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CHAPTER I
INTRODUCTION

The intracellular parasites belonging to the Order
Microsporida are beliéved to enter cells under natural
 conditions by the injection of the sporoplasm through the
polar filameht (Weidner, 1972). Development of in vitro
culturing teChhiques of microsporidans has demonstrated
that entry may also occur by phagocytosis (Kurtti and
, Brooks; 1971). Phagocytosis has also been shown to be a

primary mechanism of infection for some sporozoan para-

sites, including Plasmodium and Toxoplasma (Ladda et al.,
1969; Jones et al., 1972). |
_Phagocytosis is also theorized to be of major impor-
tance in other aspects of the host-parasite relationships
of microéporidans and their hosts. The transport df the
ejectéd gporoplasm from the gut epithelium to the site of
establishment hés been hypothesized to occur via host cell
macrophage-éontaining phagOCytized microsporidans (Canning,
1977); Host fesponses to a microsporidan infection in-
- clude dispersal and removal of the spores by phagocytosis.
Further study was‘needed to evaluate the effects ofvphago-
cytosis on the microsporidan spore since phagocytosis is

involved in several aspects of the host-parasite relations.
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Pleistophora ovariae is a'micrOSporidan ovary parasite

of the golden shiher, Notemigonus crysoleucas. In this

fish hoét,-macrophages eliminate spores during certéin
seasons of the year; therefore, this host-parasite com-
plex makes a good model for studying the process of phago-
cytosis of microsporidan spores.

Establishéd cell line cultures‘from a variety of
sources andhélectron microscopy were utilized to study the
gtages of spore phagoctyosis.vvséveral techniques for iso-
latiﬁg P, ovariae spores from golden shiner ovéries were
also examined to identify a method for obtaining a clean
spore isolation for use in the cell culture phase of the
'reséérch. The specific objeotives:of this research were
1) preparation of a clean spore suspension

2) ‘determination of the mOde'of entry of P, o§ariae'
spores into culturéd cells
’3) description of the spore morphology and staining
| v feaqtions‘of spores‘isolated frdm ovary tissue,
ana |
&) détermination of changes in spore mofphology and

staining reactions after phagocytosis,



CHAPTER II
LITERATURE REVIEW
Microsporida

Microsporidan parasites are obligate intracellular
protozoans, To date nearly 700 species have been described
(Canﬁing, 1977), most of which afe reported to be para-
sites of-arthpOpods and fish., Bony fish harbor more micro-
sporidan spécies than any other vertebrate class, but
"little research has been done with fish microspofidans even
though ntheir effects upon their hosts are among the most

severe of any parasite group" (Sinderman, 1970),

Life Cycle

The majority of known cycles for‘microSporidans do
not include ah intermediate host or vector (Kudo, 1966) ;
however,,Glugea'stephani‘énd G, anomala have been shown to
utilize invertebrates as carriers {(Putz aﬁd McLaughlin,
1970). L

‘_The most common method of transmission for this group
of parasites is thought to be by ingestion of sﬁores by
-the host animal, followed by invasion of the host tissue
(Kudo, 1966). Invasion‘ié-accdmplished in the digestive

tract when the polar filament is extruded and the

3
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sporoplasm emerges as an émoebula‘which penetrates the gut
epithelium and enters}either the blood or body cavity to
reach_the site of eétablishment (Canning, 1977). Alter-
natively, the polar filament may inject the sporoplasm
directly into the gut epithelium, The mechanism of extru-
' sion'ié not clear, but it is believed to involve eversion
of the polar fiiament due to changes ih osmotic pressure
(Weidner, 1972). The route from_the'gutﬂepithelium to the
site of éstablishment has not yet been determined, but
probably involves a passive transfer in the blood or in a
hqst'macrophage to the site of localization (Cannning,
1977). | | |

Microsporidan parasites typically show host and
tissue spécificity, but some are able to infect a wide
range of hosts or tissue‘types. For‘example, Perezia
;Exgaustae,invades the Malpighian tubules._éilk giands,'and
' the ovary of bofh larvae and adult European corn borers
.(Kudo, 1966), Othef species have flourished when experi-
mentally tfansferred to abnormal hosts and have established
infections in new tissue locations in the new hosts.
. NOBéma algerae,'a mosquito microspofidan, has produced
. gpores in'eleven other inséct Speciés of six orders and in
ohe decapod species after experimental infection (Undeen
and Maddox, 1973).

Once the parasite reaches a suitable site in the host,
it grows and reproduces asexually (Kudo, 1966), The first

stage in asexual reproduction recognizeable with the light



microscope is called a transitional fusiform cell. The
.transitionai cell undergoes multiple fission resulting in
sChizohts which in turn produce sporonts, During spofogony
the sporont matures into a sporoblast; various spore organ-
~elles are formed from endoplasmic reticulum and the exten-
give Golgi apparatus, and finally the spdre wall is de-
posited (Canning, 1977). ‘Developing stagés may be free in
~the cytoplasm of the host cell, or they may be isolated
Within a host derived membrane (Canning, 1977). Micro-
Sporidans do not have mitochondria (Lom and Corliss, 1967).
' - Not all'micrOSporidans follow the previously described
‘pattern of transmission.v Some are ovary parasites and may
be transmitted transovarianly to the host progeny (Kudo,
1924; Kellen et al., 1965). At least one species is trans-
ferred by the male host during mating (Manwell, 1961).
vAutoinfecfiqn also occurs with the movement of secondary
infeétive forms’into neighboring noninfected cells in the

game host tissue (Ishihara, 1969).

Host-Parasite Relationships

The majority of microsporidans are not known to be
harmful to their hosts (Manwell, 1961), but some species

cause Sevére pathological changes, including Nosema apis

in honey bees, Pleistophora salmonae in salmonids, P,

cégedianum in gizzard shad, Thelohania opacita in moéquito

larvae, and T, contejeani in river crayfish (Manwell, 1961;

Putz et al., 1965). Considerable economic losses occur



because of the infection of some host species (Putz and
McLaughlin, 1970). However, in some cases the effect on

the hosts can be beneficial to man since Perezia pyraustae

and P, fumiferanae serve as a biological control of the

European corn borer and the spruce budworm respectively,
thereby assisting in preventing severe economic damage to
cultivated'plants (Kramer, 19593 Kudo, 1966). N. locustae
has demonsfratéd some potentlal in biological control of
its grasshopper host (Henry and Oma, 1974). Retardation of
transplantable tumors in mice has also been attributed to
microsporidan infection (Putz and Mclaughlin, 1970). |
The mechanism of injury to the host varies, but micro-
-spofidans-(especially Glugea Spp.) often cause cellular
hypertrophy and hyperthPhy of nucleil and chromosomes of
infected ceils resembling cancer overgrowth (Sprague and
Vérnick,; 1968a). Other effects of infection by microspori-
dans ihclude disruption of the endoplasmic reticulum, de-
pletion of ribosomal particles.‘irregularities in mitosis,
éhd.enhanced pinocytic activity‘at the host cell's basal

membrane (Pavan et al., 1969).

. Spore Morphology

o Microsporidanvspores arevamong the smallest of animal -
cells; but in spite of their small size; species identity
of microsporidan parasites is dotermined.by spore size,
shape, and number of spores produced per sporont (Kudo,

1966), Each ovate spore contains a polar cap, a .



ﬁolaroplast. a tightly coiled polar filament, and one or
two nuclei (Canning, 1977). |

| Electron microscopy has revealed many details about
the structuré of the microsporidan spore. The wall con-
sists of two layers: the outer electron dense layer, the
exospore (SQ nm), and the inner electron translucent layer,
the endospore (200 nm) (Vavra, 1968; Canning, 1977). A
membrane-bound polar cap seals the base of the polar fila-
ment at the anterior (smaller) end of the spore in a dqme-
shapéd'gavity within the endospore (Canning, 1977)-;

o The polar filament descends centrally to the middle or
posterior (larger) end of the spore where it is_COiled
about the nucleus (Huger, 1966). The coils vary in number
Vfrom L to 34 and are arranged in single, double, or triple
layers at the periphery of the sﬁore (Canning, 1977). The
details of filament structﬁre remain in question., First
described as a cylinder.bf fibrils with two central fibrils
resembiing cilia and»flagella (Huger, 1960), the polar fil-
.ament-has more recéntly been reported to consist of a sim-
ple double?walled tube filled with an electron-dénse core
.(Stanier effal., 19683 Weidner; 19703 Walker and Hinsch,
19723 Sanders and Poinar, 1976; and Canning, 1977). It has
élso been portrayed as a double-walled tube coptaining
| rings or:miCrotubules’in one of the walls (Canning and
Nicholas, 197%; Sprague and Vernick, 1968a), or as a three-
layéred tube with one layer possessing longitudinal ridges

which give the appearance of fibrils (Lom and Corliss,



19673 Colley et al., 1975). The derivation of the polar
filament is similarly confused. Various authors hypothe-
size that it is derived from the nucleus (Sprague and
Vernick; 1968a), the endoplasmic reticulum (Sanders and
Poinar, 1976; Lom and Corliss, 1967), an aggregation of
ribosomes (Milner, 1972); the Golgi appratus (Walker and
Hinsch, 1972), the Golgi apparatus and the endoplasmic
reticulum (Weidner, 1970), or the Golgi appdratus and the
nuclear isthmus (Sprague and Vernick, 1969),

Anterior to the coiled portion of the polar filament
lies the polaroplast, a series of membranes or saccules
which is believed tc function in filament extrusién
(Weidner, 1972)., A posterior vacuole filled with an
amorphdus.matérial has"been reported in some species (Lom

“and Corliss, 1967; Vernick et al., 1969), The remainder of
the spore is filled with undifferentiated cytoplasm, a few

ribosomes; and some endoplasmic reticulum (Canning, 1977).

