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Abstract

Ceratomyxa parasites from the gall bladders of 23 species of cardinalfishes (family Apogonidae) from Australian waters were
examined for their taxonomic identity and phylogenetic relatedness. We identified 15 of the 23 apogonid fish species infected
with species of Ceratomyxa. Although the majority of apogonid species harboured only a single Ceratomyxa species, four were
found with multiple species of Ceratomyxa. This study describes eight novel species using a combination of morphological,
small subunit ribosomal DNA (SSU rDNA) and biological characters. Six Ceratomyxa species are reported from single apogo-
nid species, while two are reported from multiple host species. Molecular data were critical in identifying several morpholog-
ically cryptic species. However, our results suggest that SSU rDNA was not capable of distinguishing all the species present in
the current study system and alternative genetic markers should be investigated in the future.
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Introduction

The teleost family Apogonidae (Cardinalfishes) forms a
major component of the coral reef fish assemblage, both from
their species richness and numerical abundance (Allen 1993).
The majority of species are marine, inshore reef inhabitants,
feeding nocturnally on benthic and pelagic plankton, inver-
tebrates and small fish (Kuiter and Kozawa 1999). Day rest-
ing sites include either caves and crevices (mostly solitary or
small groups of a single species) or around and above branch-
ing corals (often large multi-species aggregations)
(Greenfield and Johnson 1990). To date, only a single species
of the myxosporean genus Ceratomyxa Thélohan, 1892 has
been described from an apogonid. Ceratomyxa apogoni (de-
scribed as Leptotheca apogoni) (Narasimhamurti, Kalavati,
Anuradha and Padma Dorothy, 1990) (Gunter and Adlard,
2010) has been recorded from Ostorhinchus aureus (as

Apogon aureus) from the Bay of Bengal, India (Narasimha-
murti ef al. 1990).

Ceratomyxa is the second richest myxozoan genus, con-
taining over 270 species described to date (Gunter and Adlard
2010). Species of this bivalvulidan genus are mainly coelozoic,
and found often in marine teleost fishes and rarely in freshwa-
ter fishes (Gunter and Adlard 2010; Lom and Dykova 2006).
To date, 42 species have been described from the gall bladders
of fishes collected from Australian waters (of which 39 are de-
scribed from the Great Barrier Reef off Queensland) (Moser et
al. 1989; Gunter and Adlard 2008, 2009; Gunter et al. 2009,
2010; Heiniger et al. 2008; Gleeson and Adlard 2011). The in-
clusion of molecular characters in current myxosporean taxon-
omy in combination with comprehensive sampling of several
host families (Labridae, Pomacentridae, Serranidae and Spari-
dae) has made it possible to assess the host specificity of many
species of Ceratomyxa (see Gunter and Adlard 2008, 2009;
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Heiniger et al. 2008; Alama-Bermejo et al. 2011). It is now
apparent that marine Ceratomyxa are, in general, highly host
specific, and typically restricted to a single host species. This
paper describes eight novel species of Ceratomyxa infecting
the gall bladders of 15 species of apogonids from Australian
waters. The host specificity and species richness of Ceratomyxa
within the Apogonidae is also assessed.

Materials and Methods

Host and parasite collection

Apogonids were collected using localised sprays of clove
oil anaesthetic, spear and micro spear off Heron Island
(23°26°S, 151°54’E) and Lizard Island (14°40°S, 145°27°E),
Great Barrier Reef, Queensland, and off Point Cloates
(22°40°S, 113°41°E), Ningaloo Reef, Western Australia. Fish
were euthanized by neural pithing. Apogonid identification
was performed with reference to Kuiter (1999) and Fishbase
(www.fishbase.org). Currently valid host names were taken
from the California Academy of Sciences Catalogue of Fishes
(http://research.calacademy.org/ichthyology/catalog/fishcat-
main.asp). The gall bladder of each fish was examined for the
presence of Ceratomyxa infections using the methods de-
scribed by Heiniger et al. (2008). Infected gall bladders were
preserved in 100% ethanol for DNA analysis and frozen in
saline for morphological characterisation.

Morphological analysis of spores

Measurements of spores followed the guidelines of Lom and
Arthur (1989) and also followed further recommendations by
Heiniger ef al. (2008). Images of thirty spores were taken with
an Olympus BH2 microscope at 400x or 1000x magnification
using a Nikon Digital Sight DS-LI digital camera (Nikon Cor-
poration, Japan). Measurements were taken from micropho-
tographs using the measuring tool in the Nikon NIS Elements
software (Nikon Corporation, Japan) calibrated against a stage
micrometer. Mean measurements and their standard deviation
were calculated for each spore dimension, allowing charac-
terisation of each isolate. All measurements are given in mi-
crometres (um). Type specimens were deposited in the
Queensland Museum (QM) and in the Western Australian Mu-
seum (WAM), depending on the origin of material.

Morphological comparisons referred to in the Results sec-
tion under ‘Morphological Affinities’ for each species were
undertaken to discriminate those species which most closely
resembled the new species being described. These species
were selected from a dataset of morphometrics that included
all Ceratomyxa spp. from marine fish. Principal component
analyses (PCA) were performed on all new morphometric data
using the software PAST version 2.10 (Hammer et al. 2001).
Scatterplots with 95% confidence ellipses were generated
using variant-covariant matrices.

rDNA analysis

DNA was extracted from 600 pl of infected bile preserved in
ethanol. The sample was first pelleted at 15 700 g for 10 min-
utes and the ethanol supernatant removed. DNA was extracted
from the pellet as per the recommended protocol accompany-
ing the QIAgen DNeasy Kit (QIAGEN Inc., Valencia, Cali-
fornia). Small subunit ribosomal DNA (SSU rDNA) was
amplified by PCR using the primers MyxospecF 5’ TTC TGC
CGT ATC AAC TWG TTG (Fiala 2006) and 18R 5° CTA
CGG AAA CCT TGT TAC G (Whipps et al. 2003). Large sub-
unit ribosomal DNA (LSU rDNA) was amplified by PCR
using the primers NLF184 5° ACCCGCTGAAYTTAAG-
CATAT (BartoSova et al. 2009) and NLR1270 5> TTCATCC-
CGCATCGCCAGTTC (Bartosova et al. 2009). PCR reactions
and purification were as described by Heiniger et al. (2008),
with the following exceptions: annealing temperature of 56°C
and 25 cycles for LSU rDNA reactions, and extension and
final extension temperatures were performed at 72°C in all
PCR reactions. Purified DNA was sent to Australian Genome
Research Facility, The University of Queensland, Australia,
for sequence determination using the same primers as used for
the initial amplification.

Phylogenetic analysis

rDNA sequences from the taxa described in this study were ed-
ited using Geneious Pro version 5.6.2 (Drummond et al. 2010).
All sequences generated in this study were lodged in GenBank.
Initial phylogenetic analyses of SSU rDNA included 68 Ce-
ratomyxa sequences, all with corresponding formal descriptions,
for comparative purposes. This dataset was aligned using Mus-
cle version 3.7 (Edgar 2004) using the Clustal W algorithm
(Thompson et al. 1994) with UPGMB parameters for all intera-
tions on the CIPRES portal (Miller ef al. 2010). Maximum like-
lihood analysis was conducted using the RAXML algorithm
(Stamatakis et al. 2008) on the CIPRES portal with the gamma
rate model of heterogeneity and maximum likelihood search es-
timating the proportion of invariable sites parameters. Nodal
support was inferred based on 100 bootstrap replicates. This
analysis indicated that the new Ceratomyxa species reported
here fell within the ‘marine teleost clade’ (Gunter et al. 2009;
Fiala 2006). Therefore, for brevity, only the new species and
closest related Ceratomyxa SSU rDNA sequences, as deter-
mined by BLAST analyses and Maximum Likelihood analysis
described above, were used in phylogenetic analyses presented
here. Ellipsomyxa gobii Keie, 2003 was used as outgroup taxon
in all SSU rDNA analyses. All available LSU rDNA sequences
of Ceratomyxa and closest related myxosporean species, as de-
termined by BLAST analyses, were used in phylogenetic analy-
ses of the LSU rDNA region. Unicapsula sp. (Whipps et al.
2004) and Unicapsula pflugfelderi Schubert, Sprague et Rein-
both, 1975 were used as outgroup taxa in all LSU rDNA ana-
lyses. Alignments of SSU and LSU rDNA datasets were
produced as described above. The resulting alignments were ex-
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ported as fasta and nexus files, edited by eye and trimmed using
MacClade version 4.08 (Maddison and Maddison 2005). This
produced alignments of 1464 and 1342 bases for SSU and LSU
rDNA, respectively. These alignments were used to conduct all
phylogenetic analyses.

