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Relationships among myxozoan parasites of the order Multivalvulida were

examined through comparative DNA sequence analysis. Members of this group of

parasites is known for the damaging effects they have on their fish hosts,

especially commercially important species. Most species infect muscle, where

they form cysts and many release proteolytic enzymes. Morphological and

molecular analyses were conducted on isolates of the widely distributed Kudoa

thvrsites to determine if this species was actually an assemblage of several parasite

species in a variety of host species. Molecular analyses employed small subunit

(SSU) ribosomal DNA sequences and for the first time, myxozoan internal

transcribed spacer (ITS) sequences. Genetically distinct populations of K.

thvrsites do exist on a broad geographic scale, but it would be inappropriate to

consider these groups as different species at this time for the following reasons:

there are no clear morphological distinctions that correspond with the observed

molecular differences and impacts of the parasite (i.e., soft flesh) are no different



in any of the locations. Therefore, although genetic data may suggest that

subdivision of K thvrsites is warranted, such subdivision would only generate

confusion as DNA sequence analyses would be required for future identifications

of these groups. Species boundaries must be defined not only by molecular

analyses but by measurable phenotypic differences, as was the case with species

similar to K thyrsites; K minithyrsites and Kudoa lateolabracis. At the

interspecific level, phylogenetic analyses based on SSU, and for the first time,

myxozoan large subunit ribosomal DNA, indicated that a revision of order

Multivalvulida taxonomy was warranted. The descriptive generic names

Pentacapsula, Hexacapsula and Septerncapsula proved to be artificial groupings

of multivalvulid species. Thus, these genera were synonymized with Kudoa. The

aim of scientific classification is to organize phena in a manner that not only

facilitates communication, but also reflects the shared evolutionary history of these

organisms. Clearly, placing members of the Kudoidae into different genera and

even families based on a single characteristic of their spores (i.e., valve number) is

a poor representation of their close relationship.
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Chapter L Introduction

Phylum Myxozoa

Myxozoans are a speciose and economically important group of parasites,

with some 1,500 described species. These parasites are best known for the

infections they cause in fish, but there are a few descriptions from reptiles, birds,

amphibians and mammals (Kent et al. 2001). There was an incidental finding of

spores in human. feces, but these patients had most likely eaten infected fish and

passed the spores (Boreham et al. 1998). Myxozoans undergo a complex,

multicellular development, culminating in the formation of a multicellular spore

that is resistant to the external environment.

The life cycles of only 25 myxozoan parasites are known (Kent et al. 2001).

With these species, the life cycle is indirect involving a fish and invertebrate host.

Recently, Koie, Whipps and Kent (2004) were the first to elucidate the life cycle of a

marine myxozoan, Eli ipsomyxa gobii (Figure 1.1). Briefly, the myxospore stage (A)

released from the fish host (D) infects the gut epithelia of the invertebrate host (B),

in this case Nereis diversicolor (Annelida:

Polychaeta. Actinospores (C) are released

and infect the fish host (D).

Figure 1.1. Typical myxozoan life cycle.
Myxospores (A) released from fish infect
annelid host (B). Actinospores (C) are
released to infect fish host (D).
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Myxozoans occur as pseudocysts within (histozoic) or between (coelozoic)

tissues (El-Matbouli et al. 1992). The outside of these pseudocysts, or plasmodia,

is composed of a pinocytotic membrane across which nutrients can pass. Within the

pseudocyst are the presporogonic and sporogonic stages of the parasite that will

eventually form the spores, by which these organisms are commonly classified.

Depending on the species, pseudocysts can be monosporous or polysporous.

The spores of myxozoans are important for their classification (discussed

below), thus a brief description of their development is warranted. This

description is a summary of those provided by Moser and Kent (1994), El-

matbouli et aT. (1995), Kent et at. (2001), and Yokoyama (2003). With the

attachment of the actinospore to the fish host, the released sporoplasm(s) (Fig. 1.2

I) penetrate host epithelial tissues (i.e., gut, gill, skin) and the haploid nuclei fuse,

becoming a trophozoite stage. The trophozoite migrates to the site of infection and

continues development to the multinucleate pseudocyst (Fig. 1.2 II). The

generative cells of the pseudocyst undergo sporogony (Fig. 1.2 III-V) by way of

one generative cell engulfing another, thi enveloping cell forms what is called the

pericyte. The inner cell goes on to divide and these cells differentiate (Fig. 1.2 V)

into the capsulogenic, valvogenic, and sporplasmic cells. The resulting spore (Fig.

1.2 VI) is composed of the spore valves, polar capsules and a binucleate

sporoplasm.



*

Figure 1.2. Myxospore development. Trophozoite (I) migrates to the site of
infection and forms multinucleate pseudocyst (II). Generative cells (g) undergo
sporogony (IIT-V) starting with engulfment of one geirative cell by another. The
inner cell goes on to divide (sp) and these cells differentiate (V), forming
capsulogenic (z), valvogenic (x), and sporoplasmic cells (y). The myxospore (VI)
is composed of the spore valves (my), polar capsules (pc) and a binucleate
sporoplasm (y).

Once considered to be protists, largely based on the size of their spores, it

has since been demonstrated that they are metazoans. It had been proposed over

the years that these parasites were metazoans due to their multicellular

development, but it was the detailed microscopic and molecular analyses of

Siddall et al. (1995) that convinced researchers once and for all. There is still

debate as to which metazoan group myxozoans are most closely related (Okamura

et al. 2002, Siddall and Whiting 1999, Zrzav and Hypa 2003), the radially

symmetrical Cnidarians (jellyfish, corals, etc.) or the bilateral animals (nematodes,

flatworms, etc.) as myxozoans have characteristics of both of these groups.

Moreover, phylogenetic analyses conducted in studies above used the same DNA

sequences, yet yielded conflicting results. Regardless, phylum Myxozoa is a

diverse and enigmatic group of parasites.

3
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Many myxozoan infections are relatively benign, but some species are

pathogenic. Those that cause mortality and other damage have been the focus of

most myxozoan research. Probably the most frequently cited example of

myxozoan parasitism is whirling disease, caused by Myxobolus cerebralis

(Hedrick et al. 1998). In this case, the parasite infects the cartilage of the host's

head and spine, causing deformities that result in the characteristic whirling

behavior. Others that are associated with host mortalities are Tetracapsuloides

brvosalmonae, the cause of proliferative kidney disease in Pacific salmon (Kent et

al. 2001), Enterornvxuin leei, an intestinal parasite of Mediterranean sea bream

(Diamant 1992), and Henneguya ictaluri in pond-reared catfish (Pote et al. 2000).

These are just a few examples of myxozoans that play a role in causing diseases of

commercially important fish.

A group of myxozoans known for their infections of muscle tissue, and the

focus of this thesis, are members of the genus Kudoa. Moran et al (1999) listed

some 45 species of Kudoa, and some 7 species have been described since. Most

species of Kudoa are recognized for their impacts on the marketability of their

commercially important fish hosts, as opposed to causing host mortalities. Some

species produce unsightly pseudocysts. Kudoa amarniensis, for example, infects

commercially reared yellowtail (Seriola quinqueradiata) in Japan (Sugiyama et al.

1999). Another group of Kudoa species, not only form muscle cysts, but are also

responsible for post- mortem muscle degradation in their hosts (Egusa 1986, Moran

et al. 1999). The best known member of this group is Kudoa thyrsites. Unlike

most other members of Kudoa (and myxozoans in general), K t&vrsites has broad
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host specificity. The parasite is known to infect over 30 different hosts around the

world. The effects of K thvrsites are well documeiìted and are a significant

problem in pen-reared salmon in Ireland (Palmer 1994) and British Columbia

(Kent et al. 1994). Lighter infections may result in no visible damage to fillets, but

moderate to heavy infections can cause pitting and post mortem myoliquefaction

in fillets stored on ice or smoked (St. Hilaire et al. 1997).

A major question of this thesis is whether K thyrsites is an assemblage of

morphologically similar species, each with narrow host specificity or a single

species with broad specificity. An additional question is whether these data be

used to identify a specific fish reseroir host for K thvrsites infections in pen-

reared salmon.

In addition to having apparently broad host specificity, the distribution of

K thyrsites is very extensive. The distribution of the parasite is antitropical and

discontinuous, appearing along the coasts of South Africa, Europe, Japan, Chile,

Australia, the United States, and Canada. The parasite has never been reported

from equatorial regions, which may reflect a lack of sampling in these areas or

more likely, oceanographic factors preclude it from these areas. For example, K

thyrsites seems to occur in temperate upwelling zones like along the western

coasts of North and South America (Shulman 1966). In contrast, K t&vrsites has

never been found in Atlantic salmon Salmo salar (a very susceptible host) where

major upwellings do not occur, such as Norway and Atlantic Canada.



Morphological Classification

The phylum Myxozoa contains 2 classes; Myxosporea (spores with hard

valves and use annelids as alternate host to fishes), and Malacosporea (spores with

soft valves, infect bryozoans and fish) (Kent et al. 2001). The former is divided into

2 orders; the Bivalvulida (spores with 2 values and generally 2 polar capsules) and

the Mulivalvulida (with spores containing greater than 2 values and usually more

than 2 polar capsules (Table 1.1).

Table 1.1. Abbreviated and updated classification of the Phylum Myxozoa based on
Lom and Dyková (1992), with Malacosporea as described by (Canning et al. 2000).

Phylum Myxozoa
Class Myxosporea

Order Bivalvulida
Suborder Variisporina

Includes Myxidium, Zschokkella, Ortholinea, Parvicapsula,
Ceratomyxa, Sphaerospora, Chloronyxurn, Hoferellus, and
Myxobilatus

Suborder Platysporina
Includes Myxobolus and Henneguya

Suborder Sphaeromyxina
Sphaeromyxa

Order Multivalvulida
Includes Kudoa , Hexacapsula and Unicapsula

Class Malacosporea
Order Malacovalvulida
Comprised of Tetracapsulids I Buddenbrockia

Myxozoan classification could be considered relatively straight forward as

it relies primarily on morphology of myxospores (see figure 1.3). All spores

consist of at least two shell valves, possess at least one polar capsule and contain a

sporoplasm. Functionally, these are the structural minimums for the myxospore,

valves form a protective outer coating, polar filaments, housed within the polar

capsules, are involved in attachment to a host, and the sporoplasm is the infectious

6



component. Other spore features such as spore size, shape, location of polar

capsules, ornamentation and other external features are also useful for

classification (Lom and Arthur 1989).

7

Figure 1.3. Examples of myxospore morphology.

Basing myxozoan classification schemes on spore morphology alone may

be inadequate. Overestimations of numbers of species can occur where parasites

with similar spores from different host species are each described as new species

(Shulman 1966). Conversely, underestimations can also occur, when species with

similar spores are assigned to a single species, thus artificially broadening the

range of a single species, as may be the case with Myxidiurn leiberkuehni

(Meglitsch 1957, Schlegel 1996). Molnár (1994) has emphasized that more weight

must given to non-morphological characteristics of myxozoan species such as

tissue, organ, and host specificity when deciding on a classification scheme and

assigning species. Host specificity is difficult t determine however, as life cycles

and invertebrate hosts are known for only a few species.



Molecular Classification

The availability of comparative DNA sequence analysis has provided

myxozoan researchers with what may be the most powerful classification tool yet.

Initial studies using comparative sequence analysis attempted to resolve the

relationship of the Myxozoa to other phyla (Smothers 1994, Siddall et al. 1995),

but this approach has also been useful for comparisons within the phylum (Andree

et al. 1999, Hervio et al. 1997, Kent et al. 2001). The focus of these studies has

been on comparative analysis of small subunit (SSU) ribosomal DNA (rDNA)

sequences, well suited for such comparisons. The transcript of the SSU rDNA,

SSU ribosomal RNA, is an essential part of the ribosome and therefore found in

every living organism. Because the function of this molecule is so important there

are highly conserved regions of DNA sequence among the phylogenetically

informative 'variable regions that allow for alignment of these sequences (Hillis

and Dixon 1991). In addition, every cell contains multiple copies of this rDNA

region making amplification of this sequence via polymerase chain reaction (PCR)

easier.

To date, the SSU rDNA sequence is available for over 95 species of

Myxozoa, belonging to about 13 genera (available from GenBank and published

reports). Kent et al. (2001) conducted sequence analysis with the some 65 SSU

sequences available at the time. At the family level and above, rDNA results are

fairly consistent with traditional taxonomic schemes. For example, analysis of

SSU rDNA sequences indicate that tetracapsulids are very distinct from other

myxosporeans examined thus far (Anderson et al. 1999, Kent et al. 2000), and its

8
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roots lie within the Myxozoa before divergence of the other major groups. This

supported the proposal by Canning et al. (2000) to place these myxozoans in a

separate class (Malacosporea).

Kent Ct al. (2001) reported that there were some incoristencies within and

between genera. Discrepancies occur within the Platysporina, as reported by

Andree et al. (1999) - i.e., a phylogenetic separation of the two major genera

Henneguva and Myxobolus based on SSU rDNA sequence is not clear. Myxobolus

squainalis represents a group apart from Henneguva spp. and other Myxobolus spp.

In other words, Henneguva salminicola appears more closely related to certarn

Mvxobolus species than does M. squainalis. The spores of Henneguya species are

very similar to those of Myxobolus, except their spores possess long processes.

Based on SSU sequence analysis, it appears that separating Henneguya and

Myxobolus based on these spore processes, produces artificial groupings.

The only monophyletic group according the Kent et al. (2001) was Kudoa,

although there are discrepancies between morphology and molecules within this

genus. Initial sequence analyses of Hervio et al. (1997) suggested that members of

Kudoa are related more by host and geography than by spore morphology. Their

study indicated that Kudoa species from the eastern Pacific temperate areas (K

minibicornis, K panforrnis, and K thyrsites) form a distinct phylogenetic

grouping from K amaininenisis and K. crun'zena, both from warm water pelagic

fishes. Based on spore morphology, K. thvrsites would be a considered an outlier,

as its spores are stellate and the others all have round or quadrate spores.

Phylogenetic trees constructed by Swearer and Roberston (1999) based solely on
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phenotypic characters (site of infection, spore size, shape, etc.) disagree with any

of those based on rDNA sequence (Hervio et al. 1997, Kent et al. 2001, Whipps et

al. 2003, Blaylock et al. 2004), illustrating the conflict between spore morphology

and molecular data in in myxozoan classification schemes.

Therefore, although spore morphology may be more important for

classification at the order and family level, recent studies have emphasized placing

more weight on other characteristics, especially comparative DNA sequence

analysis for classification and identification at genus and species levels (Kent et al.

2001, Eszterbauer, 2002). Kent et al. (2001) go so far as to recommend that DNA

sequences be provided with new species descriptions especially for those where

morphological variatin is low and where there are numerous related species

within a single genus (e.g., Myxobolus).

Summary

The objective of this thesis is to examine and clarify relationships between

some multivalvulid species based on comparative DNA sequence analysis, and

how these relationships compare to morphological features. In Chapter 2, I

examine whether K. thyrsites, with its broad host and geographic distribution, is

truly a single species or an assemblage of species. The approach was to compare

spore morphology and SSU rDNA and internal transcribed spacer (ITS) DNA

sequences from isolates of the parasite collected from different hosts and locations

around the world. If geographic or host races of the parasite do indeed occur, then

sequence analysis should yield phylogenetic groupings of K thyrsites sequences

based on which host and what location they were collected. In addition,
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morphological differences may ocëur between isolates to support groupings based

on molecular analyses.

In Chapter 3, I compare the ITS rDNA sequences of another myxozoan

parasite Alvxobolus cerebralis to determine if there were sequence differences

from geographic isolates as observed for K thyrsites. IV1xobolus cerebralis has a

broad distribution, however, this is most likely a result of spread through

anthropogenic movements of fish. Thus I hypothesized that a highly variable

genetic marker, such as the ITS was with K thyrsites, might determine whether

geographically distinct populations of M cerebralis occur. As this parasite has

been spread by anthropogenic means in relatively recent times, defming

geographically distinct populations would help to identify sources of new

infections (i.e., hot spots), and thus effect management decisions

Chapter 4provides a new geographic record for K tkvrsites and Kudoa

amanuensis from the Great Barrier Reef, and describes a new species, Kudoa

minithvrsites. This parasite was collected in Australia and looked very much like

K tkvrsites, but the spores were consistently smaller than those ofK thyrsites.

Furthermore, when SSU rDNA sequence comparisons were made, the sequence

from K minithyrsites was distinct from that the sequence of K thyrsites from mahi

main (Corvphaena hipurus) in the same region. Thus, molecular sequence

analysis verified that the smaller spores of K minithyrsites were indicative of a

distinct species, not just a geographic or host variant of K thyrisites.

In Chapter 5, I describe two Kudoa species by morphological and

molecular characteristics. Kudoa quadricorn is and Kudoa permulticapsula were
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distinctly different from all other Kudoa species described thus far, based on spore

morphology alone. With K. permulticapsula, however, not only was it different

from any other Kudoa species previously described, its spores were unlike any

myxozoan ever seen. Having 13 polar capsules and valves, the spores of K

permulticapsula tempted me to describe a new genus of myxozoans based on this

character. However, molecular analyses revealed that K permulticapsula was

very closely related to Kudoa species, especially K. thyrsites, and assigning a new

genus to this parasite would render the genus Kudoa paraphyletic. Thus, the

diagnosis of Kudoa was changed in an unusual manner, to marine myxozoans with

4 or 13 valves and polar capsules.