 Cytochemistry

Microsporidans commonly contain mQCOpolySaéchafidés

~ and proteins with numerous sulfhydryl groups, but they lack
glycogen aﬁd fats (Maﬁrénd and‘Loubes, 1973; Viyares.et
al,, 1976). Bioéhemical analysis of intact sporeé has
detefmined the presénce of cysteic acid, aspargic acid,
glutamic acid, serine, threonine, allaniné, proline, tyro-
sing, valine, fenyl-alanine, iéoleucine, leucine, and ar-

ginine (Vavra, 1966), but the locations of these substances



in the spore have not been identified., The specific

nature of some of the organeiles of the spore have, however,
béenvdetermined by specific stains., For example, the polar
cap stains positively with the Periodic acid schiff method
(Lom and Corliss, 1967; Sprague and Vernick, 1968a, 1969),
and the éxospore_is composed of protein while the endospore
is chitinous_(Canning, 1977). Young spores react posi-
tively to protein testé; but mature spores are generally

" negative due to protein complexing with chitin in the

- spore wall during maturation (Maurand, 1975).
Culture

Microsporidans cannot be cultured without living cells
since they are intracellular parasites.. However, several
microsporidanvspecies havé been grown ih primary cell cul-
- tures prebared from their normal hosts (Ishihara and Sohi,
19663 Kurtti and Brooks.'19715,'and some have also been
propagated in established cell lines (Undeen 1975).

The first infection of a cell culture by a microspori-
dan was recorded When vegetative stages of Nosema bombxcis
were observed 24 hours after inoculation of spores into
primary cultures from the natural host, the silkworm
‘Bombxx mori, The gporoblasts appeared at 72 hours and
%.spores filled host cells by 21 days after inoculation
(Ishihara and Sohi, 1966). Successful infection of non-
host cell culture was first reported in 1968 when primary

cultures of mammalian and chicken embryos were infected
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with N, bombycis (Ishihafa, 1968), Other microsporidans
have since been'grown in a varietj of cell culture types:
N, cuniculi in primary cultures of rabbit choroid plexus
cells (Shadduck, 1969), N. disstriae in primary cultures
of tent caterpillars (Kurtti and Brooks, 1971), N. algerae
in an established culture of pig kidney célls (Undeen,
1975), and N. michaelis on duck red blood cells (Weidner
and Trager, 19?3). |

In order to stimulate the entry of microsporidans into
cells, spores are often primed to enhance polar filament
extrusion before they are introduced into cell culture
medium, The most commonly used primer is an alkaline pre-
treatmenf consisting of incubation of spores in 0.1 M KOH
(Ishihara and Sohi, 19663 Kurtti and Brooks, 1971). Stim-
ulation with a veronal acetate buffer at pH 10 has also
been utilized (Weidner, 1972). Spore germination hgs also
been repbrted to occur without prior stimulatioh whén
sporés from a marine hogt were introduced into culture
-medium (Undeen, 1975). Infection of culture cells is gen-
erally indicated by penetration of the host cell by the
everted polar filament (Canning, 1977). However, in 6ne
study the majority of spores failed‘to evert their polar |
filaments, but spores still entered cells as a result of
 active phagocytosis by the cultured cells (Kurtti and
Brooks, 1971). | -
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Role of Phagocytosis

Phagocytosis may be involved at several stages in the
life cycle of microsporidan parasites (Canning, 1977).
Theoretically phagocytes transport the sporoplasm after its
entry into the host body, i.e. injection into the gut epi-
thelium, to the site of localization (Canning, 1977), and
funetion in autoihfection of other host:cells. Addition-
ally, the invasion of uninfected culture cells by one of
the microsporidan vegetative stages has also been reported
(Ishihara and Sohi, 1969; Sohi and Wilson, 1976)., These
secondary infective forms apparently infect healthy host
cells after random contact (Ishihara, 1969). Finally the
host response to microsporidan infections can include dis-
persal and removal of spores by phagocytic cells (Kudo,
»1924; Canning, 1977); |

Several other.types'bf intracellularASporozoans have
been observed foAﬁtilize phagoc&tosis as an entry mechanism

during infection of host cells. Examples include Toxoplas-

ma gondii (Jones et al., 1972), Plasmodium species (Ladda
et al., 1969), and Eimeria magna (Jensen and Hammond;
1975).

Phagocytosis is a common biolpgical process, occur-
ring on all levels in the animal kingdom. The four stages
involved are attraction of the.particle or chemotaxis, ad-
_hesion of the particle to the phagocytic cell, ingestion of

the particle by movement of pseudopodic. processes around
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the particie, and finally disposal of the particle (Carr,
1972). »_ |

The destruction of the particle in a phagocytic vac=-
uole occurs after the fusion of such a vacuole with a pri-
mary lysosome and subsequent digestion (Joklik and Willett,
1976). The mechanism of digestion makes phagocytosis a
powerful defense against invaders., However, not all par-
tines are digested after phagocytosis (Carr, 1972). The
fate of the ingested pafticle depénds on the type of phago-
cyte and its interaction with the ingested particle. A
polymorphic nucleocyte generally dies after ingesting a
number of particles, releasing undigested particles to the
environment, However, a'macrophage usually survives to
synthe31ze more enzymes and ingest more particles, A
partlcle may thus be digested and disappear, or fragments
may remain in the phagocytic cell to form a residual body,
or the cell and particle may die and form‘pus. If an in-
gested microorganism Survives within a phagocyte, it may
" multiply within the céll as do the bacteria which cause
leprosy. The organism méy even kill the phagocytic cell
and be released (Carr, 1972).

Pleistophora ovariae

Range
Pleistophora ovariae (Microsporida, PleistOphoridae)

was first observed in golden shiner ovaries (Summerfelt,
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1964), This organism is widespread among cultured popu-
lations of golden shihers as it was reported in 45 of 49
commercial sources sampled from 12 states with a total
prevalence of 48% (Summerfelt and Warner, 1970a). Since
the golden shiner is the most widely cuitured bait minnow
in the United Statés, P. ovariae poses a serious economic
problem to miﬁhow producers (Summerfelt and Warner, 1970b).
P, ovariae has also been found in ovary tissue from the
fathead miﬁnow (Pimephales promelas), another commonly
cultured bain minnow in the United States (Nagel andé Hoff-

man, 1977). Although goldfish (Carassius auratus) are

often raised together with golden shiners and fathead
minnows and are thus exposed to P, ovariae, no infection
by P, ovariae in goidfish has been reported (Nagel and

Summerfelt, 1977a).

‘Host-Parasite Relationship

The complete life cycle of P. ovariae-‘is unknown,

- but it has been shown to live and reproduce[within the
oocytes of the golden shiner, proliferating to the extent
that egg prodﬁction and fecundity are drastically reduced
(Summerfelt and Warner, 1970a). 1In 1967 half of the
spawning failures on 60 fish farms in the United States
wefe,attributed to infections of g; ovarise (Meyér, 1967),
This parasite probably costs the minnow industry more than
any other single problem (Malone, 1970).

Fish farmers compensate for the progressive increase
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of infeétion_by P, ovariae with increasing age of fish by
using more and younger brood stock (Warner, 1972). How=-
ever, the younger brood fish produce fewer eggs and are
less reliable in their spawning than older fish. Nelther
of the two drugs tested (fumagillin and nitrofurazone) has
accomplished a complete cure (Tonguthai, 1972; Nagel and
Summerfelt, 1977b)..

Both transovarian and oral transmission have been dem-
onstrated (Summerfelt,'pefsonal communication), and the
- multiplicative stages of the parasite have shown’close
synchrony with ovafy mafuration (Warner, 1972), Maximum
spore development coincides approximately with the shiner's
spawning season. The abundance of specific parasitic
stages thus appears to be seasonal and dependant upon a
particular stage of ovary development (Warner, 1972)..
Since P, ovariae is latent in young-of—the—year shiners,
inféctioh by P, ovariae cannot be détected‘until the fish
approaches sexual maturity. Thereafter, stages of the
parasite can be found almost any time of the year, The
»deVelopmental stage'of the parasite observed depends upon
the degrée of egg maturity in the ovary., Schizogony occurs
in stage III and IV oocytes and sporogony, in stages V, VI,
and VII., After spawning is completed, unspawned ova break
down and are resorbed by the fish, and spores are phago-

cytized by the host macrophages (Warner, 1972),



CHAPTER III
METHODS AND MATERIALS
Spore Isolation

P, ovariae spores were extracted from ovaries of
naturally infected golden shiners that were one year of age
or older. The fish were obtained from the Oklahoma Coop-
erative Fishery Research Unit,l or from Ozark Fisheries,
Inc.2 ApproximatelyISO m1 of naturally infected ovary
tissue was used.for each isolation procedure. |

. The first method used for spore isolation involved
‘maceration of ovaries with a mortar and pestle., The
homogenate was strained through several layers of cheese-
cloth using a sterile physiological saline rinse, and cen-
trifuged at 2500 rpm (840 g) for 10 minutes. The pellet
was resuspended in 25 ml sterile physiological saliné for
storage at 4°C until microscopic examination.

The second method of spore isolation was a modifica-
tion of the Cole‘triangulation technique (Cole, 1970).

Ovaries were macerated in a mortar and pestle, strained

lOklahoma State University, Stillwater, Oklahoma 7407&

2Stoutland, Missouri 65567

15
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through cheesecloth and rinsed with sterile physiological
saline, Spores were then concentrated by centrifugation at
2500 rpm (840 g) for 30 minutes, and the centrifugation
process was repeated, Following the rinse, the triangula-
tion procedure described by Cole (1970) was done.

| The third method df spore isolation was a modifica-
tion of the sucrose density gradient technique described

for the myxosporidan parasite, Myxosoma cerebralis, elimi-

nating the enzyme digestions. Ovaries were macerated with
a mortar and pestle, centrifuged at 3650 rpm (1790 g) for
5 minutes; and resuspended in sterile physiological saline.,
This suspension was poured onto an equal amount of 55%
agueous sucrose and centrifuged at 3000 rpm (1200 g) for
30 minutes. The pellet was resuspended in 25 ml sterile
physiological saline and stored at 4°c for later micro-
scopic éxamination.

