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Myxosporeans belonging to the genus Sphaerospora 
Thélohan, 1892 (Variisporina, Sphaerosporidae) are coe-
lozoic parasites in the urinary system of freshwater and 
marine fish and occasionally, amphibians (Lom and Dyk-
ová 2006). Approximately 78 species have been described 
according to the size and morphology of the myxospore 
that is typically spherical to sub-spherical with a promi-
nent sutural ridge and polar capsules that are spherical to 
subspherical (Lom and Dyková 2006, Jirků et al. 2007). 
three species of Sphaerospora have been reported from 
salmoniform fishes: S. truttae Fischer-Scherl, El-Matbouli 
et Hoffmann, 1986 from brown trout Salmo trutta l., 
grayling Thymallus thymallus (L.) and Atlantic salmon 
Salmo salar L. in Germany and the United Kingdom, 
S. coregoni El-Matbouli, Hoffmann et Kern, 1995 from 
whitefish Coregonus lavaretus (L.) in Germany and Swit-
zerland and S. oncorhynchi Kent, Whitaker et Margolis, 
1993 from anadromous sockeye salmon Oncorhynchus 
nerka (Walbaum) in British Columbia, Canada (Fischer-
Scherl et al. 1986, Walter et al. 1991, Kent et al. 1993, 

El-Matbouli et al. 1995, McGeorge et al. 1997, Holzer 
et al. 2004). Unidentified sphaerosporids have also been 
reported from Atlantic salmon in eastern North America 
(Bennett and Wolke 1986) and from rainbow trout Onco-
rhynchus mykiss (Walbaum) in California and Washing-
ton State, USA (Hedrick et al. 1988). 

The Elwha River drains a watershed of approximately 
700 square kilometres centrally along the north shore of 
the Olympic Peninsula in Washington State, USA. Almost 
100 years ago the construction of dams approximately 
6.5 km upstream from the mouth of the Elwha River ef-
fectively blocked the movement of anadromous fish. The 
scheduling of these dams for removal has provided an 
opportunity to understand the health implications to resi-
dent salmonids caused by the reintroduction of anadro-
mous fish to the watershed (Brenkman et al. 2008). The 
present study describes a morphologically and genetically 
distinct sphaerosporid parasite from the renal tubules of 
landlocked sockeye salmon (kokanee) from Lake Suth-
erland located in the northwest quadrant of the Elwha 
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Abstract: A new species of sphaerosporid myxosporean, Sphaerospora elwhaiensis sp. n., is described from kidney of non-ana-
dromous sockeye salmon (kokanee) Oncorhynchus nerka (Walbaum) from Lake Sutherland in the northern Olympic Peninsula, 
Washington, USA. Infection with the parasite was detected in 45% of 177 kokanee examined over 5 years. While conforming to 
the morphological criteria by which members of the genus are defined, the parasite is distinguished from congeners in salmonids of 
western North America by a unique combination of valvular sculpting of the myxospore, the relatively large size of the myxospore 
and monosporous development within the pseudoplasmodium. In addition, nucleotide sequences of the parasite’s small and large 
subunit ribosomal RNA gene are unique. Phylogenetic analyses of these sequences suggested that the parasite is most closely related 
to freshwater Myxidium spp. and Zschokkella spp. The molecular data have provided further evidence for a polyphyletic association 
previously recognized among members of the genus and emphasize the need for a taxonomic revision of Sphaerospora thélohan, 
1892 and related genera. 
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river watershed. the relatedness of the new species to 
its congeners and the apparent phylogenetic affinities of 
Sphaerospora, as inferred from large and small subunit 
ribosomal DNA sequence data, are discussed.

MATERIALS AND METHODS
Fish. Specimens were collected from the kokanee population 

in Lake Sutherland every October from 2005 to 2009, by set-
ting a series of gill nets for 1−2 hr. The fish were immediately 
put on ice and fork length and weight data and tissue samples 
were obtained 3−4 hr after capture. Portions of mid-trunk kidney 
were placed into 10% neutral buffered formalin, 95% ethanol 
or 4% glutaraldehyde. In 2007, an additional portion of kidney 
from each fish was placed into a separate tube containing Hanks’ 
balanced salt solution (HBSS) supplemented with penicillin and 
streptomycin. 

