carp
myxosporean, 2 view still held by some!®.
Intracellular existence and extrasporo-
gonic development are combined in some
stages of Myxidium licberkithmi. This
species, found perhaps in all specimens of
pike (Esox lucius), forms large polysporic
plasmodia in the urinary biadder and small
trophozoites are found even in renal tubules.
In the renal corpuscles, nodulesup to I mm
long can be found, representing greatly
hypertrophic Bowman capsule cells filled
with numerous parasites. Earlier, some
authors? considered these nodules to be a
separate, rather enigmatic parasite called
Nephrocystidium pickii. The parasite stages
int the nodules consist of a primary cell con-
taining secondary, sometimes even tertiary
cells. Most nodules are destroved by the
tissue reaction, bui some may rupture
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Box 2. A Conventional Idez of a Myxosporean Life Cyele

An interpretation of the myxosporean life cycle, which was widely accepted
until the late 1970s, can be exemplified by the histozoic genus Myxebolus
which forms large sporogonic {spore-forming) trophozoites. A spore
hatches in the digestive tract of the fish {A), polar filaments extrude and the
amoebaoid sporoplasm escapes to complete a primitive sexual process of
autogamy in which the two haploid nuclei fuse to give rise to synkaryon (B).
If there are two uninucleate sporoplasms (as in Sphaerospora) they fuse ro-
gether to produce a zygote — the only uninucieate stage in the myxosporean
life eycle. This stage is supposed to reach - in an unknown way — the final
site of infection where it grows 10 become a sporogonic plasmodium. The
nucleus divides (C,D,E) until generative cells appear within the multinue-
leate plasmodium in addition 1o the many nuclei belonging to the plas-
modium iself (vegetative nucler). Finally a huge plasmodium is formed, a
sector of which is shown in F. In other genera, the plasmodium may be small
with just one vegetative nucleus {pseudoplasmodium) that produces only
one or two spores. Coelozoic plasmodia generally divide by cleaving info two
or more parts {plasmotomy) or by producing outer or inner multinucieare
buds. In Myxobolus, two generative cells unite, one becoming the pericyte
enveloping the inner one, which becomes the sporogonic cell (G, H) thus
giving rise to a pansporoblast (J), a special spore-producing structure. The
pericyte rermains a mere envelope, while the sporogonic cell divides to pro-
duce the number of cells necessary to complete two sporoblasts (valvogenic
celis produce shell valves, capsulogenic cells produce polar capsules and a
sporoplasmmic cell) which then mature (K) to become spores (L). As the
sporobilast is formed, its cells are supposed 1o undergo a one-step meiosis to
reach the haploid statelé,

In pseudoplasmodia of Sphaerospora, and also in some large plasmodia
such as Kudoa, spores are produced without pansporoblasts by direct divi-
sion of generative cells.

to release parasites into the tubular lumen
where they may develop into sporogonic
plasmodia. The hypertrophic host cell
rogether with 1ts  parasites forms a
physiological unit similar 1o that found in
cells infected with the microsporidian
Glugea?! and known as a xenoparasitic com-
plex or xenoma.

Hyperwophy of the host cell can also be
induced by contact with the myzosporean,
without actual infection of the cell. Such
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Fig. 3. Myxidium lieberkiihni: a primary cell enveloping a secondary cell (correspond-

ing to Ain Box 3). Thisisach
of enveloping {primary) cells

Whirling disegse

- Myxobolus cerebralis
invades host cartitagenous
tissues, including those of
the brain, ond digests the
host's cartifage; this leads to
rrovemnent disorders and
may eventudlly lead o
deqth,

Proliferative kidney diseass
- in saimonick, the
Mmyxesporean
extrasporogonic PRX cell
stage of Myxdium
lieberkuhni con inftiote ¢
disproportionately qoute
host reaction in the fumen of
the renal twbule and
consequently cause
extensve damage o kidney
tissue,

Swimbladder inflammation
~ the stages of the second
extrasperogonic cycle of
Sphaerospora renicola
imnvade the swimbladder woll
of srnaill carp fry. thus
initicging a hast
inflarmmatory immune
response, which ¢an prove
debiltarory or fatal,
particularly in two to four
miorth old fy.

aracteristic of myxosporean cells, that all stages consist
conraining enveloped (secondary) ones.

‘contact hypertrophy’ has been observed in
Thelohanellus pynformis infection of tench
branchial arteries when a huge hyper-
trophic endothelial cell becomes wedged in
the interior of a sporogonic plasmodium.
This is probably to enlarge the host-parasite
interface in order to improve nutrient
uptake by the parasite22,

Proliferative Kidney Disease of Salmonids

A very special case of eXtrasporogonic
developmiental stage is the ‘PKX cell’ — the
agent of proliferative kidney disease (PKD)
of salmonids. This disease often inflicts
heavy mortalities in rainbow trout finger-
lings and is thus of great concern for trout
fisheries. The protozoan found in the kid-
ney of diseased fish was first thought to be
an amoeba?. Later, haplosporean affinities
were suggested?* because of the presence of
small dense bodies in its cytoplasm which
were reminiscent of haplosporosomes -
inclusions typical of haplosporeans. More
recently, comprehensive evidence has
emerged that the PKX is 2 myxosporean?s,

Even a small myxosporean cell complex
(UBQ stage or PKX) can now be distin-
guished from other organisms parasitic in
the fish host. Invariably, there is a primary
cell with one or a number of secondary ones,
and perhaps with tertiary cells. This is a fea-
ture known in myxosporeans and hapiospo-
reans such as Maneilia. However, myxo-
sporean secondary (and generative) cells
have a characteristic bundle of microtubules
close to the nucleus and lack a centriole.
Secondary cells also have numerous free
ribosomes in their cytoplasm and pseudo-
podia-like cell extensions.
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The primary PKX cells contain second-
ary and tertiary cells and are found among
interstitial cells of the kidney, and in blood
vessels and other organs. They provoke a
disproportionately acute host reaction man-
ifested by interstitial hyperplasia and granu-
lomatous interstitial nephritis. These cells
migrate into the lumen of the renal tubules,
where the primary cell is shed from the sec-
ondary cells which then develop into a
sporogonic stage producing sporoblasts.
These sporoblasts are similar to those of
Sphaerospora and Parvicapsula, bur in sal-
monids they never develop into a mature
sporeZ. The heavy host reaction, as well as
the failure to complete the spore develop-
ment, lend support to the idea that PKX is
a myxosporean parasite of some other fish
living in the water in which the juvenile sal-
monids were released. Salmonids are sus-
ceptible to infection, but - as nonspecific
hosts ~ do not provide conditions pecessary
for spore production.

Developmental Stages of Myxosporea in
Nerve Axons

Among the Myxosporea, extrasporogonic
stages dispersed in tissues, with the absence
of conspicuous refractile spores, casily
escape attention. Rare observations of these
stages include the organisms found in the
skin of rainbow trout? or in more unusual
sites such as the axons of several species of
fish?” and an amphibian®. The axonal
stages contained numerous secondary cells
within 2 large primary cell (plasmodium),
greatly distending the myelin sheath. It is
not clear how the parasite gets into the axon,
nor whether the axonal stages are just early
proliferative stages or if they later transform
into sporogonic plasmodia. In bullheads
(Cottus gobio), sporogonic plasmodia of a
new Myxobolus species do develop within
the enlarged axons (J. Lom, S. W. Feist, 1.
Dykovi and T. Kepr, unpublished), but in
other species the true nature of axonal stages
is sulll 1o be solved.

How Does a Myxosporean Infection end?

Infection with coelozoic species of
Myxosporea, where the plasmodia con-
stantly divide and produce spores, may last
a long time although the exact duration has
not been determined experimentally. The
small plasmodia of Sphaerospora in kidney
tubules exhibit seasonal variation in spore
production.