Maximum likelihood analyses were performed as de-
scribed above. Bayesian analyses were conducted using Mr-
Bayes version 3.1.2 (Ronquist and Huelsenbeck 2003). The
software jModelTest version 0.1.1 (Posada 2008) was used to
estimate the best substitution model for the SSU and LSU
rDNA datasets. Bayesian inference analysis was conducted
using the TIM3+I+G model for SSU and GTR+G model for
LSU rDNA datasets, predicted as the best estimator by the
Akaike Information Criterion (AIC) in jModelTest. Bayesian
inference analyses were run over 10 000 000 generations (ngen
=10 000 000) with 2 runs each containing 4 simultaneous
Markov Chain Monte Carlo (MCMC) chains (nchains = 4)
and every 1000th tree saved (samplefreq = 1000). Bayesian
analyses used the following parameters: nst = 6, rates = in-
vgamma and gamma for SSU and LSU rDNA datasets re-
spectively, ngammacat = 4, the MCMC parameters were left
at the default settings, and the priors parameters of the com-
bined dataset were set to ratepr = fixed. Samples of substitu-
tion model parameters, and tree and branch lengths were
summarised using the parameters ‘sump burnin = 3000’ and
‘sumt burnin = 3000’. These ‘burnin’ parameters were chosen
because the log likelihood scores ‘plateaued’ well before 3 000
000 replicates in the Bayesian inference analyses.

Neighbour-joining analysis was also performed on a sep-
arate dataset containing all SSU rDNA isolates of Ceratomyxa
cardinalis nov. sp. and the closest related sequence, C. jonesi.
This dataset was aligned, edited and trimmed as described
above, resulting in an alignment of 1,396 bases. Neighbour-
joining analysis was conducted using the default parameters to
construct trees using PAUP* 4.0b10 (Swofford 2002). The
strength of resultant relationships was tested by bootstrap
analyses with 10 000 replicates.

Pairwise differences were analysed using PAUP* 4.0b10
to determine total nucleotide distance and percentage differ-
ences. Pairwise difference analyses were performed using a
dataset containing the new species from this study and the
most closely related sequences as determined by BLAST
analyses. These datasets were aligned, edited and trimmed as
described above. The resulting alignments were 1,476 and
1,289 bases for SSU and LSU rDNA, respectively.

Results

Sample Collection

Between 2005 and 2012, 724 individual apogonids were ex-
amined for the presence of Ceratomyxa infections from three
localities, off Heron Island on the southern Great Barrier Reef,
off Lizard Island on the northern Great Barrier Reef and Ninga-
loo Reef, off Point Cloates, Western Australia (Table I). A total

Fig. 1. Photomicrographs of spores of the new Ceratomyxa spp.: (A) C. gunterae sp. nov.; (B) C. rueppellii sp. nov.; (C) C. cyanosomae
sp. nov.; (D) C. ostorhinchi sp. nov.; (E) C. heronensis sp. nov.; (F) C. archamiae sp. nov; (G-H) C. ireneae sp. nov. ex (G) Zoramia lepta-

cantha and (H) Archamia fucata. Scale bar =5 pm
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of 23 species from nine genera were sampled. This survey iden-
tified 234 isolates (22 host/parasite/location combinations) of
Ceratomyxa infecting the gall bladders of apogonids from all
three locations. Overall, this survey found 65% (15/23) of
apogonid species and 32% (234/724) of individuals infected
with Ceratomyxa. Four apogonid species were infected with
multiple Ceratomyxa species. These infections were identified
and described based on morphological and molecular data
taken from the same individual host and it was assumed that no
mixed congeneric infections were present. No mixed infections
were identified in any other hosts.

New Taxa

Class Myxosporea

Order Bivalvulida

Family Ceratomyxidae Doflein, 1899
Genus Ceratomyxa Thélohan, 1892

Ceratomyxa gunterae sp. nov. (Figs 1A, 2A, 4-5, Table 1I-III)

Type host: Apogon doederleini Jordan et Snyder, 1901
(Apogonidae).

Type locality: Lagoon, Heron Island (23°26°S, 151°54'E),
Great Barrier Reef, Queensland, Australia.

Location in the host: Gall bladder.

Prevalence: 3 of 14 (21%) at Heron Island; 0 of 2 at Lizard
Island.

Material deposited: Syntypes — Giemsa-stained, air-dried
spores (QM G465540, G465541). GenBank accession num-
ber: JX971422.

Etymology: The species gunterae is in honour of Dr
Nicole Gunter, in recognition of her contribution to the re-
search of Australian Ceratomyxa species.

Description: Plasmodia — not observed. Spores — typical
of genus Ceratomyxa. Mature spores slightly crescent shaped.
Posterior angle slightly concave to slightly convex. Valves un-
equal, smoothly ovoid in lateral view. Suture line straight.
Polar capsules subspherical. Mature spore measurements are
shown in Table II.

Morphological affinities: Ceratomyxa gunterae sp. nov. is
morphologically similar in shape and size to Ceratomyxa heini-
gerae Gunter, Whipps et Adlard, 2009, C. brayi Gunter et Ad-
lard, 2009, C. reniforma Wu, Wu et Dingke, 1993 and C.
diplodae Lubat, Radujkovi¢, Marques et Bouix, 1989. Cerato-
myxa gunterae sp. nov. can be distinguished from C. heinigerae,
C. brayi and C. diplodae on the basis of the size and shape of the
polar capsules. Ceratomyxa gunterae sp. nov. has larger (1.6—
3.7 x 1.4-3 um) subspherical polar capsules than C. heinigerae
(1.8-2.4 x 1.6-2.4 um), C. brayi (1.5-2.5 x 1.5-2.5um) and C.
diplodae (2.3 x 2 um) which all have smaller, more spherical
polar capsules. Ceratomyxa diplodae also has thinner spores
(18-22 pum) than C. gunterae sp. nov. (17.2-29.6 um). Cerato-
myxa brayi can be further distinguished from C. gunterae sp.
nov. by its triangular spore shape and shorter spores (4.5—6 um).
Ceratomyxa reniforma has larger (2.5-3 x 2.5-3um), spherical
polar capsules distinguishing it from C. gunterae sp. nov.

Sequence data and molecular affinities: Identical SSU
rDNA sequences of 1324 bases were generated from three in-
dividual fish for C. gunterae sp. nov. (GenBank accession
number JX971422). This sequence differs from the aligned
sequences of other Ceratomyxa species by 16222 nucleotides
(Table III). Ceratomyxa gunterae sp. nov. is genetically most
similar to C. archamiae sp. nov. with 98.8% sequence identity.

Ceratomyxa rueppellii sp. nov. (Fig. 1B, 2B, 4-5, Table 1I-III)

Type host: Ostorhinchus rueppellii (Glinther, 1859).

Fig. 2. Illustrations of new Ceratomyxa spp.: (A) C. gunterae sp. nov.; (B) C. rueppellii sp. nov.; (C) C. cyanosomae sp. nov.; (D) C. os-
torhinchi sp. nov; (E) C. heronensis sp. nov.; (F) C. archamiae sp. nov; (G) C. ireneae sp. nov.; (H) C. cardinalis sp. nov. Scale bar = 5um
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Fig. 3. Photomicrographs of spores of Ceratomyxa cardinalis sp. nov. ex: (A) Cheilodipterus artus (L1); (B) C. intermedius (HI);
(C) C. quinquelineatus (HI); (D) C. quinquelineatus (L1); (E) Nectamia fusca (Hl); (F) N. fusca (L1); (G) Ostorhinchus cookii (HI);
(H) O. cyanosoma (NR); (1) Zoramia leptacantha (L1). HI: Heron Island, LI: Lizard Island, NR: Ningaloo Reef. Scale bar = Sum

Type locality: Off Point Cloates (22°40°S, 113°41°E),
Ningaloo Reef, Western Australia, Australia.

Location in the host: Gall bladder.

Prevalence: 6 of 16 (38%).

Material deposited: Syntype — Giemsa-stained, air-dried
spores (WAM Z30498). Voucher — Giemsa-stained, air-dried
spores (QM G465542 — G465543). GenBank accession num-
ber: JX971423.

Etymology: The species epithet rueppellii is in reference to
the type-host species, O. rueppellii.

Description: Plasmodia — Monosporous. Spores — Typical
of genus Ceratomyxa. Mature spores slightly crescent shaped.
Posterior angle slightly concave to slightly convex. Valves
almost equal, smoothly ovoid in lateral view. Suture line
straight. Polar capsules subspherical. Mature spore measure-
ments are shown in Table I1.