Spore suspensions. Kidney homogenates in HBSS were pre-
pared as described earlier (Jones et al. 2006) and the presence 
of sphaerospores confirmed microscopically. A small volume of 
the spore suspension was placed onto a thin layer of agar on 
a glass slide as described by Lom (1969) and examined by phase 
contrast microscopy. Drawings of spores were prepared with the 
aid of a microscope drawing tube calibrated using a stage mi-
crometer and spore dimensions were obtained directly from the 
drawings. 

Histology. Formalin-preserved kidney samples were dehy-
drated through an isopropanol gradient, cleared in xylene and 
embedded in paraffin wax. Histological sections (3 or 5 μm) 
were mounted on glass slides, stained with haematoxylin and 
eosin, Giemsa, Gram, periodic acid-Schiff or Sudan black stains, 
coverslipped and examined using a compound microscope. Dig-
ital photomicrographs of histological sections and suspended 
intact spores were taken using a Zeiss Axio Imager compound 
microscope equipped with an Axiocam MRc5. 

Transmission electron microscopy. Kidney samples pre-
served in glutaraldehyde were washed with 0.1M Sorenson’s 
buffer, post-fixed 1 hr with 1% OsO4, washed with 50% ethanol 
and stained for 1 hr with 5% uranyl acetate. Tissues were de-
hydrated through an alcohol gradient, two changes of absolute 
alcohol and two of acetone. Tissues were incubated overnight 
in a 50:50 mixture of acetone and epoxy resin (Jembed 812, 
Canemco Inc.) followed by a 6–7 hour incubation in 100% resin 
at 60 °C. Tissue blocks were trimmed and cut on a Reichert-Jung 
Ultracut E ultramicrotome (Leica Microsystems). Semithin sec-
tions of 0.5 μm were mounted on glass slides and stained with 
1% toluidine blue for light microscopy. Ultrathin sections of less 
than 100 nm were stained with 5% uranyl acetate and lead Sato 
stain (a mixture of lead acetate, lead nitrate and lead citrate), 
mounted onto 200 mesh copper super grids and viewed at 80 kV 
with a Hitachi TEM 7500 (Nissei-Sangyo). Digital images were 
captured with an AMT HR40 camera (Advanced Microscopy 
techniques).

DNA extraction and polymerase chain reactions (PCR). 
DNA was extracted using the animal tissue protocol (DNeasy 
Blood and Tissue kits, Qiagen Inc.) from approximately 35 mg 
of ethanol-fixed kidney into AE buffer and quantified using 
a Nanodrop-1000 spectrophotometer (v. 3.2.1). Small subunit 
ribosomal DNA (SSU rDNA) was initially amplified using 
primers 18E and 18G (Table 1) in a mixture containing 2.5 μl 

10× PCR buffer; 2.5 μl 2mM dNTPs; 0.75 μl 50mM MgCl2; 
0.5 μl each 10μM primer; 0.125 μl Platinum taq DNA polymer-
ase; 1−2 μl DNA template, and DNAse- and RNAse-free water 
to a final volume of 25 μl (all reagents Invitrogen). Subsequent 
PCR amplifications and sequencing of SSU rDNA used the in-
itial PCR product as template DNA and the myxozoan-specific 
primers listed in Table 1. PCR amplification consisted of 95 °C 
for 3 min, and 35 cycles of 94 °C for 45 sec, 52 °C to 66.5 °C 
(primer dependent) for 45 sec, 72 °C for 90 sec followed by 
72 °C for 10 min. Purified (ExoSap-it, GE Healthcare) products 
from the PCR amplification of SSU rDNA from 3 infected ko-
kanee tissue collected in 2006 were directly sequenced using 
BigDye Terminator V 3.1 (Applied Biosystems). Each 10 μl se-
quencing reaction contained 1−3 μl of PCR product, 0.5μl of 
3.2 pmols of each primer, 1 μl BigDye Terminator V3.1, and 
2 μl 5× BDT buffer (200 mM Tris pH 8.6, 5 mM MgCl2) in 
ddH2o. reactions consisted of an initial denaturation at 96 °c 
for 1 min and 25 cycles of 96 °c for 10 sec, 50 °c for 5 sec and 
60 °C for 4 min. Reaction products were purified (DyeEx 2.0, 
Qiagen Inc.), rehydrated with 10 μl formamide and sequenced 
using a 48-capillary DNA analyzer (Applied Biosystems). The 
sequences were edited and assembled into a consensus sequence 
by using Sequencher 4.9 (Gene Codes Corporation, Ann Arbor, 
Mi). 