In histozoic plasmodia, spore production
is synchromous and eventually the plas-
modium becomes an envelope full of
spores. If there is a natural outler, as in plas-
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modia sited in the gills, skin or intestine,
then the spores may be released from the
envelope and the tissue lesion is repaired. At
other sites, once the spores are mature the
plasmodium is attacked by the host tissue
reaction and is destroyed through granuloma
formation. Usually the spores are ingested by
macrophages and transported into melano-
macrophage centres in the kidney, spleen
and liver where they are completely digested.
Thus it seems that transmission of some
histozoic species depends on death of the
host and its decomposition (or perhaps
ingestion by other animals) to release the
spores.

The full life cycle and mode of transmis-
sion of myxosporeans clearly requires
clarification before adequate measures to
control species pathogenic to fish can be
applied. In particular, the Wolf-Markiw
hypothesis on the transmission of M. cere-
bralis requires further study. If it is true,
does it apply to other myxosporeans? Also,
is the extrasporogonic development outside
the final site of infection a general rule for
the group, or does it apply only to genera
such as Sphaerospora and Myxidium? One
thing is clear: in view of the irregularities
displayed by the vegetative stages of certain
species, the events taking place in some gen-
erd need not necessarily apply to all.

Myxosporeans are generally well adapted
to their hosts so that young sporogonic
stages, before spore maturation, evoke
practically no tissue reaction?®. But the SBI
stages and the PKX myxosporean both pro-
duce a heavy host reaction causing serious
disease. In the case of PKX, this may be
because salmonids represent an ‘unusual’
host, while in the case of SBI this may
reflect recent adaptation of this stage to life
in the swimbladder.

Yet the origin of myxosporeans is a
perennial puzzle. Speculatdon on their
phylogenetic origin must take into account
the similarities between the polar capsule
and the nematocysts of the coelenter-
ates$-30.31 _ which seems impossible to inter-
pret in terms of convergence. Did myxospo-
reans evolve from some protistans, or could
they be descendants of coelenterates
degraded by parasitism? Parasitic coelenter-
ates are known in fish, for example
Polypodium hydriforme in sturgeons has very
primitive larval stages.
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A8STRACT:  The spore of Myzosome cerebralis is redescribed and compared with that of a close relative,
M. cartilaginis. M. cerebralis is smaller, with greater variability in size and shape, It possesses a mucous
envelope whereas M. cartilaginis does not, The surface architecture of M. cerebralis, as seen with the
scanning electron microscope, differs in possessing a conspicuous circumsutural groove, prominent polar

filament pores, and & mucous envelope.

Since a unanimous decision on the correct
generic status of M. cerebralis has not been
reached, we continue in this paper to ecall this
species Myxosoma cerebralis, in spite of the
views of Walliker (1968) and Lom (1969),
who do not consider the absence of the iodin-
ophilous vacucle as adeguate reason to war.
rant generic separation of Myxobolus and
Myxosoma and consider the latter a junior
synonym of the former. Myxosome cerebralis,
one of the most notorious mvxosporidean spe-
cies, is the causative agent of whirling disease
of salmonid fish. This parasite, discovered firs
in Germany, has been subsequently found in
other European countries, the United States,
far eastern USSR territories, and even South
Africa (Hoffman, 1970). According to Shul-
man (1966) and Hoffman, Dunbar, and Brad-
ford (1968) it has thus far been found in the
following species: Oncorhiynchus gorbuscha,
O. keta, O. kisutch, O, masu, O. tshawytscha,
Salmo gairdneri, 5. salar, 5. trutta, Salvelinus
fontinalis, S. leucomaenis, S. malma, S. namay-
cush, and Thymallus thymallus, Quite recently,
whirling disease has been reported to have
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spread through additional areas of the United
States {Hnath, 1970; Yasutake, 1970).

While Shulman (1966) supposes that M.
cerebralis has long had an holarctic distribu-
tion, occurring in naturally infected water res-
ervoirs or streams from which it is able to
spreadd and infect cultured salmonids, it is
generally assumed that the recent appearance
of M. cerebralis infections in North America is
due to the importation of infected fishes from
Europe. The final solution of this -problem
would require, among other things, a complex
comparative analysis of M. cerebralis from
European, Asian, and American sources, includ-
ing a detailed morphological evaluation. Such
a morphological analysis would rely largely on
the morphology of the spores snd similar com-
parisons should also be made for other myxo-
sporidean species. Curiously enough, no accu-
rate description of spores of M. cerebralis is
offered in the literature.

Kudo (1920), in his now classical mono-
graph, used spore drawings made by Plehn
(1504). These rather simple drawings show
certain degree of spore variability, and depict
the spores as having a protruding and narrow
sutural valve. The more recent and authorita-
tive monograph of Shulman (1966} again uses
the drawings of Plehn, in addition to more re-
cent but schematic drawings of the spores. In
other publications on 31. cerebralis, the spores
are also represented verv schematically. Every.
one seems somehow to take the definition of
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M. cerebralis for granted, and vet it may be
very desirable, for practical reasons, to know
the degree of differences, biclogical as well as
morphological, among the populations of AL
cerebralis from individual species of salmonid
fishes and its difference from populations in
other possible hosts. Ramirez Medina {1962),
e.g., reported M. cerebralis also from Tince
tinca, Gobio gobio, Esox lucius, and Perca
fluviatilis; Volf (pers. comm., 1965} found an
allegedly different strain (or species?) of M.
cerebralis in Thymallus thymallus. An exact
knowledge of the spore would therefore be
very useful for purposes of definitive determi-
nation.

A well-Hounded differentiation of M. cere-
bralis from other cartilage- and bone-invading
species of Myxosema such as M. hoffmani, M.
dentium, and M. cartilaginis would also be use-
ful. In the case of the last species, the authors
themselves point out its close resemblance to
M. cerebralis, claiming that the spore differs
mainly in being larger.

The purpose of this communication is to give
an accurate redescription of the spore of M.
cerebralis and to point out how the spore could
be used for differential diagnosis, using as an
example the cartilage-invading M. cartilaginis.

MATERIALS AND METHODS

Only fresh {not preserved} spores were used for
our observations, since fixation causes changes in
size and structure of the spores { Kudo, 1021}, The
spores of M. cerebralis were obtained from trout
fingerlings (Salmo gairdneri) artificially infected
at the Eastern Fish Disease Laboratory, The fish
and infections were about 5 months of age. Spores
of M. cartilaginis were retrieved from moderate in-
fections in bluegills { Lepomis macrochirus) from
rearing ponds at the Eastern Fish Disease Labora-
tory. No special methods were necessarv because
large masses of spores were obtained almost com-
pletely free of other particles.

It is difficult to separate the spores of M. cere-
bralis from fish tissue, Halved fish heads were
digested in aqueous pepsin-HC] solution {pepsin
0.5%, HCl 0.5%:) at 3% C for 2 hr. The softened
tissue was removed under the dissecting microscope
with forceps and the remaining skeletal parts
macerated with a mortar and pestle. The macer-
ated material was screened through 224-, 154.
and 70-u mesh screens to remove tissue and the
spores were allowed to seitle out at 8 C. These
spores were not visibly different from those not so
treated.

In addition to the direct observaton of the
above spores. photomicrographs were made by
employing the technigue described in an earlier
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paper (Lom, 1969). To reveal the presence of
mucous envelopes we used the simple India ink
technique {Lom and Vavra, 1963).

For scanning electron microscopy, the spores of
31, cerebralis were prepared essentially aceording
to the technique of Marszalek and Small (1969},
The fresh spores were further separated from the
tissue debris by means of pipettes and micropi-
pettes, end a drop of the suspension with concen-
trated spores was placed on 2 microscope slide.
The spores settled and adhered slightly to the
glass surface, allowing for further washing by add-
ing and withdrawing distiied water by micropi-
pettes. After several such washing procedures,
spores were covered by Parducz fixative (1 part of
saturated HgCl: to 6 parts of 25 osmic acid) for
about 6 min, after which the spores were thoroughly
washed on the slide with distilled water.

