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INTRODUCTION

Black-footed abalone Haliotis iris (Martyn, 1784),
locally known as paua, is a valuable shellfish for both
recreational and commercial fisheries in New Zealand.
Due to demand that exceeds the 1400 t annual limit on
commercial fisheries catches (Annala et al. 2000), there
has been increased interest in aquaculture of this spe-
cies. A primary concern for growers of aquaculture
species is disease management. Virulent pathogens of
both cultured and wild abalone have been found
around the world. A Rickettsia-like bacterial species
was identified as the agent of withering disease in
abalone Haliotis spp. on the west coast of the United
States (Gardner et al. 1995, Friedman et al. 2000) and
amyotrophia of Japanese black abalone Nordotis dis-
cus discus is thought to be due to a virus (Nakatsug-
awa et al. 1999). Protozoan parasites of the genus
Perkinsus have been found in both greenlip Haliotis
laevigata and blacklip abalone H. rubra from Australia
(Lester & Davis 1981, Goggin & Lester 1995). The only
formally described disease to date of H. iris is report-

edly caused by a fungal pathogen (Grindley et al.
1998).

Haplosporidians are protozoan parasites found in
invertebrates around the world in both marine and
freshwater environments. Many species are pathogens
of commercially important mollusks, affecting both
wild and hatchery populations. Urosporidium cres-
cens, a hyperparasite of a trematode found in the
American blue crab Callinectes sapidus, causes unap-
pealing dark blemishes in the meat referred to as pep-
per crab disease. Although not harmful to the crabs or
to humans who consume them, pepper crab disease
has economic impacts on the seafood industry (Perkins
1971). Haplosporidium nelsoni is the agent of the
highly pathogenic MSX disease in the eastern oyster
Crassostrea virginica. This haplosporidian was evi-
dently introduced to the east coast of the USA by
importation of infected Pacific oysters (Burreson et al.
2000) and has had devastating effects on wild oyster
populations and hampered oyster aquaculture devel-
opment in the region (Andrews 1966, Ford & Haskin
1982). Haplosporidium costale, the agent of SSO dis-
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ease, is morphologically similar to H. nelsoni and has
been responsible for mortalities of eastern oysters in
seaside embayments of the US mid-Atlantic coast
(Andrews et al. 1962). Bonamia ostreae, pathogenic in
the European flat oyster Ostrea edulis, has devastated
the flat oyster industry in Western Europe. Katkansky
et al. (1969) reported a ‘microcell’ parasite that resem-
bled B. ostreae in O. edulis from California. Elston et
al. (1986) later traced B. ostreae in France to importa-
tion of oysters from California. More recently, this par-
asite was also found on the east coast of the United
States (Friedman & Perkins 1994), presumably by
introductions of infected O. edulis from the west coast.
Bonamia exitiosus, morphologically similar to B.
ostreae, is pathogenic to the dredge oyster Ostrea
chilensis in New Zealand (Hine 1991, Hine et al. 2001).
Both species of Bonamia were tentatively considered
haplosporidians despite the apparent absence of
sporulation during their life cycles (Pichot et al. 1980,
Hine & Wesney 1992, Hine et al. 2001) and molecular
evidence has recently confirmed their inclusion in the
phylum Haplosporidia (Carnegie et al. 2000, Cochen-
nec et al. 2000).

Histological examination of cultured abalone from a
New Zealand aquaculture facility experiencing mor-
talities suggested the presence of a haplosporidian
parasite, although no spores were observed (Hine et al.
2002, Diggles et al. 2002). Molecular genetic analysis
was performed using SSU rDNA obtained from
infected abalone to further characterize this organism.

MATERIALS AND METHODS

DNA isolation and PCR amplification. DNA was iso-
lated from epipodium tissue of 5 infected Haliotis iris
individuals (2 animals received in September 2000 and
3 animals received in February 2001) using the proto-
col for animal tissues of the DNeasy tissue kit (Qiagen).
Initially, genomic DNA was amplified by PCR with uni-
versal primers for the small-subunit rRNA (SSU rRNA)
gene (Medlin et al. 1988), with the polylinker bases
removed and primers then designated as 16S-A and
16S-B. Reaction conditions and amplification parame-
ters were as previously described, except that 400 ng
µl–1 bovine serum albumin was added to the reaction
mixtures (Stokes et al. 1995). PCR amplification was
also attempted using PCR primers (HAP primer set;
Renault et al. 2002) that were previously designed to
amplify a wide range of haplosporidian species
(Renault et al. 2000). In addition, PCR amplification
was attempted using a primer designed to target a SSU
rRNA gene sequence that was common to Urosporid-
ium crescens and an undescribed spot prawn parasite
(Reece et al. 2000). This primer (UroComp280SSU, 5’-