Similarly, partial large subunit (LSU) rDNA was amplified 
by NLFfMyxid and NLR3113 primers (Table 1). The PCR was 
performed in a 25 µl reaction volume using 10 pmol of each 
primer, 250 μm of each dNTP, and 2.5 µl 10× PCR buffer and 
1 unit of Taq-Purple polymerase (Top-Bio). Amplification con-
sisted of 30 cycles of 95 °C for 1 min, 48 °C for 1 min and 72 °C 
for 2 min, followed by 10 min incubation at 72 °C. The PCR 
products were isolated from the gel and cloned into pDrive 
Cloning Vector using Qiagen PCR Cloning Kit (Qiagen). Both 
DNA strands from a single clone of the PCR product were se-
quenced on an ABI PRISM 3130xl automatic sequencer (Ap-
plied Biosystems).

Table 1. Oligonucleotide primers used to amplify portions 
of the small and large subunit ribosomal RNA genes from 
Sphaerospora elwhaiensis sp. n.

Primer name Primer sequence (5’–3’) reference

18E tggttgAtcctgccAgt Hillis and 
Dixon 1991

Myx1F gtgAgActgcggAcggctcAg Hallett and 
Diamant 2001

Myxgp2F WTGGATAACCGTGGGAAA Kent et 
al. 1998

SK3F cAAtccAgAcActgggAggt Present study
SK1F tgttgAAttgggctgtggtA Present study
SK3R tgtAccAcAgcccAAttcAA Present study
Act1r AAtttcAcctctcgctgccA Hallett and 

Diamant 2001
SK6R cAggtgAgttttcccgtgtt Present study
MX3r ccAggAcAtcttAgggcAtcAcAgA Andree et 

al. 1998
18g ggtAgtAgcgAcgggcggtgtg Hillis and 

Dixon 1991
NlFfMyxid AAtgctAgggttccrAgtgg Bartošová 

et al. 2009
Nlr3113 gtctAAAcccAgctcAcgttccct Bartošová 

et al. 2009
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The top 6 homologous sequences obtained by BLASTn anal-
ysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the SSU rDNA 
sequence (Chloromyxum trijugum AY954689, Zschokkella ic-
terica DQ333434, Myxidium scripta DQ851568, M. truttae 
AF201374, Z. nova DQ377688, Zschokkella sp. FJ361238) and 
those from 7 other Sphaerospora spp. (S. testicularis HM230825, 
S. dicentrarchi FJ417074, S. renicola AY735410, S. elegans 
AJ609590, S. oncorhynchi AF201373, S. molnari AF378345, 
S. truttae AJ581915) obtained from GenBank were subjected to 
multiple alignments using ClustalW in MEGA 4.1(Tamura et al. 
2007). Pairwise genetic distances, based on 843 nucleotide posi-
tions, were calculated using the Kimura 2-parameter method, 
with complete gaps deletion. The standard error associated with 
each distance was estimated by a 1000-fold bootstrapping pro-
cedure. 

Phylogenetic analysis. the phylogenetic position of the par-
asite was inferred from combined SSU and LSU rDNA data. The 
alignment consisted of 26 SSU and 15 LSU concatenated rDNA 
sequences (GenBank accession numbers are in Fig. 4). A multi-
ple alignment was performed using MAFFT v6.626b (Katoh et 
al. 2002) with default parameters. Ambiguous characters were 
removed by GBlocks 0.91b (Castresana 2000) with the param-
eters 14, 18, 8, 8 for the SSU rDNA alignment and 8, 9, 8, 8 for 
the LSU rDNA alignment.

Additional alignments were constructed from ten closely 
related species that have both SSU and LSU rDNA sequences 
available. The alignments were adjusted using GBlocks with de-
fault parameters for both single rDNA analyses. Concatenated 
rDNA alignment was adjusted by five different sets of GBlocks 
parameters resulting into five alignments with different lengths. 
Analyses of individual SSU and LSU rDNA sequences were 
performed as well as analyses of combined SSU+LSU rDNA 
sequences, with different GBlocks settings.