In an attempt to resolve the taxonomy of Kudoa species, in Chapter 6, I

examine representatives of the remaining myxozoan groups with spores having

greater than 4 polar capsules and valves. Ribosomal DNA sequence analyses of

the SSU and large subunit (LSU) were performed on members of the order

Multivalvulida, which included Unicapsula, Pentacapsula, Hexacapsula, and

Septerncapsula species. Like K permulticapsula, species having greater than 4

polar capsules and valves were closely related to Kudoa species (and to each

other). Based on molecular sequence analysis then, I proposed that the

classification of these organisms be altered to reflect their evolutionary

relationships.
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ABSTRACT

Kudoa thvrsites (Myxozoa: Multivalvulida) is a wide spread marine

parasite known to infect over 30 host species. Although it is not known to cause

host mortality, K thvrsites is associated with a post mortem 'soft flesh' syndrome

which is of concern with commercially important host species, especially pen-

reared varieties of salmon. With apparently such a broad host specificity and

geographic range, it is unknown whether host or geographic races of K. thyrsites

occur, and if so, which are reservoirs of infection for commercially important

hosts. We examined geographic isolates of K thyrsites using comparisons of

spore morphology, and small subunit (SSU) and internal transcribed spacer (ITS)

ribosomal DNA sequences from British Columbia, Oregon, Chile, England, South

Africa, Australia and Japan. There were no clear differences in spore morphology

between most of these regional isolates. Phylogenetic analyses of SSU and ITS

sequences revealed that isolates grouped by geographic site of collection. We

observed further phylogenetic subdivisions in Atlantic Ocean isolates between K.

thyrsites isolates from Sardinops ocellatus (Clupeidae) and isolates from Thyrsites

atun (Gernpylidae) and Merluccius capensis (Merluccidae) in South Africa.

Although we observed these genetic differences between geographic isolates, it

would be inappropriate to assign these to different species, as there are no clear

phenotypic differences that correspond to the genetic groupings.

INTRODUCTION

Myxozoans of the genus Kudoa parasitize a wide variety of fish species the

world over (see review by Moran et al. 1 999a). Most Kudoa species and many
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myxozoan species in general, have high host specificity, infecting fishes from a

particular family or even a single species. Kudoa thyrsites, however, has been

reported from 36 species of marine teleosts representing 17 families. Although

these infections are not associated with host mortality, the parasite infects muscle

tissue and moderate to heavy infections may result in post mortem tissue

degradation (also known as soft flesh syndrome). This condition associated with

K thyrsites renders the fish unmarketable, and has been reported in several

commercially important hosts such as mahi mahi (Coryphaena hippurus)

(Langdon 1991), barracouta (Thyrsites awn) (Willis 1949), and wild-caught

salmon (Oncorhynchus spp.) (Kabata and Whitaker 1989). Indeed, soft flesh

syndrome is a major economic concern to the rapidly growing netpen salmon

farming industry. In British Columbia infections have been documented from

coho (Oncorhvnchus kisutch) and Atlantic (Salmo salar) salmon (Whitaker et al.

1994). Infections in Atlantic salmon have also been reported from Ireland, Chile

and Australia (Palmer 1994, Lopez and Navarro 2000, Munday et al., 1998).

The distribution of K thyrsites is antitropical and discontinuous, occurring

on the west coasts of North America, South America, Europe, Africa and waters

around Australia affi Japan (Moran et al. 1 999a). In light of its apparently broad

host specificity and geographic range, it is unclear whether the species K thyrsites

is actually an assemblage of morphologically similar species (i.e., host races), truly

a single species with broad specificity, or something in between. There do not

appear to be any obvious morphological differences in K thyrsites spores from

South Africa (Gilchrist 1924), British Columbia (Kabata and Whitaker 1981, Shaw
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et al. 1997) and Aistralia Lãngdon 1991), although no statistical comparisons

have been performed. Moreover, Kudoa histolytica from Atlantic mackerel

(Pérard 1928) has spores that are very similar to those of K. thvrsites, and thus it is

possible that, the former may not be a valid species.

Morphological characters for distinguishing closely related Myxozoan

species are limited. In a study of morphologically similar Myxobolus species,

Molnár et al. (2002) suggested that cross-transmission experiments or the use of

molecular techniques could be used to distinguish between parasite species where

traditional morphological comparisons fail. At this time, cross-transmission

studies for K thyrsites are not possible as we are unable to recreate the life cycle

of the parasite in the laboratory. Attempts at direct transmission have failed,

leading Moran et al. (1 999b) to suggest that K thyrsites has a complex life cycle

involving an alternate invertebrate host, which is unknown.

We, therefore, used molecular comparisons to resolve intraspecific

relationships among various samples of K. thyrsites. Molecular techniques,

especially DNA sequence analysis of ribosomal DNA offers a highly sensitive

approach to resolve relationships of morphologically similar organisms (Gasser

1999). Such techniques have been used to examine intraspecific relationships of

myxozoan species (Andree et al. 1999, Eszterbauer 2002, Kent et al. 2001, Moinár

et al. 2002, Schlegelet al 1996). Hervio et al. (1997) initiated studies into the

small subunit (SSU) rDNA sequences of Kudoa species and observed no sequence

differences between the SSU of K. thvrsites from Atlantic salmon and tubesnout

(Aulorhynchusfiavidus) in British Columbia. Kent and Poppe (1998) reported a
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0.6% difference in sequence between K thvrsites SSU rDNA sequence from South

African snoek (T. atun) and thoserepresentatives of Hervio et al. (1997). Whipps

et al. (2003) sequenced the SSU rDNA of K. thvrsites from Australian mahi mahi

and reported a range of percent sequence differences of 0.4 to 0.6% conpared to

the above representatives. Thus, based on limited SSU sequence analysis, K

thvrsites from different locations show some sequence differences. These data

suggest that different geographical populations (races, subspecies, etc.) of K.

thyrsites exist, but only a few representatives were sequenced from just three

locations.

It was our objective to compare spore morphology and DNA sequences

from worldwide representatives of K. thvrsites to verify this apparent geographic

separation. Furthermore, if host races do exist in sympatry the ultimate goal would

be to identify reservoir hosts for infections in commercially reared salmon in

netpens.

MATERIALS AND METHODS

Infected tissues were collected from a variety of hosts and locations,

representative of the known distribution of the parasite (Table 2.1). Infections

were determined by the presence of K. thyrsites spores in wet mount preparation,

and the tissues were preserved in ethanol for subsequent molecular analyses.

When possible, an additional piece of tissue was frozen or processed immediately

for morphological analyses.

Spore images were taken of spores in wet mount preparations. For light

infections, spores were concentrated before measurements were taken. Briefly, 1
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gram of infected tissue was minced in 0.85% saline, sieved through a #50 mesh, 2

nil of this suspension was placed on a 1 5%130%/50% Pereoll gradient. The

gradient was centrifuged at 3000g for 30 mm and the spore pellet was collected

with a needle. Spores were rinsed and centrifuged at l0000g for 5 mm in a 1.5 ml

tube. The pellet was resuspended in 100 tl of 0.850/0 saline. Slides were prepared

by mixing 1 part spore suspension with 1 part 1% agarose solution at SOC. A drop

of this solution was then placed on a warm microscope slide (approximately 37C),

a cover slip was added and the solution was allowed to cool.

Spore length, width, thickness and polar capsule lengths and widths were

measured from multiple digital images following the guidelines of Lom and Arthur

(1989) and as shown in Figure 2.1. Spore length, width, and thickness were tested

for significant differences (P = 0.5) between regions and hosts by analysis of

variance. Tukey post-tests were used to determine which means were significantly

different from one another.

Qiagen DNeasy tissue kits were used to extract DNA from infected tissues.

Kudoa thyrsites SSU rDNA was amplified by polymerase chain reaction (PCR)

using species specific and genus specific oligonucleotide primers (Hervio et al.

1997, Whipps et al. 2003). The internal transcribed spacer 1 (ITS-i) region

(including short flanking seqwnces of SSU and 5.8S rDNA) was amplified using

primers Kud7f (5'-GGG GAA ATG CCT TGA GAT) and NC13r (5'-GCT GCG

TTC TTC ATC GAT). Reactions were performed in 50u1 volumes containing

0.2mM dNTPs, 25pmol each primer, 1.25 units Taq DNA polymerase and lx

buffer (Qiagen Inc.Valencia, California) with 3u1 of sample. Reactions were



Table 2.1. Locations and hosts of Kudoa thyrsites used in this study, number of samples for which whole or partial small subunit (SSU)
rDNA sequence was obtained, SSU genotype, Genbank accession numbers (GB#) and whether morphological data was collected.

Location Host Common name # sequenced SSU Genotype SSU GB# ITS GB# morphological
analysis

Oregon Leptocoti'us
arm alus

Staghron sculpin A AFO3 1412 N/A yes

Pholis ornata Saddleback
gunnel

4 A AY54243335* yes

Parophrys vetulus English sole 7 A AY54243638*

Merluccius
productus

Pacific hake 1 A AY5424394!* yes

Salino salar Atlantic salmon 1 A AY54244244*

British
Columbia

Aulorhynchus
Jiavidus

Tubesnout 1 A N/A no

Merluccius
productus

Pacific hake 1 A N/A no

Sabno salar Atlantic salmon 5 A AY54244547* yes

Chile So/mo salar Atlantic salmon 1 A AY5424485O*

Azores Lepidopus
caudatus

Scabbardfish 1 B AY542482* N/A no

England Scomber scombrus Atlantic
mackerel

6 B AY54245l53* yes

South Africa Merluccius
capensis

South African
hake

6 C AY078430 AY54246776*

Thyrsites atun Snoek 1 C AY54245456* no



Table 2.1. Continued.

*sequences obtained in this study.

Location Host Common name # sequenced SSU Genotype SSU GB# ITS GB# morphological
analysis

South Africa Sardinops
ocellatus

South African
pilchard

12 D AY542481* AY54245766* yes

Queensland Corjphaena
hippurus

Mahi mahi 1 E AY152747 AY54247778* no

Japan Paralichtkvs
olivaceus

Japanese
flounder

1 F AY382607 AY542479SO* no
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Figure 2.1. Methods of measurement of stellate Kudoa thyrsites spores in lateral
(left) and apical view (right): length=AB, width=GH thickness=IJ, large polar
capsule length=CD, large polar capsule vidth=KL, small pobr capsule length=EF,
small polar capsule width, MN.

performed in a MJ Research DNA Engine 200 (MJ Research, Watertown,

Massachusetts) for 35 cycles consisting of 94 °C for 30s, 53 °C for 45s, 72 °C for

90s, preceded by an initial denaturation at 95 °C for 3 mm, and followed by a final

extension at 72 °C for 7 mm. PCR products were visualized on a 1.5% agarose gel

containing 0.1 pg/ml ethidium bromide run at bOy for 1 hr. PCR products were

excised from the gel and purified using the QIAgen Gel Extraction Kit (QIAGEN

Inc. Valencia, California). Small subunit products were sequenced directly and

ITS-i amplicons were cloned into a vector for subsequent sequencing. Cloning

was carried out using the QIAGEN cloning kit, following manufacturer's protocols

and at least 3 clones were sequenced for each sample.

Polymerase chain reaction primers (for SSU) or plasmid primers (for ITS -

1) were used to sequence purified products in both directions using AP Biotech®

DYEnamic ET Terminator cycle sequencing chemistry with Thermo Sequenase II
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(Amersham Biosciences, Piscataway, New Jersey) on an ABI PRISM® 377 DNA

Sequencer (Applied Biosystems, Foster City, California).

Sequences used for alignments are listed in Table 2.1. Kudoa thyrsites

SSU rDNA sequence was aligned by eye. A gene genealogy was determined for

the K. thyrsites genotypes (A-F) using the TCS computer program (Clement et al.

2000). Internal transcribed spacer sequences were aligned with Clustal X

(Thompsonet al. 1997) and edited by eye. Aligned ITS sequences were combined

with corresponding SSU sequences and phylogenetic analyses were conducted in

PAUP*4.0 1 (Swofford 1998). Distance analyses were chosen, as we couldn't

confidently identify sites of homology in many of the positions in our alignment

due to the high variability in ITS sequences. Neighbor joining analyses were

conducted using p distances. Bootstrap confidence values were calculated with

100 replicates.

RESULTS

Detailed spore measurements were taken for six K thyrsites isolates,

compared to one another, to other reports of K thyrsites, and to closely related

species; K. histolvtica, K. rninithyrsites, and K. lateolabracis (Table 2.2). For the

measurements collected in this study, statistical comparisons were made for

length, width and thickness (Table 2.3). Spores were rarely significantly different

in size from one another. Kudoa thyrsites spores from Pacific hake Merlucius

productus) in Oregon were generally larger than those from all other isolates,

however, in some comparisons tlry were not significantly different (i.e., spore

length of hake spores were not different from lengths of spores from saddleback
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guimel (Pholis ornata) and Atlantic mackerel (Scornber scombrus). Spores from

South African pilchards (Sardinops ocellatus) were generally smaller than those

from other locations, but not significantly smaller in length and thickness from

those of Atlantic mackerel or staghorn sculpin (Leptocottus arinatus).

Regarding morphological comparisons to published reports of K thyrsites,

there appears to be significant overlap in measurements. That is, most reports

indicate spores are between 12 and 17 urn in width. Kudoa tkvrsites spores from

Pacific hake in British Columbia and Oregon were generally larger than spores

from other hosts and locations, but there was overlap in dimensions of these spores

as well. With average widths of 11.5 urn and 8.7 urn, spores of K minithyrsites

and K lateolabracis respectively, are distinctly smaller than those of K thyrsites.

Kudoa histolytica spores were very similar in dimension to those of K thvrsites,

including those from Atlantic mackerel, the type host for K. histolytica.

Small subunit rDNA sequences were obtained for isolates of K th rsites as

indicated in Table 2.1. Sequences obtained from hosts in different regions were

very similar (99.0-99.8%). However, some consistent sequence differences were

observed (Table 2.4). There were twenty nucleotide positions across 1550

basepairs (bp) of sequence where differences occurred. Ten of these ariab1e

positions were unique to the SSU of K thvrsites from Japanese flounder

(Paralichthys olivaceus). Six different SSU sequences were observed based on

these differences, and designated genotypes A to F. A genealogy was constructed

for this gene (Fig 2.2), illustrating the relationships between genotypes. Genotype

A only occurred in eastern Pacific hosts. Genotypes B. C, and D were observed in



Table 2.2. Spore measurements for Kudoa thvrsites and related species. Mean dimension (urn), range in parentheses, standard deviation; -
not available. LPCL = large polar capsule length, LPCW = large polar capsule width, SPCL = small polar capsule length, SPCW = small
polar capsule width.

Species Location Host Reference Length Thickness Width LPCL LPCW SPCL SPCW
Kudoa British Columbia Salnio solar Present 7.31 7.57 15.26 5.06 2.77 3.98 2.07
thvrsites n=20 (6.2-8.3) (6.7-8.2) (13.6-16.5) (4.6-5.7) (2.1-3.1) (3.5-4.7) (1.7-2.3)

0.51 0.44 0.84 0.33 0.23 0.31 0.16
British Columbia Aulorhvnchus Shawetal., 1997 7.07 9.09 14.25 5.27 3.18 3.42 2.38
n=26 Jiavidus (5.59-8.47) (8.05-10.15) (12.74.17.89) (4.16-6.86) (2.35-3.69) (2.54-4.00) (1.53-3.28)

0.76 0.51 1.07 0.56 0.41 0.36 0.46
British Columbia Merhiccius Kabata and 7.14 8.00 16.67 5.43 3.34 4.12 2.41
n=70 productus Whitaker, 1981 (6.00-8.00) (6.00-10.00) (14.00-19.00) (4.90-5.88) (2.84-3.92) (2.94-4.90) (1.96-2.94)

0.80 0.45 1.24 0.97 - 0.82
Oregon Merluccius Present 7.73 8.35 16.71 6.78 3.62 5,09 2.76
n=20 productus (6.6-8.6) (7.4-9.6) (14.9-19.6) (5.4-7.8) (2.7-4.3) (4.1-5.9) (2.3-3.2)

0.49 0.60 1.50 0.65 0.38 0.55 0.26
Oregon Pholis Present 7.41 7.9 14.95 6.76 3.77 5.22 2.75
n=20 ornata (6.7-7.9) (7.0-9.0) (13.0-17.1) (6.1-7.5) (3.1-4.5) (4.5-6.1) (2.1-3.4)

0.38 0.42 1.02 0.43 0.36 0.35 0.32
Oregon Leptocottus Present 7.14 7.8 14.23 6.95 3.95 5.53 3.06
n=20 ar,natus (6.4-7.7) (7.0-8.5) (12.5.16.0) (6.3-7.8) (3.3-4.4) (4.9-6.0) (2.4-3.7)

0.35 0.39 0.78 0.41 0.31 0.28 0.28
Western Australia Coryphaena Langdon, 1991 7.8 14.0 6.3 2.9 5.1 2.3
n=20 hippurus (7.3-8.2) (7.3-8.5) (12.3-16.3) (5.8-6.9) (2.7-3.2) (4.2-5.5) (2.2-2.6)

0.5 1.! 0.3 0.2 0.4 0.1
Japan
n=20

Paralichthys
olivaceus

Yokoyarna etal.,
2004

7.8
(6.9-8.9)

7.6
(6.9-7.9)

14.7
(12.9-17.8)

5.0
(4.0-5.9)

2.5
(1.5-3.0)

2.8
(2.0-4.0)

1.6
(1.5-2,5)

SouthAfrica Sardinops Present 7.01 7.00 13.64 5.93 3.27 4.83 2.57
n=20 oceallalus (6.7-7.8) (6.4-7.5) (12.5-14.9) (5.3-6.7) (2.8-3.9) (4.6-5.3) (2.2-3.0)

0.38 0.35 0.77 0.41 0.26 0.19 0.20
SouthAfrica Thyrsires Gilchrist, 1924 8.0 - 12.0 3.0 2.0 2.3 1.5
n=? atun - - - - - - -

England Scomber Present 7.40 7.61 14.37 6.21 3.33 4,88 2.68
n20 scombrus (6.8-8.2) (6.9-8.9) (13.0-16.3) (5.7-6.7) (2.8-3.8) (4.4-5.3) (2.3-3.0)

0.43 0.51 0.92 0,32*n=10 0.28 0.24 0.20



Table 2.2. Continued.