Morphological affinities: Ceratomyxa rueppellii sp. nov.
is morphologically similar in shape and size to C. nowakae
Gunter, Whipps et Adlard, 2009, C. heinigerae, C. brayi and
C. reniforma. Ceratomyxa rueppellii sp. nov. can be distin-
guished from all these species on the basis of polar capsule
size and shape (all are spherical). The polar capsules of
C. nowakae (1.9-2.7 x 1.9-2.8 um), C. heinigerae (1.8-2.4 x
1.6-2.4 um) and C. brayi (1.5-2.5 x 1.5-2.5 pm) are smaller,
while C. reniforma (2.5-3 x 2.5-3 um) has, on average, larger
polar capsules than C. rueppellii sp. nov. (1.9-3.8 x 1.8-3
um). Ceratomyxa nowakae can be further distinguished from
C. rueppellii sp. nov. by its thinner spores (16.3-23.6 um) and
more concave posterior angle (100—170°). Ceratomyxa ruep-

pellii sp. nov. also has longer spores (5.2-7.3 um) than
C. heinigerae (4.8-6.3um) and C. brayi (4.5-6um).
Sequence data and molecular affinities: A single SSU
rDNA sequence of 1,389 bases was generated for C. rueppel-
lii sp. nov. (GenBank accession number JX971423). The se-
quence differs from the aligned sequences of other Ceratomyxa
species by 97-231 nucleotides (Table III). Ceratomyxa ruep-
pellii sp. nov. is genetically most similar to C. cyanosomae sp.
nov. and C. ostorhinchi sp. nov. with 93.1% sequence identity.

Ceratomyxa cyanosomae sp. nov. (Fig. 1C, 2C, 4-5, Table II-11I)

Type host: Ostorhinchus cyanosoma (Bleeker, 1853) (Apogo-
nidae).

Type locality: Lagoon, Lizard Island (14°40°S, 145°27°E),
Great Barrier Reef, Queensland, Australia.

Location in the host: Gall bladder.

Prevalence: 1 of 4 (25%) Lizard Island, 0 of 23 Ningaloo
Reef.

Material deposited: Syntype — Giemsa-stained, air-dried
spores (QM G465544). GenBank accession number: JX971424.

Etymology: The species epithet cyanosomae is in refer-
ence to the type-host species, O. cyanosoma.

Description: Plasmodia — Monosporous or disporous.
Spores — Typical of genus Ceratomyxa. Mature spores slightly
crescent shaped. Posterior angle slightly concave to slightly
convex. Valves almost equal, smoothly ovoid in lateral view.
Suture line straight. Polar capsules spherical. Mature spore
measurements are shown in Table II.
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Morphological affinities: Ceratomyxa cyanosomae sp.
nov. is morphologically similar in shape and size to C.
nowakae, C. gleesoni Gunter et Adlard, 2009, C. diplodae and
C. reniforma. Ceratomyxa cyanosomae sp. nov. can be distin-
guished from all of these species by the size of its polar cap-
sules (2.1-2.8 x 2-2.7 um). Ceratomyxa nowakae (1.9-2.7 x
1.9-2.8 um), C. gleesoni (1.5-2.5 x 1.5-2.5 um) and C. diplo-
dae (2.25 x 2 um) have smaller polar capsules, while C. reni-
forma (2.5-3 x 2.5-3um) has larger more spherical polar
capsules. Ceratomyxa nowakae can be further distinguished
from C. cyanosomae sp. nov. by the more acute posterior angle
of its spore. Ceratomyxa reniforma has thicker spores (19-27
um) than C. cyanosomae sp. nov. (16.7-24.2 um). The spores
of C. cyanosomae sp. nov. are generally larger than those of C.
gleesoni, although the spore measurements overlap, the ranges
are larger in all instances.

Sequence data and molecular affinities: A single SSU
rDNA sequence of 1377 bases was generated for C. cyanoso-
mae 1. sp. nov. (GenBank accession number JX971424). The
sequence differs from the aligned sequences of other Cerato-
myxa species by 77-219 nucleotides (Table III). Ceratomyxa
cyanosomae sp. nov. is genetically most similar to C. os-
torhinchi sp. nov. with 94.5% sequence identity.

Ceratomyxa ostorhinchi sp. nov. (Fig. 1D, 2D, 4-5, Table I1-11I)

Type host: Ostorhinchus aureus (Lacépéde, 1802) (Apogonidae).

Type locality: Off Point Cloates (22°40°S, 113°4’E),
Ningaloo Reef, Western Australia, Australia.

Location in the host: Gall bladder.

Prevalence: 1 of 14 (7%).

Material deposited: Syntype — Giemsa-stained, air-dried
spores (WAM Z30499). DNA voucher (QM G465545). Gen-
Bank accession number: JX971425.

Etymology: The species epithet ostorhinchi is in reference
to the genus of the type-host, Ostorhinchus.

Description: Plasmodia — Disporous. Spores — Typical of
genus Ceratomyxa. Mature spores slightly crescent shaped.
Posterior angle slightly concave to slightly convex. Valves al-
most equal, smoothly ovoid in lateral view. Suture line
straight. Polar capsules subspherical. Mature spore measure-
ments are shown in Table II.

Morphological affinities: Ceratomyxa ostorhinchi sp. nov.
is morphologically similar in shape and size to C. cottoidii
Reed, Basson, Van As et Dykova, 2007, C. yokoyamai Gunter
et Adlard, 2009 and C. capricornensis Gunter et Adlard, 2008.
Ceratomyxa ostorhinchi sp. nov. can be distinguished from all
species above by its larger polar capsules. Ceratomyxa cot-
toidii can be further distinguished from C. ostorhinchi sp. nov.
by its longer (6.5-8 um) and thinner (17-22 um) spores, while
C. yokoyamai and C. capricornensis both have shorter (4.5—
6.5 and 4.8-8.1um, respectively) and thicker (20.5-31 and
21.6-36.7um, respectively) spores.

Sequence data and molecular affinities: A single SSU
rDNA sequence of 1,393 bases was generated for C. os-

torhinchi sp. nov. (GenBank accession number JX971425).
The sequence differs from the aligned sequences of other Cer-
atomyxa species by 77-234 nucleotides (Table III). Cerato-
myxa ostorhinchi sp. nov. is genetically most similar to C.
cyanosomae sp. nov. with 94.5% sequence identity.

Ceratomyxa heronensis sp. nov. (Fig. 1E, 2E, 4-5, Table II-III)

Type host: Archamia fucata (Cantor, 1849).

Type locality: Lagoon, Heron Island (23°26°S, 151°54E),
Great Barrier Reef, Queensland, Australia.

Location in the host: Gall bladder.

Prevalence: 2 of 20 (10%) at Heron Island; 0 of 26 at
Lizard Island.

Material deposited: Syntype — Giemsa-stained, air-dried
spores (QM G465546). GenBank accession number: JX971426,
IX971427.

Etymology: The species epithet heronensis refers to the lo-
cality where this species was recovered.

Description: Plasmodia — not observed. Spores — Typical
of genus Ceratomyxa. Mature spores slightly crescent shaped.
Posterior angle slightly concave to slightly convex. Valves un-
equal, smoothly ovoid in lateral view. Suture line straight.
Polar capsules subspherical. Mature spore measurements are
shown in Table II.

Morphological affinities: Ceratomyxa heronensis sp. nov.
is morphologically similar in shape and size to C. cardinalis
sp. nov., C. ireneae sp. nov., C. castigata Meglitsch, 1960,
Ceratomyxa dennisi Gunter et Adlard, 2008, C. talboti Gunter
et Adlard, 2008 and C. bryanti Gunter et Adlard, 2008. Cer-
atomyxa heronensis sp. nov. has larger polar capsules (1.8-3
x 1.5-2.4 um) than C. dennisi (1.2-2.3 x 1.1-2.3 um), C. tal-
boti (1-2.3 x 1.3-2.6 um) and C. bryanti (1.5-2 x 1.3-1.9
pum). Ceratomyxa dennisi and C. bryanti can be further dis-
tinguished by their thicker spores (9.3—17.3 and 10.2-19.4
um, respectively). Ceratomyxa heronensis sp. nov. has shorter
spores (4-6.2 um) than C. castigata (5.1-6.9 um). Cerato-
myxa ireneae sp. nov. has thicker spores than C. heronensis
sp. nov. While there is morphological overlap in all measure-
ments between C. heronensis sp. nov. and C. cardinalis sp.
nov. the ranges are greater for C. cardinalis sp. nov.

Sequence data and molecular affinities: Two SSU rDNA
sequences of 1,326 bases were generated from three individ-
ual fish for C. heronensis sp. nov. (GenBank accession num-
bers JX971426 and JX971427). There is one nucleotide
difference (99.9% sequence identity) between the two SSU
rDNA sequences. These sequences differ from the aligned se-
quences of other Ceratomyxa species by 18-233 nucleotides
(Table III). Ceratomyxa heronensis sp. nov. is genetically most
similar to C. archamiae sp. nov. and C. gunterae sp. nov. with
98.6% maximum sequence identity.

Ceratomyxa archamiae sp. nov. (Fig. 1F, 2F, 4-5, Table II-III)

Type host: Archamia fucata (Cantor, 1849).
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Type locality: Lagoon, Heron Island (23°26°S, 151°54'E),
Great Barrier Reef, Queensland, Australia.