The fourth method of isolation of P. ovariae spores
was a mOdificatiOn of Léndolt's (1973) technique for iso-
lation of M, cerebralis, omitting enzyme digestions,
Ovaries were crushed with a mortar and pestle, homogenized
in a tissue grinder, and mixed with 25 ml 0.1 N HCl solu-
tion, and added to an equal amount of ethyl ether. After
this suspension separated into two layers (about 15
minutes), the aqueous portion was removed and centrifuged
at 3650 rpm (1790 g) for 15 minutes. The supernatant
fluid was discarded, and the pellet was resuspended in 8 ml

sterile physiological saline., The centrifugation procedure



17

was repeated three times to thoroughly wash the spores,
which were then resuspended in 25 ml sterile distilled

water and stored at 4°C for later microscopic examination.
Cell Culture

Four established cell 1ines were utilized. An estab-
lished cell line of mosquito (ggggg albopictus) cells (MOS)
was procured from Dr, Lane Corley.3 Madin-Darby bovine
kidney cells (MDBK) and Vero M monkey kidney cells (VERO)
were obtained from the Oklahoma Animal Disease Diagnostic
Laboratory.n A fathead minnow cell lihe (FHM) was pur-
chased from American Tissue Type Collection.5 All cell
culture work was carried out in the tissue culture labora-
tory of the leahomavAnimal Disease Diagnostic Laboratory.

‘The MDBK, VERO, and FHM cell lines were grown in'a
CO, incubator at 37°C; These three types‘of cells were
propagated in Eagle's minimum essential medium (MEM)
(I.8.I. Biologicals)6 with 10% viral and mycoplasma
screened fetal bovine serum (FBS). Eagle's MEM with 2%

FBS was used for maintenance of cell monolayers. MOS cells

3Mississippi State University, Mississippi State,
Mississippi. 39762

4Oklahoma State Univérsity, Stillwater, Oklahoma 78074

51230 Parklawn Drive, Rockville, Maryland 20852

6Mention of a brand or company name does not consti-
tute an endorsement or imply approval to the exclusion of
of other suitable products. Addresses for companies men-
tioned appear in the appendix,
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were cultured at room temperature and growh in prepared
mosquito culture medium (Gibco) with 20% FBS.
All cell cultures were subdivided by the addition of

a trypsin mixture (Difco), followed by centrifugation of
the resulting cell suspension at 1000 rpm (225 g) and re-
suspension in fresh medium, Cultures were maintained in
disposable 30 ml Falcon cell culture flasks (Division
Beston, Dickinson, and Co.); experimental monolayers were
‘grown in either 30 ml Falcon flasks, Lab-Ted champer slides
(Scientific Products), or on sterile coverslips in dis-
poséble 35 mm Corhing cell culture dishes (Scientific

Products).
Spore Inoculation .-

Only spores isoldted by fhe ether separation method
previously described were used. Spores were treated with
antibiotics (0.5 ml fungizone, 1.0 ml penicillin, and 0,25
ml streptomycin per 10 ml spore suspension) 24 hours prior
to introduction info cell culture (Undeen and Maddox, 1973).
After antibiotic treatﬁent; spores were centrifuged at
1000 rpm (225 g) for 10 minutes, the antibiotic solution
was discarded, and the spores were resuspended in 0.1 M KOH
and incubated for 30 minutes, Following incubation, the
spores were centrifuged and resuspended in MEM with 2% FBS
and 0,1% gentamycin (Schering). This calibrated spdre sol-
ution was introduced into cell cﬁlture flasks, dishes, or

chamber slides containing a monolayer of cells, The
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number of spores per ml of medium was determined with the
use of a hemacytometer (American Optical Bright-line).
'Celi monolayers, with and without spores, were observed

daily using an inverted microscope (Leitg).
Light Microscopy

Monolayers of cells were fixed in s8itu with 10% neu-
tral buffered formalln, stained, dehydrated with graded
dlcohols, cleared in xylene, and mounted in Permount
(Fisher Scientific‘Co.).. Controls for cell culture sam-
ples included stained sections‘(S ﬂ.m) of golden shiner
ovaries (collected ih early summer) and spore smears of P,
ovariae isolated by the ether separation method described
- -above, .Mallery’s tfichrome stain, hematdxylin, Giemsa,
‘Periodic acid schiff (PAS), and toluidine blue were util-
ized for light microscopic-examination, according to stan=-
dard procedures (Humason, 1967; McManus and Mowry, 1960),

Comparison of the dlfferent established cell lines
inoculated with the same number of P. ovariae spores
(1 x 10°) included counts of both the number of cells and
the number of engulfed spores, -The average number of |
phagocytlzed spores per cell was computed for each of five
random flelde (X 1500) for each monolayer sampled. The
student's t-test was used to examlne significant differ-
ences between groups (Beyer, 1968), A difference was
Jjudged 31gn1f1cant if the probablllty of the calculated

t-value was less than 0,05.
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Electron Microscopy

Cell monolayers were removed from flasks with a
trypsin solﬁtidn, concentrated by’éentrifugatioh at 1000
rpm (225 g), and fixed with 2% glutaraldehyde in 0,27 M
cacodylate buffer containing 1500 ppm ruthenium red (Sigma
Chemical Company) . Post-fixation'with'OSou in cacodylate‘
buffer containing rufhénium red followed (Luft, l97la,'
1971b). The cultured cells were embedded in Spurr embed-
ding medium (Spurr, 1969) after dehydration through a
graded series of ethanols and passage through a transition
solution of propylene oxide.

Thick (1 um) and thin (500 A + 100 A) sections were
prepared with an ultramicrotome (Sorvall MT-2 Porter-Blum),
using glass khivés.  Thick sections were stained with
Richardson's blue (Richardson et al., 1960); thin sections
were mounted on copper grids and stained Withvuranly_ace—
tate and lead citrate (Venébie:and Coggeshall, 1965),
Examination of thin sections waé made with a transmiésibn'
_‘electron micrdsCope (Philipé'zoo); Measﬁreménts were
estimated By comparing photographs of 0,312 Jr m latex beads
(Polysciencs, Inc.) and photographs of spores taken at the

‘'same magnification.



CHAPTER IV
SPORE ISOLATION
Experimental Design

The first spore isolation technique‘utiiized naturally
infected golden shiners secured in early spring from stock
ponds beloﬁging to the Oklahoma Cooperative Fishefy
Research Unit. Two repetitions of the second spore isola-
tion technique were perfofmed. Naturally_ihfected golden
shiner ovaries obtained from Oklahoma'COOperative Fishery
. Research Unit in early spring were utilized for the first
trial with a centrifugation speed of 550 rpm (%0 g) for 5
minutes;- Naturally infected golden shiner ovaries obtained
. in early spring from Ozark Fisheries, Inc. weré used for
the second trial with a centrifugation speed of 150 rpm
(3 g) for 5'minutes. The sucrose density gradient centri-
fugation technique was performed with ovaries from natur-
ally ihfected golden shiners obtained from Ozark Piaheries,
Ian‘in early summer. Naturally infected golden shineré
obtained from the Oklahoma Cooperative Fishery Research
Unit ih early summer were used to perform the ether sep-

aration.technique.‘ | |

Quantification of the spore yield produced by the

21
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: various.methods waé not attempted because of variation in
time of year when fish were acquired and because of the
difference in sources for the haturally infected golden
shiners, 1Incidence and intensity of infection of P
ovariae is seasonal and varies among'populationé of golden
shiners'(Warner, 1972)., Spore suspensions were, however,

| examined microscopically to detefmine the relative'purity

of each spore preparation.,
Results

All four methods of spore isolation yielded clean
prepafétions of apparently viabie spores.  Spores were
judged viable by their characteristically refractive
 appearance.under,the microscope (Kurtti and Brooks, 1977)
_ahd'byUability to extrude the polar fiiament following
.mechanicalvéxtrusion (Kudo, 1924), |

The first isolation method furnished a large number of
.spores, but'they were often‘miied with considerable debris,
’ihcluding large yolk droplets and some particles of ovary
tissue. This method requiredlﬁhe least effort and timé'of
- the methods used. | |
The modificatibn‘of-Coié's triangulation method of
-gpore isolatioh-alsb yielded numeroﬁs Spdres. In the first
trial’(jso.rpm'Or 4o g), spores were found mainly in the
ﬁellet,in the second tube, although sporés were also seen
in the supernatant fluid and pellet of the first tube and
in the pellet of the third tube., All tubes contained
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tissue debris of variéus sizes. The largest particles were
seen in the first tubes while the finest particles were
found'in,the last tubes of fhe series, The second repeti-
tion, which utilized a centrifugation speed of 150 rpm

(3 g), resulted in thé transfer of spores to all centrifu-
gation tubes. ILarge numbers of spores were seen in the
pellets in tubes one through six, and smaller numbers were
found in tubes seven and eight. 1In all cases, considerable
debris was located.with the spores.,

The sucrose density gradient centrifugation.procedure
yielded spores in two separate bands in the preparation.
The band in the upper phase of the'preparatipn contained a.
few spores and small-particles of tissue debris, while the
band in the lower phase contained a 1arge number of spores
-aloﬁg with the larger debris particles. |

The ether separafion.produced large numbers of spofes
with véry little extraneous tissue debris. The debris
‘which remained in the spore preparation were very small
particles, and no yolk material or proteinaceous globules

were present in the final spore preparation,
Discussion

All the methods of spore isolation yielded éﬁores.
All S§ore preparations were cleén enbugh to be suitable for
some routine purposes, such as preparation of stained
sﬁears. However, most of the spore suspensions contained

"too much contaminating debris for analytical work.,
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The first spore isolatioh‘technique,.the simplé
macération technique, quickly yielded large numbers of P.
oVériae sbores. However, sporé preparations contained
considerable ovary‘debris, which madé these preparatibns
undesireable for analytical or cell culture work.