Species Location Host Reference Length Thickness Width LPCL LPCW SPCL SPCW
Kudoa SW France Sco#n her Pérard, 1928 - - - 3.0 - -

histo/ytica n=? sco,nbrus (7.0-9.0) (12.0-15.0) (3.0-6.0) - -

Kucloa
niinithyrsites

Australia
n=20

Penipheris
)'pSilychnnus

Whipps eta!,
2003

4.69
(4.31-5.36)

6.36
(5.84-6.75)

8.70
(7.79-9.91)

3.63
(3.20-3.83)

1.99
(1.33-2.31)

2.15
(1.94-2.34)

1.25
(1.05-1.49)

Kudoa
lateolabracis

Japan
n=20

Lateolabrax sp. Yokoyama et al.,
2004

6.4
(5.4-6.9)

9.3
(8.4-9.9)

11.5
(9.9-12.9)

5.2
(4.0-5.9)

2.8
(2.5-3.5)

3.6
(3.0-4.0)

1.9
(1.5-2.0)
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Atlantic Ocean host species and differ from one another by a single nucleotide.

Genotype B was found in Atlantic mackerel ffom England and scabbardfish from

the Azores. Type C in hake and snoek from South Africa. Type D differed from

type B by the presence of an ambiguous base at position 614 and was only

observed in pilchards from South Africa. The single representative from Australia

(genotype E) was different from all other sequences, but most closely related to

genotype B. Genotype F, found in the single K thyrsites representative from

Japanese flounder was the most distinct, having 10 unique nucleotide substitutions.

However, this isolate appears to be most closely related to genotype A (Eastern

Pacific) based on the gene genealogy (Fig 2.2).

Table 2.3. Statistical comparisons of Kudoa thvrsites spore dimensions
(lengthlwidthlthickness) for; 1) Atlantic salmon (Saimo salar from British
Columbia, 2) Pacific hake (Merluccius productus) from Oregon, 3) saddleback
gunnel (Pholis ornata) from Oregon, 4) Staghorn sculpin (Leptocottus arm atus)
from Oregon, 5) Atlantic mackerel (Scomber scoinbrus) from England, and 6)
pilchards (Sardinops ocellatus) from South Africa. A (*) indicates significant
difference between dimensions.

2 3 4 5 6

1

2
3

4
5

*/*/ -
_/*/*

_/_/*
*/*/*
-I-I-

/*/*
-I-I-//

_/*/*
*/*/*
*/*/*
_/*/_



Kudoa thyrsites ITS-i sequences were

obtained from hosts and locations listed in Table

2.1. The ITS length (excluding flanking SSU and

5.8 regions) ranged from 393 to 493 bp and had an

AT content ranging from 59.1 to 64.46%.

Sequences were as distant from one another as

65.6% (p distance), although when the ITS

sequences of K thyrsites from Japanese flounder

was excluded from these pairwise comparisons, the

maximum distance was 38.4% between K thvrsites

from main mahi and British Columbia Atlantic

salmon. Distance analysis conducted in PAUP* of

the combined SSU and ITS produced four major
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Figure 2.2. Genealogy of
Kudoa thvrsites small
subunit genotypes A-F.

geographical groupings (Eastern Pacific, Atlantic, Australia, and Japan) with

strong bootstrap support (Fig. 2.3). As with the SSU genealogy (Fig 2.2), the

South African isolates from hake and snoek were different from isolates from the

other Atlantic Ocean hosts. In addition, we observed some further host and

geographical subdivisions. The Chilean K tltvrsites ITS sequences formed a

group distinct from other Eastern Pacific representatives with excellent bootstrap

support (95%). There was excellent bootstrap support for a phylogenetic grouping

of the K. thyrsites sequences from the saddleback guimel. There were no distinct

groupings for isolates from the remaining hosts in British Columbia and Oregon.
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Figure 2.3. Neighbor joining analysis of combined small subunit and internal
transcribed spacer (ITS) sequences. A-F small subunit genotypes, Japan P.o. =
Japanese flounder, Aus C.h. = Australian mahi mahi, OR P.v. = Oregon English
sole, OR M. p. = Oregon Pacific hake, OR P. o. = Oregon saddleback gunnel, OR
S.s. = Oregon Atlantic salmon, BC S.s = British Columbia Atlantic salmon, Chile
S.s. = Chilean Atlantic salmon, UK S. s. = Atlantic mackerel, SA M.c. = South
African hake, SA S.o. South African pilchard, SA T. a. = South African snoek.
ITS was obtained for more than one fish indicated by fish number (#). Genbank
accession numbers for ITS sequences are in parentheses. Duplicate sequences (*).
Bootstrap confidence values at nodes.

32

F

b



Table 2.4. Variable positions in the small subunit ribosomal DNA sequence of Kudoa thyrsites genotypes A-F.
*sites unique to K thyrsites from Japan

** * * * * * * * * t'-. r- N
&r tr rn .-- oc '1- t--- CNI oo0 .O N C t N N 00 0 0 0 N

Genotype N N N 0 00 Location
A (n=22) C A T T T A C T G T T C T C T T T G T C Eastern Pacific
B (n=7) T A A T T A C T C C T C C C T T T A T T Eastern Atlantic
C (n=7) T A A T T T C T C C T C C C T T T A T T Eastern Atlantic
D (n=12) T A A T T A C T C Y T C C C T T T A T T Eastern Atlantic
E(n=l) TATTTATTCCTCTCTTAATY Australia
F(n=1) TTTCCACGCTAATTGCTAAC Japan
*sites unique to K thyrsites from Japan
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DISCUSSION

Phylogenetic and morphological analyses of other parasite species suggest

that on a broad scale, parasite isolates tend to group by location as opposed to host.

Rohde and Watson (1985) identified morphological differences in the monogenean

parasite Pseudokuhnia minor from different hosts (Scomber species) in the Pacific

and Atlantic oceans, although either host species or geographic separation could

explain these differences. Chisholm et al. (2001) used large subunit (LSU) rDNA

sequence analysis to examine Calicotyle kroveri (Monogenea: Monocotylidae)

from various geographic locations, and determined that isolates were not host

specific, but location specific. Studies using molecular markers to examine large-

scale biogeographic patterns of marine organisms other than parasites also support

these regional groupings (Bowen and Grant 1997, Hoare et al. 2001, Schroth et al.

2002).

There were few differences in K thvrsites spore morphology, based on

ranges of dimensions from published iports and the statistical comparisons made

here. The significant differences in morphology that did exist were not correlated

with genetic differences. For example, the K thyrsites spores from Pacific hake

were significantly larger than those from saddleback gunnels, yet their SSU

sequences were identical. Conversely, there were no significant morphological

differences between spores from saddleback gunnels and those of the Atlantic

mackerel yet there were genetic differences between them. These data suggest that

although generally consistent, there may be some spore morphological plasticity

from host to host, independent of SSU genotypes.
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Our molecular results indicate that there are 6 different SSU genotypes

from the K thvrsites isolates we examined Although some of the SSU genotypes

were specific to a particular region (A, E and F), three different genotypes were

observed in Atlantic ocean hosts. Genotype B found in England and the Azores

(from mackerel and scabbardfish) differed from the South African genotype C

(from hake and snoek) by a single nucleotide substitution. Given the geographic

separation of these isolates, we might have expected to see genetic differences, but

the K. t&vrsites from South African pilchards (genotype D) was more like the

allopatric genotype B than it was to the sympatric genotype C. Although the

presence of host races of K t/wrsites in these species may explain this observation,

the life history of these hosts (i.e., where they acquired the infections) may be

important as well.

Analysis of the combined ITS-i and SSU sequences generally supported

our observations with the SSU alone, and also suggested there may be some

differences between hosts. As with the SSU alone there were clear distinctions

between representatives from broad geographic regions indicated by high

bootstrap confidence values (Fig. 2.2). Furthermore, there was good bootstrap

support for host-specific groupings of sequences from Oregon gunnels, Chilean

Atlantic salmon, South African hake, and South African snoek. If there were

indeed host races for all hosts examined we would have expected phylogenetic

groupings that corresponded to each host, but we only saw this in some cases.

Alternatively, these groupings by host may reflect the small size of our H'S-i data

set. Unfortunately, direct sequencing of ITS was not possible, and cloning and
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sequencing several of these clones from every host in which we found K. thyrsites

would have been excessively time consuming.

On a regional scale, morphological and molecular data do not always

agree. For example, without molecular data, the significantly larger spores of the

Pacific hake parasite might have tempted us to describe it as a separate species.

However, we observed no differences in SSU of K thyrsites from Pacific hake

compared to all other isolates from this region. Blaylock et al. (2004) also

observed morphological differences in Kudoa hypoepicardialis from different

hosts, but these isolates possessed identical SSU rDNA sequences.

Considering otler Kudoa species with stellate spores, it would appear that

speciation may occur in sympatry. Both K. nilnithyrsites (c.f. Whipps et al. 2003)

and K lateolabracis (c.f. Yokoyama et al. 2004) infect somatic muscle, have

stellate spores with one polar capsule larger than other and are found in sympatry

with K thyrsites. These species were considered to be distinct as they possess

spores that are consistently smaller than those of K. thvrsites. In addition, K.

ininithvrsites and K lateolabracis are genetically distinct from sympatric K.

thyrsites, and are more distant than any isolates of K thyrsites (sensu lato) are

from one another.

Unlike K. rninithvrsites and K. lateolabracis, the spores of K. histolytica

(Pérard 1928) fall well within the range of size of K thyrsites spores (Table 2.2).

Pérard may have been unaware that Gilchrist (1924) had described K thyrsites

(then Chiorornyxuni thi'rsites) four years earlier as there is no reference to this very

similar species in the description of K. histolvtica (then Chiorornyxum
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histolvticum). Although it is impossible to obtain original material of K.

histolvtica, the type host for this species is Atlantic mackerel S. sconthrus).

Therefore, the parasite we collected from mackerel may very well be K

histolvtica, despite our a priori identification of it as K thyrsites. The spores of

this species faJi within the appropriate size range of K thyrsites and it is

genetically similar to the other specimens of K thyrsites we collected. Therefore,

K histolvtica is likely an invalid species, and should be considered a junior

synonym to K. thy rsites.

The aim of this study was to determine whether geographic and host races

of K thvrsites exist. Based on our phylogentic and genealogical analyses of SSU

and ITS sequences, isolates of K. thyrsites tended to group more by geographic

location than by host (i.e., Atlantic and Pacific isolates were always separate).

Although the ITS data must be treated with caution, these data supported the above

conclusions and suggested that there may be host specific races of K. thyrsites in

South African pilchards, hake and snoek. We were unable to distinguish between

host isolates in the eastern Pacific of North America and therefore unable to

identify the reservoir hosts for the infection in pen-reared Atlantic sahnon.

Moreover, isolates from Atlantic salmon from the Pacific did not cluster together,

suggesting that there is not one specific genotype (e.g., from one wild fish host

species) that infects this exotic fish in the region.
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ABSTRACT

Molecular approaches for resolving relationships among the Myxozoa have

relied mainly on small subunit ribosomal DNA (SSU rDNA) sequence analysis.

This region of the gene is usually used for higher phylogenetic studies, and the

conservative nature of this gene may make it inadequate for intraspecific

comparisons. Previous intraspecific studies of Myxobolus cerebralis based on

molecular analyses reported that the sequence of SSU rDNA and the internal

transcribed spacer (ITS) were highly conserved in representatives of the parasite

from North America and Europe. Considering that the ITS is usually a more

variable region than the SSU, we reanalyzed available sequences on Genbank and

obtained sequences from other M cerebralis representatives from the states of

California and West Virginia in the U.S.A. and from Germany and Russia. With

the exception of 7 base pairs, most of the sequence designated as ITS-i in

Genbank was a highly conserved portion of the S SU rDNA near the 3' end of the

SSU region. Nonetheless, the additional ITS-i sequences obtained from the

available geographic representatives were well conserved. It is unlikely that we

would have observed virtually identical ITS-i sequences between European and

American M cerebra/is samples had it spread naturally over time, particularly

when compared to the variation seen between isolates of another myxozoan

(Kudoa thyrsites) that has most likely spread naturally. These data further support

the hypothesis that the current distribution of M. cerebra/is in North America is a

result of recent introductions and then dispersal via anthropogenic means, largely

through the stocking of infected trout for sport fishing.
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RESEARCH NOTE

One of the most frequently cited examples of myxozoan parasitism is

whirling disease, caused by Mycobolus cerebralis. Symptoms of the disease

include skeletal deformities, blackened tails and the characteristic whirling

behavior (Wolf 1986). The parasite has been found in 26 countries around the

world (Bartholomew and Reno 2002) and it is widely accepted that this

distribution is a result of anthropogenic movement of fish (Wolf 1986, Hedrick et

al. 1998). Hoffman (1970) proposed that the brown trout in Germany are the

natural host for the parasite and it was through movement of infected rainbow trout

from this area that resulted in the spread to North America. Presumably, this same

mechanism was involved in the spread to other countries such as New Zealand and

South Africa. Determining whether population structure exists for this parasite,

and therefore genetically distinct populations, may be important to identify

potential hot spots as reservoirs of infection, especially within the United States.

Myxobolus cerebralis has been observed in 22 states in the USA (Bartholomew

and Reno 2002) and there is great concern for wild trout populations as this

parasite becomes enzootic streams where fish were previously uninfected.

Molecular approaches for resolving relationships among the Myxozoa have

relied mainly on small subunit (SSU) ribosomal DNA (rDNA) sequence analysis

(Kent et al. 2001). The conservative nature of this gene however, may make it

inadequate for intraspecific comparison. Generally, the internal transcribed spacer

regions (ITS) of the rDNA are usually much more variable than the SSU and are

therefore useful for intraspecific conparisons (van Herwerden et al. 2000). When
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the SSU and ITS sequences from representatives of M. cerebra/is from Germany,

West Virginia and California were compared by Andree et al. (1999), they

reported that there were more sequence differences within the SSU than iQthe ITS.

To verify this result we re-examined the ITS-i sequences of Andree et al.

(1999; Genbank accession numbers AF115256-AF115260) using the basic local

alignment search tool (BLAST) (Altschul et al. 1990) and sequence alignments.

Searches were conducted in Genbank using the nucleotide-nucleotide BLAST.

Sequence aligmnents of the above M. cerebra/is sequences to metazoan rDNA

were performed in Clustal X (Thompson et al. 1997) using the following

sequences; Kudoa thvrsites (AY07843 0), Homo sapiens (HSU 13369), Drosophila

melanogaster (M2 1017), Aurelia aurita (AYO3 9208), Oncorhvnchus myss

(AF30873 5).

The best matches with the BLAST were the SSU sequence of several

myxozoans and other invertebrate taxa. We verified these results with our SSU

rDNA alignments (Fig 3.1). Clearly, a majority of the sequence identified as ITS -

1 by Andree et al. (1999) (all but 7 bases) corresponds to the highly conserved 3-

prime region of the SSU rDNA. These results prompted us to reexamine the ITS

region of M cerebra/is.
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Figure 3.1. Alignment of 3-prime end of small subunit (SSU) rDNA to Myxobolus
cerebra/is (Mc) sequence of Andree et al (1999) (AF1 15256), demonstrating its
identity to SSU highly conserved region of the SSU rDNA of this region. Other
taxa in alignment were; Kt, Kudoa th rsites (AY078430); Hs, Horno sapiens
(HSU13369); Dm, Drosophila melanogaster (M21017); Aa, Aurelia aurita
(AY039208); Om, Oncorh nchus invkiss (AF308735). True ITS-i start indicated
by lowercase letters.

The DNA from actinospore (triactinomyxon) and myxospore stages of M

cerebralis or from tissues of infected rainbow trout were obtained from the

following locations: actinospores in 95% ethanol from California and Russia,

rainbow trout heads from West Virginia, and myxospore DNA from Gemlany.