GCCATGCGATCCGAACARTTA-3’) was used in con-
junction with the universal primer 16S-A (Medlin et al.
1988). PCR conditions were the same for amplification
with primers 16S-A and 16S-B. After partial sequences
were obtained for the parasite, specific internal
primers were designed in order to complete the SSU
rRNA gene sequence. These primers, NZAH-F4 
(5’-ATTTGGTTTACTATCGGAATGAGAAC-3’) and
NZAH-R1 (5’-CTGTAGAGATGATTGACCTGATTG-
3’), were paired with the universal primers 16S-B and
16S-A, respectively. PCR reaction mixtures were the
same for primers 16S-A and 16S-B, except that the
buffer for 16S-A + NZAH-R1 was 60 mM Tris-HCl, pH
9.0, 15 mM (NH4)2SO4, 2 mM MgCl2 (Buffer F, Invitro-
gen Life Technologies). Cycling parameters with the
parasite-specific primers were as follows: an initial
denaturation of 4 min at 94°C followed by 35 cycles of
30 s at 94°C, then 30 s at 53°C for NZAH-F4 + 16S-B, or
59°C for 16S-A + NZAH-R1, 1.5 min at 72°C and a final
extension of 5 min at 72°C in a Perkin Elmer GeneAmp
9600 thermal cycler (Applied Biosystems) or a TGradi-
ent thermal cycler (Biometra). All amplifications were
done with 10 to 50 ng of genomic DNA in 25 µl reac-
tions and checked by agarose gel electrophoresis for
the presence of PCR products.

DNA sequencing. Amplified products were cloned
into a plasmid vector PCR2.1 using the TA cloning kit
(Invitrogen Life Technologies) following the manufac-
turer’s protocol. The cloned DNA inserts were se-
quenced on an automated sequencer by simultaneous
bi-directional cycle-sequencing using the Thermo Se-
quenase sequencing kit (Amersham Life Science) and
M13 forward and reverse infrared-labeled primers (LI-
COR) following the manufacturer’s protocol. Sequenc-
ing reactions were electrophoresed and detected on a
LI-COR automated sequencer (Model 4200L).

Phylogenetic analyses. SSU rRNA gene sequences
were subjected to BLAST searches (Altschul et al.
1990) of the National Center for Biotechnology Infor-
mation (NCBI) GenBank database to determine
whether they were of host or parasite origin. Se-
quences were aligned for pairwise distance compar-
isons and phylogenetic analysis using the CLUSTAL-
W algorithm (Thompson et al. 1994) in the MacVector
7.0 DNA sequence analysis software package (Oxford
Molecular) using a variety of open- and extend-gap
penalties in the ranges of 4 to 20 and 2 to 10, respec-
tively. The alignments were compared to secondary
structure based alignments of a subset of sequences
performed at the Ribosomal Database Project II web-
site (see http://rdp.cme.msu.edu/html/, Maidak et al.
2001). It was noted that in the SSU rDNA sequences,
there were large inserted regions for a few of the
included taxa, which confounded alignment. There-
fore, these regions, constituting a total of 254 sites,
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were removed from the analysis. Final analysis was
conducted on an alignment of 2345 sites generated
with open-gap penalties of 8 and 7 and extend-gap
penalties of 3 and 2 for the pairwise and multiple align-
ment phases, respectively. Parsimony jackknife analy-
sis with 100 random additions of 100 jackknife repli-
cates and determination of the uncorrected (‘p’)
distances were performed using PAUP*4b8.0 (Swof-
ford 2001). The protistan and invertebrate sequences
included in the analysis, along with their respective
GenBank accession numbers, are listed in Table 1.

