
DISEASES OF AQUATIC ORGANISMS 
Dis Aquat Org Published May 31 

Molecular evidence that the proliferative kidney 
disease organism unknown (PKX) is a myxosporean* 

Denis ~ a u l n i e r ' . * * ,  Herve philippe2, Pierre de ~inkel in '  

'Unite de Virologie et Immunologie Moleculaires. Pathologie infectieuse et Immunite des Poissons, INRA. 
F-78362 Jouy-en-Josas cedex. France 

'Laboratoire de Biologie Cellulaire, BPtiment 444. Universite Paris-Sud. F-91415 Orsay cedex. France 

ABSTRACT: The proliferative kidney organism unknown (PKX), a serious salmonid fish pathogen, is 
considered to be a myxosporean on the basis of ultrastructural studies, but its real taxonomic position 
has never been confirmed. In order to ascertain its position, genomic DNA was extracted from PKX and 
small subunit (SSU) ribosomal DNA was amplified by PCR, cloned and sequenced. A phylogenetical 
analysis on SSU rDNA from 76 or 128 eucaryotic species was carried out. Whatever the tree recon- 
struction methods used, PKX was found to be a sister group of the Myxozoa phylum, providing the first 
molecular evidence for its membership in this phylum. 
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INTRODUCTION 

The parasite designated 'proliferative kidney organ- 
ism unknown' (PKX) (Ferguson & Adair 1977) has been 
jeopardizing salmonid fish farming industry in Europe 
for more than 2 decades but it still remains poorly 
understood (Hedrick et al. 1993). PKX induces pro- 
liferative kidney disease (PKD), which is not directly 
transmissible from diseased to healthy salmonid fish 
except by injection (D'Silva et al. 1984), and its life 
cycle remains unknown to date. 

In contrast, the morphology and ultrastructure of this 
parasite in fish tissues have been widely studied (Kent 
& Hedrick 1985). The developmental stages of PKX in 
kidney interstitium share structural features with the 
presporogonic stages of organisms belonging to the 
phylum Myxozoa (Kent & Hedrick 1985). In spite of 
their multicellularity, implying cellular differentiation, 
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myxosporean parasites are usually assigned to the 
Protozoa because of the absence of typical metazoan 
gametes during sporogenesis. These observations led 
to the proposal to shift them to a phyletic level distinct 
from the Metazoa (Grasse & Lavette 1978). Recently, 
the sequence analysis of several myxosporean genes 
encoding small subunit (SS'U) rRNA revealed that 
these parasites belonged to the Metazoa, either to the 
Nematoda (Smothers et al. 1994) or to the Cnidaria 
(Sidall et al. 1995). 

Since the classification of myxosporeans is based 
upon the characteristics of their mature spores (Lom & 
Arthur 1989), the real taxonomic position of PKX has 
never been definitely confirmed insofar as very few 
immature spores have been found in kidney tubules of 
diseased fish. Furthermore mixed infections could have 
occurred. Finally, some electron-dense bodies or 'hap- 
losporosomes' have been found within the primary cell 
of PKX, which suggested similarities with organisms 
belonging to the phylum Ascetospora, rendering the 
precise taxonomic status of this parasite questionable 
(Ferguson & Needham 1978, Seagrave et al. 1980). 

In this report, we present the results of sequencing of 
the PKX gene encoding the SSU rRNA which place 
PKX next to the myxosporeans. 
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MATERIALS AND METHODS 

Parasites and DNA extraction. Parasit~c PKX cells 
were raised from rainbow trout Oncorhynchus mykiss 
held at 16°C and intraperitoneally injected with a cell 
suspension, from PKX-infected kidney tissue (D'Silva 
et  al. 1984). Genomic DNA from enriched PKX cells 
(EPKC) (Saulnier & de  Kinkelin 1996) was prepared 
using a standard SDS/proteinase K digestion followed 
by chloroform/phenol extraction (Jackson et al. 1991). 