The phylogenetic trees were constructed by maximum likeli-
hood (ML), maximum parsimony (MP) and Bayesian inference 
(BI). ML and MP analyses were carried out with the program 
package PAUP*, Version 4.0b10 (Swofford 2001). To obtain 
the best tree using ML analysis the likelihood ratio test (LRT) 
implemented in the Modeltest 3.7 (Posada and Crandall 1998) 
was used, in which the GTR+I+Γ model of evolution was found 
to fit the data best. The MP analysis was done using heuristic 
search with random addition of taxa (10 replications) and the 
ACCTRAN-option. Gaps were treated as missing data and 
transition/transversion ratio was set to 1:2. clade support was 
assessed with bootstrapping (500 replicates). BI analysis was 
inferred using MrBayes v. 3.1.2 (Ronquist and Huelsenbeck 
2003). The most parameter rich model (GTR with estimates 
of invariant sites and gamma distributed among site rate vari-
ation) was found by MrModeltest2 (Nylander 2004) to fit the 
data best. The MCMC processes were set so that four chains 
were run simultaneously for 1,000,000 generations. Burn-in was 
determined to 100,000 generations.

Statistical analysis. The statistical significance of the differ-
ence in mean fork length for each 2 year comparison was esti-
mated by using a two-sample t-test. For histological and Pcr 
determinations of prevalence, each estimate of the statistical 
significance of the difference between 2 years was determined 
by using a Chi-square test. Within a year, a Chi-square test was 
used to compare the prevalence obtained by histology and PCR. 
For all tests, the differences were considered statistically signifi-
cant when p<0.05.

RESULTS
The definition of the genus Sphaerospora thélohan, 

1892 (sensu lato) is reported in Lom and Dyková (2006). 
A new species of myxozoan parasite bearing morphologi-
cal characters of the genus (Fig. 1) is described from the 
kidney of Oncorhynchus nerka in the northwest USA. 

Sphaerospora elwhaiensis sp. n. Figs. 1–3
Description. Spores subspherical with prominent su-

tural ridge, two symmetrical and sculpted valves, each 
with thickened anterior extremity. Mean length (± 1 S.D.) 
of fresh spores 10.3 ± 0.6 μm (range 9.3–12.0 μm) and 
width 11.2 ± 0.9 μm (range 9.9–14.3 μm); two spher-
ical polar capsules, equal in size with mean diameter 
3.3 ± 0.5 μm (range 2.4–4.5 μm) (n = 34). Polar filament 
flattened in profile, coiling six times within polar capsule. 
Two uninucleate sporoplasms. Early trophozoite mono-
nucleate to multinucleate. Pseudoplasmodium monospor-
ous with single nucleus. 
t y p e  h o s t :  Oncorhynchus nerka (Walbaum, 1792) (Sal-

moniformes, Salmonidae). 
T y p e  l o c a l i t y :  Lake Sutherland, Clallam County, Wash-

ington, USA (48º05′N; 123º43′W). 
S i t e  o f  i n f e c t i o n :  Renal tubules. 

Fig. 1. line drawing of Sphaerospora elwhaiensis sp. n. based 
on fresh material; lateral views of myxospore. A – internal anat-
omy; B – valvular sculpting. Scale bar = 4 μm.

Jones et al.: A new Sphaerospora species from kokanee salmon
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P r e v a l e n c e :  79 of 177 (45%) examined over 5 years. 
S p e c i m e n s  d e p o s i t e d :  Hapantotype and parahapanto-

type slides lodged in the Canadian Museum of Nature, with 
catalogue numbers CMNPA 2010-0019 and CMNPA 2010-
0020, respectively.

E t y m o l o g y :  The specific name derives from the Elwha Riv-
er watershed in which the parasite was first observed.

Remarks. Host specimens belonging to the non-ana-
dromous form of sockeye salmon, also known as kokanee, 
were in spawning condition at the time of sampling. Host 
size varied among years: mean fork length in 2007 was 
significantly greater than that in 2008 and 2009 (p<0.01 
for both years) (Table 2). However, there was no evidence 
that prevalence of infection was related to fish length. 