Location in the host: Gall bladder.

Prevalence: 2 of 20 (10%) at Heron Island; 0 of 26 at
Lizard Island.

Material deposited: Syntype — Giemsa-stained, air-dried
spores (QM G465547). GenBank accession number: JX971428.

Etymology: The species epithet archamiae is in reference
to the genus of the type-host, Archamia.

Description: Plasmodia — not observed. Spores — Typical
of genus Ceratomyxa. Mature spores slightly crescent shaped.
Posterior angle slightly concave to slightly convex. Valves un-
equal, smoothly ovoid in lateral view. Suture line straight.
Polar capsules subspherical. Mature spore measurements are
shown in Table II.

Morphological affinities: Ceratomyxa archamiae sp. nov.
is morphologically similar in shape and size to C. arripica Su
et White, 1994, C. americana Wierzbicka, 1987, and C. ern-
sti Gunter, Whipps et Adlard, 2009. Ceratomyxa archamiae
sp. nov. can be distinguished from all species above based on
the shape of its polar capsules, subspherical rather than spher-
ical. Ceratomyxa archamiae sp. nov. also has thicker spores
(8.8-12.4 um) than C. americana (8.8—11.2 pum). Ceratomyxa
americana also differs to C. archamiae sp. nov. on the basis of
spore shape, C. americana has spores with pointed ends which
have a downwards direction. Ceratomyxa ernsti has longer
(4.7-6.8 um) and thicker (9.5-14.8 um) spores than C. ar-
chamiae sp. nov. (4.2-5.7 and 8.8—12.4 um, respectively).

Sequence data and molecular affinities: Identical SSU
rDNA sequences of 1331 bases were generated from two in-
dividual fish for C. archamiae sp. nov. (GenBank accession
number JX971428). This sequence differs from the aligned
sequences of other Ceratomyxa species by 16-224 nu-
cleotides (Table 111). Ceratomyxa archamiae sp. nov. is ge-
netically most similar to C. gunterae sp. nov. with 98.8%
sequence identity.

Ceratomyxa ireneae sp. nov. (Fig. 1G-H, 2G, 4-5, Table II-III)

Type host: Zoramia viridiventer Greenfield, Langston et Ran-
dall, 2005 (Apogonidae).

Other hosts: Archamia zosterophora (Bleeker, 1856), Ar-
chamia fucata (Cantor, 1849).

Type locality: Lagoon, Lizard Island (14°40°S, 145°27°E),
Great Barrier Reef, Queensland, Australia.

Location in the host: Gall bladder.

Prevalence: 8 of 74 (11%) in Z. viridiventer; 2 of 2 (100%)
in A. zosterophora; 13 of 26 (50%) at Lizard Island, and 0 of
20 at Heron Island in 4. fucata.

Material deposited: Syntype — Giemsa-stained, air-dried
spores (QM G465548—-G465549 ex Z. viridiventer). GenBank
accession number: JX971429, JX971430.

Etymology: The species epithet ireneae is in honour of
Mrs Irene Heiniger in recognition of her support and encour-
agement of this work.

Description: Plasmodia — Monosporous or disporous.
Spores — Typical of genus Ceratomyxa. Mature spores slightly
crescent shaped. Posterior angle concave to slightly convex.
Valves almost equal, smoothly ovoid in lateral view. Suture
line straight. Polar capsules subspherical to pyriform. Mature
spore measurements are shown in Table II.

Morphological affinities: Ceratomyxa ireneae sp. nov. is
morphologically similar in shape and size to C. bassoni Abdel-
Ghaffar, Ali, Al Quraishy, Al Rasheid, Al Farraj, Abdel-Baki
et Bashtar, 2008, C. stridensi Abd El-Monem, Bayoumy et
Hassanein, 2005, C. kenti Gunter et Adlard, 2008, C. jonesi
Gunter, Whipps et Adlard, 2009, C. talboti Gunter et Adlard,
2008 and C. cribbi Gunter et Adlard, 2008. Ceratomyxa bas-
soni can be distinguished from C. ireneae sp. nov. by its
thicker spore (15-20 um) and larger polar capsules (3—4 x 2—
3 um). Ceratomyxa stridensi can be distinguished from C. ire-
neae sp. nov. by its smaller (1.9-2.3 pum), spherical polar
capsules. Ceratomyxa ireneae sp. nov. has longer spores (4.5—
8.3 um) and larger polar capsules (1.6-3.5 x 1.5-3 um) than
C. kenti (4.1-5.8 pym and 1.2-2.2 x 1-1.9 pm, respectively).
Ceratomyxa ireneae sp. nov. has longer spores than C. cribbi
(3.5-5.6 um). Ceratomyxa jonesi has thinner spores (11.2—
16.5 um) than C. ireneae sp. nov. (11.4-17.8 pm). Cerato-
myxa ireneae sp. nov. has longer and thicker spores and larger
polar capsules than C. talboti (4.1-6.8,9.9-17.1 um and 1.3—
2.6 x 1-2.3 um, respectively).

Sequence data and molecular affinities: Two SSU rDNA
sequences were generated for C. ireneae sp. nov. Identical
SSU rDNA sequences of 1322 bases were generated from two
fish species, Z. viridiventer and A. zosterophora (three isolates
from individual fish with 100% identity) (GenBank accession
number JX971429). Identical SSU rDNA sequences of 1322
bases were also generated from two individual 4. ficata hosts
(GenBank accession number JX971430). There are 3 nu-
cleotides difference (99.8% sequence identity) between the
two SSU rDNA sequences. This sequence differs from the
aligned sequences of other Ceratomyxa species by 40-221 nu-
cleotides (Table III). Ceratomyxa ireneae sp. nov. is geneti-
cally most similar to C. dennisi with 97% sequence identity.

Ceratomyxa cardinalis sp. nov. (Fig. 2H, 3—6, Table 1I-V)

Type host: Cheilodipterus artus Smith, 1961

Type locality: Lagoon, Lizard Island (14°40°S, 145°27°E),
Great Barrier Reef, Queensland, Australia.

Location in the host: Gall bladder.

Prevalence: 9 of 13 (70%) Lizard Island.

Other hosts and Localities: Apogonidae — Apogon doeder-
leini Jordan et Snyder, 1901, 1 of 14 (7%) at Heron Island, 1
of 2 (50%) at Lizard Island; Cheilodipterus intermedius Gon,
1993, 4 of 5 (80%) at Heron Island, 1 of 19 (5%) at Lizard Is-
land, 0 of 1 Ningaloo Reef; Cheilodipterus quinquelineatus
Cuvier, 1828, 12 of 28 (43%) at Heron Island, 16 of 34 (47%)
at Lizard Island; Nectamia fusca (Quoy et Gaimard, 1825), 20
of 21 (95%) at Lizard Island; 10 of 32 (31%) at Heron Island;
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Table IV. Individual isolate information and corresponding GenBank accession number for SSU rDNA se-

quences generated for C. cardinalis sp. nov.

GenBank Accession Number

Host species (# of isolates)

Location

Apogon doederleini (1)

Heron Island

Cheilodipterus artus (1) Lizard Island
Cheilodipterus intermedius (1) Lizard Island
Cheilodipterus intermedius (3) Heron Island
JX971431 Cheilodipterus quinquelineatus (2) Lizard Island
Ostorhinchus aureus (1) Ningaloo Reef
Ostorhinchus cyanosoma (1) Lizard Island
Ostorhinchus cyanosoma (4) Ningaloo Reef
Zoramia leptacantha (2) Lizard Island
Ostorhinchus cookii (1) Heron Island
JX971432 Ostorhinchus cookii (1) Lizard Island
Ostorhinchus properuptus (1) Lizard Island
1X971433 Apogor? doederlein.i (1) L?Zard Island
Ostorhinchus rubrimacula (1) Lizard Island
JX971434 Cheilodipterus quinquelineatus (1) Lizard Island
JX971435 Cheilodipterus quinquelineatus (1) Lizard Island
JX971436 Cheilodipterus quinquelineatus (2) Heron Island
JX971437 Cheilodipterus quinquelineatus (1) Heron Island
JX971438 Nectamia fusca (3) Lizard Island
JX971439 Nectamia fusca (4) Heron Island
JX971440 Ostorhinchus cookii (1) Heron Island

Ostorhinchus aureus (Lacépéde, 1802), 1 of 14 (7%) at Ninga-
loo Reef; Ostorhinchus cookii (Macleay, 1881), 19 of 35
(54%) at Heron Island, 4 of 8 (50%) at Lizard Island, 0 of 2 at
Ningaloo Reef; Ostorhinchus cyanosoma (Bleeker, 1853), 1
of 4 (25%) at Lizard Island, 11 of 23 (48%) at Ningaloo Reef;
Ostorhinchus properuptus (Whitley, 1964), 2 of 9 (22%)
Lizard Island; Ostorhinchus rubrimacula (Randall et Kulbicki,
1998), 24 of 29 (83%) at Lizard Island; Zoramia leptacantha
(Bleeker, 1856), 37 of 269 (14%) at Lizard Island.