Cloning and sequencing of PKX SSU rRNA gene. 
The SSU rRNA gene was amplified by polymerase 
chain reaction (PCR) from EPKC genomic DNA with 
the use of the universal primers for eukaryotic 16s-like 
rDNA (Medlin et al. 1988). The coding strand pnmer 
and the reverse primer were respectively flanked at 
the 5' end with EcoRI and XhOI cloning restriction 
sites. PCR reaction mixtures contained reaction buffer 
(10 mM Tris-HC1, pH 9.0, 50 mM KCl, 1.5 mM MgCl?, 
0.1 % Triton X-loo), 250 nM of each primer, 200 PM 
each of dATP, dCTP, dGTP, dTTP (Pharmacia), and 
template DNA in a volume of 100 pl. The samples were 
preheated at 94°C for 5 min to denature DNA, then 
immediately cooled on ice. 2.5 units of Taq polymerase 
(Promega) was then added and after brief vortexing, 
samples were overlaid with mineral oil. The reaction 
mixtures were cycled in a DNA Thermal Cycler (MJ 
Research) 35 times at 94°C for 1 min, 45°C for 2 min 
and 72°C for 3 min with a final extension at 72°C for 
5 min. Restriction mapping of the PCR amplification 
product revealed a XhoZ restriction site situated 264 bp 
upstream from the 3' terminus. The EcoRI and XhoI 
digested PCR fragment was purified on low melting 
point agarose and ligated into EcoRI/Xhol-cleaved 
pBluescript plasmid using T4-ligase enzyme. Escher- 
ichia col1 TG1 cells that had been transformed were 
screened by restriction endonuclease analysis. 

DNA sequencing. Both strands of the clones contain- 
ing rDNA inserts were sequenced using a T3 and T7 
dye primer sequencing kit (U.S. Biochemical) and sub- 
sequent sequences were obtained by priming with 
specific synthetic oligonucleotides (Eurogentec) de- 
duced from the rDNA sequence. The entire 3' end 
coding strand from the amplification product obtained 
with universal primers was sequenced using a quick 
PCR purification kit (Qiagen) and synthetized primers. 
Automated sequencing was performed on an Apphed 
Biosystem, 383a automated DNA sequencer (McCom- 
bie et al. 1992) and sequence data were analysed using 
the Genetics Computer Group sequence analysis soft- 
ware package (Genetics Computer Group 1991). The 
cloned PKX rDNA sequence was compared by se- 
quence alignment with 5 other complete myxosporean 
SSU rRNA genes that originated from Henneguya sp., 
H. doon, Myxobolus sp. 1, Myxobolus sp. 2, and 

Myxidium sp. Their accession numbers in the GenBank 
were U13926, U38549, U13928, U13930 and U13929 
respectively. 

Phylogenetic studies. The phylogenetic analysis was 
carried out by using the MUST package version 1.0 
(Philippe 1993), the PHYLIP package version 3.5 
(Felsenstein 1993), and the fastDNAml program ver- 
sion 1.0 (Olsen et  al. 1994). For the phylogenetic recon- 
struction, only regions where unambiguous alignment 
could be achieved were used, yielding 1215 aligned 
positions. Trees were built using each of the following 
methods: distance (Saitou & Nei 1987), parsimony and 
maximum likelihood (Felsenstein 1981). In the first 
case, the distances were corrected for multiple substi- 
tutions using kmura 's  2-parameter method (1980). The 
robustness of the phylogenetic inference was tested by 
the bootstrap approach (Felsenstein 1985) for distance 
(1000 replicates) and parsimony (100 replicates) analy- 
sis using the MUST and PHYLIP packages respec- 
tively. The relative rate test (Sarich & Wilson 1967) was 
used in order to detect the fast-evolving species. 

RESULTS 

DNA from EPKC was prepared and PCR amplifica- 
tion of SSU rRNA gene using universal primers re- 
sulted in a single 1.8 kb product of the expected 
length. The sequence of the SSU rRNA gene was 1802 
nucleotides long and was verified to be similar to that 
of myxosporean SSU rDNAs and different from that of 
rainbow trout SSU rDNA (R. Hedrick pers. comm.). 