For polymerase chain reactions (PCR), DNA was extracted via the Qiagen

DNAeasy kit (QIAGEN Inc.Valencia, California), or individual actinospores were

collected for direct use in PCR reactions. The ITS-i, 5.8S, and ITS -2 region from

the California M. cerebralis was amplified in a PCR reaction using standard

conditions (Whipps et al. 2003) with the following primers. Primer Mc18S1F (5'

AAT ACG CTG GGA TCG ATG) was complementary to the 3-prime region of

the SSU and used with the reverse primer 28S1R (5 GTG TTT CAA GAC GGG

TCG), a general large subunit (LSU) primer of Whipps et aL (2004). The resulting

1670 basepair (bp) fragment was cloned into plasmids (QIAGEN Inc.Valencia,

California) and 3 clones were sequenced in both directions.

Clone sequences were almost identical and have been deposited in

Genbank (AY479922-AY479924). Start and stop positions (Fig 3.2) of ITS-i,

Mc 122 AAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATCgacattt 175
Kt 1673 ATcattgaaa 1726
Dm 1948 -- ATTAttgtat 2001
Hs 1824 ATTAacggag 1877
Om 1786 ATTAACgggt 1839
Aa .1764 A attaccggaa 1817
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5.8S and ITS-2 regions were approximated from alignments of SSU, 5.8S and

LSU sequences of a broad range of metazoan taxa. The ITS-i sequence was

approximately 410 bases long with an AT content of 65% (as opposed to a 50%

AT content in the SSU). From M cerebra/is ITS-i clone sequences we observed

3 variable nucleotide positions and a single insertion.deletion (indel), representing

a sequence variability of 1.7% within a single sample. The 5.8S rDNA was 176 bp

long and ITS-2 was 213 bp long. No sequence variability was observed within the

ITS-2 and only a single ambiguous base was found in the LSU. Given that some

variation was detected in the ITS-i, we decided to continue using this region for

comparisons of geographically distinct representatives of M cerebra/is.

Another primer, Mc5S1R (5' ATG ACT CAC TAG GCT TGC),

complementary to the 5.8S rDNA of M. cerebra/is was used with Mc18S1F to

amplify a 600 bp fragment containing the ITS-i. We used these PCR primers to

amplify and sequence the ITS -1 from a pooi of actinospores as well as from 5

individual spores. Sequences were similar to those obtained by cloning as

described above. The ambiguities were clearly visible on the sequence reads and

the sequences became unreadable at the point of the indel near the end of the ITS-i

in both the pooled actinospore sequence and in the sequence from individual

actinospores (Genbank accession # AY479925). These data suggest that there is

some ITS-i sequence variation within a single actinospore. As an actino spore

contains multiple cells, we caimot say if this observed variation occurs within

individual cells or between cells of the actinospore. This within- isolate variation



has been observed in other invertebrates such as Echinococcus sp. (Bowles and

McManus 1993).

ssU- ->
Mc18S1F >

1 AATACGCTGG GATCGATGA AAATGGTGCA ATTTCGGGR AGTAAAAGTC GTAACAAGGT 60

ITS-i-->
61 TTCCGTAGGT GAACCTGCGG AAGGATCatt gacgttttac acaaacattt tgtacgttgt 120

121 acgtattatt cgagaaatta catctgttgc tgragctqtg tctcagacta gttgaggaga 180
181 tcgcattac gagaaagcat tcttctagtc gcttcagcaa cacagagaaa tcaagacgac 240

241 ctccactttt aatataaatc actgagagta gactacttat ttcgtctatt tctgttgac 300
301 attgacgaga caatagtgaa ctttagagta atattagtct ttgtttttgt gaatttttaa 360

361 tcgtgttgta taaagctgtt gtgtttataa aatgtgaatg ataagtattt cctgttcgtt 420

421 gagtatatgt gtaatgcgtg tattcaamgt ttaggggtgc tctattttca cagagtgaga 480
? 5 8S-->

481 ttttacgagt tgatatatat attCATAACC ATTAACGTG GATCACTTGG CTCGAGGGAC 540
Mc5S1P.

541 GATGAAGAAC GTGGCAAAAT GCGATAAGTG ATGCGAT TCG CAAGCCTAGT GAGTCATCA 600
601 GTTTTTGAC GCAAATGGCA CTCTTGATTG CATCAGGAGT ATGTCTGGTT GAGGGTTGTT 660

ITS-2 -->

661 TTTTGAGATA ACGTCACACg gttggctttg caattgatgt gcgaatatac actagttgta 720
721 tattagatt ggatgtgaac caagcgcggg ttctcatctc aaatgattgg acaacacctg 780
781 taacactttg gtagatgtat taattgttga atttgttggt gaaaacttta gagtacaaca 840

LSU-->
841 atgtgtgcac ctattaaaaa gatacagtag ttataattat aaatttacgg cACCTCAAC 900

901 TCAGGCAAGA TTACGCCGTG A CTAAAGCA TTTCAGTAAC GGCAGGAAAA GAAAATAACT 960

961 ATGATTCCCT CAGTAACTGC GAGTGAAGTG GGAAGAGCCC AACGTTGAAA GCTACATCTT 1020
1021 TAACCGGGTG TCGCGTTGTA ACTATAGAT GCAACATCGA GACGTGAACC AGATTTGAG 1080
1081 TCGCTTAGAA TAGCGCACCA TAGAGGGTTT TAGTCCCGTA CATGAATTTG TGTGTCACAT 1140
1141 CAAGTATGTT GTCTTCTAAG AGTCGGATTG ril GGGAATA CAGTCTGAAG TGGGTGGTAA 1200
1201 ACTCCATCTA AGGCTAAATA TAACCTCGAG ACCGATAGCG ACAAGTACC GTGAGGGAAA 1260
1261 GTTGAAAAGC ACTCTGAAA GAACGTGAAA AGGGCGTGAA ACCGTTAATG GGGAAGCGTA 1320

1321 CGGTAGAGTC GAAGTAGAGC AGCGTGGGTG CGCGTATTTT GTGGCAACAC AGRATGCGTG 1380

1381 GCAGGTAGCG TTACTCTACG CGCCGGACTC ATTGTTAAAT GACTGGCGTA GTAAGTGGTT 1440
1441 GCTAGTAACA GTGCATCCCT GAGGATGTTC TGTGCTATTA GCATTTACAA TATGTTTTAG 1500
1501 AGTTGTTCGA CAATGATGTG TAGAGCGTAA TATCAATGTG TAGTGGCTAT CGGTAGAGTG 1560
1561 CAAGTTTAGG CAAACACTCT ATTGCAACC ATTTCGTATT GGTGTTACAA GACAAGTCGC 1620

28S1R
1621 ATACGATTTT CCGGCGAGAC ATGCTACTGT ICGACCCGTC TTGAAACAC 1669

Figure 3.2. Myxobolus cerebralis small subunit (SSU), internal transcribed spacer
(ITS) region and large subunit (LSU) ribosomal DNA sequence. Sequences of
interest are underlined. Primer sites are shown in bold type, downward arrows
mark regions of variability within the ITS-i, insertionldeletion is shaded.

Using the Mc1SS1F/Mc5S1R primers we amplified and sequenced the

ITS- 1 from M cerebralis representatives from West Virginia, Germany and

Russia. These sequences were identical to those obtained from the California M

cerebralis, including the same ambiguous bases and 3-prime mdcl. Although this

lack of intraspecific variation within the ITS is not uncommon (Hoste et al 1993,

48
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van Herwereden et al. 2000), it seems unlikely that these sequences would be

identical for such geographically distinct representatives had the parasite spread

naturally over time. For example, it is most likely that Kudoa thyrsites has

dispersed naturally over time and there is as much as 43.5% sequence difference in

the ITS-region between different geographic representatives of this cosmopolitan

marine myxozoan around the world (Whipps and Kent 2003).

Our re-evaluation of the ITS rDNA of M. cerebra/is provides strong

support for the already widely accepted hypothesis that the parasite has spread

from a single source in recent times. We also observed identical Al. cerebra/is

ITS-i sequences from Germany and Russia, the area that Hoffman (1970)

considered to be the parasite's endemic range. This suggests there had been recent

introductions and/or mixing of M cerebra/is populations throughout Eurasia

because we assume that populations with a long history of reproductive isolation

would have very different ITS-I sequences (as seen for K tkvrsites).

We have determined through reevaluation of the existing ITS sequences on

Genbank that nearly all of reported sequence by Andree et al. (1999) is a

conserved region near the 3' end of the SSU rDNA. Despite this initial

misidentification, comparisons of the true ITS-i sequences we generated provide a

similar conclusion, which only minor variations occurred in all of the geographic

representatives we examined. These results are further evidence supporting the

hypothesis for a recent introduction of M. cerebra/is from Europe to U.S.
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ABSTRACT

Myxozoans of the genus Kudoa are parasites of fish around the world,

several of which infect and cause damage to commercially important species. In

particular, Kudoa thyrsites and Kudoa amarniensis infect certain cultured fish

species causing damage to muscle tissue, making the fish unmarketable. Kudoa

thyrsites has a broad host and geographic range infecting over 35 different fish

species worldwide, while K arnarniensis has oniy been reported from a few

species in Japanese waters. Through morphological and molecular analyses we

have confirmed the presence of both of these parasites in eastern Australian

waters. In addition, a novel Kudoa species was identified, having stellate spores,

with one polar capsule larger than the other three. The SSU rDNA sequence of

this parasite was 1.5% different from K. thyrsites and is an outlier from K thyrsites

representatives in a phylogenetic analysis. Furthermore, the spores of this parasite

are distinctly smaller than those of K. thyrsites, and thus it is described as Kudoa

ininithyrsites n. sp. Although the potential effects of K minithyrsites n. sp. on its

fish hosts are unknown, both K thyrsites and K amarniensis are associated with

flesh quality problems in some cultured species and may be potential threats to an

expanding aquacuiture industry in Australia.

INTRODUCTION

Myxozoans are an economically important group of fish parasites with

over 1,350 described species (Kent et al. 2001). Certain members of the order

Multivalvulida are of economic concern in commercial marine fisheries as they

infect muscle and cause either unsightly cysts or post harvest myoliquefaction
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(Moran et al. 1999). Kudoa thvrsites is one of the most noteworthy members of

this group as it infects some 35 fishes from several families around the world. In

Australia, Willis (1949) reported K thyrsites from barracouta (Thyrsites atun) in

South Australia, Munday et al. (1998) found the infection in one Atlantic salmon

(Salmo salar) reared in netpens in Tasmania, and in Western Australia, Langdon

(1991) reported on a milky flesh condition in wild and cultured mahi mahi

(Coiyphaena hippurus) caused by K thvrsites. Using both molecular and

morphological data, we confirmed the occurrence of K thyrsites in mahi mahi

from eastern Australia.

We also report here the occurrence of another Kudoa species that has been

associated with poor flesh quality, Kudoa arnamiensis, which we observed in two

sweepers (Penipheris ypsilychnus) that we collected from the Great Barrier Reef.

Until now, this myxozoan has only been observed in Japanese waters, in cultured

yellowtail (Seriola quinqueradiata) and amberjack Seriola dumerili), and reef

dwelling damselfish species (Pomacentridae) (Egusa and Nakajima 1978,

Sugiyama et al. 1999). In addition to K aniamiensis, the sweepers were also

infected with a Kudoa species with stellate spores (similar to, but smaller than, K

thyrsites). We describe this myxozoan as a new species based on both

morphological and molecular analysis.

MATERIALS AND METHODS

Sweepers (P. ypsi4vchnus) were collected from the Swains Reef

(21°59.15'S l50°20.71'E), Southern Great Barrier Reef Australia in February

2001. Muscle tissue was examined macroscopically and by wet mount
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preparations as described by St-Hilaire et al. (1997) for the presence of myxozoan

spores immediately after capture. Infected muscle tissues were preserved by three

different methods; frozen (for spore measurements), in 1 O0/o formalin (for

histology), and in 95% ethanol (for DNA analysis). Mahi inahi (c. hipurus) used.

for DNA analysis were collected from Stradbroke Island, Queensland in 1993 and

held at 20 °C. Infected mahi mahi were also collected from Mooloolaba,

Queensland, Coffs Harbour, and Sydney, New South Wales.

Digital images were taken of spores in wet mount preparations from frozen

samples, and measurements were made from multiple images. Formalin fixed

tissues from the sweepers was processed using standard histological methods and

sections were stained with Giemsa or hematoxylm and eosin stains. Description of

new species followed the guidelines of Lom and Arthur (1989). Extraction of

DNA from infected tissues used the QIAgen DNeasy Kit (QIAGEN Inc.Valencia,

California). Overlapping regions of small subunit (SSU) rDNA were PCR

amplified using at least one species-specific primer and a genus specific primer to

small subunit rDNA sequence of K minithyrsites n. sp., K. thyrsites or K.

ainamiensis (Table 4.1). Reactions were performed in a MJ Research DNA

Engine 200 (MJ Research, Watertown, Massachusetts) for 35 cycles consisting of

94 °C for 30s, 53 °C for 45s, 72 °C for 90s, preceded by an initial denaturation at

95 °C for 3 mm, and followed by a final extension at 72 °C for 7 mm. Products

were visualized on a 1.5% agarose gel containing 0.1 jig/mi ethidium bromide run

at 100V for 1 hrs. PCR products were excised from the gel and purified using the

QIAgen Gel Extraction Kit (QIAGEN Inc. Valencia, California). Primers as used



General primers
18ec CTG GTT GAT CCT GCC AGT 1 1 Kt1853r,

Ka l8Si r
Kud6f TCACTATCGGAATGAACG 478 508 Ktl8Slr
18R CTACGGAAACCTTGTTACG 1679 1722 Kal8Slf,

Ktl 8S7f
Kudoa thyrsites and Kudoa minitkvrsites n. sp. primers
Ktl8S3r CAC RGC GAC CAA ACC TWG 623 nlae 18e
Ktl8S7f ATA AGT GTT TCG GTT CTG 1050 n/a 18R
Ktl8Slrd CGT CAA TTT CTT TAA ATT TGG 1072 n/a Kud6f
Kudoa an2arniensis primers
Kal8Slf GCTCTTTAATATCCAAGTC n/a 653 18R
Kal8Slr AGA ATT CAA TCT CAC ATA TAG n/a 695 18e
a.bp050 relative to 18e primer; thwsites and K. minithyrsites n. sp. SSU
rDNA, bK amamiensis SSU rDNA. cHifliS and Dixon (1991). dHervio et al.
(1997). eNOt applicable.

Small subunit rDNA sequences of approximately 1,300 basepairs from the

18e primer (Hillis and Dixon 1991) were aligned with ClustaiX (Thompson et al.

1997). Sequences (and Genbank accession numbers) used are as follows: K.

rninithvrsites n. sp. (AY152749), K amanuensis from Australia (AY152748),

Kudoa amamiensis from Japan (AF034638), K thyrsites from mahi mahi

(AY 152747), Kudoa thvrsites from Salmo salar (AFO3 1412), K tkvrsites from T

atun (AY078430), Kudoa crumena (AF3 78347), Kudoa dianae (AF4 14692),

Kudoa miniauriculata (AF034639), Kudoa ovivora (AY152750), Kudoa
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for PCR were used tO sequence purified products in both directions using AP

Biotech® DYEnamic ET Terminator cycle sequencing chemistry with Thermo

Sequenase II (Arnersham Biosciences, Piscataway, New Jersey) on an ABI

PRISM® 377 DNA Sequencer (Applied Biosystems, Foster City, California).

Table 4.1. Primers used for PCR amplification and sequencing of Kudoa thyrsites,
Kudoa rninithvrsites ii. sp. and Kudoa amamiensis.

Primer Sequence (5'-3') Position Use with
Kta Kab
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pan ifbrtnis (AF034640), K. permulticapsula AY078429), Kudoa quadricornis

(AY07842 8). Parvicapsula minibicornis (AF2O 1375) was selected as an outgroup

as it is a marine myxozoan and has been determined to be an outlier from the

Kudoa species in other phylogenetic analyses (Kent et al. 2001). Parsimony and

distance (neighbor joining) analyses were conducted using PAUP*4.Obl

(ISwofford 1998). Parsimony analysis empbyed default parameters and neighbor

joining was conducted using genetic distances calculated with the HKY85

evolutionary model (Hasegawa et al. 1985). Bootstraps were calculated with 1000

repetitions.

RESULTS

Myxozoan spores consistent with those of K. thyrsites were observed in

wet mount preparations of C. hipurus somatic muscle (Fig. 4.1). Spores were

stellate, 14J.tm wide (12.5-16.6 ini), having four unequal pyriform polar capsules

containing polar filaments in one loose coil. Four of 20 fish from Stmdbroke

Island were infected, 1 of 12 from Mooloolaba, 5 of 11 from Coffs Harbour, and 0

of 9 from Sydney. Small subunit (SSU) rDNA sequence of K thyrsites from mahi

mahi shared 99.6% identity to K thyrsites SSU sequence from South Africa and

99.4% idertity to K thyrsites from British Columbia, Canada.