Material deposited: Syntypes — Giemsa-stained, air-dried
spores (QM G465550). Vouchers — Giemsa-stained, air-dried
spores (G465551-G465563). DNA vouchers (QM G465564—

G465566, G465622-G465624). GenBank accession numbers:
JX971431-JX971440 for SSU and JX971441-1X971443 for
LSU rDNA.

Etymology: The species epithet cardinalis is in reference
to the common name of the type-host family, Cardinalfishes
(Apogonidae).

Description: Plasmodia — Monosporous, disporous or poly-
sporous. Spores — Typical of genus Ceratomyxa. Mature spores
slightly crescent shaped. Posterior angle slightly concave to
slightly convex. Valves unequal, smoothly ovoid in lateral
view. Suture line straight. Polar capsules subspherical to spher-
ical. Mature spore measurements are shown in Table II.

Table V. LSU rDNA nucleotide differences (below oblique) and percentage similarity (above oblique) of iso-
lates from Ceratomyxa cardinalis sp. nov. (shown in bold) and all other Ceratomyxa spp. with LSU rDNA se-

quences

1 2 3 4 5 6 7 8
1. Ceratomyxa cardinalis n. sp. JX971443 99.7 99.1 642 61.6 61 594 578
2. Ceratomyxa cardinalis n. sp. JX971442 3 99 641 61.6 608 595 577
3. Ceratomyxa cardinalis n. sp. JX971441 10 11 64.1 61.7 606 592 574
4. Ceratomyxa sp. FJ417048 412 413 413 56.7 542 571 541
5. Ceratomyxa sp. FJ417050 447 447 446 505 63.9 55 60
6. Ceratomyxa sp. FJ417049 477 479 481 562 428 53.5  60.1
7. Ceratomyxa vikrami FJ417056 497 496 500 523 546 584 54.2
8. Ceratomyxa shasta FJ981818 501 502 505 545 465 484 560
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Morphological affinities: Ceratomyxa cardinalis sp. nov. is
morphologically similar in shape and size to C. heronensis sp.
nov., C. bryanti Gunter et Adlard, 2008, C. dennisi Gunter et
Adlard, 2008, C. talboti Gunter et Adlard, 2008, C. jonesi
Gunter, Whipps et Adlard, 2009 and C. hooperi Gunter et Ad-
lard, 2009. Ceratomyxa cardinalis sp. nov. can be distin-
guished from C. bryanti (1.5-2 x 1.3—1.9 um), C. dennisi
(1.2-2.3 x 1.1-2.3 um) and C. hooperi (1-2 x 1-2 pm) by its
larger polar capsules (1.4-3.3 x 1.1-2.7um). Ceratomyxa
bryanti and C. dennisi can be further distinguished from
C. cardinalis sp. nov. by their thicker spores (10.2—19.4 um and

Component |

9.3-17.3 um, respectively). Ceratomyxa jonesi and C. talboti
have spores with a greater convex posterior angle (148—199°
and 136-202°) than C. cardinalis sp. nov. (132.4-191.7°).
Ceratomyxa talboti also has pyriform polar capsules whereas
C. cardinalis sp. nov. has spherical to subspherical polar cap-
sules. Morphological distinctions between C. cardinalis sp.
nov. and C. heronensis sp. nov. are listed above.

Sequence data and molecular affinities: A total of 34 SSU
rDNA sequences of 1391— 1435 bases were generated from
11 fish species (34 isolates from 17 possible host/parasite/lo-
cation combinations) for C. cardinalis sp. nov. Several iden-
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Fig. 4. Principal component analyses with 95% confidence ellipses. (A) Ceratomyxa gunterae sp. nov. (triangles), C. rueppellii sp. nov. (cir-
cles), C. ostorhinchi sp. nov. (stars), C. cyanosomae sp. nov. (filled squares); (B) C. gunterae sp. nov. (triangles), C. archamiae sp. nov. (dia-
monds); (C) C. heronensis sp. nov. (ovals), C. archamiae sp. nov. (diamonds), C. ireneae sp. nov. ex Z. viridiventer and A. fucata (crosses);
(D) C. ireneae sp. nov. ex Z. viridiventer (crosses) and ex A. fucata (squares); (E) C. cardinalis sp. nov. from host isolates with corresponding
SSU rDNA sequences of 100% identity (GenBank accession JX971431): ex C. intermedius from Heron Island (stars), ex C. artus (crosses),
ex C. quinquelineatus from Lizard Island (ovals), ex O. cyanosoma from Ningaloo Reef (circles), and ex Z. leptacantha (diamonds);
(F) C. cardinalis sp. nov. ex all combined isolates of GenBank number JX971431 (shown separately in (E)) (crosses), ex O. cookii from Heron
Island (GenBank number JX971440) (filled squares), ex O. cookii from Lizard Island (GenBank number JX971432) (squares), ex N. fusca from
Lizard Island (GenBank number JX971438) (triangles), ex N. fusca from Heron Island (GenBank number JX971439) (filled triangles), ex
C. quinquelineatus from Heron Island (rectangles), and ex C. quinquelineatus from Lizard Island (GenBank number JX971435) (ovals)
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tical sequences (0% sequence variation) were generated from
multiple host isolates and as such only consensus sequences of
these isolates were used in phylogenetic analyses (total of 10
distinct sequences). Individual SSU rDNA isolate information
listing host species and geographical location for specific Gen-

65/--

79/--
99/99

94/92

L

71—

65/

Bank accession numbers are shown in Table IV. There is 1-7
nucleotides difference (99.5-99.9% sequence identity) be-
tween the 10 SSU rDNA sequences generated for C. cardi-
nalis sp. nov. These sequences differ from the aligned SSU
rDNA sequences of other Ceratomyxa species by 40-224 nu-
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Fig. 5. Phylogenetic tree resulting from Bayesian analysis inferred from the SSU rDNA dataset. Support values at branching points are listed
as: Posterior probabilities (PP) from Bayesian analysis/Bootstrap values from Maximum likelihood analysis. Values below 50% are indi-

cated by dashes. Species from this study are shown in bold. GenBank

accession number follows each taxon
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cleotides (Table III). Ceratomyxa cardinalis sp. nov. is genet-
ically most similar to C. archamiae sp. nov. and C. jonesi with
97% maximum sequence identity.

In addition, three LSU rDNA sequences of 1157-1162
bases were generated from three fish species (five isolates
from 3 possible host/parasite/location combinations) for
C. cardinalis sp. nov. Identical sequences (0% sequence vari-
ation) were generated from two isolates from Nectamia fusca
from Heron Island (GenBank accession number: JX971442)
and also two isolates from Nectamia fusca from Lizard Island
(GenBank accession number: JX971443). The third sequence
was generated from a single isolate taken from Ostorhinchus
aureus from Ningaloo Reef (GenBank accession number:
JX971441). There is 3—11 nucleotide differences (99-99.7%
sequence identity) between the three LSU rDNA sequences
generated for C. cardinalis sp. nov. (Table V). These se-
quences differ from the aligned LSU rDNA sequences of other
Ceratomyxa species by 412-505 nucleotides (Table V).
Ceratomyxa cardinalis sp. nov. is genetically most similar to
Ceratomyxa sp. from Gadus morhua from the North Sea, off
Scotland with which it shares 64.2% maximum sequence iden-
tity.

Principal Component Analyses (PCA)

Principal component analyses were performed to analyse the
levels of both inter- and intra-specific morphological variation
between and within the new species described above. PCA
found little morphological distinction between the genetically
distinct species, C. gunterae sp. nov., C. rueppellii sp. nov.,
C. ostorhinchi sp. nov. and C. cyanosomae sp. nov. (Fig. 4A).
In contrast, the strong PCA separation of C. archamiae sp. nov.

73

54

63

58

0.7

and C. gunterae sp. nov., the two species with the least inter-spe-
cific genetic variation, is consistent with the presence of two
species (Fig. 4B). PCA comparison of C. archamiae sp. nov., C.
heronensis sp. nov. and C. ireneae sp. nov., all species recorded
from A. fucata, resulted in varying degrees of distinction (Fig.
4C). Minimal overlap was found between C. archamiae sp. nov.
and C. ireneae sp. nov. (Fig. 4C). Although there is a greater
morphological overlap between C. ireneae sp. nov. and C. hero-
nensis sp. nov., subtle morphological variation is identified in
this analysis (Fig. 4C). Significant overlap in morphology is ob-
served for C. heronensis sp. nov. and C. archamiae sp. nov., al-
though C. heronensis sp. nov. has a greater range in spore
measurements than C. archamiae sp. nov. (Fig. 4C).