RESULTS AND DISCUSSION

Using the primers 16S-A and UroComp280SSU, a
small DNA fragment (226 bp, excluding primer se-
quences) was amplified from genomic DNA isolated
from epipodium tissue of the first 2 parasite-infected in-
dividuals. In a BLAST search of GenBank, this frag-
ment most closely matched the SSU rRNA gene

sequences of Urosporidium crescens and Haplosporid-
ium nelsoni. This fragment was presumed to be from
parasite DNA. No PCR product was obtained using the
general haplosporidian HAP primers for amplification.
These primers are useful for amplification of SSU rDNA
from most organisms in the genera Bonamia, Hap-
losporidium, and Minchinia, but not for phylogeneti-
cally basal haplosporidians such as Urosporidium. Ini-
tially, only abalone sequences were amplified by PCR
with the universal SSU rRNA gene primers on DNA
from these individuals, as well as with DNA from 3
other infected hosts. Subsequently, we obtained
epipodium tissue samples from 3 additional infected in-
dividuals and again did PCR with the universal primers
in an attempt to obtain a nearly full-length SSU rRNA
gene sequence for the parasite. Although most nearly
full-length clones were found to contain abalone DNA
fragments (10 of 12 clones sequenced), 2 clones con-
tained a haplosporidian-like SSU rRNA gene sequence.
The nearly full-length sequence revealed that there
were 3 nucleotide differences between the Uro-
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Taxon SSU rRNA gene GenBank acc. no. Taxon SSUrRNA gene GenBank acc. no.

Bonamia ostreae AF192759 Perkinsus atlanticus AF140295
Bonami ostreae AF262995 Perkinsus chesapeaki AF042707
Bonamia exitiosus AF337563 Hematodinium sp. AF286023
Minchinia teredinis U20319 Amphidinium carterae AF009217
Haplosporidium nelsoni U19538 Pfiesteria piscicida AF077055
Haplosporidium costale AF387122 Prorocentrum minimum Y16238
Haplosporidium louisiana U47851 Alexandrium fundyense U09048
Urosporidium crescens U47852 Gonyaulax spinifera AF052190
NZ abalone parasite AF492442 Symbiodinium corculorum L13717
Chondrus crispus Z14140 Euplotes crassus AY007438
Fucus distichus M97959 Oxytricha nova X03948
Ochromonas danica M32704 Oxytricha trifallax AF164121
Achlya bisexualis M32705 Entodinium caudatum U57765
Phytophthora megasperma X54265 Frontonia vernalis U97110
Labyrinthula sp. AB022105 Paramecium tetraurelia X03772
QPX AF261664 Tetrahymena pyriformis M98021
Ulkenia profunda L34054 Tetrahymena thermophila X56165
Pneumocystis carinii S83267 Dictyostelium discoideum X00134
Ajellomyces capsulatus Z75307 Entamoeba histolytica X65163
Neurospora crassa X04971 Tritrichomonas foetus M81842
Kluyveromyces lactis X51830 Naegleria fowleri U80059
Saccharomyces cerevisiae J01353 Physarum polycephalum X13160
Candida glabrata X51831 Trypanosoma cruzi X53917
Emiliania huxleyi M87327 Euglena gracilis M12677
Chlamydomonas reinhardtii M32703 Encephalitozoon cuniculi L17072
Nitella flexilis U05261 Vairimorpha necatrix Y00266
Acanthamoeba palestinensis L09599 Giardia lamblia M54878
Babesia bovis L19078 Diodora graeca AF120513
Theileria parva L02366 Batillus cornutus AF165311
Eimeria tenella U40264 Monodonta labio X94271
Sarcocystis hominis AF006470 Nordotis discus AF082177
Toxoplasma gondii U03070 Haliotis iris AF492441
Perkinsus marinus AF042708 Crassostrea virginica X60315

Table 1. Taxa included in phylogenetic analysis, and the GenBank accession numbers (acc. no.) of their small-subunit rRNA (SSU
rRNA) gene sequences. The New Zealand abalone parasite and Haliotis iris sequences done for this study are shown in bold
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Comp280SSU primer that was successfully used to
amplify the parasite DNA, initially and the actual
sequence of the SSU rDNA. The differences were at po-
sitions 2, 15 and 16 in the 21 bp primer length and
evidently did not affect the ability of the primer to
successfully bind to the parasite SSU rDNA targeted
region under the PCR reaction conditions used for the
16S-A and UroComp280SSU amplification. Based on
the sequence of these 2 nearly full-length clones,
primers specific to the abalone parasite SSU rDNA
were designed (NZAH-F4 and NZAH-R1). These
primers were used in PCR to obtain additional amplifi-
cation products that were cloned and sequenced to
complete and confirm the parasite SSU rRNA gene
sequence. Overall, 35 clones of various PCR fragments
from the 5 infected abalone were sequenced and found
to contain haplosporidian-like sequences (Fig. 1).