Spores consistent in morphology to those of K arnarniensis were observed

in muscle tissue in two P. vpsiiychnus (Fig. 4.2). The spores were quadrate, 5.6 .tm

wide, with four equal polar capsules. Small subunit rDNA sequence obtained

from the sample was 99.9% similar to K amamiensis SSU rDNA from yellowtail

collected from netpens in Japan. In the same two specimens of P. ypsilychnus, a
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myxozoan with stellate spores containing unequal polar capsules were observed in

wet mount preparations of the muscle tissue (Fig. 4.3-4.4) and is described as a

new species.

Figure 4.1-4.4. Wetmount preparations of Kudoa species. Bar = 10 .im 1. Kudoa
thvrsites from mahi main (Corvphaena hippurus) Nomarski phase contrast 2.
Kudoa amanuensis from sweeper (Pempherisypsilychnus) Phase contrast 3-4.
Kudoa minitkvrsites n. sp. from sweeper (P. jpsilychnus) Nomarski phase contrast
3. Apical view 4. Lateral views (arrows).

Kzidoa ,ninithvrsites n. sp. (Fig. 4.3-4.6)

Diagnosis. Spores stellate in apical view. Four polar capsules, convergent,

pyriform, one larger than other three. Single sporoplasm with two nuclei at

posterior. Spore measurements (rim, n=20): width, 8.70 (7.79-9.91); thickness,

6.36 (5.84-6.75) length, 4.69 (4.3 1-5.36); large polar capsule length, 3.63 (3.20-



Figure 4.5. Kudoa minithyrsites n. sp. Bar = 5 tm.

Remarks. Spores morphologically consistent with those of the genus Kudoa (i.e.,

4 shell valves and 4 polar capsules) were observed in wetmount preparations of P.

ypsilvchnus muscle. Histological sections of the muscle tissue showed that the

parasite developed intracellularily within myofibrils (Fig. 4.6). Kudoa

minithyrsites n. sp. shares morphological traits with K. thyrsites (i.e., stellate spore,
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3.83); large polar capsule width, 1.99 (1.33-2.31); small polar capsule length, 2.15

(1.94-2.34); small polar capsule width, 1.25 (1.05-1.49).

Host. Pempheris ypsilychnus (Mooi.and Jubb 1996) (Teleostei, Pempheridae).

Prevalence. Two of two collected.

Locality. Swain Reefs (21°59.l5'S l50°20.7l 'E) Great Barrier Reef, Australia.

Site of infection. Somatic muscle. Pseudocysts observed within muscle fibers

(Fig. 4.6).

Material Deposited. Queensland Museum, Brisbane, Australia. Holotype

G463 710, Paratype G463 711 (hernatoxlinleosin stained tissue sections).

Etymology. minithyrsites' refers to the small K thyrsites- like spores.



Figure 4.6. Histological section of
Pempheris vpsilvchnus muscle with
Kudoa minithvrsites n. sp. pseudocyst
within myofibril. Giemsa. Bar = 10 pm.
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unequal polar capsules). However, the

spores are distinctly smaller; K.

thyrsites approximately 13-16 pm

wide and K. ininithyrsites n. sp. 7.79-

9.91 pm wide. Parsimony and

distance analyses yielded phylogenetic

trees with identical topologies.

Analysis of small subunit rDNA from

K. niinith,vrsites n. sp. place the parasite

in a group with other Kudoa sp. most

closely related to K. thyrsites (Fig. 4.7).

Moreover, it was an outlier from the dade formed by K. thyrsites specimens from

Australia, the eastern Pacific and South Africa. Small subunit rDNA sequence

shared 98.4-98.6% identity with the available K. thyrsites sequences.

DISCUSSION

Kudoa thyrsites has been reported previously from Australia (Langdon

1991, Langdon et al. 1992, Munday et al. 1998, Willis 1949), but here we expand

its known range to eastern Australia and confirm its identity with rDNA sequence

comparisons. Measurements of K. thvrsites spores from mahi mahi correspond to

those given by Kabata and Whitaker (1981) for K. thyrsites from Merluccius

productus in British Columbia, Langdon (1991) from C. hippurus in Western

Australia and are similar to those of Gilchrist (1924) in his original description of

K. thyrsites from South African snoek (T. atun). However, the number of coils of
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the polar filament varies between authors. Only a single coil was observed in the

K thyrsites from C. hippurus off Queensland. Langdon (1991) also observed a

single coil, Kabata and Whitaker (1981) record 3.5 coils whereas the original

description of Gilchrist (1924) refers to 'numerous' coils. In K thyrsites obtained

from South Africa (the type location), we observed 1 to 2 coils of the polar

filament (CMW., pers. observ.), inconsistent with observation of 'numerous' coils

by Gilchrist (1924). As these structures are difficult to discern, observations on

coil numbers may be inaccurate. In addition, coil numbers may vary between

hosts irrespective of geographic location, thereby making them uninformative as a

taxonomic characteristic.

Parvicapsula minibicornis

Kudoa Ovivora

- Kudoa quadricornis

- r Kudoa permulticapsula

Kudoa niinithyrsites ii. sp.

99 - Kudoa thrsites -- British Columbia

Kudoa thyrsites - Queensland

- Kudoa thyrsites - South Africa

96
Kudoa dianae

Kudoa rniniauriculata

8 L Kudoa paniforinis

Kudoa crunena

loor Kudoa amanik'nsis - Japan

Kudoa amainiensis - Australia
10

Figure 4.7. Parsimony analysis of 18S small subunit rDNA sequence of Kudoa
species. Numbers at branch nodes indicate bootstrap confidence values.

Spores of bothK minithyrsites n. sp., and K amamiensis were observed in

the sweepers we collected. Infection by multiple Kudoa species in a single host is
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not a novel phenomenon, as concurrent infections by K thyrsites and K pan jformis

are common in Pacific hake (Morado and Sparks 1986). Previous reports of K.

arnarniensis are isolated to Japanese waters, in which jacks (Carangidae) and reef

fishes (Pomacentridae) were infected (Egusa and Nakajima 1978, 1980).

Infections in cultured species appeared to be limited to facilities in specific regions

near coral reefs, suggesting that reef fish act as natural reservoirs of infection for

K amanuensis (Sugiyama et al. 1999). This is the first report of K amamiensis

outside of Japan and interestingly, both reports are from subtropical areas at the

most northern and southern extents of coral reef systems. Whether this parasite

occurs in tropical reefs between Australia and Japan is unknown.

The spores of K. minith rsites n. sp. are distinctly smaller than those of K.

thvrsites, although the spores of both species share several features (e.g., stellate,

one polar capsule larger than other three). Indeed, parsimony analysis of SSU

rDNA sequence supports a close relationship between the two species with strong

bootstrap support (Fig. 4.7). Distance analysis (neighbor joining) yielded a tree

with identical topology to parsimony, with even higher bootstrap values. The SSU

rDNA sequence difference between the two species is 1.4-1.6%, only 1 0/ more

than the differences between K. thvrsites representatives from Australia, British

Columbia, Canada and South Africa (0.4-0.6%). Kudoa minithvrsites n. sp. and K.

thyrsites are the most closely related members of the genus Kudoa based on SSU

rDNA sequences available to date (10 of some 45 species of Kudoa). Between

species within other myxozoan genera, Mvxobolus neurobius and Myxobolus

ellipsoides differ by 2.3% sequence identity (Andree et al. 1999) and Myxobolus
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pendula and Mvxobolus peilicides differ by only 8 bases across approximately

2000 basepairs (99.9% similarity) of SSU rDNA sequence (Kent et al. 2001). In

contrast, Schiegel et al. (1996) found intraspecific variation of 2.6% between

various samples of Myxidium lieberkuehni. Sequence identity alone may be

inadequate to identify new myxozoan species but can be used together with

morphological characters. Here, in addition to K. minithyrsites n. sp. being an

outlier from the K thvrsites representatives in the phylogenetic analysis, the

parasite is morphologically very distinct from K th rsites, and thus we describe it

as a new species.

Infections by K thyrsites and K. anzarniensis are not associated with host

mortality (Moran et al. 1999), but cause tissue damage, making the fish

unmarketable. In cultured species, K thvrsites has been reported as the cause of

post-mortem myoliquefaction in Atlantic salmon raised in Canada (Whitaker and

Kent 1991), Spain (Barja and Toranzo 1993), and mahi mahi in Australia

(Langdon 1991). Kudoa arnarniensis forms macroscopic white cysts in muscle

tissue of cultured yellowtail and amberjack (Sugiyama et al. 1999). Currently,

salmonid culture rates as Australia's third most valuable aquaculture industry, with

projections that the industry will reach a gross value ofAUD$l,000 million by

2009-2010 (O'Sullivan and Dobson 2001). Marine finfish aquaculture is

expanding in eastern Australia and interest is also growing in farming coral reef

associated species, in particular, groupers Epinephe1us spp.), barramundi cod

(Cron2ileptes altivelis) and coral trout (Plectropornus leopardus) due to the high

value of live fish (O'Sullivan and Dobson 2001). As both K thyrsites and K.



amamiensis are associated with damage to flesh products, they should be

considered as potential problems as the culture of marine fishes in this region

continues to develop. The potential impacts of K minithyrsites n. sp. are

undetermined at this time.
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ABSTRACT

Two unusual myxozoan parasites are described from the somatic muscle of

2 reef fishes from Australias Great Barrier Reef. Kudoa quadricornis n. sp. from

the somatic muscle of Carangoidesfulvoguttatus is morphologicaily consistent

with other Kudoa sp., having 4 polar capsules and 4 shell valves. Kudoa

quadricornis n. sp. is unique in that it has a pyriform spore body with a greater

length than width (7.82-9.95 tm and 5.94-8.66 tm, respectively), and distinct

posterolateral projections. Spores of Kudoa permulticapsula Ii. sp. observed

within pseudocysts of the somatic muscle tissue of Sconiberomorus commerson

are different from all other myxozoans. The ovoid spores (length, 4.69-6.65 Jim;

width, 8.42-9.92 tm; thickness, 6.36-8.33 tm) contain 13 polar capsules with an

equal number of shell valves. Phylogenetic analysis using small subunit ribosomal

DNA sequences of K quadricornis n. sp. and K permulticapsula n. sp. showed

that these parasites cluster within a dade comprised of Kudoa species. This brings

into question the division of parasites of the Multivalvulida into genera based

solely on polar capsule numbers.

INTRODUCTION

During a survey of muscle myxozoan parasites from various fish species

from Australia's Great Barrier Reef, 2 fish were found to be infected with

previously undescribed myxozoan parasites. A goldspotted trevally (Carangoides

fulvoguttatus) was infected with an undescribed Kudoa species, and a Spanish

mackerel (Scomberomorus commerson) was infected with a veiy unusual

myxozoan that has spores containing 13 polar capsules.
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MATERiALS AND METHODS

Sample collection

Muscle tissue from fish collected from t1e Swains Reef (Southern Great

Barrier Reef, Australia) in February 2001 was examined macroscopically and by

wet mount preparations as described by St-Hilaire et al. (1997) for the presence of

myxozoan spores aboard ship immediately after capture. Infected tissues were

then preserved by 3 different methods: frozen (for spore measurements), in 1 O%

formalin (for histology) , and in 95% ethanol (for DNA analysis). Spore

measurements and descriptions based on Lom and Arthur (1989) were made from

multiple digital images. Formalin-fixed tissues were processed using standard

histological methods and sections were stained with Giemsa or hematoxylin and

eosin stains.

DNA analysis

DNA was extracted from infected tissues using QIAgen DNeasy Kit

(QIAGEN Inc., Valencia, California). Small subunit ribosomal DNA was

amplified via PCR using primers specific to small subunit rDNA sequence

conserved among members of the Multivalvulida (Table 5.1). For amplification of

K quadricornis n. sp. small subunit ribosomal DNA, primer pairs 1 8e/Kud6r,

Kud6f/Ktl8Slr, and Kud8f/l8g were used. For K permulticapsula n. sp., primer

pairs 1 8e/Pslr and Kud2f/kudlr were used. Reactions were performed in a MJ

Research DNA Engine 200 (Mi Research, Watertown, Massachusetts) for 35

cycles consisting of 94 C for 30 sec, 53 C for 45 see, 72 C for 90 sec, preceded by

an initial denaturation at 95 C for 3 mm, and followed by a final extension at 72 C
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for 7 mm. PCR products were visualized on a 1.5 % agarose gel run at 100V for 1

hr containing 0.1 g/ml ethidium bromide. PCR products were excised from the

gel and purified using the QIAgen Gel Extraction Kit (QIAGEN Inc. Valencia,

California). Sequencing reactions were performed in both directions with PCR

primers using the AP Biotech® DYEnamic ET Terminator cycle sequencing

chemistry with Thermo Sequenase II (Davis Sequencing, Davis, California).

Table 5.1. Primer sequences and location used to amplify small subunit ribosomal
DNA of Kudoa quadricornis n. sp. and Kudoapermuiticapsula n. sp.
Primer Sequence Position*

l8et 5'-CTGGTTGATCCTGCCAGT 1

Kud6f 5'-TCA CTA TCG GAA TGA ACG 478
Kud6r 5'-TCC AGT AGC TAC TCA TCG 493
Kud2f 5'-TGA ATG TTA TAG CAT GGA A 763
PslrsS 5'-CCC CTC AAC AAC CAA RTA C 822
Kud8f 5'-TTT AAA CCA GGT TGG GCC 1022
Kt18S14 5'-CGT CAA TTT CTT TAA ATT TGG 1072
Kud1r 5'-CAG ACC TGT TAT TGC CAC 1352
l8gt 5'-GGT AGT AGC GAC GGG CGG TGT G 1565
* Positions relative to universal 1 8e primer.
tHillis and Dixon (1991).
Hervio et al. (1997).

§This paper.

Phylogenetic analysis

Small subunit rDNA sequences of approximately 1300 basepairs from the

1 8e primer (Hillis and Dixon 1991) were aligned with Clusta! W (Thompson et al.

1994). Sequences used are as follows: Parvicapsula minibicornis Genbank

AF2O 1375, Ceratomyxa shasta Genbank AFOO 1579, Kudoa thvrsites Ss (from

Salmo salar) Genbank AFO3 1412, K. thyrsites Af(from Aulorhvnchusflavidus)

Genbank AFO3 1413, K thvrsites Ta (from Thvrsites atun) Genbank AY078430,

Kudoa dianae Genbank AF414692, Kudoa miniauriculata Genbank AF034639,
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Kudoa panformis Genbank AF034640, Kudoa aniarniensis Genbank AF03463 8,

Kudoa crumena Genbank AF3 78347, K quadricornis n. sp. Genbank AY078428,

K permulticapsula n. sp. Genbank AY078429. Phylogenetic analyses were

conducted using PAUP*4.Obl (Swofford 1998). Data were analyzed by 3

algorithms; parsimony, distance, and maximum likelihood. Parsimony analysis

was performed using default parameters. Bootstrap analysis was performed with

1,000 replicates. Distance and maximum likelihood methods employed the

general time-reversible (GTR+I+G) evolutionary model (Rodriguez et al. 1990),

determined to be optimal for the data set by Modeltest 3.06 (Posada and Crandall

1998). Neighbor-joining analysis of genetic distances calculated using this model

was used to create a phylogenetic tree and a bootstrap analysis was performed with

1,000 replicates. Maximum likelihood analysis was tested with bootstrap analysis

using 100 replications.

DESCRIPTIONS

Kudoa Meglistch, 1947

Emended diagnosis: Spores stellate, quadrate, or subspherical to ovoid in apical

view. Polar capsules, ellipsoid or pyriform, 4 or 13, with equal numbers of valves.

Two uninucleate sporoplasms with single nuclei or a single binulceate sporoplasm.

Trophozoites monosporous and polysporous. Mostly species histozoic in the

muscle of marine fishes.

Kudoa quadricornis n. sp.

(Figs. 5.1 - 5.7)
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Spores: In lateral view, spore body pyriform with 4 distinct, equal, posterio- lateral

projections, stellate in apical view. Four polar capsules, equal, convergent,

ellipsoid, polar filament loosely coiled, 2.5 turns. Single sporoplasm with 2 nuclei

at posterior. Spore measurements (jim, n = 20): width, 7.12 (5.94-8.66); length,

8.97 (7.82-9.95); polar capsule length, 4.01 (3.39-4.60); polar capsule width, 1.41

(1.14-1.60). Projections (jim, n = 14): length, 4.29 (4.04-4.98); width (at base),

2.92 (2.60-3.55).

Figure 5.1. Kudoa quadricornis
n. sp. Bar 5 jim.

Taxonomic summary

Host: Carangoidesfulvoguttatus (Forsskál, 1775) (Teleostei, Carangidae).

Locality: Swain Reefs (21°28.89'S 152°33.85'E) Great Barrier Reef, Australia.

Site of infection: Somatic muscle.

Material deposited: Holotype G463 671, Paratype G463672 (hematoxlin/eosin

stained tissue sections), Queensland Museum, Brisbane, Australia.

Etymology: Specific name quadncornis refers to the 4 horn- like spore projections.

Prevalence: 1 of 1 collected.
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Figures 5.2-5.5. Wetmount preparation of
Kudoa quadricornis n. sp. Bar = 10 jim. 4.
Note spore body delineated from
posterolateral processes. 2 -4. Nomarski
phase contrast. 5. Bright field.