PCA found minimal intra-specific variation between iso-
lates from two host species identified as C. ireneae sp. nov.,
with almost complete overlap of the two isolates, although the
range for spore measurements from Z. viridiventer is greater
than those from 4. fucata (Fig. 4D). PCA of subsets of host/
parasite/location combinations of isolates identified as C. car-
dinalis sp. nov. suggest a complex structure (Fig. 4E). Isolates
comprising GenBank accession number JX971431 (which
showed 0% intra-specific variation in sequence data) showed
significant morphological variation (Fig. 4E). In particular,
there was no overlap between isolates from Cheilodipterus in-
termedius from Heron Island (stars in Fig. 4E) and Os-
torhinchus cyanosoma from Ningaloo Reef (circles in Fig.
4E). There was also minimal morphological overlap between
the isolates from O. cyanosoma from Ningaloo Reef and C.
quinquelineatus from Lizard Island or Z. leptacantha from
Lizard Island (Fig. 4E). Similarly, minimal morphological
overlap was found between isolates from C. intermedius from
Heron Island (stars in Fig. 4E) and C. artus from Lizard Is-

Ceratomyxa jonesi F1204250

Ceratomyxa cardinalis n. sp. JX971437
Ceratomyxa cardinalis n. sp. JX971439
Ceratomyxa cardinalis n. sp. JX971433
Ceratomyxa cardinalis n. sp. 1X971432
Ceratomyxa cardinalis n. sp. JX971434
Ceratomyxa cardinalis n. sp. 1X971436
Ceratomyxa cardinalis n. sp. JX971431
Ceratomyxa cardinalis n. sp. JX971440
Ceratomyxa cardinalis n. sp. JX971438
Ceratomyxa cardinalis n. sp. JX971435

Fig. 6. Phylogenetic tree resulting from Neighbour-joining analysis inferred from the SSU rDNA dataset of all Ceratomyxa cardinalis sp. nov.
sequences and C. jonesi. Bootstrap support values are shown at branching points. GenBank accession number follows each taxon
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Fig. 7. Phylogenetic tree resulting from Bayesian analysis inferred from the LSU rDNA dataset. Support values at branching points are listed
as: Posterior probabilities (PP) from Bayesian analysis/Bootstrap values from Maximum likelihood analysis. Values below 50% are indi-

cated by dashes. Species from this study are shown in bold. GenBank accession number follows each taxon

land (crosses in Fig. 4E). However, when comparing all iso-
lates of C. cardinalis sp. nov. (isolates represented in Fig. 4E
are combined) there is minimal intra-specific morphological
variation (Fig. 4F).

rDNA phylogenetic analyses

Molecular analyses included 31 SSU rDNA myxosporean se-
quences available from GenBank together with the sequences
generated in this study (see Fig. 5). Bayesian inference and
maximum likelihood analyses resulted in phylograms of sim-
ilar topology but with varying levels of clade support (see Fig.
5). Relationships of the novel species of Ceratomyxa were
largely unresolved, with the exception of C. ostorhinchi sp.
nov., C. cyanosomae sp. nov. and C. rueppellii sp. nov. which
formed a well-supported clade with C. hallettae Gunter,
Whipps et Adlard, 2009, C. thalassomae Heiniger, Gunter et
Adlard, 2008, C. gleesoni and C. robertsthompsoni Gunter,
Whipps et Adlard, 2009. Ceratomyxa gunterae sp. nov., C. ar-
chamiae sp. nov. and all isolates of C. heronensis sp. nov.
showed a close phylogenetic relationship to each other and
formed a moderately supported clade with C. talboti and
C. cribbi. Isolates of C. ireneae sp. nov. formed a moderately
supported clade with C. moseri Gunter et Adlard, 2008, C.

ernsti and C. dennisi Gunter et Adlard, 2008. All isolates of
C. cardinalis sp. nov. formed a well-supported clade and
showed a poorly supported phylogenetic relationship with
C. jonesi. Neighbour-joining analysis of all isolates of C. car-
dinalis sp. nov. resulted in varying levels of resolution with
poor to moderate bootstrap support and several relationships
unresolved (see Fig. 6).

Due to the low specificity of primers used for LSU rDNA,
only five sequences were generated, all isolates of C. cardi-
nalis sp. nov. Molecular analyses included 16 LSU rDNA
myxosporean sequences available from GenBank together
with the sequences generated in this study (Fig. 7). Bayesian
inference and maximum likelihood analyses resulted in phy-
lograms of identical topology but with varying levels of clade
support (see Fig. 7). All isolates of C. cardinalis sp. nov.
formed a well-supported clade with all other Ceratomyxa
species available, with the exception of C. shasta. Palliatus
indecorus was also included in this clade.

Discussion

This study provides the first comprehensive investigation of
Ceratomyxa species from apogonids and provides the first de-
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scriptions of Ceratomyxa species in apogonids from Aus-
tralian waters. The survey of 23 apogonid species revealed
that 15 were infected with species of Ceratomyxa, with eight
novel species confirmed through SSU rDNA analysis. Only a
single species has been previously described from the Apogo-
nidae, Ceratomyxa apogoni from Ostorhinchus aureus from
waters off India (Narasimhamurti et al. 1990). Ceratomyxa
apogoni was recently placed in Ceratomyxa after the review
and subsequent synonymy of Leptotheca Thélohan, 1895,
however the placement of this species within Ceratomyxa, and
indeed any currently recognised genus, is equivocal due to the
unusual spore shape (Gunter and Adlard 2010). Ceratomyxa
apogoni is able to be distinguished from all the novel species
presented here on the basis of its trapezium-shaped spores with
transversely striated valves.

Recognition of species

Molecular systematics are now an invaluable and essential
tool for the classification of myxosporeans. Traditional bi-
valvulidan classification based on spore morphology alone to
distinguish between closely related species is difficult due to
the paucity of informative characters at the light microscopic
level and the plasticity of spores (Gunter et al. 2009; Heiniger
et al. 2008; Sitja-Bobadilla and Alvarez-Pellitero 1993;
Meglitsch 1960). Usually genetic variation is combined with
morphological and/or biological differences to provide evi-
dence for the recognition of novelty. However, several Cer-
atomyxa species presented here are cryptic in that they are
biologically and morphologically indistinguishable. Molecu-
lar data (combined with biological differences) were critical
for the discrimination of several morphologically similar
species presented here.

Ceratomyxa gunterae sp. nov., C. rueppellii sp. nov., C.
ostorhinchi sp. nov. and C. cyanosomae sp. nov. are morpho-
logically similar with minimal variation in PCA analyses but
are biologically (host and locality) and genetically distinct
with 5.5-16.9% (77-222 nucleotides difference) inter-specific
genetic variation. Similarly, C. heronensis sp. nov., C. ar-
chamiae sp. nov. and C. ireneae sp. nov. are morphologically
and biologically (all three species are reported from Archamia
fucata) similar but again all are genetically distinct with inter-
specific genetic variation of 1.4—4.1% (18—54 nucleotides dif-
ference). Paradoxically, two morphologically distinct species
C. gunterae sp. nov. and C. archamiae sp. nov. are genetically
most similar with 1.2% (16 nucleotides difference) variation.
Ceratomyxa archamiae sp. nov. and C. heronensis sp. nov.
also show a close genetic relatedness with 1.4% inter-specific
variation observed. The levels of inter-specific variation for
species presented here is greater than those previously re-
ported (1-1.3%) (Gunter and Adlard 2009; Gunter et al.
2009). There is no set percentage or number of nucleotides
difference for discrimination of species, which clearly needs
to be assessed for each individual isolate. The inter-specific
genetic variation (and minimal intra-specific variation ob-

served for both species, 0% for C. archamiae sp. nov. and
0-0.1% for C. heronensis sp. nov.) observed between C. hero-
nensis sp. nov. and C. archamiae sp. nov. provide compelling
evidence for the discrimination of these two species, despite
their morphological and biological similarities (both recov-
ered from A. fucata at Heron Island). It is clear that without ge-
netic data, it would have been impossible to distinguish and
establish these new species based solely on morphology and
host data.

Multiple sequence replicates of SSU rDNA revealed no
intra-specific variation for C. gunterae sp. nov. and C. ar-
chamiae sp. nov. However, 0-0.1% (0—1 nucleotide) difference
was observed in C. heronensis sp. nov. collected from three in-
dividual hosts, 0-0.2% (0-3 nucleotides) difference was ob-
served in C. ireneae sp. nov. collected from three host species
(four individual hosts) and 0—0.5% (0—7 nucleotides) differ-
ence was observed in C. cardinalis sp. nov. collected from 11
host species (34 individual hosts) from three localities. With
the exception of C. cardinalis sp. nov., the levels of intra-spe-
cific variation observed here are within those previously re-
ported for species of Ceratomyxa. Gunter and Adlard (2009)
reported levels of up to 0.15% in C. nolani and Gunter and Ad-
lard (2008) reported levels of up to 0.36% (5 nucleotides dif-
ference) in C. lunula. Ceratomyxa ireneae sp. nov. and C.
cardinalis sp. nov. are unusual in that unlike most Ceratomyxa
species, they are reported from multiple host species. Isolates
of C. ireneae sp. nov. show minimal genetic and morphologi-
cal variation. However, biological differences combined with
the observed morphological and molecular variation suggest
that the genetic marker used in this study is unable to unam-
biguously determine the taxonomic identity of these isolates.
Nevertheless, based on the current available data these isolates
are conservatively assigned to C. ireneae sp. nov.