The SSU rRNA gene fragment presumed to be from
the parasite was 1967 bp in length after removal
of the primer sequences (GenBank Accession No.
AF492442). A single polymorphic site with either an A
or G at Position 605 was detected; however, most of the
sequences had G at this position. Both variants of the
sequence were isolated from a single host. GenBank-
deposited haplosporidian SSU rDNA sequences ranged
in length from 1702 bp for Haplosporidium louisiana to
1831 bp for Urosporidium crescens. Uncorrected (‘p’)
pairwise distances were calculated for all haplosporid-
ian sequences and the abalone parasite sequence, fol-
lowing alignment and removal of ambiguously aligned
regions. For previously deposited GenBank hap-
losporidian sequences, pairwise distances ranged from
0.018 to 0.252. The greatest distance was observed be-
tween U. crescens and H. louisiana (‘p’ = 0.252), while
the Bonamia ostrea and B. exitiosus sequences were
most similar (‘p’ = 0.018). The pairwise distances be-
tween the abalone parasite SSU rDNA sequence and
the haplosporidian sequences ranged from 0.123 to
0.252. The parasite SSU rRNA gene sequence was most
similar to that of U. crescens (‘p’ = 0.123), and the great-
est distance was observed between the parasite and H.
louisiana (‘p’ = 0.252).

Parsimony analysis of host and protistan SSU rRNA
gene sequences was conducted to examine the taxo-
nomic affinities of this abalone parasite. The gene se-
quences of many marine parasites such as parasitic di-
noflagellates, labyrinthulomycetes, Perkinsus species
and haplosporidians were included in the analysis
(Table 1). Of 2345 sites in the aligned sequences, 1215
were parsimony-informative. Parsimony jackknife
analysis grouped the parasite sequence obtained in this
study with a monophyletic haplosporidian clade with
98% support (Fig. 2). The black-footed abalone parasite
fell at the base of the Haplosporidia, grouping with
Urosporidium crescens. The phylogenetic analysis sug-
gested that Haplosporidium, Minchinia and Bonamia
species were all more recently evolved taxa within the
phylum. The haplosporidian sequences, however, did
not group with alveolate sequences in this study, as re-
ported in earlier molecular phylogenetic analyses (Sid-
dall et al.1995, Flores et al. 1996). In addition, the gene
sequence that was presumed to be from the black-footed
abalone genome grouped with gastropod SSU rRNA
gene sequences (GenBank Accession No. AF492441).

Overall, the molecular analyses presented here
strongly supported previous morphological and ultra-
structural observations (Hine et al. 2002, Diggles et al.
2002), which suggested that the parasite found in the
New Zealand black-footed abalone was a haplosporid-
ian. The SSU rRNA gene sequence data indicated that
this parasite was a basal member of the phylum Hap-
losporidia, as it grouped with the haplosporidians at the
base of the clade in phylogenetic analysis. This result
was consistent with the ultrastructural characteristics of
haplosporidians identified in this parasite, such as mult-
inucleate plasmodia, mitochondria with tubular cristae,
anastomosing endoplasmic reticulum, and haplosporo-
some-like bodies produced from nuclear membrane-
bound Golgi that matured to haplosporosomes (Hine et
al. 2002). Additionally, in situ hybridisation using a DNA
probe designed to detect SSU rRNA of Bonamia ostreae
exhibited ‘moderately strong reactions’ with plasmodia
of this parasite (Diggles et al. 2002). To date, spores have
not been successfully isolated and characterized 
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Fig. 1. Locations of PCR primers on the small-subunit rRNA (SSU rRNA) gene, with number of haplosporidian clones sequenced
for each PCR product indicated in square brackets. Primers indicated are: (1) 16S-A; (2) 16S-B; (3) UroComp280SSU; (4) NZAH-

F4; (5) NZAH-R1



Reece & Stokes: Molecular analysis of an abalone parasite

(B. Diggles & P. M. Hine pers. comm.). Scanning elec-
tron microscope analysis of spores, if available, as well as
molecular phylogenetic analyses on other gene se-

quences, would help to determine whether this parasite
is a member of an existing genus or should be assigned
to a new genus in the phylum Haplosporidia.
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Fig. 2. Parsimony jackknife tree generated based on the near complete small-subunit rDNA (SSU rDNA) sequences. Jackknife
support values above 50 are shown on branches. Analysis was done with 100 jackknife replicates of 100 random additions and 

gaps were treated as missing data
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