}'Application of the modification of Colé's triangula-
tion technique to ovariesbcoptéining P. ovariae resulted
in good spore yiélds, but spofe suspensionsvwere oohtami—
nated with tissue debris. At the cdmpletioﬁ of the tri-
ahgulation process, P. ovariae spores were located primar-
ily in the firéf and second tubes, but some were seen in
all the other tubes also. In all tubes, considerable
tissue‘debris was ;ocated in the same area with the spores,
Cole,(l970); however, was able to ﬁtilizevthe triangulation
‘technique to prepare a 95% pure spore suspehéion of Noséma
helibthidus at alcentrifugation speed of;6oo rpm for 5 |
;minutes..‘Spdres were concentrated in tubes 3 through 6
while debris particles were found largely in tubes 1, 2, 7,
~and 8, Spores of Q;‘ggig were similarly isolated at 300
rpmvfor 5 minutes. Fowler and Reeves (1974) also used the
trianguiation'procedﬁre with a centrifugal speed of 125 g |
~ for 30 socohds'to har?est spores from several insect hostés
N. necatrix, N. plodiae, N. séhihgidis, N. whitei, N.
trichoplusia, Thelohania diazoma, T. legeri, and

Pleistophora species. Since P, ovariae infects a verte-

brate host; the nature of the tissue debris differs from

that of'insect host tissues and may have inhibited spore
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isolation by the triangulation meﬁhod. Another speed and
time combination for centrifugation might, however, im-
prove the purification of P, ovariae Spores'by thé triangu~
lation technigue. |

The sucrose density centrifugation'method concentrated
spores in two bands of the.sucrose preparation; however,
ovary tissue debris was also found in both of these loca-

tidns. Although Markiw and Wolf (1974) successfully iso-

lated Myxosoma éerebrglig spores using the sucrose density
| gradient céntrifugation technique following a trypsin and
pepsin digestion with debris remaining in a dense band at
the interface of the digeStion_and sugar solutions, no such
‘sﬁqre geparation from debris resulted when the technique
was applied to ovary'tiésue containing P, ovariae spores,
The-différenée.in_the nature of the host tissue;-ovary for

P, ovariae and cartilage for ﬂ;'cerebralis--was probably

responsible for the difference in the nature of the resulfs.
Apptication of enzyme digestion to tiséues containing P,
oQariae spores prior to execution of the sucrose density
gradieﬁt centrifugation techhique may also have been help=-
ful in degfading o&ary debfis particles and thereby giving
a better separation of spores from débris.

The ether separation method modified from Landolt
(1973) prbducéd a relatively pufe suspension of P, ovariae
spores énd is the best method among those examined in this
}study. Landolt (1973) was also able to pre?are a clean

, prgparation of M. cerebralis spores using this technique, -
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including an enzyme-digestiqn procedure prior to implement-

ing the ether separation tehcniqﬁe to release M. cerebralis

spores from the cartilage where they are located., Enzyme
digestion was not needed in this study because maceration
and homogenization sufficiently released spores of P,

ovariae from ovary tissue.



CHAPTER V

ENTRY OF PLEISTOPHORA QOVARIAE INTO CULTURED CELLS

Experimental Design

Monolayers of MDBK cells, VERO'cells, MOS cells, and
FHM cells were grown in chamber slides or ih 35 mm Corning
cell culture dishes containing sterile coverslips in an
experiment designed to ekamine the mode of entry of P,
':ovariae spdfes into selected culture cells at the light
microscope level. After pretreatment with antibiotics, P.
"ovariaé spores were intrbduced onto monolayers at a rate of
1 x 105 spores per chamber slide or cell culture dish.
Experimental monolayeré were pefiodically observed with an
in#erted microscope., Slides or coverslips weré fixed at
intervals of 0.25, 0.50; 0.75, 1, 2; 4, 24, 48, or ?2 hdurs
and 6, 7, or 13 days after expdsure to spores and stained
Mallory's triple stain. iEvaiﬁation included counting the
number.of cells and ﬁumber of spores per field-(X‘l500).
The avefége number of spores per cell was estimated by
averaging counts from five fields and dividing the average
number of spores per field by the average number of Qeils
per field., Analysis by the student's t-test follOwed.

P, ovariae spores which had been pretreated with
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antibiotics were also introduced onto MOS monolayers grown
in 30 ml céll culture flasks and fixed for electron micro-
scopy at intervals of 0.50, 2, 3, 4, 12, or 2% hours after

exposure and processed for electron microscopy.

Results

Light Microscopy

Obéervations using the light microscope revealed that
more spores per cell were located inside MOS cells than in
the other established cell line types (Table I). By four
. houfs‘after exposure, an average of 1.183 spores per cell
héd been engulfed by MOS cells; more than double the aver-
age'number of spores‘engulfed by the VERO cells (0.529),

No significant difference in the averége number of spores
phagécytized by MOS cells at 1, 2, and 3 hours after expo-
'suré'was observed, but the average number of spores phago?
cytiied by 4 hours after exposure (1.183) Waé significantly
‘greater than at either 1, 2, or 3 hours after exposure
(0.166; 0,191, and 0.230 respectively). A greater number
of sporés per cell was observed in MOS cells than in the
other types of cultured cells at 4, 24, 48, and 72 hoﬁrs
after exposufe to spores. The average number of spores
engulfed by MOS cellé.Was significantly greatervat 24 hours
(3.487) than at 48 hours (1.834) or 72 hours (2,025) after
exposure; there was no significant difference between the

~ average number of spores within MOS cells at 24 and 48 @ .
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TABLE I. Average number of spores per cell with the aver-

age number of cells per field in parentheses

Cell Type

Time | VERO . MDEK NMOS

0,25 hour 0.038 0.029 Np2
(28.6) (35.2)

0.50 hour - 0,064 0.023 ND

0.75 hour . 0.062 0.025 ND

. | (30.0) (34,8) | .

"1 hour R 0.077 - 0,147 0.166
| (31.4) - (39.6) (17.2)

2 hours 0.588 ' - 0,071 0.191
(31.8) (53.6) (16.0)

3 hours . ND ND 0.230
(50.4)

4 nours 10,529 " ND 1.183
(41,8) (11.8)

24 hours - 0,469 0,015 . 3.487
R (76.6) (67.2) (17.0)
48 hours 0.409 0,016 1.834
(88,8) (95.4) (23.8)

' 72 hours.. 0,270 0.020 2,025
X » (87.6) (98.6) (28,8)

ND = No Data
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hours after exposure. The largest average number of spores
phagocytized by MOS cells (3.487) was observed at 24 hours
after exposuré.

Some spores were seen adhering to the surface of VERO
cells, and éome spores were seen inside cultured cells at
0,25 hour affer-exposure (0,038 per cell). There was no
significant difference in the average number of spores en-
gulfed by VERO cells at 0.25, 0.50, 0.75, or 1 hour after
>expdsure; however, a significantly greater average number
| 6f spores was phagocytized by VERO cells at 2 hours (0.588)
and 4 hours (0.529) than at 0,25, 0.50, 0.75, or 1 hour
after exposure (0,038, 0,064, 0,062, and 0,077 respective-
1y). No significant difference was observed in the average
nﬁmber of spores per cell between 2 and 4 hdurs after expo-
- sure, and no significant changes in the average number of
spdres enguifedvat 24, 48, or 72 hours after eiposure were
observed. The greatest average number of spores phagocy-
 tized by VERO cells (0.588)was observed at 2 hours post
exposure, The average number of spores engulfed‘by VERO
cells at 24 hours (0.469), 48 hours (0.409), and 72 hours
(0.270) was significantly less than the average number
phagocytized by MOS cells (3.487, 1.83&, and 2.025 respec-
tivély) but significantly greater than the average number
engulfed by MDBK cells at the same time periods (0,015,
0,016, and 0.020 reSpectiveiy)._ Spores were still visible
in VERO mbnolayers siéined with Mallory's triple stain at 7

and 13 days after exposure, but spores were no longer
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visible in monolayers 12 to 14 days after exposure to
»spores. |

MDBK cells Were Qbscrved to contain someISpores 0.25
hour after exposure, Although there was no significant
difference in the average number of spores engulfed by
MDBK cells at 0,25, 0.50, and 0.75 hours, some MDBK cells
had engulfed a significantly greater average number of
gpores at 1 hour (0.147) than at 0.25 (0.029), 0.50
(0.023), 0.75 (0.025), or 2 hours (0,071) after exposure.
No significant difference was observed between the average
number of spores engulfed by MDBK cells at 24, 48, or 72
‘hours after exposure, The average number of spores en-
gulfed by MDBK cells was less than the average number en;
gulfed by other cell types at every time period sampled
except at 1 hour posf exposure when the average number of
spores engulféd by MDBK cells (0.147) was greater than the
average number engulfed by VERO cells (0,077) and less than
the average number engulfed by MOS cells (0.166), However,
these differences were not significant. Spores were visi-
Ble 7 and 13 days after exposure in MDBK cells stained with
Malldry's triple'stain, but as in VERO monolayers, spores
were no loﬁgef visible 12 to 14 days after}exposure.

Fathead minnow cells, a fibroblast cell 1iné, engulfed
few spores in comparison to the other cell lines. Some
gspores were phégocytized within 24 hours after exposure,
and could be seen within the cells 4 days after exposure.

These cells usually degenerated Quickly after addition of
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the spore suspension to the cell Culture,'possibly-due to
a toxic reaction to some substance in the spore suspension.

Therefore, no comparative counts were attempted.

| Electron Microscopy

Ruthenium fed, a membrane specific stain used to
determine membrane integrity, was used as an aid in deter-
mining the sequence of e&ents during spore entry. Rutheni-
"um red is a tracer stain which stains only cell membranes

of intact ceils when applied at the.time of fixation, It
will, howéver, stain the cytoplasm and organelles of |
broken or degenerating celis (Jensen and Hammond, 1975).
'Sinde the cell membrane integrity would have to be compro-
mised to allow the ruthenium red stain entry into the cell
.cytoblasm and since mbst cells céntaining spores did not
bshow cytopiasmic staining; it does not appear thaf’spore
entrance diérupts the membrane integrity of thé cultured
cell.