The isolates recovered here for Ceratomyxa cardinalis sp.
nov. suggests a complexity that requires further analysis. Phy-
logenetic analyses suggest that samples from ten species of
apogonids from Lizard Island, five from apogonids from
Heron Island, and two from apogonids from Ningaloo Reef
form a well-supported clade to the exclusion of all other recog-
nised species. However, there is significant morphological,
molecular and biological variation within this clade. SSU and
LSU rDNA sequences differ between isolates by up to seven
nucleotides for SSU and 11 nucleotides for LSU despite sev-
eral replicates from individual host/locality combinations re-
turning identical sequences. The use of host as an informative
diagnostic character has become particularly valuable for mor-
phologically and genetically closely related species of Cer-
atomyxa (see Alama-Bermejo ez al. 2011, Gunter et al. 2010).
However, in contrast to the majority of Ceratomyxa species
described previously, C. cardinalis sp. nov. is reported here
from an exceptional number (11 apogonid species) of host
species.

There is no evident correlation between the genetic varia-
tion and host (both at the species and genus levels) or geo-
graphic locality. However, PCA analyses suggest that,
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although there is significant overlap between the majority of
isolates, several of the host/locality combinations of C. cardi-
nalis sp. nov. (which are genetically identical) are recognis-
ably distinct from each other morphologically. This observed
morphological distinction combined with genetic identity can-
not be ignored and presents two possibilities, both of which
have been reported previously for myxosporeans. Either SSU
rDNA is not a suitable genetic marker for the discrimination
of closely related species (see Burger and Adlard 2010) or
morphological characters are uninformative for taxonomic
classification (see Heiniger et al. 2008).

In an attempt to assess the resolution of SSU rDNA and
further assess the taxonomic status of closely related isolates,
five individual LSU rDNA sequences from two host species
and two localities were generated for C. cardinalis sp. nov.
The LSU rDNA region was chosen due to the availability of
comparative sequences of Ceratomyxa and because it has been
shown to provide greater taxonomic resolution for closely re-
lated members of the Multivalvulida (see Burger and Adlard
2010). There was 0-0.3% (0—11 nucleotides difference) intra-
specific genetic variation observed for C. cardinalis sp. nov.
in LSU rDNA among the five sequences. Interestingly, in both
instances where multiple isolates were available from the
same host species taken from the same location there was
100% sequence identity, as was found in SSU rDNA. Al-
though the nucleotide differences are greater in LSU rDNA
than in SSU rDNA, the percentage difference is within the
range previously reported for intra-specific variation of Cer-
atomyxa species within the SSU rDNA.

Unfortunately we were unable to generate LSU rDNA se-
quences from sufficient isolates to enable an assessment of the
resolution of this genetic region for closely related isolates.
For the present, we feel unable to distinguish between what
can reasonably be interpreted as inter- and intra-specific vari-
ation (using both morphological and molecular characters).
Therefore, on the basis of the above similarities and despite
morphological, geographical and host differences we take a
conservative approach and assign all isolates to C. cardinalis
sp. nov. In doing so we predict that future evidence, e.g. more
informative diagnostic characters and/or further isolates for
comparison, will reveal the presence of multiple species for
isolates of both C. cardinalis sp. nov. and C. ireneae sp. nov.

Host specificity

The recent advances in, and incorporation of, genetic infor-
mation into species characterisation has made it possible to
critically assess the host specificity of many Ceratomyxa
species. Previous phylogenetic studies on host specificity have
focused on Ceratomyxa species in the teleost families Labri-
dae, Pomacentridae, Serranidae and Sparidae (see Gunter and
Adlard 2008, 2009; Heiniger ef al. 2008; Alama-Bermejo ef al.
2011). These studies, along with new species characterisations
incorporating genetic characters (Gunter ez al. 2010; Gleeson
and Adlard 2011), have demonstrated that species of Cerato-

myxa are typically highly host specific, usually being re-
stricted to a single host species. Only a single species has been
found, as confirmed by SSU rDNA, in multiple hosts; C. tal-
boti was reported from five pomacentrid species at Lizard Is-
land, GBR, Australia (Gunter and Adlard 2008). An additional
34 Ceratomyxa species have been described from multiple
hosts but these are characterised on the basis of spore mor-
phology alone (see Gunter et al. 2009; Eiras 2006). Molecu-
lar evidence that only closely related hosts (i.e. within the
same family) harbour the same Ceratomyxa species has led to
the suggestion that species reported in hosts from multiple or-
ders and families may represent species complexes (Gunter et
al. 2009).

Six of the eight new Ceratomyxa species characterised
here have, so far, been reported from only a single host species
and support the strict host specificity previously reported.
The exceptions are C. ireneae n. sp., reported from three
apogonid species (Zoramia viridiventer, Archamia fucata and
A. zosterophora) at Lizard Island and C. cardinalis n. sp., re-
ported from 11 apogonid species (Cheilodipterus intermedius,
C. artus, C. quinquelineatus, Apogon doederleini, Nectamia
fusca, Ostorhinchus aureus, O. cookii, O. cyanosoma, O. prope-
ruptus, O. rubrimacula and Zoramia leptacantha) at Lizard
and Heron Islands and Ningaloo Reef. Although these isolates
are from the same host family, as discussed above, we predict
the isolates currently assigned to C. cardinalis sp. nov. and C.
ireneae sp. nov. are in fact species complexes. Therefore, until
the taxonomic identity of the isolates that currently comprise
these species is clarified, including them in any assessment of
host specificity would be premature and misleading.

Species richness

Infections of Ceratomyxa were found in 65% (15/23) of
apogonid species examined in this study. Although most
apogonid species examined harboured only a single species
of Ceratomyxa, Apogon doederleini, Ostorhinchus aureus and
O. cyanosoma each harboured two and Archamia fucata har-
boured three. Between 1 and 10 individuals only were exam-
ined for each of the remaining ‘uninfected’ apogonid species.
Thus, the observed absence of infection in these species is
likely a reflection of low sample size rather than actual ab-
sence of parasites. A recent study by Gunter (2009) found that
sample size had a profound effect on discovery of Ceratomyxa
species, with the percentage of infection rising from 29.1% in
species examined once to 87.5% in species that were exam-
ined at least 10 times. Here, if we consider only apogonid
species that have been sampled at least 10 times, the percent-
age of infected species rises to 93% (13/14). It is clear from the
above figures that Ceratomyxa is a species rich genus in
teleosts from Australian waters.

The limitations of morphological characters for taxonomic
identification of myxosporean species are now widely ac-
cepted. Molecular data are essential for current taxonomic
classification and were crucial in the discrimination of mor-
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phologically similar, cryptic species. However, morphologi-
cal distinction cannot be ignored and our results suggest that
SSU rDNA is not a sufficient genetic marker for the discrim-
ination of all the closely related species presented here. Fur-
ther research is needed to comprehensively assess LSU rDNA
and other genetic markers as useful tools for the taxonomic
discrimination of these species.

Acknowledgements. This study was funded by, and is a contribu-
tion from, the Australian node of the CReefs global research initiative
(grant number: 209/29), a project generously sponsored by BHP
Billiton in partnership with The Great Barrier Reef Foundation, the
Australian Institute of Marine Science, the Australian Biological Re-
sources Study and the Alfred P. Sloan Foundation. CReefs is a field
program of the Census of Marine Life. We thank Dr Terrence Miller
for technical advice, phylogenetic discussions and assistance in field
collections, Jeff Johnson for assistance with fish identification,
Dr Tom Cribb for discussion on species boundaries and assistance in
field collections and Ricky Gleeson who assisted in field collection,
and the staff at Heron Island and Lizard Island Research Stations for
logistical support in the field.

References

Alama-Bermejo G., Raga J.A., Holzer A.S. 2011. Host-parasite
relationship of Ceratomyxa puntazzi n. sp. (Myxozoa:
Myxosporea) and sharpsnout seabream Diplodus puntazzo
(Walbaum, 1792) from the Mediterranean with first data on
ceratomyxid host specificity in sparids. Veterinary Parasit-
ology, 182, 181-192. DOI: 10.1016/j.vetpar.2011.05.012.

Allen G.R. 1993. Cardinalfishes (Apogonidae) of Madang Province,
Papua New Guinea, with descriptions of three new species.
Revue Francaise d’ Aquariologie, 20, 9 —20.