Props of spore suspension of about the size of a
pinhead were placed on the supporting specimen
stubs, several drops to each specimen stub. Some
of the stubs were coated thinly with a toluene
extract of the glue from the transparent double-
coated tape (3M Corporation} for better adhe-
sion and to minimize the static charge of the
specimen, The spores were then allowed to settle
in the drops and were quickly frozen by plunging
the stubs into liquid nitrogen. The subsequent
sublimation was performed overnight in a tissue
lvophilizer. After 2 thorough gold coating the
stubs were examined with a Cambridge Stereoscan
Mark III electron microscope operated at 10 and
20 kv accelerated voltage. Qur atterpts at prepar-
ing sections for electron MICroscopy were unsuc-
cessful.

RESULTS

{a) Myxosoma cerebralis {Hofer, 1930). In
frontal view (perpendicular to the sutural
plane) the spores are mostly broadly oval,
sometimes more elongated, rarely completely
circular, and exceptionally broader than long
{Fig. 1). Although it does not show in the
photomicrographs, the spores are often asym-
metrical. In side view they are broadly lentic-
ular, both shell valves being considerably
vaulted, sometimes one more than the other
The dimensions of 40 spores taken from 5., 8-
and 1l-month infections were: length 8.7
(74 to 9.7) p, width 8.2 (7 to 10) g, thick-
ness 6.3 {6.2 to 7.4) .. The spore wall could
not be measured accurately but appeared to be
about 0.25 4 thick. When viewed from the
polar capsule end, three verv faint striations
{grooves?) were seen on some specimens in
bright light microscopy.

The oviform polar capsules measured 5.1
(5t086) by 3.2 (3 t0 3.5) u. Rarely, one polar
capsule is slightly larger than the other. As a
rule, there is no true intercapsular appendix; in
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Figure 1. Variation in shape of fresh Myxosoma cerebralis spores from rainbow trout fingerlings.
The most typical spores are in the right column—spores are oval, almost circular in outline with equal
polar capsules. The left colurn shows rather aberrant spores, either by shape or hy unequal size of polar
capsules. X 3,000; the line indicates 10 4.

most cases the border of the shell valves at the
anterior end is only slightly thickened on the
inner face, forming a ledge separating the dis-
charging canals of the polar capsules. The
hypothetical extensions of the longitudinal axis
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of the capsules alwavs cross anteriorly but the
converging pointed anterior ends of the cap-
sules sometimes just overlap in the front view,
sometimes lving more or less apart. The fla-
ment usually makes five or six coils, rather
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loose and irregular, inside the capsule; it is
not very distinet in this species.

In front view, the posterior horder of the
spore does not exhibit any distinct markings,
but the inner outline of the posterior border is
generally uneven. India ink reveals a typical
mucous envelope around the posterior end of
the spore (Figs. 2-4). One of us {J.L.) ob-
served this mucous envelope on Al cerebralis
sometime ago in France on spores not treated
with pepsin digest solution; it is evidently a
constant character of fresh spores. After a
period of storage in the refrigerator, the mucous
coat diminishes a little, but persists for months.
The sporoplasm with two nuclei fills the rest
of the spore space.

Observed in the scanning electron micro-
scope, the spores of M. cerebralis are charac-
terized by the presence of a deep ridge running
parallel to the sutural border. Our experience
with scanning electron microscope observations
of myxosporidean spores is limited, but we did
not observe such a deep furrow in spores of
several other species. The furrow eircumvents
the thickened part of the sutural border of the
anterior end of the spore. The sutural border
of the valve bears at that spot an opening which
Is presumably the mouth of the discharging
canal of the polar filament (Figs. 8, 7). The
openings seen in Figure 7 are obviously an
anomaly, or one opening split into two; in
Myxosoma and Myxobolus, each of the two
valves bears the opening for the filament of one
of the polar capsules (Lom, 1964). Here again,
an open, gaping discharging canal in the shell
valve border is different from the spores of
other myxosporidean species observed thus far.

The shell valves of the spore are shrunk a
little in most of the spores, more posteriorly
than anteriorly, where the rigid polar capsules
give support to the spore wall. The degree of
shrinkage in individual spores varies, but as 2
rule the majority of all observed spores always
reveals some degree of shrinkage.

Posteriorly, the surface of the spore is cov-
ered by an irregular network of intertwined
strands, which represent constituents of the
mucous envelope. Some of the thin mucous
strands are also seen to cross the circumsutural
furrow (Figs. 6, 7). In some of the spores,
the shell valves are clearly asymmetrical (Fig,
3).
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b} Myvosoma cartiloginis (Hoffman, Putz,
and Dunbar, 1965). In frontal view (Fig. 8)
the spore is oval, of a very regular shape and
a quite uniform size—11.25 (10.7 te 1L.7) by
9.5 (9 to 10) p. The variation is thus less than
in Af. cerebralis. The present measurements
are onlv shightly larger than those given in the
original description by Hoffman et al. (1965).
There are six to nine, usually eight, rather in-
distinct sutural markings at the posterior horder
of the spore. Anteriorly, there is a triangular
thickening .of the spore wall border. In side
view, the spore is broadly lenticular. The two
always equal polar capsules converge less than
in M. cerebralis, forming a smaller angle, and
their pointed anterior ends pever overlap in
front view. The size of the capsules averages
5.75 by 3.8 u, varying very little, There are
usually seven coils of polar filament in the cap-
sule, the threads being tightly but not very
neatly arranged.

There is no mucous envelope around the
spore, and no jodinophilous vacuole in the bi-
nucleate sporoplasm filling the rest of the space
within the spore.

In the scanning electron microscope, the
spores Teveal a smooth surface without any
trace of mucous strands, and there is no furrow
parallel to the sutural line of the spore {Figs. 9,
10). In most cases, the surface of the spore is
rather shrunken into furrows and ridges, and
only a small number of spores seems to have
resisted shrinkage.

CONCLUSIONS

We intentionally refrained from presenting
drawn pictures of spores, which, though being
easier to reproduce than photographs, represent
a certain risk of schematization, do not accu-
rately illustrate how the spores look in the
microscope, and are less suitable for demon-
stration of variability. Our material clearly in-
dicates the differences between the two spe-
cies and we hope the same scrutiny will he
done with other Myxosoma species. In the
case of M. cerebralis, these initial obsersations,
performed on material from tvpical cases of
whirling disease, should be followed by a study
of variation and distinetions of various strains
from different hosts and areas of distribution,
Combined with a computerized, statistical
evaluation of guantitative data, it should vield
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Froures 2-4. Fresh spores of M. cerebralis in India ink to show the mucous envelope unpenetrated
by the suspended India ink particles. The mucous coat is especially thick on the posterior half of the
spore, These spores were recovered from a rapid digestion sample. x 3,000,

Freures 5-7. M. cerebralis spores as seen in the seanning electron microscope. 5. The spore wall re.
veals almoest no shrinkuge; one of the shell valves is more vaulted than the other. The furrow along the
sutural line is quite distinct. X 8,500. 6. The spore in an upper anterior view. Notice the characteristic
furrow parallel to the sutural line, the fine mucons strands concentrated on the posterior half of the
spore, and the seemingly open canal for filament discharge in the thick sutural border of the shell valve
at the left. % 11,600. 7. Same as in Figure 6: the opening of the cunal for filament discharge seems to
be split into two,
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Figure 8. Fresh spores of M. cartilaginis from the bluegill. Note uniform appearance of this group
of spores selected at random. X 2,800; the lne indicates 10 .

Ficures 9, 10. M, cartilaginis spores seen in scanning electron microscope. 9. With smooth shel. 10,
With the usual, somewhat shrunken appearance of the shell. In both cases, note absence of furrow along
sutural line as well as lack of mucous strands on the surface.

a solid base for species and strain distinetive-
ness in Myvosoma and Myxobolus.