Pseudoplasmodia in various stages of development oc-
curred peripherally within the lumen of the proximal kid-
ney tubules and were occasionally observed in the distal 
and collecting tubules (Fig. 2). Processes of the outer cell 
membrane of the developing pseudoplasmodium were oc-
casionally observed to interdigitate with microvilli or cilia 
(Fig. 3). Vacuolation of tubule epithelial cells was occa-
sionally associated with affected tubules and the vacuoles 

contained neither lipid nor glycogen. Based on histology, 
the estimate of prevalence in 2006 was higher (p<0.01) 
than in all other years (Table 2), and there were no sta-
tistically significant differences in prevalence among 
2005, 2007 and 2008. the prevalence in 2009 was lower 
(p<0.01) than in 2007 (Table 2). A diagnostic PCR which 
amplified a 638 base-pair (bp) segment of SSU rDNA 
(primers SK1F and SK6R, Table 1) was also used to de-
termine presence or absence of infection. In 2008, the di-
agnostic PCR amplified S. elwhaiensis 18S rDNA from 
a higher percentage (p<0.01) of fish than were found to be 
infected by using histology (Table 2).

A 1595 bp partial sequence of SSU rDNA RNA gene 
was obtained from S. elwhaiensis by using the Myx1F and 
MX3R primers. This sequence and one of 2252 bp from 
the large subunit (LSU) rDNA were deposited in GenBank 
under accession numbers EU371498 and HQ450772, re-
spectively. Pairwise genetic distances between S. elwhai-
ensis SSU and the six most similar BLASTn-derived 
homologous sequences ranged from 0.041 ± 0.007 
(Zschokkella sp., FJ361238) to 0.074 ± 0.009 (Chloro-
myxum trijugum, AY954689). A similar comparison with 
seven other Sphaerospora spp. yielded genetic distances 
that ranged from 0.164 (S. oncorhynchi, AF201373) to 
3.245 (S. dicentrarchi, FJ417074).

Sphaerospora elwhaiensis SSU and LSU rDNA se-
quences clustered within the freshwater Myxidium clade 
and, based on the estimated nodal support in ML, MP and 
BI analyses, were most closely related to Zschokkella sp. 
(DDI-2008). The relatively long-branch of Zschokkella sp. 
(DDI-2008) however, showed the distinct phylogenetic 
status of these two taxa (Fig. 4). in contrast, phylogenetic 
relationships to other species within the freshwater Myxi-
dium clade were not clear due to the low nodal supports 
(Fig. 4). Single and combined SSU and LSU rDNA phylo-
genetic analyses were almost congruent and both suggest-
ed that S. elwhaiensis occurs in a basal position to a group 
consisting of Myxidium cuneiforme, Zschokkella parasil-
uri, Zschokkella sp. 3 iF-2006 and Z. nova. in contrast to 
the analysis of SSU rDNA, LSU and combined SSU+LSU 
rDNA analyses suggested S. elwhaiensis is closely related 
to Myxidium chelonarum. this, along with the different 
position of Myxidium cuneiforme, is the only difference 
revealed by SSU and LSU rDNA analyses (Fig. 5a). 

Fig. 2. Light micrographs of Sphaerospora elwhaiensis sp. n. 
in kidney tubules from kokanee Oncorhynchus nerka. A – mo-
nosporous pseudoplasmodia in various stages of development 
(PAs stain); B – peripheral arrangement of developing pseudo-
plasmodia, showing evidence of epithelial cell vacuolation in 
affected tubule (Gram stain). 

Table 2. Mean size of kokanee, Oncorhynchus nerka sampled 
from Lake Sutherland and the prevalence of Sphaerospora 
elwhaiensis sp. n. 

Year Kokanee Number (%) infected

n length1 (mm) weight1 (g) histology Pcr2

2005 30 − − 10 (33.3) −
2006 32 − − 26 (81.3) 16 (80.0)
2007 45 340.5 ± 34.9 432.1 ± 120.9 22 (48.9) 29 (72.5)
2008 30 290.5 ± 33.4 315.0 ± 98.1 12 (40.0) 37 (92.5)
2009 40 296.8 ± 23.8 339.4 ± 81.9 9 (22.5) 11 (27.5)

1mean ± 1 SD; 2sample sizes for PCR are 20, 40, 40 and 40 for 2006–2009.
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The stability of S. elwhaiensis in the phylogenetic tree 
was examined by selection of non-conservative charac-
ters in the alignment. Datasets generated by less strin-
gent GBlocks parameters (longer alignment with more 
variable characters, but with higher probability of non-
homology) resulted in a close relationship of S. elwhai-
ensis with Sphaeromyxa spp. in contrast, datasets gen-
erated by more stringent parameters resulted in a close 
relationship between S. elwhaiensis and Myxidium cunei-
forme, Zschokkella parasiluri, Zschokkella sp. 3 iF-2006 
and Z. nova (two selected tree topologies are shown in 
Fig. 5b). 

