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Abstract. The small subunit ribosomal RNA gene (SSU rDNA) of two freshwater and one marine species of the genus Chloro-
myxum Mingazzini, 1890 were sequenced. The SSU rDNA trees obtained show the phylogenetic position of the marine species
Chloromyxum leydigi Mingazzini, 1890 to be at the base of the freshwater clade, being well supported by a high bootstrap value.
Chloromyxum cyprini Fujita, 1927 is closely related to Chloromyxum truttae Léger, 1906 and they represent a sister branch to
raabeia sp., Myxidium sp. and Myxidium truttae Léger, 1930. Chloromyxum legeri Tourraine, 1931 is in a position ancestral to
Myxidium lieberkuehni Biitschli, 1882 and Sphaerospora oncorhynchi Kent, Whitaker et Margolis, 1993. Three newly sequenced
species of the genus Chloromyxum represent three separate lineages within the myxosporean tree and do not support the

monophyly of this genus.

The genus Chloromyxum Mingazzini, 1890 includes
over one hundred species from freshwater and marine
fish hosts. They are coelozoic parasites living in the gall
bladder and urinary tract. Species of the genus Chloro-
myxum have spherical or slightly elongate spores with
or without ridges on the surface. The pattern of the
ridges on the valve of the spore is very important for the
description of individual species (Lom and Dykova
1993). Four polar capsules are at the apex of the spore.
Small plasmodia are monosporic while those of medium
size are polysporic.

The potential different phylogenetic origin of marine
and freshwater Chloromyxum spp. might concord with
differences of the morphology of the spore, and plas-
modium and host preferences. Species from the marine
environment have broadly oval spores with an attenu-
ated apex and a posterior bunch of filamentous append-
ages. They are only found in the gall bladder of elasmo-
branch hosts (Kuznetsova 1977, Kovaleva 1988). Fresh-
water Chloromyxum spp. are mostly spherical or sub-
spherical with surface ridges on shell valves. They in-
fect the gall bladder or urinary tract of teleosts and ex-
ceptionally amphibians (Lom and Dykova 1993).

Data on the SSU rDNA of the genus Chloromyxum
are very poor. Only one sequence of a named species,
C. truttae Léger, 1906, is currently available in Gen-
Bank and a preliminary phylogenetic analysis was pre-
sented by Holzer et al. (2003). Previous phylogenetic
analyses presented myxosporeans as divided into two
main clades including largely freshwater and marine
species, recpectively (Kent et al. 2001). Because species
of Chloromyxum are described from both freshwater

and marine environment, the monophyly of the genus
may be put in doubt. Concordant with Kent et al.
(2001), the species of the genus Myxidium sequenced so
far fit accurately the division to the marine and fresh-
water clade. For the marine, histozoic and enteric spe-
cies with Myxidium-like shape of spore a new genus
Enteromyxum was established (Palenzuela et al. 2002).
Regardless, few exceptions are found in the marine/
freshwater branching pattern, e.g. Ceratomyxa shasta
Noble, 1950, secondarily adapted to freshwater, is
branching within the marine clade (Kent et al. 2001).

The fact that generic classification of myxosporea,
based mainly on morphology of spores, does not agree
with molecular data is well known. Most genera present
in myxosporean SSU rDNA tree are poly/paraphyletic
(Kent et al. 2001). Only the genus Kudoa seems to be
clearly monophyletic, regardless of the unusual spore
morphology of K. permulticapsulata (Whipps et al.
2003).

Using SSU rDNA analysis, the present work is in-
tended to resolve the phylogenetic position of some ma-
rine and freshwater species of the genus Chloromyxum
and find out the mutual relationship of the studied spe-
cies.

MATERIALS AND METHODS

Collections of myxosporean spores. Fresh spores of Chlo-
romyxum spp. were collected during the spring of 2002. Chlo-
romyxum cyprini Fujita, 1927 and C. legeri Tourraine, 1931
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were found in the gall bladder of Hypophthalmichthys moli-
trix Valenciennes and Cyprinus carpio L., respectively, from
the Tieboii pond area in the Czech Republic. Chloromyxum
leydigi Mingazzini, 1890 was isolated from the gall bladder of
Torpedo marmorata Risso from the Mediterranean Sea, off the
Croatian coast. Infected gall bladders were checked carefully
to ensure that there was no contamination with spores of other
species. The spores were cleaned from bile with distilled water
and used for morphological and molecular characterisation.