We would like to avoid giving the impression
of mistaking a single developmental stage, the
spore, for the whole organism with all its de-
velopmental changes and stages. The impor-
tance of the spore shape and structure is due to
a well-known lack of really distinet characters
of the trophozoite, both on the light micro-
scope and on the electron microscope level

Although the spores of both species here
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reported were not treated in exactly the same
manner, we feel that the differences cited will
prove to be valid. The study of M. cerebralis
spores is not possible without using a concen-
truting technique, There is no mdication that
the mucous emvelope of M. cerebralis is pro-
duced during pepsin digestion because we saw
it previously on spores not so treated. The
mucous envelope has also been observed on
other Myxosporidea not treated with pepsin
solution (Lom and Vawvra, 1963). The spore
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wall of M. cerebralis is so tough that it is dif-
ficult to believe that pepsin solution would
produce the spectacular furrow,

In addition to light microscopy to chserve
the shape and inner structure of the spore, we
used scanning electron microscopy to bring out
the surface patterns. Thus far, no data exist
on this subject in Myvxosporidea, but the ultra-
fine outer sculpturing and surface patterns re-
vealed by this technique may be of great inter-
est for taxonomy. Sutural markings, ridges, and
folds can sometimes be seen on fresh spores of
Myxosoma and Myxobolus; it is probable that

this was accentuated by our preparation meth-

ods, resulting in shrinkage of the spore wall
{Figs. 6, 7, 10). In fresh spores, such folds
may be made more distinet by vital staining
and, in fact, they do not represent artifacts.
The smooth-shelled spores (Figs. 5, 9) seem
on the other hand always to represent a small
part of the sample, and appear sometimes even
more swollen than natural; the possibility is
not excluded that they are rather immature
spores,
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Detection of Myxobolus (Myxosoma) cerebralis in
Salmonid Fishes in Oregon

H. V. Lorz
Department of Microbiology, Oregon State University, Corvallis, Oregon 97331-3804, US4
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Oregon Department of Fish and Wildlife, Department of Microbiology, Oregon State Unjversity

J. 8. Ronovec!
Department of Microbiology, Oregon State University

Abstract. — Myxobolus (Myxosema) cerebralis, the etiological agent of whirling disease, was de-
tected in satmonid fish populations in northesstern Oregon. This is the first record of A, cerebralis
in the Pacific Northwest of the USA. During an epizootiological survey for the parasite, two
methods for spore detection were compared, and ar efficient procedure for determining M. cere-
bralis infection in adult fish was developed. The enzyme digest method was more efficient than
the plankton centirifuge procedure for examination of numerous individual lots of fish processed
during the survey. Sampling only the area around the otoliths was at least as effective as sampling
entire heads for detection of spores in infected fish.

Whirling disease, caused by Myxecbolus (Myxo-
soma) cerebralis, infects all species of salmonid
fish except lake trout Salvelinus namaycush
{O’Grodnick 1979). The disease occurs in Europe,
the United Kingdom, New Zealand, South Africa,
the USSR, and the USA (Halliday 1976; Hoffiman
1976; Hnath 1983). Within the USA, the geo-
graphic range includes several eastern states and,
until recently, only California and Nevada in the
West (Halliday 1976; Hnath 1983). Ayxobolus
cerebralis is one of two fish pathogens covered in
laws regulating importation of fish into the coun-
try. The discase s also included as one of concern
in the fish disease control policies of other inter-
national, national, regional. and state govern-
ments (Rohovec 1983). Because of importation
regulations, efforts have been made to improve
the efficiency and accuracy with which the pres-
ence of M. cerebralis can be detected in fish tissues
(Landolt 1973; Contos and Rothenbacher 1974;
Kozel et al. 1980; Markiw and Wolf 1980). The
enzyme digest method (Markiw and Wolf 1974a)
and the plankton centrifuge method (O’'Grodnick
1975) are techniques currently used to diagnose
whirling disease. Microscopic examination of
preparations that reveals spores showing mor-
phology similar 1o that of M. cerebralis provides
presumptive diagnosis of whirling disease. Con-
firmation of parasitism by M. cerebralis is made

! Toe whom correspondence should be addressed.

either by detection of spores in histological prep-
arations of cartilaginous tissue {Plehn 1904) or by
specific Auorescent antibody techniques {(Markiw
and Wolf 1978). Previously described methods are
for diagnosis of whirling disease in juvenile fish,
and none have been tested with infected adults.

In late 1986, M. cerebralis was detected in pop-
uiations of juvenile rainbow trout Oncorhyvnchus
miykiss (formerly Salmo gairdneri) and brook trout
Salvelinus fontinalis at a privately owned site in
northeastern Oregon. This first observation was
followed by detection of the parasite in feral pop-
ulations of these two species and of chinook salm-
on Oncarhynchus tshawytscha in nearby areas, The
discovery provided both an opportunity o test
methodologies for detection of the parasite in
adults and an impetus te broaden an epizootio-
logical survey already in progress,

In this report, we document the presence of M.
cerebralis in Oregon and describe our detection
method. During an epizootiological study of
whirling disease in the state, we compared mod-
ifications of the currently used diagnostic proce-
dures and examined methods for detecting M. cer-
ebralis in aduit salmonids.

Methods

Detection of M. cerebralis in Oregon. - Feral figh,
primarily juvenile rainbow trout, sieelhead (anad-
romous rainbow trout), brook trout, cutthroat trout
Oncorhiynehus clarki, kokanee (Iacustrine sockeye
salmon Oncorhynchus nerka), and coho salmon
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Fioure |.—Major watersheds in Oregon from which salmonid fsh were collected for detection of Myxobolus

cerebralis.

Oncorhynchus kisutch, were seined, angled, efec-
trofished, and trapped from major watersheds
throughout Oregon (Figure 1). Sorne samples were
collected at state and private hatcheries. Adult
steethead and chinook salmon that had returned
from the ocean to areas in northeastern Oregon
were also examined for M. cerebralis.

In the epizootiological study, approximately 350
samples embracing more than 4,000 fish were coi-
lected. Eniire fish or heads were frozen and deliv-
ered to the Iaboratory. At most sites, some heads
were fixed in 10% buffered formalin, and these
were included with many of the samples for his-
tological examination. The frozen samples were
processed and examined by methods similar to
those in Amos (1983). Samples that contained
spores of the size and shape typical of M. cere-
bralis were presumed positive; confirmation was
magde by histological examination. For histology,
the portions of the preserved heads containing the
sermicircular canals and otoliths were decalcified
for 3d in CAL-EX Il (Fisher Scientific, Pittsburgh,
Pennsylvania) and then rinsed in Bowing water for
3—4 h, Tissue samples were placed in 70% ethanol,
processed in an ethanol=xylene series, and embed-
ded in paraffin. Seven-micrometer-thick sections
were cut, stained with May-Grinwald Giemsa,
and observed micrescopically.

194

Comparison of detection methods. - Fifty juve-
nile rainbow trout averaging 179 mm in fork length
were coliected from a hatchery where whirling dis-
ease was confirmed. The heads were severed just
behind the opercula. The gills were removed and
each head was cut in half longitudinally to provide
material for detection of M. cerebralis by the en-
zyme digest and plankton centrifuge methods. The
tissue was pooled (50 halves) and heated at 50—
60°C for 15 min. The heads were defleshed and
approximately 30 g of material was processed by
one or the other method as described in Amos
(1985). We varied the procedure for the enzyme
digest by using formalin instead of serum to stop

FiGURE 2.~ Dorsal and lateral views of an adult salm-
on head, indicating the location for obtaining a core
sample for examinations for Myxoboluz cerebralis.
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FIGURE 4. - Wet-mount preparations from juvenile rainbow trout containing spores of Myxobolus cerebralis
obtained by {A) the plankton centrifuge method, and (B) the enzyme digest method. Bars = 10 um.

slide was searched until M. cerebralis spores were
detected or until an area of 22 mm? had been
swept.