A preliminary neighbor-jolning analysis of the SSU 
[RNA sequences was carried out in order to detect 
closely related species. A sample of 128 species pro- 
viding a good representation of the genetic diversity of 
each phylum was constructed. We applied 3 tree 
reconstruction methods to this data set. On this tree 
(Fig. l),  the PKX was the sister group of the Myxozoa, 
but the bootstrap proportions (BP) for this node were 
not very high (56 and 63 %) This group constituted the 
sister group of all the triploblast metazoans, but with 
still smaller BP (34 and 50 %). In this analysis, Myxozoa 
was not the sister group of the nematodes (Smothers et 
al. 1994) or Polypodium hydriforme (Sidall et al. 1995). 
Since the Myxozoa and PKX appeared to have fast- 
evolving SSU rRNA sequences, the long branches 
attraction phenomenon (Felsenstein 1985) could have 
generated an erroneous position for the Myxozoa. 
Therefore, a relative rate was performed (data not 
shown). Myxozoa and PKX were among the fast-evolv- 
ing sequences together with some triploblast species 
(Mesozoa, some Platyhelminthes and Nematoda). 
When 52 species displaying the fastest-evolving 
sequences were removed, except those for Myxozoa 
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Fig. 1. Abbreviated phylogenetic position of the PKX parasite relative to 123 other eukaryotic species. Symbol (C) groups the 
following together: (1) outgroup, nucleomorph of Chloroarachniophyta and Pelobionta; (2) Cryptophyta, Chlorobionta, Rhodo- 
bionta, Haptophyta, Haplosporida, Plasmodiophorida, filose amoeba. Alveolata and Stramenopiles; (3) Fungi; (4) choanoflagel- 
lates; and (5) triploblasts, encompassing 12, 45, 10, 7 and 36 species respectively. The tree was constructed with parsimony on 
1165 unan~biguously aligned positions using the PHYLIP program. The branch lengths are proportionate to the estimated num- 
ber of substitutions (ACCTRAN option). The BP values are indicated on the left of each node, upper position when computed with 
the parsimony method and lower position when computed with the distance method. BP values are indicated only in the area of 

emergence of the PKX sequence 

representatives and PKX, the phylogenetic inference 
was completely different than in Fig. 1 (not shown), but 
PKX was again a sister group of Myxozoa with better 
statistical support (BP of 89 and 97 %).  

DISCUSSION 

The PKX SSU rRNA sequence presented here is the 
second nucleotidic sequence reported from a PKX 
parasite. The first one encoded a parasitic antigen 
(Saulnier et al. 1996) that unfortunately could not be 
used for further phylogenetic studies since no substan- 
tial homology with previously reported sequences was 
displayed. The phylogenetic position of PKX as a sister 
group of Myxozoa was observed with all tree recon- 
struction methods used, whatever the species sam- 
pling used for comparison. Such a result could be con- 
sidered as reliable, even if one must remain cautious, 
because since both PKX and Myxozoa were found to 
evolve very quickly, their sequences could group 
together due to the long branch attraction. However, 
PKX never clustered with another fast-evolving spe- 
cies such as Dicyema, Caenorhabditis or the nucleo- 
morph of Chlorarachnion. 

With respect to the position of Myxozoa, no coherent 
phylogenetic picture was yielded, using either differ- 
ent sequence samplings, by excluding fast-evolving 
sequences found in this study in order to improve 
phylogenetic inference (Philippe et al. 1994), or the 

maximum likelihood method, which is currently con- 
sidered to be among the less sensitive ones (Hasegawa 
et al. 1991), because both triploblasts and myxosporea 
all evolve very fast. Nevertheless, the fact that the 
position of PKX as a sister group of Myxozoa was found 
insensitive to species sampling reinforced reliability 
(Lecointre et al. 1993) as did the fact that numerous 
species were used to reduce the impact of species sam- 
pling (Philippe & Douzery 1994) and to break long 
branches as much as possible (Hendy & Penny 1989). 

Sequencing other well-conserved genes such as the 
elongation factor EF1-a (Baldauf & Palmer 1993, 
Kamaishi et al. 1996) seems thus necessary to defini- 
tively settle the position of Myxozoa within the Meta- 
zoa. Furthermore, since ultrastructural studies have 
pointed out the similarities between PKX and the pre- 
sporogonic stage of myxosporeans belonging to the 
Sphaerospora genus (Kent & Hedrick 1985, Voronin 
1993), it will be of particular interest to confirm or 
infirm at the molecular level their kinship by determi- 
nation of their SSU rRNA genes in order to propose a 
species denomination for PKX related to or not related 
to this genus. 
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