Remarks

Wet mount preparations of

body musculature from C.

,fulvoguttatus revealed spores

morpho logically consistent with

species of Kudoa, i.e., 4 shell

valves and 4 polar capsules.

Histological sections of the

muscle tissue showed that the

parasite developed intracellularly

within myofibrils (Fig. 5.6).

Ruptured myofibrils and pseudocysts with an inflammatory infiltrate were

observed (Fig. 5.7). In addition, individual spores within macrophages were

observed in extracellular spaces between muscle fibers. While the spores were

contained within pseudocysts, no presporogonic stages were detected. In contrast

to all other Kudoa species (see review by Moran et al. 1999), K quadricornis n.

sp. has a pyriform spore body in which the length is greater than width. Whereas

some Kudoa species have latero-caudal projections, those of K quadricornis n. sp.

are distinct from the spore body, and have a relatively narrow base compared to

other species. In other words, projections of other Kudoa species have more

continuity with the spore body. Phylogenetic analysis of small subunit rDNA

from K. quadricornis n. sp. places the parasite in a group with other Kudoa sp.

(Fig. 5.13). See remarks for K. permulticapsula n. sp.



Figures 5.6 - 5.7. Histological sections of muscle infected with Kudoa
quadricornis n. sp. 6. Intact pseudocyst in myofibril. 7. Ruptured pseudocyst. i =
inflamnrntory cells. Giemsa. Bar = 10 tni.

Kudoaperniulticapsula n. sp.

(Figs. 5.8 - 5.12)

Spores: Contained within pseudocyts in nmscle fibers. Sub-spherical to ovoid in

apical view, ellipsoid in lateral view. Polar capsules pyriform, equal, convergent.

Spores contain 13 polar capsules, occasionally 14, rarely 15, arranged in a ring,

often with 1 or 2 polar capsules centrally located. Two central sporoplasms visible

in apical view. Spore dimensions (tm, n = 20): width 9.15 (8.42-9.92), thickness

7.70 (6.36-8.33), length 6.00 (4.69-6.65), polar capsule length 2.97 (2.54-3.71),

polar capsule width 1.32 (1.06-1.65).

6

Figure 5.8. Kudoapernuilticapsula n. sp.

Bar = 5 tm.
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Figures 5.9 - 5.10. Kudoapermulticapsula n. sp. in wetmount preparation. 9.
Apical or subapical view. 10. lateral view. Nomarski phase contrast. Bar = 10 tm.

Taxonomic summary

Host: Scoinberoniorus coninerson, (Lacepède, 1800) (Teleostei, Scombridae).

Locality: Swain Reefs, (21°29.99'S 1 52°25 .24 'E) Great Barrier Reef Australia.

Site of infection: Somatic muscle.

Material deposited: Holotype G463673, Paratype G463674 (hematoxlini'eosin

stained tissue sections), Queensland Museum, Brisbane, Australia.

Etymology: species name refers to 'very many' polar capsules.

Prevalence: 1 of 2 collected.

Figures 5.11-5.12. Histological
section of muscle with Kudoa
permulticapsula n. sp. Pseusocysts
replete with spores. 11. Giemsa 12.
Hernolytoxin and eosin, arrow =
spore with 2 sporoplasms evident.
Bars = 10 tm.

75
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Remarks

The presence of 13 polar capsules clearly distinguishes K permulticapsula

n. sp. from all other species of Myxozoa. The arrangement of the polar capsules

within the spore as well as polar capsule number was variable. Predominantly, the

spores contained 13 polar capsules, 2 centrally located with the remainder forming

a ring around them. Spores occasionally contained 14 polar capsules and rarely

15. In some cases, all of the polar capsules, regardless of their number, were

arranged in a ring with none in the central position. The number of valves was

equal to the number of polar capsules. It is not unheard of for myxozoan species

to exhibit variable numbers of polar capsules and spore valves, e.g.,

Septemcapsula vasunagai may have 7 or 6 polar capsules (Egusa 1986).

Neighbor-joining analysis of small subunit rDNA sequence places K.

permulticapsula n. sp. within a dade comprised of Kudoa species, being most

closely related to K thyrsites with strong bootstrap support (Fig. 5.13). All

methods of phylogenetic inference yielded comparable results, thus only neighbor-

joining analysis is shown. With parsimony, distance and maximum likelihood

analysis, both K. quadricornis n. sp. and K pern2ulticapsula n. sp. cluster within a

dade comprised of K thvrsites, K panforrnis, K rniniauriculata, and K dianae

with strong bootstrap support. The only discrepancy between analyses concerned

the placement of K dianae, reflected by poor bootstrap support at this node.

Distance analysis places K dianae in a group with K. miniauriculata and K.

panformis (Fig. 5.13), parsimony and maximum likelihood algorithms group K.

dianae directly basal to K. quadricornis.
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Figure 5.13. Neighbor-joining analysis of small subunit ribosomal DNA sequence.
Distances calculated using the general time-reversible model. Numbers at nodes
indicate bootstrap values with 1,000 repetitions.

DISCUSSION

The morphological features of K quadricornis n. sp. are consistent with

other species of Kudoa. Of the some 44 described species of Kudoa (see Moran et

al. 1999), only 9 have distinct valve projections and a stellate shape. The spores of

K. quadricornis n. sp. are clearly different from those of these species. Spores of

Kudoa bengalensis are described as having an ovoid spore body and lateral

inflations (Sarkar and Mazumder 1983); however, the inflations (projections) of K.

quadricornis n. sp. are distinctly postero- lateral and the spore body is pyriform,

not ovoid. The stellate spores of K. cvnoglossi, K. kabatai, K. lunata, and K.

rniniauriculata all have uplifted valve tips, absent in K. quadricornis n. sp. The

remaining Kudoa spp. with stellate spores (K. crucjformuin, K histolvtica, K

mirabilis, and K. t&vrsites) all have unequal polar capsules where K quadricornis

Pa, ric:p,tla ,ni,iibic,'rni

- Kiidoa quadncirns
83

* KiuIoi perinitincapsulu

$4 A'iuloa tJH'rsitc.c Ta

100 100 K. tJn'rites Ss

K. ii, rsitcs Af

Audaa
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n, sp. has equal polar capsules. Moreover, spore projections of K quadricornis n.

sp. appear to be distinct appendages from the valves as opposed to being

extensions of the shell valves. These distinct projections, together with the

pyriform spore morphology, make K quadricornis n. sp. clearly different from all

other Kudoa species described thus far.

The 13 polar capsules of K permulticapsula n. sp. make it distinctly

different from any other myxozoan parasite described to date. This remarkable

morphological feature would have compelled us to assign this myxozoan to a new

genus (and perhaps family). However, phylogenetic analysis of the 1 8S rDNA

sequences places both K perinulticapsula n. sp. and K quadricornis n. sp. within

a dade comprised of Kudoa species (Fig. 5.13), a monophyletic group (Hervio et

al. 1997, Kent et al. 2001). Indeed, with all methods of analysis (parsimony,

distance and maximum likelihood), K permulticapsula n. sp. roots deep within

this dade comprised of other Kudoa species with strong bootstrap support.

Assignment of K. perinulticapsula n. sp. to a new genus would have rendered

Kudoa paraphyletic, which is unacceptable.

Designation of the appropriate genus for this species does bring forth some

taxonomic and nomenclature issues at the family level within the Multivalvulida.

In the description by Shulman (1959), it states that the Tetracapsulidae (with it's

only genus, Kudoa) is defined as "Multivalvulea with spore consisting of 4 valves

and having 4 polar capsules". Meglistch (1960) defined Kudoidae as follows

"spores with an equal number of capsules and valves. Histozoic in muscle tissue".

This description would accommodate all multivalvulid myxozoans with greater
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than or equal to 4 polar capsules and valves, i.e., Kudoa, Pentacapsula,

1-lexacapsula, Septerncapsula. Indeed, in an unpublished monograph by R. R.

Kudo and P. A. Meglistch ('pers. comm), they state that "Kudoa, Pentacapsula,

and Hexacapsula appear to represent a quite coherent evolutionary line. They are

connected by their histozoic habits, the replication of shell- valves and polar

capsules, and, especially, their frequent exploitation of host muscle tissue, often

leading to the jellying or liqifaction of the infected tissues, It seems preferable to

include them in one family rather than to create a separate family for each genus,

based on the number of shell valves and polar capsules".

Deciding between the use of Tetracapsulidae Shulman, 1959 and Kudoidae

Meglitsch, 1960 (J. Lorn, pers. comm.) states that Shulman did not follow the

International Rules of Zoological Nomenclature, Article 11.7.1.1, that a name of

the family group must be, when published for the first time, the first case of plural

based on the name of a genus included in the family. At that time, Tetracapsula

did not exist as a taxon, and on that basis the Kudoidae was preferred in reviews of

the taxonomy of the Myxozoa (e.g., Lom and Dyková 1992).

Taking these issues into account, Kudoidae appropriately accommodates K

permulticapsula n. sp. without modification of the family description. However,

we had to emend Kudoa to accommodate K. permulticapsula n. sp. with its 13

polar capsules. We are reluctant at this time to suppress Pentacapsula,

Hexacapsula and Septemcapsula (and their families) and place them in Kudoa

until representative members of these genera are included in rDNA analyses.
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ABSTRACT

Fish parasites of the Multivalvulida (Myxozoa, Myxosporea) are

widespread and can be associated with mortality or poor flesh quality in their

commercially important marine hosts. Traditional classifications divide members

of this order into families based on spore valve and polar capsule numbers.

Analyses of the small subunit ribosomal DNA sequences from all representative

families in the order (Trilosporidae, Kudoidae, Pentacapsulidae, Hexacapsulidae,

and Septemcapsulidae) indicate that a revision of the taxonomy and nomenclattre

is warranted. In our phylogenetic analysis of (small and large subunit) rDNA

sequences, members of Pentacapsula, Hexacapsula, and Septerncapsula root

within a dade of Kudoa species with Unicapsula (Trilosporidae) as an outlier to

these genera. Therefore, we propose to synonymize Pentacapsulidae,

Hexacapsulidae, and Septemcapsulidae, with Kudoidae alter the diagnosis of

Kudoidae and Kudoa to accommodate all marine myxozoan parasites having 4 or

more shell valves and polar capsules.

INTRODUCTION

Myxozoans are almost exclusively parasites of fishes, some of which infect

commercially important host species (Kent et al. 2001). In the marine

environment, members of the Multivalvulida are known to cause tissue

degradation or form macroscopic cysts in a broad range of fish hosts (Egusa 1986,

Moran et al. 1999). Myxozoan taxonomy relies primarily on morphology of

myxospores that consist of 2, or more, shell valves, possessing 1, or more, polar

capsules and a sporoplasm. Variations in valve and polar capsule numbers,
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together with other criteria including spore size, ornamentation, and site of

infection, provide the means for classification of these organisms (Lom and Arthur

1989). Members of the Multivaivulida are distinct from all other myxozoans as

they haw spores with3, or more, valves with an equal number of polar capsules

and are divided into families based on these characteristics (Table 6.1). It should

be noted that although the 3-valved Unicapsula has only one fully developed polar

capsule; 2 additional, vestigial polar capsules are also present (Lester 1982). Thus,

it too has an equal nimber of valves and capsules.

Table 6.1. Traditional classification of the order Multivalvulida Shulman, 1959
based on spore morphology.

Phylum Myxozoa Grassé, 1970
Class Myxosporea Buetschli, 1881

Order Multivalvulida Shulman, 1959
Family Trilosporidae Shulman, 1959 (3)*

Trilospora Noble, 1939
Unicapsula Davis, 1924

Family Kudoidae Meglitsch, 1960 (4)*
Kudoa Meglitsch, 1947

Family Pentacapsulidae Naidenova and Zaika, 1970 (5)*
Pentacapsula Naidenova and Zaika, 1970

Family Hexacapsulidae Shulman, 1959 (6)*
Hexacapsula Shulman, 1959

Family Septemcapsulidae Hsieh and Chen, 1984 (7)*
Septemcapsula Hsieh and Chen, 1984

*Values in parentheses note number of spore valves indicative of each family.

Molecular analyses tend to support traditional myxozoan classification

schemes at the order and family level, but generic inconsistencies were reported by

Kent et al. (2001). In fact, they concluded that the only monophyletic genus was

Kudoa. Recently, Whipps et al. (2003) described a novel multivalvulid with

spores having 13 valves and polar capsules Although classification based solely
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on spore morphology would suggest that this organism should be placed in a new

genus and family, it was described as Kudoa permulticapsula based on small

subunit (SSU) rDNA sequence analysis. This required the diagnosis of Kudoa to

be changed in an unusual maimer, to marine myxozoans with 4 or 13 valves arki

polar capsules. In an attempt to clarify relationships among the Multivalvulida we

obtained representatives of all the multivalvulid genera (except Trilospora) for

rDNA sequence analysis.

MATERIALS AND METHODS

Myxozoans collected for this study are demted with asterisks in Table 6.2.

Specimens of the following species have been deposited at the Queensland

Museum (accession numbers); Hexacapsula sp. ex Gramniatorcynus bicarinatus

(G463722 - RDA676), Hexacapsula sp. ex Scomberornorus commerson

(G463723- RDA794), Hexacapsula sp. ex Thalassoma lunare (G463724-

RDA768), Unicapsula sp. ex Argyrosornus japonicus (G463725 voucher).

DNA was extracted from fresh, frozer or ethanol-preserved tissues using

QIAgen DNeasy Kit (QIAGEN Inc., Valencia, California). Overlapping regions

of SSU rDNA between 18E (5'-CTG GTT GAT CCT GCC AGT) and 18R (5'-

CTA CGG AAA CCT TGT TAC G) primers were PCR amplified using at least 1

multivalvulid-specific primer (Whipps et al. 2003). Amplification of large subunit

(LSU) rDNA sequences employed the Kt28S1F (5'-CAA GAC TAC CTG CTG

AAC) and 28S1R (5' GTG TTT CAA GAC GGG TCG) primer pair for the

multivalvulids. Non-multivalvulid LSU sequences were obtained using the

Myxo28SlF (5'-AGT AAC TGC GAG TGA AGY G) and 28S3R (5'-GAG CAC



Species
Tctracapsula bryosalmonae

Myxobolus cerebra/is

Henneguya salnionicola

Myxidiuin truttae

Myxidium sp.

Ceratornyxa shasta

Ceratomyxa sparusaura ti

Ceratomyxa labracis

Enteromyxuin led

Enteromyxuni scopthahni

Parvicapsula minibicornis

Unicapsula sp.

Kudoa amamiensis

Kudoa crunwna

Kudoa dianae

Host
Oncorhvnchus mykiss

Oncorkvnchus mykiss

Oncorhynchus nerka

Oncorhynchus kisutch

Cottus baird/i

Oncorhynchus mykiss

Sparus aurata

Dicentrarchus labrax

Sparus aurata

Scophthahnus maxirnus

Oncorhynchus nerka

Argyrosoinus japonicus

Seriola quinqueradiata

Thunnus albacares

Sphoeroides annulatus

Table 6.2. Myxozoan species, locations, hosts and Genbank accession numbers used for phylogenetic analyses.

SSU1. LSUI:
U70623

U96493 AY302740

AFO3 1411 AY302726

AF2O 1374

U13829

AFOO1 579

AF411471

AF4I 1472

AF411334

AF41 1335

AF201375

AY302725 AY302727

AF034638

AF378347

AF4 14692

Location
France

West Virginia

British Columbia

British Columbia

Idaho

Oregon

Spain

Spain

Greece

Spain

British Columbia

Queensland

Japan

North Carolina

Mexico



Table 6.2. Continued.

* Small subunit sequences obtained for this study. All LSU sequences were new.
tSmall subunit rDNA Genbank accession numbers.
Large subunit rDNA Genbank accession numbers.

Species Location Host SSUt LSU

Kudoa ,niniauriculata California Sebastespaucispinis AF034639 AY302730

Kudoa minithyrsites Queensland Pempheris ypsilychnus AY1 52749

Kudoa ovivora Panama Thalassorna bjfasciaturn AYI 52750 AY302731

Kudoa pan iformis British Columbia Merlucciusproductus AF034640 AY302732

Kudoa perinulticapsula Queensland Sconzberornorus cominerson AY078429

Kudoa quadricornis Queensland Carangoidesfulvoguttatus AY078428 AY302733

Kudoa thyrsites British Columbia Sal,no salar AFQ3 1412 AY302734

Pentacapsula neurophila Tasmania Latris lineata AY172511 AY302735

Hexacapsula sp. G463722* Queensland Gramniatorcynus bicarinatus AY302737 AY302729

Hexacapsula sp. G463723* Queensland Scoinberoinorus commerson AY302739

Hexacapsula sp. G463724* Queensland Thalassonia lunare AY302738 AY302728

Septemcapsulayasunagai* Japan Paralichthys olivaceus AY302741 AY302736
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TGG GCA GAA ATC) primer pair. Polymerase chain and sequencing reactions

and were carried out as described by Whipps et at. (2003).