Results
Detection of M. cerebralis in Oregon

Spores of M. cerebralis were detected in feral
fish collected in the Grande Ronde and Imnaha
river systems. Furthermore, typical spores were
found in captive fish thait had been transferred
from a single contaminated source into ponds in
these two sysiems and in the John Day, Umatilla,
Powder, and North Santiam systems. In some
samples, two different sizes of spores with similar
morphology were observed. When histological
sections were examined, these spores could be dife
ferentiated by their ussue tropism (Figure 3).
Spores parasitizing the nervous tissue of fish were
from an unidentified species of Myxobolus.

Comparison gf Detection Methods

Spores were easier 1o detect in the reduced level
of background debris resulting from the enzyme
digest method than they were after centrifugation
(Figure 4). Averagesof 12.5 x 10%and 3.75 x 1{*
spores/ml. were detected in the enzyme digest and
plankton cenirifuge preparations, respectively.

Comparison of Sampling Methods

Two of 20 fish whose entire heads were pro-
cessed were positive for M. cerebralis. The 20 fish
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from which cores were examined included 6 in-
dividuals positive for M. cerebralis.

Discussion

This report documents the occuwrrence of A
cerebralis in Oregon and the first observation of
the parasite in the northwestern USA. An epizo-
otiological survey indicated that M. cerebralis is
confined to a relatively small area of Oregon, but
has produced no indications of how introduction
into Oregon occurred. Severa! possibilities exist.
(1) The parasite may have been present for many
years but was not detected until fish were reared
in an environment ideal for development of clin-
ical whirling disease (rainbow trout in earthen
ponds with low water exchange). (2) The parasite
may have been introduced with infected anadro-
mous salmonids that strayed from regions where
the disease is enzootic. {3} Contamination may
have come from the Owyhee-~Snake river system
arising in Nevada, a state where M. cerebralis has
been detected. {4) The disease may have been in-
troduced with processed fish or (8) imported with
fish that had been examined but in which the par-
asite went undetected. Epizootiological studies will
continue to define the geographic range of the par-
asite more accurately.

During the epizooticlogical survey, we com-
pared the efficiency of two different methods for
detecting M. cerebralis in juvenile fish. Spores werg
gasier to detect by the enzyme digest method be-
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Fiaure 3. —Histological sections of salmonid heads. (A} Cartilage containing spores of Myxobolus cerebralis; bar
= 36 um. (B) Brain tissue containing spores of ar unidentified species of Myxobolus: bar = 24 um.

digestion and resuspend the pellets. The spores
were counted with a hemocytometer,

Comparison of sampling methods. —To com-
pare methods for sampling tissue 1o be screened
for M. cerebralis, 40 adult chinook salmon were
1aken from a parasitized population returning to
a northeastern Oregon hatchery. Twenty heads,
some weighing as much as | kg, were used in each
procedure and were processed individually.

The entire head was used in the first method.
Heads were heated for 20 min at 121°C, cooled,
and defteshed. The bone and cartilage {~ 18 g) were
blended in 20 mi. of pepsin and then processed
by the enzvme digest method. ‘

In the second method, a subsampie was taken
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from each head with a cork borer 110 mm long
and 19 mm in diameter. The borer was inserted
into the head, dorsally and perpendicuiar to the
long axis of the body, approximately 10 mm be-
hind the eye and was pushed through the roof of
the mouth (Figure 2}. The sample contained the
semictrcular canals and, in the case of smailler fish,
the otoliths. After the skin and some musculature
were removed, each sample {~8 g) was blended
in 10 mL of pepsin and processed by the enzyme
digest method.

One milliliter of each sample was centrifuged
through 5 mb of dextrose, resuspended in for-
malin, placed on a slide, and examined micro-
scopically at 230 % ang 400 x magnifcations. The

1
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cause it produced a cleaner preparation than cen-
trifugation. Digestion also was the more efficient
method when several samples were processed si-
multaneously. The plankton centrifuge technigue
is faster when single samples are examined (Mark-
1w and Woif 1974b), but a time-consuming de-
contamination of equipment is required between
samples, In addition, only the number of samples
for which there are plankion centrifuges available
(usually one) can be processed at one time.
Although we cored only 20 chinook salmon
heads, the resulting data indicate that this subsam-
pling technigue may be appropriate for detection
of M. cerebralis in large fish. Not only could the
technique be used in epizootiological studies, it
might also be useful for examination of fish for
compliance with international trade laws.
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Abstract

Lucky Z.: Pathological Changes and Diggnostics of Myxosomosis of the Rainbow
Trour (Salmo gairdneri irideus), Actz vet. Brno, suppl. i, 1970: 1920,

Pathological changes were studied of myxosomosis of the trout frv two rmonths
and half s year old. The trouts came from the fish farm in the Moravian Carst
{drainage area of the river Punkva). In abour two-month-oid trout {July 6th) clinical
symptows of myxosomosis were observed and they were proved by histological
examination as well. Amoebids with several nuclef wers diagnosed in the cartilages
of the skull. Towards the end of October (October 24th) further specimens of
trouts from the breeding pond were examined. Some trout were found to have
# deformed spine. By parasitological examinarion spores of the species Myxosoma
cerebralis were diagnosed. By histological examination numerous foci of myzo-
sporidiz were found in the cartilage of the head bones. Vegerative stages were
registered as well as  sporoblasts and mature spores. Some foci were enclosed
into an osseous pallium, others were surrounded by a granulative tissue of
mesenchymal cells. The discussion deals with the determination of the age of
pathiolopical-anatomical processes and of the parasites. The examinations per-
formed showed that even after 5 months the reproduction of the parasite was
probably not finished ; however, an eXxpressive tissue proliferation occurs and alse
encapsuiation of the parasites.

Myxosoma cerebralis, my xosomosis, Salme gairdneri irideus, spores, sporoblasts, amoe-
bids, grarularive tissue, mesenchvmal cells ’

A very severe parasitary disease of the fry of the rainbow trour (Saime gairdneri irideus) and
other salmonidae fishes bred in trour farms of the coid-water fish culrure is MYAOSOMOsis,
formerly called lentosporosis. “This parasitosis is spread nearly alwavs in those places where
the rainbow trouts are bred; these fish are very sensitive to this parasitosis. Hoffman, Dun-
bar, Bradford {1962) evaluare its geographical distribution in their monograph. Besides the
USA (Pennsylvania), where the authors found it in several trout culrures, they record thar it has
already been observed in Germany, France, Iraly, Austria, Poland, the USSR, and also in
our couptry, :

In conditions of Czechoslovakia this parasitosis is also rather widely spread, even though
its occurrence has not vet been registered in grester demail. The first case of MY XOS0mosis
of our salmonidae fish has been described by Volf (1957) in his work. Further data on its
diseribution can be found in the compendium Volf, Havelka (1958), Dvk {1961) consi-
ders the originator 10 be from the pathogenic point of view the most important member of s
class because évery vear it causes losses of trout in the first year of their age.

The works of Plehn (1924), Schiperclaus (1931, 1954), Hoffman, Dunbar, Bradford
(1962) and others deal with the pathology of myxosomosis.
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Materizl and Methods

The trout fry (Salme gairdneri irideus) came from the breeding farm in the drainage area
of the Punkva river in the Moravian Carst. At the beginning of July, about two months after re-
leasing the fish fry (with 2 loss of two thirds of the voik sac), pathological symptoms appeared
in the fish characterized by inappetence, uncoordinated swimming — sometimes in circies =
and an increase of mortality.

8 fry specimens 18-~25 mm long were examined by dissecrion. 4 specimens were elaborated
histologically. Whole fishes were cur lengthwise. Specimens for the examinations were taken
on July 6th, 1967. Next specimens of trouts were taken on Qcrober 24th, 1967 1o enable the exe-
cution of 2 supplementary precise dizgnosis. 15 specimens of trout fry 70—95 mm in size were
examined. Two trouts were eizborated histologically — they were cur with 2 microtome across
from the oral opening 1o the posterior periphery of the gill cover.