BartoSova P., Fiala I., Vaclav H. 2009. Concatenated SSU and LSU
rDNA data confirm the main evolutionary trends within
myxosporeans (Myxozoa: Myxosporea) and provide an
effective tool for their molecular phylogenetics. Molecular
Phylogenetics and Evolution, 53, 81-93. DOI: 10.1016/j.
ympev.2009.05.018.

Burger M.A.A., Adlard R.D. 2010. Four new species of Kudoa
Meglitsch, 1947 (Myxosporea: Multivalvulida) from Australia
with recommendations for species descriptions in the
Kudoidae. Parasitology, 137, 793-814. DOI: 10.1017/S00311
82009991557.

Drummond A.J., Ashton B., Buxton S., Cheung M., Cooper A.,
Duran C., Field M., Heled J., Kearse M., Markowitz S., Moir
R., Stones-Havas S., Sturrock S., Thierer T., Wilso A. 2010.
Geneious v 5.6, Available from http://www.geneious.com.

Edgar R.C. 2004. MUSCLE: a multiple sequence alignment method
with reduced time and space complexity. BMC Bioinform-
atics, 5, 113. DOI: 10.1186/1471-2105-5-113.

Eiras J.C. 2006. Synopsis of the species of Ceratomyxa Thélohan,
1892 (Myxozoa: Myxosporea: Ceratomyxidae). Systematic
Parasitology, 65,49-71. DOI: 10.1007/s11230-006-9039-5.

Fiala I. 2006. The Phylogeny of the Myxosporea (Myxo0zoa) based on
small subunit ribosomal RNA gene analysis. International
Journal for Parasitology, 36, 1521-1534. DOI: 10.1016/}.ij-
para.2006.06.016.

Gleeson R.J., Adlard R.D. 2011. Morphological and genetic analysis of
three new species of Ceratomyxa Thélohan, 1892 (Myxozoa:
Myxosporea) from carcharhinid sharks off Australia. Systematic
Parasitology, 80, 117-124. DOI: 10.1007/s11230-011-9316-9.

Greenfield D.W., Johnson R.K. 1990. Heterogeneity in habitat choice
in Cardinalfish community structure. Copeia, 4, 1107-1114.
DOI: 10.2307/1446495.

Gunter N.L. 2009. Relatedness, host specificity and richness of
the genus Ceratomyxa (Myxozoa: Myxosporea) in teleost
fishes. PhD Thesis, The University of Queensland, Brisbane,
Australia.

Gunter N.L., Adlard R.D. 2008. Bivalvulidan (Myxozoa: Myxos-
porea) parasites of damselfishes with description of twelve
novel species from Australia’s Great Barrier Reef.
Parasitology, 135, 1165-1178. DOI: 10.1017/S0031182008
004733.

Gunter N.L., Adlard R.D. 2009. Seven new species of Ceratomyxa
Thelohan, 1892 (Myxozoa) from the gall-bladders of
serranid fishes from the Great Barrier Reef, Australia.
Systematic Parasitology, 73, 1-11. DOI: 10.1007/s11230-
008-9162-6.

Gunter N.L., Adlard R.D. 2010. The demise of Leprotheca Thélohan,
1895 (Myxozoa: Myxosporea: Ceratomyxidae) and assignment
of its species to Ceratomyxa Thélohan, 1892 (Myxosporea:
Ceratomyxidae), Ellipsomyxa Keie, 2003 (Myxosporea:
Ceratomyxidae), Myxobolus Biitschli, 1882 and Sphaerospora
Thélohan, 1892 (Myxosporea: Sphaerosporidae). Systematic
Parasitology, 75, 81-104. DOI: 10.1007/s11230-009-9227-1.

Gunter N.L., Burger M.A.A., Adlard R.D. 2010. Morphometric and
molecular characterisation of four new Ceratomyxa species
(Myxosporea: Bivalvulida: Ceratomyxidae) from fishes off
Lizard Island, Australia. Folia Parasitologica, 57, 1-10.

Gunter N.L., Whipps C.M., Adlard R.D. 2009. Ceratomyxa (Myxozoa:
Bivalvulida): Robust taxon or genus of convenience? Inter-
national Journal for Parasitology, 39, 1395-1405. DOI:
10.1016/j.ijpara.2009.04.008.

Hammer O., Harper D.A.T., Ryan P.D. 2001. PAST: Paleontological
Statistics software package for education and data analysis.
Palaeontologia Electronica, 4, 9 pp.

Heiniger H., Gunter N.L., Adlard R.D. 2008. Relationships between
four novel ceratomyxid parasites from the gall bladders of
labrid fishes from Heron Island, Australia. Parasitology
International, 57, 158-165. DOI: 10.1016/j.parint.2007.11.006.

Kuiter R.H., Kozawa T. (Eds.). 1999. Fishes of the Indo-West Pacific:
Apogonidae (2nd ed.). Victoria, Australia.

Lom J., Arthur J.R. 1989. A guidline for the preparation of species
descriptions in Myxosporea. Journal of Fish Diseases, 12,
151-156. DOI: 10.1111/j.1365-2761.1989.tb00287.x

Lom J., Dykova I. 2006. Myxozoan genera: definition and notes on
taxonomy, life cycle terminology and pathogenic species.
Folia Parasitologica, 53, 1-36.

Maddison D.R., Maddison W.P. 2005. MacClade 4: Analysis of
phylogeny and character evolution. Version 4.08. Sunderland,
Massachusetts: Sinauer Associates.

Meglitsch P. A. 1960. Some coelozoic Myxosporidia from New Zealand
fishes I. — General, and Family Ceratomyxidae. Transactions of
the Royal Society of New Zealand, 88, 265-356.

Miller M.A., Pfeiffer W., Schwartz T. 2010. Creating the CIPRES
Science Gateway for inference of large phylogenetic trees. In:
Proceedings of the Gateway Computing Environments
Workshop (CGE), 14 Nov. 2010, New Oreleans, LA, 1-8. DOL:
10.1109/GCE.2010.5676129.

Moser M., Kent M.L., Dennis D. 1989. Gall-bladder Myxosporea in
coral-reef fishes from Heron Island, Australia. Australian
Journal of Zoology, 37, 1-13. DOIL: 10.1071/Z09890001.

Narasimhamurti C.C., Kalavati C., Anuradha I., Dorothy K.P. 1990.
Studies on protozoan parasites of deep water fishes from the
Bay of Bengal. In: Proceedings of the First Workshop of
Scientific Results of FORV Sagar Sampada, 5-7 June 1989,
Cochin, India, 325-336.



360

Holly Heiniger and Robert D. Adlard

Posada D. 2008. jModelTest: Phylogenetic Model Averaging.
Molecular Biology and Evolution, 25, 1253-1256. DOI:
10.1093/molbev/msn083.

Ronquist F., Huelsenbeck J.P. 2003. MRBAYES 3: Bayesian phy-
logenetic inference under mixed models. Bioinformatics, 19,
1572—1574. DOI: 10.1093/bioinformatics/btg180.

Sitja-Bobadilla A., Alvarez-Pellitero P. 1993. Light and electron-
microscopic description of Ceratomyxa labracis n. sp. and a
redescription of C. diplodae (Myxosporea, Bivalvulida) from
wild and cultered Mediterranean Sea Bass Dicentrarchus
labrax (L.) (Teleostei, Serranidae). Systematic Parasitology,
26,215-223. DOI: 10.1007/BF00009729.

Stamatakis A., Hoover P., Rougemont J. 2008. A rapid bootstrapping
algorithm for the RAXML web-servers. Systematic Biology,
57,758-771. DOIL: 10.1080/10635150802429642.

Swofford D.L. 2002. PAUP*. Phylogenetic analysis using parsimony
(*and other methods). Sunderland, MA: Sinauer Associates.

(Accepted May 17, 2013)

Thompson J.D., Higgins D.G., Gibson T. J. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Research,
22, 4673-4680. DOI: 10.1093/nar/22.22.4673.

Whipps C.M., Adlard R.D., Bryant M.S., Lester R.J.G., Findlay V.,
Kent M.L. 2003. The first report of three Kudoa species
from Eastern Australia: Kudoa thyrsites from Mahi mahi
(Coryphaena hippurus), Kudoa amamiensis and Kudoa
minithyrsites n. sp. from Sweeper (Pempheris ypsilychnus).
Journal of Eukaryotic Microbiology, 50, 215-219. DOI:
10.1111/j.1550-7408.2003.tb00120.x.

Whipps C.M., Grossel G., Adlard R.D., Yokoyama H., Bryant M.S.,
Munday B.L., Kent M. L. 2004. Phylogeny of the Multi-
valvulida (Myxozoa: Myxosporea) based on comparative
ribosomal DNA sequence analysis. Journal of Parasitology,
90, 618—622. DOI: 10.1645/GE-153R.