DISCUSSION
The meristic, morphologic and developmental charac-

teristics of the sphaerosporid from kokanee were novel 
and when combined with host information, supported the 
establishment of the parasite as a new species within the 
genus Sphaerospora. the valves of S. elwhaiensis myxo-
spores have prominent sculpting, as do those of an un-
named sphaerosporid from rainbow trout from the Ameri-
can River hatchery in California and from the Aberdeen 
hatchery in Washington State, approximately 75 km from 
Lake Sutherland (Hedrick et al. 1988). In contrast, myxo-
spores of Sphaerospora oncorhynchi and of S. truttae lack 
conspicuous valvular sculpting, whereas those of S. core-
goni are laterally thickened (Fischer-Scherl et al. 1986, 
Kent et al. 1993, El-Matbouli et al. 1995). The pseudo-
plasmodia of S. elwhaiensis and S. oncorhynchi are mo-

nosporous, whereas those of S. truttae and S. coregoni are 
disporous. Both monosporous and disporous plasmodia 
were observed in rainbow trout from the American River 
hatchery (Hedrick et al. 1988). Finally, fresh myxospores 
of S. elwhaiensis were similar in size (10.5 μm length, 
11.4 μm thickness) to those of S. oncorhynchi (9.1 μm 
length, 10.4 μm thickness) but larger than those of S. trut-
tae (6.8 μm length, 8.8 μm thickness). In histological 
preparations, the myxospores of S. elwhaiensis were 
similar in size (7.1 μm length, 8.5 μm thickness) to those 
from the rainbow trout at the American River hatchery 
(6.1 μm length, 7.1 μm thickness). The myxospores of 
S. elwhaiensis were significantly smaller in histological 
preparations compared with fresh material, indicating 
that histological processing affected the dimensions of 
the myxospore. Although these observations suggest that 
S. elwhaiensis shares morphological similarities with the 
parasite from the rainbow trout in California, analysis of 
ribosomal gene sequences will be required to adequately 
assess their identities. other Sphaerospora spp. reported 
from non-salmonid freshwater and marine fishes in west-
ern North America include S. elegans thélohan, 1892 in 
three-spined stickleback Gasterosteus aculeatus l. (see 
Lester 1974, Kent et al. 1998), S. cristata Shulman, 1962 
in burbot Lota lota (l.) (see Arthur et al. 1976), S. araii 
Arthur et Lom, 1985 in longnose skate Raja rhina Jordan 
et Gilbert (see Arthur and Lom 1985) and an unidentified 
species in chub Gila bicolor Girard (see Hedrick et al. 
1988). 

Fig. 3. Electron micrographs of Sphaerospora elwhaiensis sp. n. in kidney from kokanee Oncorhynchus nerka. A – Sporoblasts 
showing capsular primordia (P) and profiles of the external tube (arrowheads). The cell membrane of one pseudoplasmodium inter-
digitates with microvilli (MV) via an anchor-like structure (A). B – Late sporoblast showing sporogenic cell (S), capsulogenic cell 
(C), nucleus of capsulogenic cell (Cn) and sutural ridge of valvogenic cells (Sr). Scale bars = 2 μm. 
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Ribosomal RNA gene sequences have also been used 
to assist in the taxonomy of sphaerosporid myxosporeans 
(Fiala 2006). The small subunit ribosomal RNA gene 
sequence (SSU rDNA) amplified from S. elwhaiensis 
showed greatest similarity to a homologous sequence 
from Zschokkella sp. (GenBank No. FJ361238). With 
the exception of S. truttae and S. ranae (Morelle, 1929), 
whose SSU rDNA sequences form a clade that is mono-
phyletic with that of the type species S. elegans, SSU 
sequences from other Sphaerospora spp. occur among 
numerous myxosporean clades (Jirků et al. 2007), indi-
cating that the genus Sphaerospora as defined by using 
myxospore morphology, is a polyphyletic assemblage 
of species whose nucleotide sequences display affinities 
both to freshwater and marine lineages (Fiala 2006). The 
convergence to a sphaerospore morphotype among these 
genetically divergent groups has led to the conclusion 
that this form represents a basal or primitive condition 
within the phylum (Jirků et al. 2007, Fiala and Bartošová 
2010). Results from the phylogenetic analyses conducted 
on SSU and LSU rDNA sequences from S. elwhaiensis 