Parasitological examinarion and dissection were performed according to the instrucrions
given in the compendium Lucky, 1966, special examination as to the presence of spores of
Myxosomsa cerebralis was performed according to a modified method given in the works of
Piehn (1924) and Volf, Havelka (1958). In this examination a transversal incise or cut
through the skull was performed behind the eyes, about 5 mm wide. On its lateral peripheries
we inserted small eye scissors and cut about 10 mm of the skuil in the oral line and we lifted
and cut off the bony case. Afrer removing the brain we performed a radical abrasion from the
right and left side of the cranial cavity with a sharp eye scalpel. We rmransferred the os-
secus and cartlaginous abraded matter obtained onto a slide and crushed it as much as pos-
sible with a giass rod. The coarser parts were removed and after adding a drop of water and ad-
justing a micro-cover slip the material was examined enlargened 450 x.

The Work Proper

As the anamnestic data were inaccurate and incompiete only the results of
the examinations proper are described.

In the first specimen of trout fry, about 2 months old, no parasitary infestation
was observed by parasitological examination. The intestine of the fish contained
no food. In native preparations completed from the cartilage of the skull no
parasitary formations could be diagnosed microscopically. It js necessary to
realize that the whole cranial cavity measured only 1.5 mm in the line of the
longitudinal axis and that the thickest wall of the cartilaginous skull was
0.230 mm. On histological cuts stained HE (H according to Ehrlich) we diagnosed
parasitary formations on the periphery of the cartilages of the head bones only
very sporadically. The osseous pallium covers the cartilages of individual
head bones in a very thin layer as a thin folia in fish of this age. The parasitary
formations were represented as amoebids of different shapes, 0.016—0.020 =
0.010—0.012 mm in size, with several nuclei {4—8) about 0.00I mm large.
Walls of the amoebids were very indistinct and the cartilage in their surroundings
was disintegrated only very slightly.

On the basis of histological examination we presumed that ir is infestation
of the trout fry by parasites whose vegelative stages localize in the cartilage.
The final diagnosis of the disease could however be determined only with
a Certain exception because the vegerarive stages of the parasites observed were
found in the cartilages of the head bones only sporadicaily.

In cooperation with the fish breeder (eng. Némec) a further specimen of
trout fry was obtained and examined towards the end of October. Some ind:-
viduals were found to have a deformed spine and a deformed gill cover.
Striking pigmentary changes have not been observed because the fry was
nearly suffocated due to transport.

By examining in detail the bones and cartilages of the skull myxosporidia
of the superfamily Platysporea with no iodinophilous vacucle were found in
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Fig. 1. Modified method of myxosomosis diagnostics: the skull is cut off behind the eyes (dotted
line} and after preparation of the brain we perform an sbrasion with 2 scaipel of the bones and
cartilages from the walls of the cranial cavity in which the tubules of the labyrinth pass (thick
black line) (mode! of the fish head ha. beer drawn from Grodzinski, Z.: Anatomiz i embrio-
logia ryb. Warszawa, 1861.)
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Fig. 2. Cartilaginous c¢ranial bone of a two-month-old trout with an amoebid embryo of the
myxosporidia Myxosoma cerebralis with 4 nuclel. On the ieft side of the cartilage the ossevus
pallium {in black).
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4 trouts (out of the toral number of 15), so that their appurtenance to the
family Myxosomatidae, genus Myxosoma, was evident. Spores were found to
occur only very sporadically in the native preparations, mostly 1—2 spores,
when enlargened 450 x .

Description of spores of Myxosoma cerebralis according
t0 onr own material

The spores are approximartely of a circular shape with two expressive polar
capsules. In a side position the spores are elipic. The length of the spores
1s 0.008—0.010 mm, the width is either concurrent or somewhatr smaller. The
egg-like polar capsules are about 0.003 mm long and 0.002 mm wide. The
difference of the dimensions of the polar capsules did not even reach 0.001 mim.
The wall of the spore is thick and between the polar capsules it projects into
a distinct beak-like intercapsular projection. After covering the native preparat-
ion of the spores with a solution of iodine (Lugol’s solurion) the bluish macula
(iodinophilous vacuole) did not appear in the amoebid embryo.

Description of histological changes-with MYX0S0MmOosis

The knowledge proper on histopathology was obtained by studying some

- tens of histological cuts from two trouts with a slightly deformed spine, 73 and

84 mm long. They were specimens about 6 months old, naturally invaded abour
5 months before. The age of the parasites and of the histopathological processes
can therefore be determined only approximately. ,

In contradistinction to histelogical examinations of two-month-old trout fry
it was possible to find extensive changes in the cartilaginous bones of the skuli,
of the mandibula, and of other — not accurately determined — head bones.

The parasites were represented by vegetative stages as well as by permanent
spores with 2 thick wall. The cartilage is uneven in the place where it meets
the parasite, and it is considerably eroded by vegetative stages of parasites. The
ectoplasm of the parasite is very thin, the endoplasm in this period forms a strip
about 0.025—0.035 mm wide in which we can find pansporoblasts with a various
number of generative nuclei as well as differently developed sporoblasts. Vege-
tative stages of the parasite can be found only when in direct connection with

the cartilage. In places where the parasite adheres to the bone only older sporo- -

blasts can be found, or mature spores.

Foci of parasites in our marerial differ so that we might judge of a various
age of the process or, if the age is the same, of a variously quick development
according to the localization. Some foci are enclosed in the osseous pallium
of the cartilage and parasites are mostly already changed into spores, only
sporadically can vegetative stages be found. In the surrounding of the parasites
no granulative tissue of the host was found in such cases.

The second group was formed by foci localized mostly on the periphery
of the bones on the dividing line berween the cartilaginous model of the bone
and the perichondrial ossification of the formed osseous pallium. These foci of
parasites, which comtain vegetative stages and spores, are surrounded by an
enormous mound of granulative tissue, which often surrounds and encloses

small zones of cartilage and conglomerates of the osseous paliium. The granulas-

ive tissue is represented by mesenchymal cells. Around the foci no ligamentous
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capsule was found and neither its forming. Around the foci we found ne bicod
elements and neither blood capillaries. The foci are mostly of an clongated
shape and they measure 0.6—0.75 x 0.350.39 mm.

i

Fig. 3 Myxosoms cerebralis (spores) the originator of the myxosomosis of the trout fry. To
the right below two spores from the side.

204



25

nwa...
o8
ga
i
Sy
(=1
& b
8 £,
B bt
T
a8
oHw
oY
I £
5B &
@ f
wmv.
RoE
LY
SOC
hZﬁ
£ 53
B
TEE:
89
o 4
By
Q.8
@ g8 W
£ 5 2
&8 2 &
<H g
B
f..\ws
.wlm
EE:
HE3
2= Ar
9 e
1%
-
ﬁ»Wﬂ
Qo
#.bﬂ
mAP
Lt
&
£ uh
L R ™
CoOn
-
B gL
e ]
o
ey
HE
R
S8
UG »



28

Fig. 5 Focus of the parasite Myxosoms
cerebralis in the mandibula of the trout
(age 6 moarths). In the focus mature spo-
res predominate, vegerative stages can
be found only in those places where the
parasite comes into connection with the
e cartilage. The foens is enclosed into the
T L - osseous pallimn of the cartilage.

Discussion

In our study we have elaborated in greater detail the diagnostics and pathology
of my=xosomosis of salmonidae fishes which had aiready been the object of
study of other authors. Hoffman, Dunbar, Bradford, 1962 evaluated the
present investigations and knowledge on judging the age of parasites and of
the pathological processes. According to their observations no pathological
changes have been found during the incubation peried (up to 40 days). Scha-
perclaus (1954) found disintegration of the cartilage after a 40-day incubation.
Schaperclaus (1931) stated the presence of singular pansporoblasts afrer 65
days of incubation, but no tissue proliferation, Hoffman, Dunbar, Brad-
ford (1962) found neither tissue proliferation nor infiammation even after
three months. Afier four months they found spores. After 11— 12 months only
Spores are present in the foci, epithelioid proiiferation takes place which after-
wards surrounds the mass of spores.