All stages of phagocytosis were observed in samples
of MOSbéelis fixedjﬁ hours after exposure to spores, but
ehtire spores were observéd_inside cells 0,50 hour after
exposure."Spores werevobserved to settle'randomly when’
introduced into cell culture medium'and were observed both
on and between cells in the culture. Once sporeé-had
settled in the culture medium, cells were observed with
péeudopodia extending toward,and touching free spores

(Fig., 1A). Spores were also seen partially within cells
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FIGURE 1. The entry of P, ovariae into cultured mos-
quito cells by active phagocytosis. A. Pseudopods from
the cell (¢) reach out toward a spore (s), X 12,000,

B. Adhesion of the spore to the cultured cell, X 12,000,
C. Spore closed in a heterophagocytic vacuole (v) with an
attaching lysosome (1), X 23,000, D, Spore free in the
cytoplasm of a cell. The nucleus (n) and a large lysosome
are prominent structures, X 12,000,
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(Pig. 1B), with pseudopodic processes extending around the
spore. ©No particular orientation of the spores to the cell
was necessary for engulfment. ‘The contact between the
spore and.thé cell was generally quite close. Where the
cell membrane was visible, it appeared to be against the
spore wall with no intervening space.

Spores which had entirely entered intact cells were
often surrounded by a heterophégocytic vacuole (Fig. 1C).
Occasgsionally the remains of a membrane was distinguish-
able on one end of the spore., Lysosomes were sometimes
seen fusing with this membrane in an apparently normal pro-
cess of digestion, On the other end of the same vacuole,
however, the spore often appeared to be'in contact with the
cell cytoplasm withqut an intervening membrane (Fig. lc).
Some spores were also observed iﬁ vacﬁoles surrounded by a
clear halo, yet the plasma membrane appeared to be absent.
Other spores appeared to be surrounded by the‘remains of a
vacuole, with only portions of a membrane present, Spores
were also frequently seen within cells without any sign of
>limiting membranes or phagocytic vacuoles around them

(Fig. 1D).
Discussion

Light Microscopy

Although all cell types phagocytized spores, no devel=-

opmental stages of P, ovariae were seen in cell culture,
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MOS cells engulfed the largest average number of spores
(3.487) at 24 hours post exposure., The average number of
spores engulfed by MOS cells was significantly greater than
that engulfed by VERO or MDBK cells at 4, 24, 43, and 72
hours after exposure. Since the MOS culture consigted of
both macrophage and fibroblast cell types, it had greater
potential for engulfing foreign particles than the VERO or
IDBK cell lines which consist of epithelial cell types.
The>higher spore per cell ratio in MOS cells was also prob-
ably influénced by the lower number of MOS cells per field.
For example. at 24 hours post exposure, there.was an aver=-
age number of 17.0 MOS cells per field in contrast to 67.2
MDBK cells and 76.6 VERO cells per field, If all cell
cultures had phagocytized the same number of spores, the
avérage number of spores per cell would still have been‘
larger for the MOS group because it had the smallest pop-
ulation of cells per field (lower divisor in the”ratio).
VERO cells generally engulfed an average number of
spores intermediate to the number engulfed by MOS and MDBK
cells. The decrease in the average number of spores en-
guifed by VERO cells after 2 hours after exposure was prob-
ably due to the increasing number of VERO cells, The
reason for the decreased phégocytic rate exhibited by the

MDBK cells is unknown,

Electron M;crbscogx

In the process of phagocytosis of P, ovariae spores,
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the following steps were observed, Spores appeared to
settle randomly when placed into cell culture. Adherence
of the spore was accomplished by the reaction of cellular
pseudopodia. As the pseudopodia flowed around the spore,
it was ingested and became located in a phagocytic vacuole,
At this point the parasite was membrane-bound and subject
to destruction due to fusion of primary lysosomes with the
membrane, In some cases the plasma membrane, however,
apbeared to break down, leaving the spore in‘direct contact
with the cytoplasm,

Entry of P, ovariae spores into cultured MOS cells was,
therefore, observed to occur by active phagocytosis, simi-
lar to that described for Toxoplasma gondii in Hela cell
cultures (Jones et al., 1972). Other modes of entry which
have been described for sporozoan parasites include active
ihvasion by Eimeria magna sporozoites (Jensen and Hammond,

1975) and passive engulfmemt of Plasmodium species (Ladda

et al., 1969).

T, gondii has been reported to enter cells with ran-
dom orientation; whatever part first contacts the cell ini-
tiates phagocytosis (Jones et al.,, 1972)., P. ovariae
spores, like T, gondii tachyzoites, are phagocytized follow-
ing contact with a cell's pseudoposia, regardless of the
orientation of the infective stage. Whichevér process of
parasite entry is involved, none of these sporozoans pene-
trates or ruptures the plasma membrane of the cell upon

entering (Ladda et al., 1969).
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T, gondii remains within the cytoplasmic vacuole
following entry into a cell and reproduces in a generation
time of 5 to 10 hours., >There is no evidence of the forma-
tion of a second membrane (Jones and Hirsch, 1972),
Plasmodium also lives within a vacuole membrane produced
by the host, but this mehbrane is antigenically different
from the initial phagocytic vacuole membrane, indicating
removal of the first membrane and replacement with a second
(Ladda et al., 1969), The phagocytic vacuole membrane
formed around E. magna sporozoites also breaks down and is
replaced by a second membrane of host origin (Jensen and
Hammond, 1975). Similar breakdown of the first membrane
-was observed in this study of P. ovariae, but the formation
of a second membfaﬁe was not observed. Although not
totally substanfiated by this study, fhe breakdown of the
first membrane and the ihtracytoplasmic localization of the
parasite may indicate that at least part of the microspori-
dan development occurs directly in the cytoplasm of the
host cell.

The destruction of the first vacuole, formed by the
invagination of the plasma membrane, may be one factor
which allows the parasite to survive in its intracellular
location, It is not only protected from host defenses
such as antibodies and macrophages within the host cell,
but but it is also protected against digestion by the host
cell componénts. During the period when it is not sur-

rounded by any membrane, lysosomes cannot attach and fuse



with the vacuole mémbrane to destroy it. The second mem-
brane. formed around E. magna and probably Plasmodium pro-
tects them from host digestion, |

T, gondii which remains in the first cytoplasmic vac-
uole is believed to secrete a substance which alters the
nature of the enclosing membrane so that lysosomes can no
longer attach to it (Jones et al., 1972)., Mycobacterium
tuberculosis and Chlamydia are also able to prevent trans-

fer of lysosomal material into their vacuoles (Jdnes and
Hirsch, 1972). Another possibility for survival of intra-
cellular parasites'is the ability to withstand the toxic

subgtances and enzymes delivered by the lysosomes, as in

the case of Mycobacterium lepraemurium (Jones and Hirsch,
1972). |
From observations of P, ovariae, it appears that there
is still another pattern for intracellular survival. P.
ovariae spores escape from the vacuole membrane of the
host cell before encountering lysosomal products in the
vacuole, Their intracytoplasmic existance thus insures a
mihimal amount of contact with host defense mechanisms and

maximizes the opporﬁunities for survival and multiplication.



CHAPTER VI

SPORE MORPHOLOGY AND STAINING REACTIONS
Experimental Design

Spore smears were prepared and stained with Giemsa,
hematoxylin, PAS, and toluidine blue in order to determine
staining reactions of P, ovariae spores. Paraffin sections
of infected golden shiner ovaries were also processed and
stained as described earlier. All slides were dehydrated,
cleared, and mounted according to standard procedures.
Spore morphology was determined by electron microscopy from
a centrifuged sample of P..ovariae spores isolated from in-
fected ovary tissue collected in early spring by the ether

separation technique.

Results

Light Microscopy

Spore smears stained well with one polysaccharide
stain (toluidine blue) but only faintly with the other
(PAS). Toluidine blue stained P. ovariae spores in smear
preparations a dark blue-purple in the region of the polar
cap and the polar filament less intensely blue. PAS

stained both the polar cap and polar filament only faintly
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or not at all. P, ovariae spores in sections of ovary
tissue stalned more variably than spores in smears, possi-
bly due to the thickness of the sections. When stained
with toluidine blue, some spores appearéd to have a dark
blue band in the middlé of the spores; others displayed
one dark blue end; and other spores were stained entirely
light blue., Spores were not stained when PAS was applied
to ovary sections, but the secondary oocyte membranes on
the same slides were sirongly positive, Control slides of
mouse intestine displayed the characteristic positive PAS
reaction, Spores in smear preparations were also PAS nega-
tive,

Variable results were also obtained with the use of
nuclear stains, Spores in smears treated with heﬁatoxylin
were predominantly pale with a dark blue or purple longi=-
tudinal band medially or with a dark nuclear spot in the
posterior region of the spore. Many spores, however,
stained homogenously pale or displayed a light vertical
band. Ovary sections containing spores showed most spores
staining negatively when treated with hematoxylin, but
some displayed a dark dot either centrally or at the post-
erior end,

Giemsa applied to spore smears stained the polar cap
intensely blue and the nucleus in the posterior end of the
spore less intensely purple. The polar filament sometimés
stained faintly and sometimes a longitudinal stripe was

displayed. Spores in ovary sectipns stained in the same
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manner as the spores in smears., Many spores displayed both
a.dark polar cap and nucleus, but some spores remained un-

stained.