DNA isolation, cloning and sequencing. DNA was ex-
tracted from fresh spores using the DNeasy™ Tissue Kit
(Quiagen, Germany) according to the manufacturer’s protocol.
The SSU rRNA gene was PCR amplified with a set of univer-
sal eukaryotic primers (ERIB1: ACCTGGTTGATCCTGC
CAG and ERIB10: CTTCCGCAGGTTCACCTACGG) (Barta
et al. 1997). PCR was carried out in a 25ul reaction volume
using 10 pmol of each primer, 250 uM of each dNTP, and 2.5
ul 10 x PCR Buffer (Top-Bio, Czech Republic) and 1 unit of
Taq-Purple polymerase (Top-Bio, Czech Republic). The reac-
tions were run on a Tpersonal cycler (Biometra). Amplifica-
tion consisted of 30 cycles of 95°C for 1 min, 48°C for 1 min
and 72°C for 2 min, then a 10min incubation at 72°C. Ampli-
fication products were gel isolated and cloned into pCR® 2,1
TOPO Cloning vector using the TOPO-TA Cloning Kit (Invi-
trogen). Clones were sequenced from both strands on auto-
matic sequencer CEQ™ 2000 (Beckman Coulter) using CEQ
DTCS Dye Kit (Beckman Coulter) according to the manufac-
turer’s protocol.

Phylogenetic analysis. The SSU rDNA sequences of Chlo-
romyxum spp. were aligned using the Clustal X program
(Thompson et al. 1997) with 23 selected sequences of myxo-
sporeans taken from GenBank. The dataset was aligned with
gap opening / gap extension penalty = 8/2. Tetracapsuloides
bryosalmonae and Buddenbrockia plumatellae were set as
outgroup.

The alignment was analysed using the program package
PAUP*, Version 4.0b8 (Swofford 2001). Phylogenetic analy-
ses were done using the maximum parsimony (MP) and maxi-
mum likelihood (ML) methods. The MP analysis was done
using heuristic search with random addition of taxa (10 repli-
cations) and the ACCTRAN-option. Gaps were treated as
missing data. Each matrix was analysed under the 1:1, 1:2 and
1:4 transition/transversion (Ts/Tv) ratios. For the ML analysis,
the likelihood ratio test (LRT) implemented in Modeltest v.
3.06 (Posada and Crandall 1998) was used to determine the
best model of evolution. Based on the LRT, the ML was per-
formed with the TrN-+I+I" model of evolution. Clade support
was assessed with bootstrapping (1000 and 500 replicates for
MP and ML, respectively).

RESULTS

The morphology and size of myxosporean spores
(Fig. 1), as well as characteristics of vegetative stages,
confirm the identity of the species studied as Chloro-
myxum leydigi, C. cyprini and C. legeri, respectively.

The length of the SSU rDNA sequences of the ma-
rine C. leydigi is much shorter (1868 bp, GenBank Acc.
No. AY604199) than that of the freshwater species C.
legeri (2042 bp, GenBank Acc. No. AY604197) and
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Fig. 1. Drawings of the mature spores of Chloromyxum spp.
A — C. leydigi; B — C. cyprini; C — C. legeri.

C. cyprini (2126 bp, GenBank Acc. No. AY604198).
The resulting alignment consisted of 1811 nt positions
(666 ambiguously aligned positions were excluded).
The number of parsimony informative sites was 845.
The alignment is accessible at the web site http:/
www.paru.cas.cz/myxoalign01. In the alignment, all
freshwater myxosporea have many nucleotide insertions
between positions 1770-2040 (deduced from the ances-
tral state of Tetracapsuloides bryosalmonae and Bud-
denbrockia plumatellae) corresponding to the variable
region V7 of the secondary structure of SSU rDNA.