_ Trouts examined by us were 2 months old in the first case and they could
be naturally invaded at the age of about 14 days. When examining them we
found amoebids of parasites very sporadically with no pathological changes
but for a slight disintegration of the cartilage, similarly as Schiperclaus

206




27

4t
i 3

L
i sqnsnt st

e e b #
v Ak

Fig. 6 The skull of the rwrout fry (age 6 months) with two encapsulated foci of Myxosoma

<erebralis, The skull is mostly cartilaginous, only on the dorsal side it is covered by 2 bone
{in black).

Fig. 7 An old focus of Myxosome cerebralis encapsulated by a granulative tissue of mesen.
thymal cells 2mong which we can find conglomerates of the osseous pallium. :
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(1954). In the second case in trouts 6 months old spores were found 1o a great
extent after more than five months of incubation, similarly aiso extensive
pathological changes were diagnosed.

On the basis of our results we can, therefore, complement the present survey
of pathological changes with myxosomosis by stating that reproduction of the
parasite is probably not finished even after 5 months. In the stage of the disease,
however, an expressive tissue proliferation aiready takes place as well as the
encapsulation of the parasites. It depends however on therr localization.

Patologické zmény a diagnostika myxosomézy (myxosomosis)

Byly studoviny parologické zmény myxosomézy u pstruziho pladku ve stafi
dvou mésict a pil roku. Pstruzi pochazeli z odchovny v Moravském krasu
{povodi Punkvy). U asi dvoumé&si¢nich pstruht (6. Servence) byly zjistény kii-
nické pfiznaky myxosomozy, kterd byla potvrzena i histologickym vySetfenim.
Byly diagnosukovany ameboidy s nékolika jadry v chrupavkach lebky. Koncem
Hjna (24. fijna) byl prodetfen daldi vzorek pstruhfi z odchovného rybnika.
Nekteti pstruzi méli pokfivenou patef. Parazitologickym vyletfenim byly
diagnostikovany spory druhu Myxosoma cerebralis. Histologickym vySetfenim
byla zjiSténa poferna loZiska rybomorek v chrupavkich hlavovych kosti. Byla
registrovdna vegetativni stadie, sporoblasty a zralé spory. Néktera loZiska byla
uzaviena v kosténém. pldst, jinéd byla obklopena granulaénmi tkdni z mezenchy-
malnich bunék. Diskuse se zabyva urfovinim stifi patologicko-anaromickych
procesi a cizopasniki.

IlaTonormveckne MaMEBEHIN M AMATFOCTHKA MMKCOCOMO2Z {myxosomosis) ame-
PUEZHCKEX panyx#six popexeit (Salmo gairdneri irideus).

ABTOp H3yYan BEI3BAHHBIE MEKCOCOMO30M NATONOTHYECKHE HIMEHEHL y 2- m
O-MeCAUHBIX $openeBrlx Manskos. Popern GuaM BIATH U3 purfoBonHoro npyia
5 Mopasckom Kpace (facceits pexu [lvexsei). ¥ HpuMepHo 2-MecAYHLIX $ope-
aed (6 mions) Ob1n OGHAPYKEHBI KIMHUYECKME [IPHIHAKH MMKCOCOMO3a, 4TO
TORYTBEPAMIOCE TAKAKE IMCTOJNOCIIYECKHM HCCAENOBAHMEM. DBAN  OOHApYKEHBI
aMeGOHMb ¢ HECKOIBKHMY ANDaMM B XpAllaX 4epemmmix xocreff, K xoHuy okrs-
Gps Mecana (24 oxrafpa) mpoussesn oScJeZOBaHME HOBbIX OBGDA3LIOB dopeneit
43 puIGOBONHOTO NPYAE. ¥ HEKOTOpHIX ocofedl HalIONANOCE UCKPHBISHME MO3BO-
sounuka. llapasuromoruuecxun uccrenopasmen SpuiM OGHADYMEHE! CIODH BRI
Myxosoma cerebralis. I'mcronormueckum HccTenoBaHUEM YCTAHOBREHH MHOTO-
4MCIEHHBIE OYaTy CAMSHCTHX CTIOPUBHMKOB B XPAIAX 9WepemHsIx xocredt. Permerpm-
POBAIUCE BEreTATHBHEIC CTANMM, CHOPOBJIACTEI M 3pejbie cropet. Hexoropwme owa-
rH OWNM 3aKIIOWEHb! B KOCTAHDH XancyJe, Ipyrie ObiiM OKPYMEHH TPaHYJIA-
UKOHHOA TKAHBI H3 Me3eHXMMHHX xieror. JHcKyTHpyeIcs mpofineMa ompenene-
HEA TPORCDKMTENBHOCTH NATOIOTO-2HATOMMMECKMX IIDOLECCOB ¥ BO3pacta mapa-
3HTOB. .
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THIN-SECTION ELECTRON MICROSCOPY OF MATURE
MYXOSOMA CEREBRALIS (MYXOSPORIDEA) SPORES

Philip D. Lunger,” Betty L. Rhoads,” Ken Wolf,? and Maria E, MarkiwT

aBsTRacT: The morphology of purified, mature Myzosema cerebralis spores was examined by thin-
section electron microscopy.  Surface architecture corresponded closely to that described in an ear-
lier scanning electron microscopy study of this organismn { Lom and Hoffman, 1971). A uniformly thick
spore wall is composed of finely granular, electron-lucent material, Intrawall “valvoplasm™ at the sutural
border region contains small, light sphercidal profiles with dense centers situated in a background
matrix; such structures are absent in the intermediate wall areas. Qvoid polar capsules contain complex
filamentous profiles within the peripheral matrix region. Individual filaments appear twisted into
S-shaped configurations and contain moderately electron-opaque material within their lumina,

Myxosoma cerebralis, a histozoic myxo-
sporidian of salmonid fishes, is the etiologic
agent of whirling disease. Unlike most myxo-
sporidian infections, whirling disease is a
serious problerm in fish husbandry. Boeth the
parasite and the disease have been compre-
hensively reviewed {Hoffman et al., 1962, re-
vised 1969). Certain diagnosis of whirling dis-
ease is based upon identification of sporesw—
in histologic section or more commonly in wet
mounts of infected cartilage. The relative ef-
ficiencies of various physical and biophysical
methods of spore detection have been deter-
mined {Markiw and Wolf, 1974).

There are relatively few studies of mvxo-
sporidians at the fine-structure level. Schubert
(1968} described by thin-section electron
microscopy the histozoic Henneguye pinnae,
and included a brief review of the fine struc-
ture of myxosporidians to date. Relevant to
our work, Grassé (1960) reported on a his-
tozoic species, Sphaeromyxe sabrazesi. Lom
{1964) described extruded polar filaments of
Muyxobolus muelleri. Later, Lom and Puytorac
{1965z, b} studied Henneguya psorospermica,
Myxobolus sp., Zschokkela nova, Chloromyxum
cristatum, and Muyxidium lieberkithni. Lom
and Hoffman (1971) reported the scvanning
glectron microscopy of two species of Myxo-
soma. That work compared M. cartilaginis
of a centrarchid fish with M. cerebralis and
found the latter to be smaller and more vari-
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able in size. More specifically, the salmonid
myxosporidian possessed a distinctive circum-
sutural groove, a mucous envelope, and promi-
nent polar filament pores.

The purpose of our report is to describe the
fine structure of M. cerebralis as seen by trans-
mission electron microscopy.