were consistent with the proposed polyphyletic origin of 
the genus and revealed that the species has evolved with 
freshwater species of Zschokkella and Myxidium. the 
present work confirmed the clustering of sphaerosporids 
observed earlier within this group, including the related-
ness of an unidentified Sphaerospora sp. from goldfish to 
Myxidium truttae (Eszterbauer and Székely 2004). The 
latter two kidney myxozoans are the exceptions to the 
hypothesis of phylogenetic grouping according to site of 
infection (Holzer et al. 2004) and our data suggest they 
evolved from an ancestral Myxidium sp. or Zschokkella 
sp. infecting the gall bladder. Furthermore, the present 
analysis indicates that S. elwhaiensis is not a close relative 
of S. oncorhynchi, a parasite of the kidney of anadromous 
sockeye salmon in western Canada. Jirků et al. (2007) 
suggested that the definition of the genus Sphaerospora 
(sensu lato) be emended to include the presence of ex-
pansion segments within the V4 region of the SSU rRNA 
gene (Holzer et al. 2007), detected so far in the SSU rDNA 
of S. elegans, S. truttae and S. ranae. However, in the ab-
sence of DNA sequence information for many myxozoan 

Fig. 4. Maximum likelihood tree (–ln = 30334.2375) based on combined SSU and LSU rDNA data showing the phylogenetic posi-
tion of Sphaerospora elwhaiensis sp. n. Nodal supports are indicated (ML/MP/BI) for the nodes with values higher than 50% (ML 
and MP) or 0.50 (BI). The GenBank accession numbers are stated for SSU rDNA and, if available, for LSU rDNA. The scale bar is 
given under the tree.
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species and the absence of molecular characters to unify 
other myxozoan genera, we consider it most valuable to 
future taxonomic efforts to continue to assign organisms 
to the genus Sphaerospora based on criteria listed earlier 
(Lom and Dyková 2006).

Phylogenetic relationships among species of the fresh-
water Myxidium clade are not well resolved based on 
SSU rDNA analysis alone (Fiala 2006). By adding more 
characters, the combined SSU and LSU rDNA analy-
sis was intended to provide a more reliable estimate of 
phylogeny. Although this combined analysis did not ap-
pear to improve the support observed at several nodes of 
myxosporean SSU+LSU rDNA phylogeny (Bartošová et 
al. 2009), congruent SSU and LSU rDNA tree topologies 
confirmed the correct placement of S. elwhaiensis within 
the freshwater Myxidium clade. Despite this, the exact 
phylogenetic position of S. elwhaiensis is uncertain, de-
pending partially on the exclusion of non-conservative 
characters using different GBlocks parameters during 
construction of the alignments. 

Sphaerospora elwhaiensis has been described from 
non-anadromous sockeye salmon inhabiting Lake Suth-
erland in Washington, USA. The parasite was shown to 
conform to morphological characteristics of the genus 
and was distinct from congeneric parasites of salmonids. 
Small subunit ribosomal RNA gene sequence data pro-

vided additional evidence for the polyphyletic relation-
ship among members of the genus. Further research is 
required to understand the life cycle of S. elwhaiensis in 
Lake Sutherland and to determine the pathological con-
sequences of S. elwhaiensis infections in kokanee. Vacu-
olation of tubule epithelial cells has previously been re-
ported during infections with Sphaerospora epinepheli 
Fischer-Scherl, Hoffmann et Boonyaratpalin, 1990 in the 
grouper Epinephelus malabaricus Bloch et schneider (see 
Supamattaya et al. 1993). However, a lag of 3−4 hr be-
tween capture and sampling raises the possibility that vac-
uolation of tubule epithelial cells in kokanee was a post-
mortem artifact, possibly exacerbated by the infection. 
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