For species listed in Table 6.2, approximately 1540 basepairs (bp) of SSU

sequence, 640 bp of LSU sequence, or 2180 bp of combined SSU and LSU

sequence was aligned with ClustaiX (Thompson et al. 1997). For combined SSU

and LSU analysis, LSU sequence was treated as missing data for taxa where

sequence was una'vailable. All phylogenetic analyses were conducted in

PAUP*4.Obl (Swofford 1998). Parsimony analyses used a heuristic search

algorithm with 50 random additions of sequences and tree bisection-reconnection

(TBR) branch swapping. Bootstrap values were calculated with 1000 replicates

using a heuristic search algorithm with simple sequence addition and TBR branch

swapping. Neighbor joining analyses were conducted using genetic distances

calculated with maximum likelihood models described below. Bootstrap values

were calculated with 100 replicates. Optimal evolutionary models for SSU and

LSU data sets were determined using Modeltest 3.06 (Posada and Crandall 1998).

Maximum likelihood analysis employed a heuristic search algorithm with 10

random sequence additions and TBR branch swapping. The SSU data set

employed the GTR+I+G model and the LSU data set used the GTR+G model.

Likelihood parameters for the larger combined data set were estimated in PAUP*

and corresponded to the HKY85 evolutionary model Bootstrap values (n=i00)

were calculated for maximum likelihood trees using default parameter in PAUP*

as more complex models made these calculations computationally intractable.
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RESULTS

Using primers Kt28S1F/28S1R, we PCR amplified and sequenced

approximately 700 basepairs of LSU from 10 multivalvulid parasites (Table 6.2).

In addition, we amplified 2500 bp of LSU from M xobolus cerebralis and

Henneguva salmonicola using primers Myxo28SlF/28S3R, and sequenced

approximately 900 basepairs starting from the Myxo28SlF primer. Within this

region of the LSU, base composition was similar to that of myxozoan SSU (50%

GC content). Sequences were more variable than the SSU, with genetic distances

between multivalvulid LSU sequences ranging from 5.9 - 3 6.7%, as opposed to

1.5 - 15.9% between SSU sequences.

Parsimony analysis of LSU sequences yielded a single most parsimonious

tree (Fig. 6.1). There was strong bootstrap support for a dade of multivalvulids

with Unicapsula basal to the remaining species. There was also strong support for

a dade of Hexacapsula sp. G463723 with P. neurophila and Septerncapsula

yasunagai. Other relationships were unresolved as reflected by the lack of

bootstrap support greater than 50% at certain nodes. Results from distance and

maximum likelihood approaches were essentially identical within the

multivalvulid dade as those of parsimony analysis. The only difference was with

the placement of Kudoa ovivora as discussed below for SSU versus combined

analyses.



Myxobo/is cerebra/is (2)

Hennqiiya so/monica/a (2)

LJn/capsi/a sp. (3)

Kudoa ovivora (4)

Kudaa min/auricu/ata (4)

Kvdoa quadricornis (4)

Kudoa pan/farm's (4)

Kudc'a thyrsires (4)

Hexacapsula sp. &463723 (6)

52 Hexacapsu/a sp. &463724 (6)

100 .Septemcapsu/a yasunaqal (7)

99 Pentacapsv/a neuroph//a (5)
10

Figure 6.1. Single most parsimonious tree from analysis of large subunit rDNA
sequences. Bootstrap confidence values shown at nodes. Numbers of spore valves
in parentheses.

We sequenced approximately 1680 bp of SSU sequence from Unicapsula

sp., 3 Hexacapsula species and S. vasunagai. Phylogenetic analyses of SSU alone

yielded results similar to those of our SSU and LSU combined analyses (Fig. 6.2)

and therefore are not shown. The only deviation within the Kudoa dade in the

SSU-alone tree compared with the combined SSU and LSU tree was the placement

of K. ovivora. In the SSU-alone analysis, K. ovivora was sister to Kudoa

quadricornis with poor bootstrap support. The combined analysis placed K

ovivora basal to all Kudoa species save Kudoa amainiensis and Kudoa crurnena

with strong bootstrap support (Fig. 6.2). Distance and maximum likelihood

approaches yielded identical trees to those obtained with parsimony analysis,

except for some differences in the relative positions of the non- multivalvulid

marine species. For example, pa1imony and distance analysis placed Ceratomyxa

100

99

00
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shasta basal in the 'marine dade', whereas maximum likelihood placed

Parvicapsula minibicornis basal to the marine species.

44

Te?rccapsi/cde r !tncac (2)
M. 5O, ccbs (2)

iia £: :j 2)
sp. (2)

I

(2)

xu 5cOpthOfmi (2)

Enro,n,' fcc! (2
Cerctcn.c criyaurfr

Cepat4c.t'w-g (2)

(4)

470 crmre,w (4)

c,yora (4)

(4)

(4)

C4)

q is (4)
kdcC37 (13)

&463722 (6)

cih sp. G4cf 723 (6)
.udoa th,ites (4

,dáa (4)

Hüc'ca p. G463724 (6)
aeurcph//à (5)

eptcmcapsIc yas,cqai (7)

Figure 6.2. Single most parsimonious tree from analysis of small subunit and large
subunit (LSU) rDNA sequences combined. Large subunit rDNA sequence treated
as missing data for taxa lacking LSU sequence. Bootstrap confidence values
shown at nodes. Numbers of spore valves in parentheses.

Regardless of the type of analysis used, or whether SSU was used alone or

combined with LSU sequence, there were several important similarities: (1.) the

multivalvulids formed a monophyletic group with strong bootstrap support; (2.)

91
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Unicapsula sp. was at the base of the multivaivulid group and the remaining

species fell into 2 clades with strong bootstrap support; (3.) species with greater

than 4 valves (henceforth referred to as ">4, valve") were not monophyletic, but

formed 2 groups, one comprised of Kudoa permufticapsula + Hexacapsula sp.

G463722 + Hexacapsula sp. G463723, and the other with Hexacapsula sp.

G463723 + P. neurophila + S. vasunagai; and (4.) K th rsites + Kudoa

rninithvrsites were sister species with strong bootstrap support.

DISCUSSION

We included all available sequences of myxozoans from the "marine

dade" as defmed by Kent et al (2001) in our phylogenetic analyses. The only

multivalvulid genus not available for our analysis was Trilospora. Given the

coelozoic nature of this myxozoan, this may be an evolutionary link between

coelozoic Ceratornvxa species and the histozoic multivalvulid species. Indeed, as

discussed below, many Ceratornvxa species form spores with 3 valves.

This is the first report of large subunit rDNA sequence from myxozoans.

We were able to PCR amplify and sequeixe approximately 700 bp of sequence

from 12 myxozoan species. Phylogenetic analyses of LSU sequence produced

trees similar to those from SSU sequence analyses. However, there was poor

resolution in the trees regarding the interrelationships of K thyrsites, K.

quadricornis, Kudoa miniauriculata, and Kudoa pan jforrnis. This lack of

resolution was probably due to the limited length of sequences and number of

sequences that were available for analysis. Analyses of LSU sequences showed
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that the >4 valve species form a monophyletic dade (Fig. 6.1), but bootstrap

support for this association was extremely low (52%).

In all of our analyses (SSU, LSU and combined), the multivalvulids

formed a monophyletic dade with Unicapsula sp., the lone representative of the

Trilosporidae, basal. All of the >4 valve species occurred deep within a dade

comprised of Kudoa species. Small subunit rDNA analyses showed that the >4

valve representatives cluster with one another, but in 2 separate clades. In other

words, our analysis showed that the >4 valve's were polyphyletic, but there was

instability in this part of the tree. Hexacapsula species were represented in 2

clades, suggesting that the six- valved characteristic arose more than once.

Regardless of phylogenetic analysis employed, the >4 valve species render

Kudoa paraphyletic. To deal with this, we considered these options: (1.) leave the

classification unchanged; (2.) divide Kudoa and >4 valve species into subgenera;

or (3.) reclassify all multivalvulids with 4 or nre valves as Kudoa species. We

chose to do the latter for the reasons stated below.

By leaving the classification unchanged, we would maintain the existing

families and genera. This has been a common approach in many phylogenetic

studies in which paraphyletic groups are exposed but no taxonomic or

nomenclatural revisions are provided. Oflen the reason for this conservative

approach is that there is inadequate sampling from representative groups. As we

have molecular and morphological data of representatives from all multivalvulid

families, we decided that revision of the current taxonomy of the group was

appropriate.
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As myxozoans with >4 polar capsules and valves cluster together, it might

be possible to assign them to a subgenus or. subgenera within Kudoa based on our

sequence analyses. This would also be inappropriate, as at this time, rDNA

sequences are available for only a few of the about 50 species of Kudoa. In

addition, morphological characters within Kudoa senso stricto do not correspond

to groupings based on molecular analyses (Hervio et al. 1997). As a result, we

would not be able to place the remaining unsequenced Kudoa species into

subgenera.

To avoid maintaining Kudoa as a paraphyletic genus, we propose that

Hexacapsulidae, Pentacapsulidae, and Septemcapsulidae be synonymized with

Kudoidae and their respective species transferred to Kudoa. The original

diagnosis of the Kudoidae Meglitsch 1960 actually accommodates these new

members as it is defmed as "spores with equal number of polar capsules and

valves. Histozoic in muscle tissue." However, Meglitsch (1960) did not

specifically propose to suppress Hexacapsulidae, the only >4 valve family

described at that time. In our opinion Kudoidae Meglitsch 1960 should be used

rather than Hexacapsulidae Shulman 1959 for several reasons. Based on the

Principle of Priority in the International Code of Zoological Nomenclature (ICZN)

(International Commission on Zoological Nomenclature 1999), the older name,

Hexacapsulidae has priority over Kudoidae. However, Article 23.2 of the ICZN

states that the Principle of Priority is to be used to promote stability and it is not

intended to be used to upset a long-accepted name in its accustomed meaning by

the introduction of a name that is a senior synonym or homonym. Kudoidae
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consists of over 50 members, the family is a well recognized in myxozoan

taxonomy, whereas Hexacapsulidae consists of a single described species.

Clearly, the introduction of the unfamiliar senior synonym Hexacapsulidae would

confuse the taxonomy of this group of parasites, thus contravening the Purpose of

the Principle of Priority (see Art. 23.2).

Furthermore, when considering a reversal of precedence we refer to Article

23.9.3 if the ICZN (International Commission on Zoological Nomenclature 1999)

which states, ". . . when an author considers that the use of the older synonym or

homonym would threaten stability or universality or cause conffision, and so

wishes to maintain use of the younger synonym or homonym, he or she must refer

the matter to the Commission for a ruling under the plenary power. While this case

is under consideration use of the junior name is to be maintained." Therefore until

a decision is rendered by the Conmiission, Kudoidae Meglitsch 1960, the junior

synonym, is maintained. We provide a minor modification of this description and

amend the genus description of Kudoa (see below).

Our molecular analysis suggests that a close relationship of Kudoa species

to the other multivalvulids is consistent with the non morphological phenotypic

characteristics which the parasites share, i.e., they are marine, mostly histozoic,

and many species are associated with tissue degradation. In our analysis, for

example, S. vasunagai and P. neurophila cluster together. Though they have

different polar capsule and valve numbers, they are both parasites of the central

nervous system. In this case, tissue tropism rather than spore morphology is a
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more significant criterion for a close relationship, as was suggested by Andree et

al. (1999) for certain species of Mvxobolus.

Further refuting the concept that multivalvulid myxozoans should be

divided into separate families and genera based solely on valve and spore number

are observations of plasticity in this character. For example, Egusa (1986) found

that a myxozoan species similar to S. yasunagai formed spores with both 6 and 7

valves, with a high percentage of both forms in four different host species.

Whipps et al. (2003) described K permulticapsula as having 13 valves and polar

capsules numbering 13, although 14 and 15 were also observed. In an extensive

study of Ceratornvxa species, which have spores with 2 valves, Meglitsch (1960)

noted that triad (3- valved) spore foiins have been observed for almost all members

of this genus, and even a tetmd form in Ceratornyxa polyrnorpha.

The 2-valved species (Ceratornvxa, Enterornyxum, and Zschokkella) are

sister to the multivalvulids, supporting Shulman' s (1966) hypothesis that the

histozoic multivalvulids arose from a 2-valved coelozoic, Ceratoinyxa-like

ancestor. The selective advantages (if any) of having an increased number of

valves and polar capsules are unclear. As polar capsule filaments are used for host

attachment (El-Matbouli et al. 1995), an increased number of polar capsules may

increase likelihood and strength of attachment. Shulman (1966) proposed that an

increased number of valves provide greater surface area, allowing the spores to

"parachute", thus remaining in the water column for longer periods, increasing the

chance of infecting a fish host. Our current knowledge of myxozoan life cycles

suggests that most require an alternate host such as an annelid, so it may be
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beneficial for the spores to sink rather than float. Nonetheless, remaining in the

water column could result in greater dispersion of spores released from fish.

There are no criteria for taxonomic separation of organisms based on DNA

sequence differences. However, the genetic distances between multivalvulid SSU

sequences compared to distances within other myxozoan groups support our

conclusions. The maximum distance between any pair of multivalvulid species

was 15.9%. This is similar to the maximum distance of 15.4% within a single

genus, Enteromyxurn. Even greater maximum distances were observed within

Myxobolus and Ceratomi,xa (31.1% and 29.9°/ respectively).

In conclusion, based on our SSU and LSU sequence analysis, genetic

distances within other myxozoan genera and morphological attributes shared by

multivalvulids, maintaining separate families and genera for species having 4, or

more, valves and capsules is unwarranted and inappropriate. Thus to provide a

evolutionarily consistent taxonomic scheme, we propose the following: (1.) restate

and use the diagnosis for the Kudoidae as described by (Meglitsch 1960), which is

as follows "spores with 4, or more, polar capsules and valves, histozoic in muscle

tissue"; (2.) synonymize Pentacapsulidae, Hexacapsulidae, and Septemcapsulidae

giving precedence to Kudoidae; (3.) amend the diagnosis of Kudoa to "Spores

stellate, quadrate, or subspherical to ovoid in apical view. Polar capsules, ellipsoid

to pyrifomi, 4 or more, with equal numbers of valves. Two umnucleate

sporoplasms with single nuclei or a single binucleate sporoplasm. Trophozoites

monosporous and polysporous. Most species histozoic in the muscle of marine
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fishes"; (4.) synonymize Pentacapsula, Hexacapsula, and Septerncapsula with

Kudoa, with the following new combinations.

REDESCRIPTION.

Kudoa neurophila n. comb. (Grossel, Dykova, Handlinger and Munday, 2003)

Syn Pentacapsula neurophila Grossel, Dykova, Handlinger and Munday, 2003

Kudoa cutanea n. comb. (Kovaijova and Gajevskaya, 1984)

Syn Pentacapsula cutanea Kovaij ova and Gajevskaya, 1984

Kudoa muscularis n. comb. (Cheung, Nigrelli and Ruggieri, 1983)

Syn Pentacapsula n2uscularis Cheung, Nigreili and Ruggieri, 1983

Kudoa shulmani n. comb. (Naidjenova and Zaika, 1970)

Syn Pentacapsula shulinani Naidjenova and Zaika, 1970

Kudoa neothunni n. comb. (Arai and Matsumoto, 1953)

Syn Hexacapsula neothunni Arai and Matsumoto, 1953

Kudoa yasunagai n. comb. (Hsieh and Chen, 1984)

Syn Septemcapsula yasunagai Hsieh and Chen, 1984
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Chapter 7. Discussion

Preface

In this thesis, I examined relationships of myxozoan parasites of the order

Multivalvulida based on comparative DNA sequence analyses. These

relationships are summarized in a phylogenetic analysis shown in Figure 7.1.

These analyses, in turn, were used to assess traditional classifications and species

boundaries based on spore morphology. As a result, the following findings were

made; 1) Isolates of K thyrsites group more by geographic location, not by host or

by spore morphology. 2) Kudoa rninithvrsites is closely related to K. thyrsites,

suggesting that host specific speciation may have occurred between these species.

3) Genetic data support the contention that the current distribution of M cerebralis

is a result of recent spread. 4) Classification of the Multivalvulida based solely on

numbers of spore valves possessed by each species produced artificial groupings.

These findings have been discussed in their respective chapters, but some topics

warrant further discussion.

Morphology versus molecules in myxozoan species

In the history of research on the Myxozoa, the typological species concept

has prevailed. That is, species are generally assigned based solely on spore

morphology. Mayr (1969) cited two major problems with this concept. First,

within a species, morphological variation may exist due to age differences, host

variability between hosts, and other forms of individual variation. Secondly, truly

different biological species may be very similar morphologically. Such is the case

with the spore-based system of classification.
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Figure 7.1. Maximum parsimony analysis of small subunit sequences of
multivalvid species. Bootstrap confidence values from parsimony analysis shown
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Kudoa thyrsites. *sequences generated in this thesis, tspecies having spores with
greater than four valves.

Unfortunately, few characteristics apart from spore morphology are

available for broad-based comparisons of myxozoan species. Pathological effects

are often subjective and the potential of overlap is high. The parasite cyst

(vegetative stage) itself is rather pleomorphic, its size and shape often dictated by

surrounding tissues, and although diagnostic in some circumstances, its

morphology is largely uninfonnative.
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Host specificity may he an important factor for classification as well,

although the invertebrate host may be most important. As most myxozoan life

cycles are unknown, it is unknown whether all groups do indeed have a complex

life cycle with an invertebrate host. The significance of this, however, is that

sexual reproduction occurs in the invertebrate host (at least for M cerebralis), thus

making this the definitive host, not the fish. Thus, patterns of evolution in the

definitive host may reflect patterns of evolution more accurately than those of the

alternate (fish) host. It is difficult to make such considerations at this time because

only about 25 life cycles have been elucidated for the 1500 described species

(Kent etal. 2001).