Electron Microscopy

Observations using electron microscopy showed that the
P. ovariae spores are bounded by a thin electroh—dense
exospore (40 nm) and a thiék electron-translucent endospore
(Fig. 2). The enddspofe measured approximately 120 nm
except at the anterior end (40 nm) where a cone-shaped
cavity, the polar sac, surrouhded the site of polar fila-
ment attachment, The base of the polar filament was sur-
rounded by an eleciron-opaque polar cap (Fig. 2B). The
polar filament descended medially to the middle of the
spore, then coiled next to the spore wall in peripheral
rows. Coils were arfanged iﬁ single, double, or triple
layers, as the siﬁgle étraﬁd coils.inside the first row of
coils. These coils_extendéd to the largér end of the |
spore.' The maximum nuﬁber of_éoils observed in any one
section was 34, The diameter of the polar'filament‘in the
descending portion was estimated at izobnm while the diam-
eter of the polar filament in the descending portion was
estimated at apprdximately 100 nm,

The polar filament was composed of a bilayer wall and
an inner core (50 nm) of electron dense méterial. The
outer wall of the polar filament (10 nm):was denser than

the imner wall (15 nm); the inner wall contained about 20
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FIGURE 2. Ultrastructural morphology of P. ovariae
spores. A. The exospore (x), endospore (e), polar space
(s), and polar filament (f) are prominent structures illus-
trated, X 17,000, B, {blique section through the polar
cap, X 12,000, C. Details of polar filament structure,

X 23,000, D. The nucleus (n) of a P, ovariae spore,



L3

electron‘dense fibrils whicn spiraled along the length of
the polar filament (Fig. 2C).

A single nucleus was observed enclosed by the coils
of the polar filament (Fig._ZD); Undifferentiated cyto~
plasm, a few ribosomes, and smooth endoplasmic reticulum
'»filled the rest of the space within the coils of the polar
filament, Betweeh the coiled region of the polar filament
and the polar cap, the space.between the spore walls was
filled with a delicate polaroplast structure, No mito-
chondria were observed., The plasmalemma was located just
within the endospore. A diagrammatic representation show-
ing the Sporevmorphology of P, ovariae as observed with the

electron microscope is shown in Figure 3.
Discussion

Light Microscopy |

Both héMatoxylin and Gieméa stains colored the nuclei
in the larger ends of P, ovariae spdres. The spores which
were not colored by nuclear_staihs or which stained aber-
rantly were probably degeneraﬁe or dead or, in the case of
ovary secfions, sectioned through_a region.not cqntaining

the nucleus of the spore. All other Pleistophofa species

so far examined had only one nucleus (Weiser, 1976). The
metachromatic reaction to toluidine blue revealed the poly-
saccharide nature of the polar cap and, less prominently,

the polar filament. Many other workers have reported the
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polar cap
polar sac

- exospore

endospore
polaroplast

> polar filament

plasmalemma

nucleus

FIGURE 3. Schematic representation of the internal
structures of a P. ovariae spore.
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polysaccharide nature of these two organelles using PAS,
but P, ovariae spores stained only faintly or not at all

with PAS.

Electron Microscopy

Electron microscopy revealed that the ultrastructural
morphology of P, ovariae corresponds well with that of
other microsporidans. All microsporidans so far investi-
gated possessed a thick spore wall divided into exospore
(50 nm) and endospore (200 nm), as well as a coiled polar
filament and one or more nuclei (Canning, 1977). Diversity
among species occured in the number, arrangement, and angle
of the polar filament, presence of a polar cap, and the
shape and location of the posteribr vacuole,

Marked similarities were observed between the ultra-

structure of P, ovariae and P. hyphessobryconis, a muscle

parasite of the fish, the neon tetra (Lom and Corliss,

1967). This species is the only other Pleistophora species

from a fish whose ultrastructure has been described in
detail. Both P, hyphessobryconis and P, ovariae have thick
spore walls which are typical of microsporidan parasites,
The exospore of P, ovariae (40 nm) is thicker than that of

P. hyphessobryconis (7 nm), while the endospore of P,

ovariae (120 nm) is thinner than that of P, hyphessobryconis

(150 nm), but the entire thickness of the spore walls of
P. ovariae (160 nm) and P, hyphessobryconis (157 rm) are

remarkably similar,
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Both P. ovariae and P. hyphessobryconis possesse
polar caps and coarse granular nuclei, The polaroplast
membranes were present in both species, but more promi-
nent in P, hyphesgobryconis, The one major difference be-

tween P, ovariae and P. hyphessobryconis was the lack of a

posterior vacuole in P, ovariae at the electron microscope
level, Although a large posterior vacuole had been report-
ed from P, ovariae at the light microseope level, no cor-
responding structure could be seen with the electron micro-
scope. Perhaps the posterior vacuole observed with the
light microscope was produced by the refraction of light by
the coiled polar filament,

The polar filament of P, ovariae was arranged in 34
single, double, and triple coils of a single strand, one
within another in the posterior half of the spore. This

arrangement is very similar to those of P, hyphessobryconis

and P, gigantea, another fish microsporidan (Sprague and
Vernick, 1968b), but a smaller number of coils has

usually been observed in other microsporidan genera
(Canning, 1977). The details of the polar filament struc-
ture in P, ovariae were similar to those of Unikaryon
legeri, a hyperparasite of a trematode metacercaria
(Canning and Nicholas, 1974%). The polar filament consisted
of a double wall with the inside wall containing approxi-
mately 20 fibrils (described as rings by Canning and
Nicholas, 1974). 8Since the polar filament everts and

expands to facilitate extrusion of the nuclear material
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(Weidner, 1972), the circular stfuctures observed in one
layer of the polar filament of P, ovariae were described
as fibrils. Proteolytic digestion has also revealed the
fibril nature of these substructures within the polar fil-
ament wall (Vavra, 1972).

The structure of the polar filament of P. ovariae was

also similar to that of P. hyphessobryconis which has been

described as a bilayered wall, whose central cylinder was
reported to include ridges extending into the inner layer
of the wall to give the appearance of fibrils (Lom and
Corliss, 1967). However, the fibrils in the wall of P.
ovariae's polar filament did not connecf with either the
electron dense material in the lumen of the tube or with
the electron dense material in the outer wall, The diam-
eter of the polar filament of P. ovariae (100-120 nm) was
slightly less than that of P, hyphessobryconis (110-130 nm)
(Lom and Corliss, 1967). The vast diversity of observa=
tidns regarding polar filament structure may be due to
inter- and intrageneric differences, but such discrepancies
could also result from differences in tissue processing for
electron microscopy. Good fixation of microsporidan spores

is very difficult due to their thick spore wall,



CHAPTER VII
CHANGES ASSOCIATED WITH PHAGOCYTOSIS
Experimental Design

- P, ovariae spores (1 x lO‘3 per ml) were obtained by
the ether separation method and»were introduced onto monoQ
layers of cultured cells (MDBK, VERO, and MOS) as described
in the methods section. Samples of these monolayers were
‘fixed in gitu at 24, 48, and 72 hours and 6 or 7 days after
exposure to spores. They were subsequently stained with
| the same solutions used to stain-spore smearss Giémsa,
hematoxylin, PAS, toluidine,blue, and Mallory's triple
stain., The cell monolayérs on slides or coverslips were
then dehydrated, cleafed, and mounted a¢cording to sténdard
procedufes,vand cells examined with a light microscope,

- Pieces of ovaries from naturally infected golden
Shiners collected in the féll were fixed for eledtron
mioroseopy;‘ These post-spawning ovaries were in fhe pPro-
cess bf resorbing unspawned ova and therefore were used so
that the effect of the host macrophages on P. ovariae

spores could be obsgerved and described.

L8
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Results

Lizht Microscopy

Results and discussion of cell culture monolayers con-
taining P, ovariae spores will be limited to observations
of VERC cells because MOS cells containing spores were gen-
erally too rounded to allow observation of stalining reace=
tions within the spores, and because MDBK cells did not
engulf enough spores for adequate observation,

One day after exposure, VERO monolayers contained P,
ovariae spores that stained approximately the same as smear
preparations of spores (Table II)., Toluidine blue stained
the polar cap darkly and the polar filament more lightly.
Hematoxylin staining revealed dark blue nuclei in P,
ovariae spores. Giemsa stained the entire spore blue with
dark blue nuclei in the larger ends of the spores., Mal-
ory's triple stain colored mature spores yellow-gold, but
immature spores were red and dead spores were light blue,

Three days after exposure, spores phagocytized by cul-
tured cells no longer stained like spbreé in smear prepara-
tions. The entire spore appeared a pale homogenous grey-
purple when stained with Giemsa. Similarly hematoxylin
treatment resulted in pale blue spores with no neuclear
differentiation, and toluidine blue staining resulted in a
non-gpecific pale purple colof with a few dark dots in some
spore walls., However, spores phagocytized by culture cells

still stained with Mallory's triple stain in the same manner
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TABLE II. Staining reactions of P. ovariae spores engulfed
by VERO cells compared to spores in spore smear DreparabLon

Time
Stain 1 day? 3 days 6-7 days
. g b c
Toluidine blue S D D
Hematoxylin S D D
Glemsa S D D
Mallory's S S S

q3ay(s) = day(s) after exposure of spores to cultured
cells

bS = Same staining reaction for spores phagocytized by
cultured cellg as for spores in smear preparation
°p = pifferent staining reactions for spores phagocy-
tized by cultured cells as for spores in smear preparation
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as spore.smear preparations. The culfured cells stains?
the same at 3 days after exposure to spores as they had at
1 day after exposure. | |

Seven days after exposure to spores, the VERO cells
were still staining like they had 1 day after exposure to
spores with all stains, However, sporés phagocytized by
cultured cells stained with tdluidine blue'appeared pale
blue and wrinkled, and spores.staiﬁed’With hematoxylin were
homqgenodsly light gray.‘ VERO cells stained with Giemsa
6 days“after spofe exposure had very faintly blue staining
spores., .Mailory's triple'stain still colored spores in the

- same way as it did in spore smear preparations,

Electron Microscopy

- Fish ovaries colleéted in the fall éontained large
numbers of spores which had been engulfed by macrophages
(Fig. 4A). Many stages of spore digestion were present,
but no spores exhibiting morphology similar to that of un-
phagocytized spores were observed. Intermediate develop-
mental stages of P, ovariae werevalso not observed,