MATERIALS AND METHODS

Spores were obtained from fingerling rainbow
tront { Sefmo gairdneri) which when 5 months
old had been experimentally exposed to whirling
disease for 6 days with the method of Hoffman
and Putz (1871}, and kept for 5.5 months in 12.5
C spring water, the physical and chemical proper-
ties of which were reported by Warren (1963}.
Infected skeletal elements were manually stripped
of soft tissues, genmtly crushed in a mortar with
water, the resulting slurry filtered through 123-um
screen, sedimented at 1,200 g at 4 C for 10 min,
resuspended and washed once with water, re-
suspended again, and the debris allowed to settle
for 10 to 15 min. The supematant Huid was
centrifuged at 350 g for 10 min at 4 C, and the
resuiting pellet and fluid treated with 1,000 ug
gentamicin per ml overnight to minimize bacterial
contamination. Liquid and pelleted materials were
purified through 65% dextrose solution at 1,250 g

Pellets of Myxosoma cerebralis were fixed for
1 hr in 2% glutaraldebyde in 0.1 3 cacodylate
buffer, rinsed several times in the same buffer,
and postfixed for 1 hr in 1% OsQ.. After several
adgitional buffer rinses, an aqueous selution of
0.5% uranyl acetate was added. Pellets were then
dehydrated in graded concentrations of alcohol
and embedded in Epon “812" and sedimented in
Beem capsules by centrifugation at 8,161 g for 30
min.

QBIERVATIONS
Figure 1 is a slightly oblique transverse sec-

tion through the anterior region of a M. cere-
bralis spore illustrating its major structural
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Ficure 1. Transverse section through the an-
terior polar capsule region of a Myrosoma cere-
bralis spore, showing the generzl morphology of
shell valves, intravalve material (valvoplasm)
sporoplasm, nuclei {N), and both polar capsules.
® 18,700. Inset: Enlargement of sutural border
area {outline of Fig. 1} showing sphercidal pro-
files in valvoplasm and intervalve material.
X 36,250.

features, including the broadly lenticular mor-
phology of both shell valves, two faintlv re-
solvable, compressed nuclei (left) surrounded
by sporoplasm, and two dense, ovoid polar
capsules containing filamentous profiles.

Shell wvalves, constituting the -spore wall,
each display a pronounced protrusion at their
lateral borders (Fig. 1). A narrow (17 nm)
space containing a small amount of electron-
lucent, cross-striated material separates the
valves from each other in this region (Fig. 1,
inset}).

Progressing medially, each valve displays a
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short, flattened region soon followed by
another well-defined, but less pronounced,
protrusion. Hence, a lateral furrow exists he-
tween protrusions and is easily visualized as
such in all transverse sectional images. While
this protrusion pattern is similar for both
valves, the size and shape of protrusions vary
somewhat from section to section, and even
from valve to valve, thus rendering a slightly
asvmmetrical profile to the spore.

The remaining central region of the shell
valves lacks protrusions, but shows a medial
indented zone thought to represent a dorso-
veniral (upper-lower) groove running in an
anteroposterior direction possibly corresponding
to ligure 6 of Lom and Hoffman {1971).

The cuter surface of the valve {spore wall)
is smooth {Fig. 1). Mucus strands were not
observed even at the posterior regions of the
spore {unpublished observations). Each sur-
face consists of a finely granular, moderately
electron-dense layer of uniform thickness (52
nm;} throughout the entire structure. Beneath
this surface within the sutural border region
is a moderate amount of “valvoplasm” consist-
ing of small {15 nm) sphercidal electron-
lucent profiles with dense centers situated in
a background matrix (Fig. 1, inset}. Mediaily,
the valvoplasm appears to consist of a narrow
strip of granular matrix. Spheroidal profiles
are absent in this intermediate region.

Nuclei of M. cerebralis are located lateral
to or posterior to the polar capsules, and are
either elongated if topegraphically close to a
capsule, or ovoid if situated farther posterior
{Fig. 2). Although the limiting membrane
is resolvable, it is not well defined. Regardless
of nuclear shape, the nucleoplasm exhibits a
dense, irregular marginal region presumed to
represent chromatin and a less-dense central
zone of flocculent material. An accumulation
of dense granules in this latter region {Fig. 2,
left) may represent a nucleolar remnant.

Sporoplasm, located beneath the shell vaives
{spore wall), fills the spore centrum, and thus
surrounds the two polar capsules and nuclei
{Fig. 2). With optimal fixation it appears to
consist of finely flocculent dense material {Fig.
3;.

Spheroid profiles characteristically present in
the valvoplasm were not observed in the
sporoplasm.  Other cytoplasmic  organelles,
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Fioures 2, 3. Myxosoma cerebralis. 2. Tangential, anteroposterior image of spore, illustrating a portion
of one polar capsule and the morphology of the two nuclei (N). Granular material in the central portion
of the left-hand nucleus may represent a remnant of the nucleolus. x29,000. 3. Longitudinal profile of
polar capsule. Coiled filaments are seen, primarily in transverse section, at the peripheral region of the
dense, capsular matrix. X 38,230

213

35



LUNGER ET AL--ELECTRON MICROSCOPY OF MATURE MYXOSOMA CEREBRALIS SPORES 479

such as mitochondria and Golgi  bodies,
typically found in developmental stages, were
not observed in mature spores.

Ovoid polar capsules are anatomically com-
plex organelles consisting of a peripheral
sheath which surrounds an extremely electron-
opaque, homogeneous matrix in which varying
numbers of less-dense filamentous profiles are
peripherally situated (Figs. 1-3). Capsules,
including their surrounding sheaths, vary con-
siderably in size and shape; the maximum total
diameter of this organelle was 2.9 um. The
capsular sheath, clearly visualized in Figure 3
as @ uniform electron-lucent region surrounding
the matrix, is approximately 0.2 nm in width.
Peripheral to the sheath proper is an irregular
layer of moderately electron-dense material
presumed to represent adhering sporoplasm
{Fig. 2); in Figure 3, it can be seen that there
is no structural distinetion between material
surrounding most of the capsule and the ad-
jacent sporoplasm proper.

The morphology of capsular filaments is il-
lustrated in longitudinal (Fig. 1) and semi-
transverse {Figs. 1, 2} sections. Figure 3
shows 14 clearly transverse, and one or pos-
sibly two semilongitudinal, profiles of these
compilex structures in the outer region of the
matrix. The interfilament space, consisting of
matrix, ranges from 34 to 69 nm in width,
confirming the regular coil or spiral of the
structure. Individual fHiaments measure 278
nm in diameter in transverse section, and ap-
pear to be in a folded or twisted state often
resulting in C- and S-shaped configurations.
Filament convolution is further suggested by
the presence of small, characteristically dense,
capsular matrix holes within the filament pro-
file. From these observations, as well as
visualization of semilongitudinal images {Fig.
1}, it ean reasonably be concluded that the
tilament is a compound, flattened tube con-
taining internal material within its lumen.

Structurally each filament is surrounded by
a narrow {17 nm) layer of fine fibrillar ma-
terial projecting into the surrounding matrix.
Proximal to this layer is a thin {5 nm) electron-
opaque region, followed by another less-dense
area of variable width. The central or luminal
portion of the filament consists of a moderately

dense “core” zone.
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DISCUSSION

From the foregoing observations it is evident
that the basic architecture of mature M. cere-
bralis spores as determined by thin-section
transmission electron micrescopy  corresponds
closely to that of surface images obtained with
the scanning electron microscope (Lom and
Hoffman, 1971}, These correlations are found
to be the general morphology of the spore wall
including various protrusions at the lateral sur-
face, the circumsutural furrow, and the dorso-
ventral groove munning in an anteroposterior
plane.

The only major difference noted between
the two studies was that in the TEM examina-
tion, the fine mucus strands were not ob-
served on any region of the spore surface.
Although the reason for this is not clear at the
present time the absence of such strands may
be related to differences in preparative tech-
niques utilized. The spore surface of M. cere-
bralis is smooth in contrast to that of H. pinnae,
which has been described as eorrugated (Schu-
bert, 1968).

In the current study we were unable to
visualize the canal of the pore filament or the
opening to the exterior. Such an image would
require an extremely fortuitous section, particu-
larly in a longitudinal axis.

Of particular anatomical interest was the
presence of minute spheroidal profiles within
the valvoplasm. While the chemical nature
and functional significance of these structures
is not currently understood, it is reasonabile to
hypothesize 