Thus, morphological classification schemes are hampered by the

limitations of the spore-based taxonornic system and the lack of alternate

phenotypic characteristics upon which to base these classifications. Therefore,

more reliance must be placed on molecular techniques to address patterns of

evolution and produce evolutionarily accurate classifications for the Myxozoa.

Molecular analyses have aided greatly in our knowledge of classification of

myxozoans as a phylum (Siddall et al. 1995, Okamura et al. 2002) as well as with

many within-phylum relationships (see review by Kent et al. 2001). Many

phylogenies based on molecular characters differ substantially from morphological

classification schemes at the genus level, which illustrates the weaknesses of a

purely morphological scheme.

The only monophyletic genus that Kent et al (2001) found was Kudoa,

although hypotheses on relationships within this group differ, depending on
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whether morphological or molecular are used. Swearer and Robertson (1999)

analyzed a thorough set of morphological characters of Kudoa species, and

constructed a phylogenetic tree from these data. These data conflicted with the

molecular work of Hervio et al. (1997) and with molecular data presented here.

This suggests that there is overlap between species in spore morphology, possibly

because certain traits have arisen more than once within the genus Kudoa; thus,

these homoplastic (convergent) characteristics support inaccurate phylogenetic

hypotheses. Although DNA sequences are also subject to convergence, they are

less so than morphological characters of spores, especially when sequence

divergence is low and the characters are presumably neutral.

Nevertheless, I am not proposing complete abanlonment of morphological

classification schemes in favor of a DNA based taxonomy, as suggested by Tautz

et al. (2003). The classification of any group of organisms should not be based on

a single characteristic, but a combination of all the available characteristics, which

often includes morphology and molecular sequences. Thus, as molecular analyses

become more prevalent, they are used as a guide to determine which

morphological characteristics are most important in understanding the

relationships and shtred evolutionary history ofmyxozoans. For example, a

recurring trend as phylogenetic analyses become more complete, is that within

genera, phylogenetic grouping have less to do with spore morphology (Swearer

and Robertson 1999) or geographic location (Kent et al. 2001) than they do with

tissue specificity (Andree et al. 1999, Eszterbauer 2004, Blaylock et al. 2004).
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Is Kudoa thyrsites an assemblage of species?

As often discussed by myxozoan researciers, there are many discrepancies

between species definitions from different sources Meg1itsch 1957, Shulman

1966, Molnár etal. 2003). This problem results in part from the use of myxospore

morphology alone for species descriptions. One difficulty is that traditional

species concepts are often inapplicable to parasite species (Kunz 2002). Mayr

(1969) states that, "The objective of a scientifically sound concept of the species

category is to facilitate the assembling of phena (morphologically distinct groups)

into meaningful taxa at the species level". What concept of a species is

meaningfully applied to K thyrsites sensu lato? Some parasitological species

concepts outlined by Adams (1998) are discussed below

A biological species concept would include all populations able to

reproduce with one another into the same species. This concept, however, is very

difficult to apply to K. thvrsites as it is unknown whether the parasite undergoes

sexual reproduction at all and the life cycle is unknown. Attempts at transmitting

K. thvrsites have failed (Moran et al. 1999), so one must assume that it has an

indirect life cycle, as seen with other myxozoans (Kent Ct al. 2001, Koie et al.

2004). As Mvxobolus cerebra/is undergoes a phase of sexual reproduction in the

invertebrate host as part of its two-host life cycle (El-Matbouli and Hoffman,

1998), it follows that K. thyrsites probably does as well. However, too many

untestable assumptions are required to apply this concept of a biological species

concept at this time.
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A phylogenetic species concept states that the smallest groupings

determined by phylogenetic analysis represent species. This may be appropriate

for K thvrsites, although this concept is subject to some interpretation. All

isolates of K thyrsites formed a single grouping in our phylogenetic amlyses.

However, there were further subdivisions in this grouping based on geographic site

of collection. These isolates, therefore, could be assigned to separate species

based on these fmdings. Assigning species based on phylogenetic groupings alone

is problematic. Basically, each time a parasite with K thyrsites- like spores is

found, regardless of location, DNA sequencing would have to be used to verify its

identity.

One could argue that after general spore morphology, a unifying feature of

K. thyrsites from around the world is its effect on its fish hosts. Kudoa thyrsites

appears to have the same pathological effects on its hosts independent of the

phylogenetic groupings based on geography determined here. The appropriate

time to assign geographic or host isolates to different species would be if there

were indeed, clear phenotypic and genetic differences, especially between isolates

obtained from commercially important hosts. The reason being, that it is

important to differentiate between groups of organisms that may vary in

pathogenicity, ability to spread, or cause damage to their hosts.

Without cross-transmission studies, we may never be able to say whether

host races of K thyrsites occur. Although not a cross transmission study in the

strictest sense, it is known that Atlantic salmon are susceptible to these infections

in and beyond their natural range; infections occur in Ireland (Palmer 1994),
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British Columbia (Whitaker et al. 1994), Chile (Lopez and Navarro 2000), and

Australia (Munday et al. 1998).

Therefore, it would, therefore, seem that the most meaningful species

concept would be a combination of the typological species concept (spore

morphology) and the phylogenetic species concept (DNA sequences). The use of

spore morphology alone would yield invalid species when compared to molecular

results (i.e., the isolate from Pacific hake had slightly larger spores). Alternatively,

using DNA sequences alone could result in too many subdivisions, producing

meaningless groupings. When one considers the overall similarities in spore

morphology, site of infection, and pathological effects, there is not convincing

support for separating the regional phylogenetic groupings into separate species

either. Based on the preponderance of evidence. K. thyrsites may indeed be a

single species with broad host and geographic range.

My analysis of K thyrsites isolates from different hosts in the Pacific

Northwest suggests that there are not host specific strains of the parasite in this

region and therefore there is no particular host that acts as a reservoir of infection

for pen-reared Atlantic salmon. Again, the life cycle of K. thyrsites is unknown

and the ubiquitous nature of the parasite suggests that the alternate host, what ever

it may be, is widespread. Because many fishes act as reservoir hosts, controlling

infections in the netpen environment will be influenced less by environmental

factors, and more by selective breeding to produce resistant salmon and by the

development of vaccines.
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Other species with stellate spores

When one considers the closely related species K. niinithvrsites and K.

lateolabracis, it appears that speciation has occurred in sympatry with K. thyrsites.

These myxozoans with stellate spores are morphologically distinct from K.

thrsites and there is greater genetic distance from the sympatric K. thyrsites than

there is between any of the geographically distant isolates of K. thyrsites are to one

another. In other words, K. ininithyrsites and K. lateolabracis have split from this

evolutionary line long before global populations of K thvrsites were separated.

How might this have happened? In an allopatric speciation model the

'stellate' ancestor would have undergone speciation in separate locations such as

Japan and east and west Australia. These ancestral forms gave rise to the modern

K minithyrsites, K. lateolabracis, and K thvrsites in separate locations. After a

long period of separation, K thvrsites conferred some trait that allowed it to

expand its range globally, and occupy the same range as these other parasites, thus

it co-occurs with these other species.

Alternately, the range of the 'stellate' ancestor was global to begin with

and K minithvrsites and K lateolabracis split from this global population through

isolation by host. Assuming equal rates of mutation for these species, the isolation

of K. thvrsites populations occurred much later.

Relationships among isolates of Kudoa arnamiensis

The spores of K arnamiensis collected in Australia were very similar to

those described by Egusa and Nakajima (1978) from Japan, although many Kudoa

species possess small quadrate spores. Thus, it might have been difficult to
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identify' this species as K wnarniensis, especially when this was well beyond the

known range of this parasite. However, when the high genetic similarity was

combined with the morphological similarities of the Japanese and Australian

isolates, it was unnecessary to assign it to a new species.

When one considers the genetic differences observed between isolates of

K. amamiensis and those of K. thvrsites, it appears that different factors have

influenced the separation these isolates. For instance, if we assume the SSU rDNA

evolves at the same rate in both species, we would expect to have seen the same

amount of DNA sequence divergence in isolates of both species from Australia

and Japan if the same factors were involved in the separation of these isolates.

However, there were only two nucleotide differences between isolates of K

an2arniensis but as many as 13 between isolates of K thyrsites. Kudoa arnainiensis

is associated with host inhabiting tropical reefs, thus it could be considered a wann

water parasite. This suggests that there may be more of a continuous range of the

parasite; thus, the few sequence differences we observed are reflective of isolates

at the extremes of the range. Indeed, many of the same species of fishes are found

in coral reefs around the world (Helfman et al. 1997).

Kudoa permulticapsula

In Chapters 5 and 6 of this thesis, morphological classification of

myxozoan species having spores with greater than four valves was examined This

work was initiated as a result of the discovery of a rather unusual myxozoan

having spores with 13 polar capsules (Whipps et al. 2003). This unique spore

morphology alone seemed to be enough to erect a new genus and even family for
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this organism, and we had initially intended that it be placed in a new genus

'Permulticapsula'. Following the recommendations of Kent et al (2001) molecular

analyses were performed to complete the description of this species. After

phylogenetic analyses were completed, we discovered that although the bizarre

morphology of this parasite's spores made it distinct from all other myxozoans, the

molecular relationships suggested a very close affinity to members of Kudoa.

Furthermore, assigning 'Permulticapsula' to a new species would have rendered

the genus Kudoa paraphyletic. Paraphyletic groups are not accepted by the

American Society of Parasitologists, which follows the cladistic school of

classification (discussed later).

Two alternatives were suggested to deal with this problem. One,

'Permulticapsula' be placed in the genus Kudoa, or two, the genus Kudoa be split

into several monophyletic subgenera (or new genera), one of which would be

Pern'zulticapsula. As the only way to subdivide members of Kudoa into other

genera or subgenera would be through molecular analyses, this would create an

awkward system where molecular analyses would be required to identify all

existing Kudoa species and any new species. This left the option of placing this

organism into the genus Kudoa and altering the description of Kudoa to

"myxozoan species with spores having 4 or 13 polar capsules." As a result, we

suggested that this organism be placed in the family Kudoidae and described it as

Kudoa permulticapsula (Whipps et al. 2003).
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Schools of classification

Two of the major schools of classification are the evolutionary and

cladistic. Many volumes have been dedicated to these schools (outlined by Price

1996), but it is worth discussing one of the major differences between these two

schools and how this relates to the reclassification of myxozoans having spores

with greater than four valves. Specifically, the evolutionary school accepts

paraphyletic groups and the cladistic school does not.

A paraphyletic group is one which contains the common ancestor of some

but not all of its descendants (Farris 1974). The alternative would be a

monophyletic grouping which contains the common ancestor and all of its

descendants. In the earlier studies of Kent et al. (2001), Kudoa was one of the few

monophyletic groups as all Kudoa species clustered together and, and this group

contained species from no other genus. When sequences of the Pentacapsula,

Hexacapsula and Septenicapsula were added to the analysis by Whipps et al

(2004), they grouped within the cluster of Kudoa species, thus rendering Kudoa

paraphyletic. To further clarify the concept of monophyletic, paraphyletic and

polyphyletic groupings as described by Stevens and Schofield (2003) see Figure

7.2.

Although the cladistic school of classification forced the issue of including

all of these species in to Kudoa, due to the close relationships of all these phena,

our revised scheme would also be acceptable following the evolutionary school.

Mayr (1969) talked about two kinds of taxonomists, 'splitters and lumpers'.

Briefly, the splitters only recognize homogeneous groups and therefore generate
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many monotypic taxa. In addition, classification is then based on characters, not

actual groups of organisms. Lumpers take the alternate approach, that is, to group

potentially heterogeneous elements into taxa. This procedure can also be carried

too far, and may result in confusing lists of synonyms. However, Mayr (1969)

goes on to state that, "These drawbacks of lumping would be very minor if it were

not for the preceding creation of useless names by splitters.' Clearly I would be

considered a 'lumper' by broadening the definition of Kudoa. I whole-heartedly

agree with Mayr that some of the apparent 'inconvenience' of our new system

would be avoided if artificial groupings such as Pentacapsula were never created

to begin with. However, one, can hardly blame the authors of these previous

schemes as they relied mainly on the spore-based system of classification.

b

N

Figure 7.2. Hypothetical evolutionary tree. A taxon consisting of A + B would be
considered monophyletic, as both A and B have arisen from the same ancestor M.
Similarly, a taxon made up of C + D would be monophyletic, having arisen from
N. Furthermore, a taxonomic group consisting of A + B + C + D + M + N would
be monophyletic as all are derived from X. A taxonomic group of B + C would be
polyphyletic as both arose from different ancestors, M and N. A paraphyletic
group would be one of A+B+C, as this group does not include D even though D
shares the common ancestor X with A, B and C.
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Goals of classification

Mayr (1969) stated that there are 4 objectives of classification. It must be

1) explanatory, 2) predictive, 3) heuristic, and 4) provisional. We can address each

of these objectives considering the revised classification scheme of the

Multivalvulida as proposed in Chapter 6, contrasted with the previous scheme.

The proposed scheme is highly explanatory. By assigning all species with

spores having greater than 3 valves to Kudoa (Multivalvulida: Kudoidae) this

reflects that species having greater than 4 valves (previously Pentacapsula,

Hexacapsula, and Septemcapsula) share many characteristics with other Kudoa

species; they are all marine and histozoic. Therefore, separation of these species

into different genera based on the number of valves resulted in artificial groupings.

The proposed scheme is also predictive. That is, we can make general

statements about a Kudoa species regardless of the number of valves its spores

possess. Kudoa species are mostly histozoic, polysporous parasites of marine

teleost fishes. The new scheme also has heuristic value, in that in our current

scheme, we are learning that grouping may occur more by tissue specificity, not as

much by spore morphology. By maintaining the artificial groupings, learning

which factors play more important roles in identification of lineages becomes

obscured.

A classification scheme is like any scientific theory, it is provisional. As

Mayr (1969) states, "Single-character identification schemes inevitably lead to

artificial groupings which have to be abandoned sooner or later". The previous

classification scheme of the multivalvulids certainly falls into this category and
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was inadequate to explain the phylogenetic relationships among species having

greater than 3 valves. The previous scheme did have some descriptive value, as

names such as 'Hexacapsula' denote a spore feature. However, classification of

organisms is not based on matters of convenience or descriptive value.

As more DNA sequences become available for Kudoa species and patterns

of tissue specificity may become clearer as discussed by Blaylock et al. (2004).

Eventually, Kudoa may be split into several genera to reflect these groupings. For

example, one might imagine that Kudoa neurophila and Kudoa yasunagai, which

form a phylogenetic grouping and are species that infect nervous tissue (Whipps et

al. 2004), could be placed into a new genus such as 'Neurokudoa'. Before such a

step is taken, the SSU rDNA of the majority of the Kudoa species would need to

be sequenced to determine if the pattern of tissue specificity holds up.

In my view, the ultimate goal of having an accurate myxozoan

classification that reflects shared evolutionary history is not only to understand the

true relationships and phylogeny of these parasites, but to better understand how

certain interventions or treatments for these infections may be applied as effective

strategies for one species may be equally effective for another closely related

species.
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Chapter 8. Summary and Conclusions

The aim of this thesis was to examine inter and intraspecific relationships

among myxozoan parasites of the order Multivalvulida using molecular

techniques. Intraspecific relationships among representatives of K. rhyrsites were

evaluated by comparing ribosornal DNA sequences as well as morphological

comparisons when possible. It was determined that there are indeed genetically

distinct populations of K thvrsites and even perhaps host races in some

circumstances. Nonethele ss, it would be inappropriate to consider these groups as

different species at this time. First, there are no clear morphological distinctions

that correspond with the observed molecular differences. Secondly, in addition to

similar spore morphology, impacts of the parasite (i.e., soft flesh) are not different

in any of the locations. Again, sequence differences between K amanuensis from

Japan and Australia were observed, but there were no differences in spore

morphology. With M. cerebra/is, no sequence differences were observed, even

within the more variable ITS -1 region of the ribosomal DNA. Thus, considering

where boundaries exist (at least in terms of classification) between myxozoan

species, it is my opinion that although molecular tools are a useful tool, genetic

differences must correlate with some measurable phenotypic difference as was the

case with K. minithvrsites and Kudoa lateolabracis. Considering interspecific

relationships among the order Multivalvulida, the genetic data suggested that a

revision of the taxonomy of this group was warranted. The genera Pentacapsula,

Hexacapsula and Septemcapsula are certainly names that are descriptive of the

spores that each species possess, but as my genetic data showed, these divisions
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were inappropriate. The goal of systematics is not only to classify organisms in a

manner that facilitates communication, but also to represent the relationships

among them. Clearly, placing members of the Kudoidae into different genera and

even families based on a single characteristic of their spores (valve number) is a

poor representation of their close relationship to one another. The fact that these

species with spores that possess greater than four valves share so many other

characteristics with members of the Kudoidae stiengthens this point of view.
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