The first change induced by phagocytosis which was
observed was fhe disappearance of the details of the polar
filament structure and substitution by empty spaces (Fig.
L4LB), 1Internal structures then became homogenous or con- |
densed (Fig. 4C). The spore wall was either intact or the
endospore was permeated by an electron dense material, |

followed Dy the collapse of the spore walls to give tie

¢
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FIGURE 4. Early stages of spore digestion in golden
shiner ovary tissue., A. Numerous spores (s) in various
stages of digestion. Lysosomes (1) are attached to some
heterophagoctyic vacuoles (v), X 6,000. B. Empty spaces
have been substituted for polar filament structures and the
integrity of the spore wall is disrupted, as shown by an
arrow, X 17,000, C. Condensation of internal structures

within the spore wall, X 17,000,
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spores a wrinkled or crumpled appearance (Fig. 5A). The
‘electron dense material inside the spore walls then dis-
appeared, leaving empty spore shells (Fig. SB): However,
thé plasmalemma and some debris were also seen inside some
of these latter strucfures. The remnants. of the spore wall
- also disappeared (Fig. 5C), leaving only debris which

- resembled pieces of membranes in the phagosomes,
Discussion

Both light and electron microscopy showed that P,
ovariae spores are susceptible to phagocytosis, Although
spbres phagocytized by cultared cells stain like spore
smear preparations 1 day after'exposure, they lost their
characteristic staining with most stains after 3 days.
With Mallory's friple stain; spores at 7 daysléfter expo-

. sure reacted the same way as did spores in spore smear
preparations; however, other staiﬁs fevealéd that the
spores were empty and only the spore wall of the spore re-
mained. Since Mallory's triple stain colors primarily the
spore wall, yellow-gbld or red staining is a misleading in-
dication of spore viablity. Eventually époresidisappééred‘
entirely from thé culture system,

Electron microscopy sﬁpported the light microscopy
observations in that the first changes induced by phagocy-
tosis included desfruction of cytOplaémic organellés and
the nucleus, followed by collapse of the sﬁore walls,

Eventually the entire spore was digested,
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FIGURE 5. Later stages of spore digzstion in golden
shiner ovary tissue. A. Collapsed spore walls (w) filled
with a homogenous electron-dense substance, X 36,000,

B. Further digestion of the spore contents, leaving only
empty spore shells, X 7,000, C. Remnant debris after
spore digestion in a heterophagocytic vacuole (v), X 9,000,
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Viable spores and déveIOpmental stages’of P, ovariae
were not observed in the fall ovary sample, but very few
immaturevoocytes,.which generally contain developmental
.stages of g; ovariae, were seen in the sample. Since no
viable spores were observed in the fall sample, the stage
WhiCh overwinters in the ovéry is probably not the spore,
It 1s possible that an intermediate or latent stage sur-
vives 1n an immature oocyte. Fish may also be reinfected
_byvingestion of a spore from the environment in early
spring., The infection level of P, ovariae in golden
shiners would appear to be thé lowest in the fall and win-
ter seasons as the spore stage is -eliminated from the ovary.
‘The large number of P, ovarige spores produced may not pose
aé great a threat of envifonmental contamination as might
vbe imagined since only the spores which are voided from the
host with the ova have a chance of spreading the infection
to new hosts. All maturé spores Which remain in the host
in unspawned eggs or in the supporting tissues of the ovary
are probably destroyed by host macrophages and do not
appear to contribute appreciably to the continued infection

“or reinfection of the host.



CHAPTER VIII
CONCLUSIONS

A relatively pure spore preparation of P, ovariae can
be obtained by the ether separation method., Analytical
research, including protein analysis, in vitro culture, and
immunologic studies can be facilitated using this technique
due to the large number of spore produced, purity of the
préparation, and the ease in handling.

-The entry of P. ovariae spores into cultured cells can
best be described as active phagocytosis. The similarity |
of this entry‘mechanism to those of otherbsporoioans sug-
geéts that the process of phagocytosis is an alternative
method to sporoplasm extrusion for entry of miCrosporidans
into host cells. The observation that sp§res appeared free
in the cytoplasm of phagocytic cells supported the theory
of phagocytic entry for P, ovariae infection since P,
ovariae would be protected from digestion in this location.
These observations offer one explanation for the survival
of the parasite in transit from entry at the hostfs gut
epithelium to establishment ét the site of localization.

Some spores were identified as foreign objects by the
cells since lysosomes were observed attaching to the vac-

uole membrane, However, spores which did not contact

56
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lysosomes were relatively protected from host cell defenses.
Digestion of the spore seemed to be initiated by the pres-
ence or persistence of the phagosome membrane rather than
any characteristic of the engulfed spdre. since spores
exhibiting viable and nonviable morphology were obsérved
within vacuoles with attaching lysosomes,

Characters of viable P, ovariae spores have been
described in this study, including ultrastructural mor-
phology and selected staining reactions. In general the
characteristics of P. ovariae correspond with'thése of the

other two Pleistophora parasites of fish, which have been

described in detail., This description provides good infor-
mation for later taxonomic studies, as well as a compara-
tive sfandard4for studying‘phagocytosis. Since microspori-
dan spores are so small and appear so similar by light
microscopy,‘more detailed study is necessary to properly
distinguish between species, P, ovarige differs from

- other Pleistophora species infecving fish primarily in its

lack of a posterior vacuole and in the details of poLar
filament structure and arrangement. In addition, E.
ovariae stains only faintly with PAS ir contrast to the
‘strong PAS posltiive reaction of tiie polar cap in numerous
other microsporidans. However, staining reactions typical
for other microsporidans were observed also in P, ovariaze
spores treated with Giemsa, hematoxylin, and toluidine blue,
Changes associated with phagocytosis were observed in

samples of fish ovary tissue obtained in the fall.
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Observation of spore digestién‘in ovary tissue by host
macrophages illustrates part of the host's defense mechan-
ism against P. ovariae. Although enormous numbers of
spores are produced in the fish ovary, only those spores
which leave the host, either inside ova or being carried
out with ova at the time of spawning, are capable of trans-
mitting the infection to new hosts. Mature spores which
remain in the ovary are destroyed or inactivated and do not
appear to be a major factor in infection or environmental
contamination, The parasite appafently overwintefs in low
numbers in an immature stage in the ovary, thus resulting
in éontinued asexual development the following spring.
However, reinfection may occur by ingestion or by gsome yet

to be determined means.



LITERATURE CITED

Beyer, W. H. 1968, Héndbook of Tables for Probability and
Statistics., Second edition. The Chemical Rubber Com-
pany, Cleveland, 642 p.

Canning, E, U. 1977. MNicrosporida. In J. P, Krier (ed.),
Parasitic Protozoa, Vol, IV. Academic Press, New
York p. 155-196,

, and J. P. Nicholas. 1974%. Light and elec-
Tron microscope observations on Unikaryon legeri
(Microsporida, Nosematidae), a parasite of the meta-

cercaria of Meil nophallus minutus in Cardium edule,
J Invertebr Pathol 23s 92-100,

Carr, I. 1972. Biological Defense Mechanisms, Blackwell
Scientific Publishers, London, 101 p. :

Cole, R. 1970, The application of the "triangulation"
method to the purification of Nosema spores from
insect tissues., J Invertebr Pathol 15: 193-195.

Colley, F. C., L. K. Joe, V., Zaman, and E. U. Canning,
1975, ILight and electron microscopical study of
Nogema eurytremae., J Invertebr Pathol 265 11-20,

Henry, J. E., and E. A. Oma. l97h. Effects of infections
by Nosema locustae Canning, Nosema acridophagus Henry,
and Nosema cuneatum Henry (Mlcrosporida: Nosematidae)
in Melanoplus bivittatus (Say) (Orthoptera: Acrididae),
Extralt d'Acrida 3: 223-231.

Huger, A. 1960. Electron microscope study on the cytology
of a microsporidian spore by means of ultrathin
sectioning. J Insect Pathol 2: 85-105,

Humason, G, 1967. Animal Tissue Techniques., Second
' edition., W. H. Freeman and Company, San Francisco,

569 p.

Ishihara, R. 1968. Growth of Nosema bombycis in primary
cell cultures of mammalian and chick embryos. J
Invertebr Pathol 11 328-329 b

59



60

Ishihara, R. 1969, The life cycle of Nosema bombycis as
' revealed by tissue culture cells of Bombyx mori. J
Invertebr Pathol 14: 316-320, -

, and S. S. Sohi., 1966, Infection of ovarian
tlssue culture cells of Bombyx mori, J Invertebr
Pathol 83 538-540,

Jensen, J. B., and D. M. Hammond. 1975. Ultrastructure of
the invasion of Eimeria magna sporozoites into cul-

tured cells. J Protozool 23; 411-415,

Jones, T. C., and J. G. Hirsch., 1972, The interaction
between Toxoplasma gondii and mammalian cells. II,
The absence of lysosomal fusion with phagocytic vac-
uoles containing living parasites. J Exp Med 136
1173-1194,

Jones, T, C., S. Yeh, and J, G. Hirsch, 1972, The inter-
~action between Toxoplasma gondii and mammalian cells,
I. Mechanism of entry and intracellular fate of the
parasite., J Exp Med 1365 1157-1172.

Joklik, W. K., and H., P, Willett. 1976. DMicrobiology.
Appleton—Century—Crofts, New York, 1223 p.

Kellen, W, R., H. C. Chapman, T. B. Clark, and J. E.
Lindegren. 1965, Host-parasite relationships of some
Thelohania from mosquitos (Nosematidaes Microsporida).
J Invertebr Pathol 7: 161-166, '

Kramer, J., P. 1959, Some felationships between Perezia

raustae Paillot (Sporozoa, Nosematidae) and Pyrausta
nubillalls (Hubner) (Lepidoptera, Pyralidae)., J

Insect Pathol 1ls 25-33, ;

Kudo, R. R, 1924, A biologic and taxonomic study of the
microsporidia, I1l Biol Monogr IX (2 & 3)s 1-268.

. 1966, Protozoology. Fifth edition. Charles
C. Thomas, Publisher, Springfield, Illinois, 1174 p.

Kurtti, T, J., and M. A. Brooks., 1971. Growth of a micro-
sporidian parasite in cultured cells of tent cater-
pi&larg (Malacosoma)., Curr Top Microbiol Immunol 55
20 -20 .