The MP analyses under three different Ts/Tv ratios
always resulted in one shortest tree (Ts/Tv = 1:1, 3605
steps; Ts/Tv = 1:2, 5086 steps; Ts/Tv = 1:4, 8028 steps).
Fig. 2 shows the ML tree computed under TrN+I+I"
model selected by LRT with the score of the best tree
—In = 17888.2823. In both (MP and ML) analyses,
myxosporea divided into two previously known sub-
groups. The newly sequenced Chloromyxum spp. did
not form a monophyletic group. The marine C. leydigi
represented a branch ancestral to all freshwater myxo-
sporeans with a rather high bootstrap support. Chloro-
myxum cyprini clustered together with C. truttae (taken
from GenBank) and formed a sister clade to a group
including raabeia sp., Myxidium sp. and M. truttae.
Chloromyxum legeri clustered with Myxidium lieber-
kuehni and Sphaerospora oncorhynchi with high boot-
strap support. The topologies described above (Fig. 2)
were stable in all trees. The marine clade was poorly
resolved in comparison with the clade represented by
the largely freshwater species.

DISCUSSION

The sequences of SSU rDNA of the Chloromyxum
spp. under study differ in length. There is a conspicuous
variance between the marine C. leydigi and both fresh-
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Fig. 2. The maximum likelihood tree of SSU rDNA sequences
of myxosporeans. Tetracapsuloides bryosalmonae and Bud-
denbrockia plumatellae were set as an outgroup. Bootstrap
values (ML and MP Ts/Tv = 1:2) are indicated for the nodes
gaining more than 50% support. The scale is given under the
tree (substitution/site).

water species, C. cyprini and C. legeri. The sequence of
C. truttae from GenBank is very similar to C. cyprini
but cannot be compared in length with the analysed se-
quences because of different, more internal PCR prim-
ers used for amplification. Compared with the model of
secondary structure of SSU rDNA (Wuyts et al. 2000),
the discrepancy in length of sequences is caused by the
presence of numerous insertions in the V7 region. This
feature is unique in freshwater myxosporea and is not
known in marine myxosporea (see alignment at http://
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www.paru.cas.cz/myxoalign01) and in a huge range of
eukaryotes.

The phylogenetic position of Chloromyxum spp. is
not consistent with the morphological similarity of the
spores. The Chloromyxum species included in the study
do not form a monophyletic group. They are spread into
the three separate lineages within the freshwater clade
of myxosporeans. Only the clade with C. cyprini and C.
truttae seems monophyletic even though the features of
the spore, type of plasmodia and hosts may not suggest
a direct relationship. They form a sister group to Myxi-
dium truttae, Myxidium sp. (U13829) and the actino-
sporean raabeia sp. (AF378352). Similarly, C. legeri is
in a close relation with Myxidium lieberkuehni and
Sphaerospora oncorhynchi. Despite of the “marine”
characteristic of the V7 region of SSU rDNA, C. leydigi
clusters with freshwater myxosporea and represents the
most basal lineage of the freshwater clade.

The phylogenetic positions of other myxosporeans
correspond more or less to previous studies (Kent et al.
2001, Palenzuela et al. 2002). The different branching
pattern of the marine group can be explained by low
bootstrap support of internal nodes.

In classification of myxosporeans, the genus Chloro-
myxum is placed within the suborder Variisporina in-
cluding mostly coelozoic species (Lom and Dykova
1992). Chloromyxum spp. under study are coelozoic and
branching as the basal lineages within the mostly fresh-
water clade concordantly with Shulman’s (1966) con-
sideration that coelozoic species are more primitive
evolutionarily than histozoic species.

Chloromyxum leydigi presents an exception to the
hypothesis of freshwater/marine division of myxospore-
ans known to the present date. The hosts of marine
Chloromyxum spp. are elasmobranchs and this might
explain a different evolution history. Four sequenced
species are a small fraction of more than hundred de-
scribed species of the genus Chloromyxum; thus future
research in this field may modify the phylogenetic tree.
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