_ « 1977. Rate of develop-
.ment of a mlcrosporidan in moth cell culture, J
Invertebr Pathol 29: 126-132,




61

Ladda, R., M. Aikawa, and H., Sprinz. 1969, Penetration of
erythrocytes by merozoites of mammalian and avian
malarial parasites. J Parasitol 55: 633-644,

Landolt, M. L. 1973. Myxosoma cerébralis: isolation and
concentration from fish skeletal elements--trypsin
digestion method., J Fish Res Bd Can 30: 1713-1716,

Lom, J., and J. O, Corliss., 1967. Ultrastructural obser-
vations on the development of the microsporidian pro-
tozoan Plistophora hyphessobryconis Schaperclaus, J
Protozool 14:¢ 1H1-152,

Luft, J. 197la. Ruthenium red and violet, I. Chenistry,
purification, methods of use for electron microscopy,
and mechanism of action. Anat Rec 171: 347-368,

+ 1971b., Ruthenium red and violet, 1II. Fine
structural localization in animal tissues. Anat Rec
171' 369"14‘150

McManus, J. F. A., and R. W, Mowry. 1960. Staining
Methods, Histologic and Histochemical. Hoeber, New
York, 423 p. :

Malone, J., M., 1970. Golden shiners and disease, Am Fish
Farner 13 17.

Manwell, R. D. 1961, Introduction to Protozoology.' St.
Martin's Press, New York, 642 p.

Markiw, M. E,, and K. Wolf. 1974, Myxosoma cerebraliss
isolation and concentration from fish skeletal ele-
ments-~-sequential enzymatic digestions and purifica=-
tion by differential centrifugation. J Fish Res Bd
Can 31:¢ 15-20, '

‘Maurand, J. 1975. Les Microsporidies des larves de
Simuliess systematique, donnees cytochemiques, patho-
1ogiqugs et ecologiques. Ann Parasitol Hum Comp 503
371-39 .

» and C. Loubes. 1973. Recherches cyto-
chimigques sur quelques Microsporidies, Bull Soc Zool

Fr 98: 373-383.

Meyer, F., P, 1967. The impact of disease on fisii farming.
Am Fish U, S. Trout News 11l: 6, 18, 19,

Milner, K. J. 1972, Nosema whitei, a microsporidan patho-
gen of s species or Tribolium., II. Ultrastructure.
J Invertebr Pathol 10: 239-2K7,



62

Nagel, M., L., and G. L. Hoffman. 1977. A new host for

~ Pleistophora ovariae (Microsporida). J Parasitol 63
160-162,

Nagel, M. L., and R. C. Summerfelt., 1977a. Apparent
immunity of goldfish to Pleistophora ovariae, Proc
Okla Acad Sci 57: 61-63.

. 1977b, Nitrofurazone
Tor control of the microsporidan parasite Pleistophora
ovariae in golden shiners, Prog Fish-Cult 39: 18-23

Olson, R. E., 1976. ZLaboratory and field studies on Glugea
stephani (Hagenmuller), a microsporidan parasite oT
pleuronectid flatfishes., J Protozool 23: 158-164,

Pavan, C., A. L. P, Perondini, and T, Picard., 1969, .

' Changes in chromosomes and in development of cells of
Sciara ocellaris induced by microsporidian infections.
Chromosoma (Berl) 28: 328=2453,

Putz, R. E., G, L. Hoffman, and C. E, Dunbar, 1965, Two
new species of Plistophora (Microsporidea) from North
American fish with a synopsis of microsporidea of
grgshw%ter and euryhaline fishes, J Protozool 12;

1 228-230,

Putz, R, E., and J. J. A. McLaughlin, 1970, Biology of
Nosematidae (Microsporida) from freshwater and eury-
haline fishes, In S. F. Snieszko (ed.), A Symposium
on Diseases of Fishes and Shellfishes. Amer Fish Soc
Special Publication No 5, p. 124-132,

Richardson, K, C., L. Jarett, and E, H., Finke, 1960, Em-
bedding in epoxy resins for ultrathin sectioning in
electron microscopy. Stain Technol 35: 313-323.

Sanders, R. D., and G. 0. Poinar, Jr. 1976, Development

' and fine structure of Pleistophora sp. (Cnidosporas
Microsporida) in the mosquito Aedes sierrensis. J
Invertebr Pathol 28: 109-119. '

Shadduck, J. A. 1969, Nosema cuniculi: in vitro isola-
tion. Sci 166s 516-517.

Sinderman, C., J., 1970. 'Principle Diseases of Marine Fish
and Shellfish, Academic Press, New York, 369 p.

Sohi, S. S., and G. G. Wilson. 1976, Persistent infection
of Malacosoma digstria (Lepidopteras Lasiocampidae)
cell cultures with Nosema disstriae (Microsporidas
Nosematidae). Can J Zool HFs 336-342,



63

Sprague, V., and S. H. Vernick. 1968a. Light and electron
microscope study of a new species of Glugea (Micro-
sporida, Nosematidae) in the 4-spined stickleback,
Apeltes quadracus. J Protozool 15: 547-571.

_ . 1968b, Observations of
Pleistophora gigantea (Thelohan, 1895) Swellengrebel,

1911, a microsporidan parasite of the fish Crenilabrus
melops., J Protozool 155 662-665, ,

. 1969, Light and electron
microscope observations of Nosema nelsoni Sprague 1950
(Microsporidas: Nosematidae) with particular reference
to its golgi comples., J Protozool 16: 264-271,

Spurr, A. R. 1969. A low viscosity epoxy resin embedding
-medium for electron microscopy. J Ultrastr Res 26;

37-43.

Stainer, J. E., M. A, Woodhouse, and R. L. Griffin, 1968,
The fine structure of the spore of Nosema spelotremae,
a microsporidian parasite of a Spelotrema metacercaria,
encysted in the crab, Carcinus maenas. J Invertebr
Pathol 12: 73-82,

Summerfelt, R. C. 1964, A new microsporidian parasite
from the golden shiner Notemigonus crysoleucas, Trans
Amer Fish Soc 93: 6-10, ,

, and M. C. Warner., 197Ca. Geographical
distribution and host-parasite relationships of
Plistophora ovariae in Notemigonus crysoleucas. J
Wildl Dis 6: L45,-465,

— . 1970b. Incidence and
Intensity of infection of PlLstophora ovariae (Micro-
sporida, Nosematidae) in Notemigonus crysoleucas. In
S. F. Snieszko (ed.), A Symposium on Diseases of
Fishes and Shellfishes, Amer Fish Soc Special Publi-
cation No 5, p. 142-160,

Tonguthai,;K. 1972, Experiments to control Microsporidea
and Myxosporidea in fish using fumidil-B., M, S.
Thesis, Auburn University, Alabama. (Unpubl) 44 p,

Undeen, A, H. 1975. Growth of Nosema algerae in pig kid-
ney eell cultures, J Protozool 225 167110, |

, and J, V. Maddox, 1973. The infection of
nonmosquito hosts by injection with spores of the

microsporidian Nogema algerae. J Invertebr Pathol 22;
258-265,




64

Vavra, J. 1966, Some recent advances in the study of
microsporidian spores., In A, Corradetti (ed.), Pro-
ceedings of the First International Congress of Para-
sitology. Pergamon Press, New York, p. B43-44L,

. 1968, Ultrastructural features of Caudospora
simulii Weiser (Protozoa, Microsporidia). “Folia

Parasitol (Praha) 15: 1-9,

. 1972. Substructure of the microsporidan polar
1lament at high resolution. J Protozool 19 (Suppl):

79-80,

Venable, J. H., and R, Coggeshall. 1965. A simplified
lead citrate stain for use in electron microscopy.
J Cell Biol 25; Lop-408,

Vernick, S. H., V. Sprague, and B, J. Lloyd, Jr. 1969,
‘ Further observations on the fine structure of the

spores of Glu ea weissenbergi (Microsporida, Nosemati-
dae). J Pro ozooI 165 50~ 3%

Vivares, C. P.,, C. Loubes, and G, Bouix., 1976. Recherches
cytochimiques approfondies sur les Microsporidies
parasites do Crabe vert de la Mediterranee, Carcinus
mediterraneus Czerniavsky, 1886, Ann Parasitol Hum

Comp 51s 1-1%,

Walker, M. H.,, and G. W. Hinsch. 1972. Ultrastruetural
observations of a microsporidian protozoan parasite in
Libinia dubia (Decopoda), I. Early spore development.
7 Parasitenk 39: 17-26,

Warner, M. C. 1972, The seasonal cycle of oogenesis and
parasitism in golden shiners, Notemigonus crysoleucas,
infected with the microsporidian Pleistophora ovariae,
PhD Thesis, Oklahoma State University, Sglllwa er,
(Unpubl) 10C p.

Weidner, E, 1970, Ultrastructural study of microsporidian
development., I. Nosema sp. Sprague, 1965 in
Callinectes sapidus Rathbun., 2 Zellforsch 105: 33-54,

. 1972, Ultrastructural studi ol mchkoarldlan
invasion into cells. 2 Parasitenk 227 242,

, and W. Trager. 1973. Adenosine iriphosphate
in the extracellular survival of an intracellular
parasite (Nosema michaelis, Microsporida), J Cell

Weiser, J. 1976, Staining of the nuclei of mlcrosporldan
' spores. J Invertebr Pathol 28s; 147-149,




~ APPENDIX
REFERENCE ADDRESSES

- Difco, P, 0. Box 1058A, Detroit, Michigan 48232

Fisher, Division Beston, Dickinson and Company, Oxnard,
California 93030

Gibco, Grand Island Biological Company, Grand Island,

| New York 14072 |

I. S. I. Biologicals, P. 0. Box 9, Carey, Illinois 60013

Polyécience, Inc., Warrington, Pennsylvania 18976

Schering, Galloping Hill Road, Kenilworth, New Jersey 07033

Scientific Products, 210 Great Southwest Parkway, Grand

~ Prairie, Texas 75050

Sigma Chemical Company, P. 0. Box 14508, St. Louis,

Missouri 63178
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