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ABSTRACT: Myxobolus squamalis is a myxozoan skin parasite first

reported from rainbow trout (Oncorhynchus mykiss). Identification of

the parasite based on myxospore morphology is unreliable because M.

squamalis is similar to several other myxobolids that share host species and

geographic ranges. The only ssrRNA gene sequence available for M.

squamalis is from Chinook salmon, Oncorhynchus tschawytscha, but these

data are not linked with any information on spore morphology. Here we

provide a supplemental description of M. squamalis from its type host, O.

mykiss, using myxospore morphology, morphometry, and ssrRNA gene

sequence data. Our ssrRNA sequence data were only 78% similar to the

GenBank M. squamalis sequence from Chinook salmon, which raises the

possibility of misidentification. We suggest that Chinook salmon are not a

host of the parasite, as no infections were found in current stocks or in

.30 yr of historical data from hatchery fish held in waters that harbored

M. squamalis in rainbow trout, and we could find no well-identified report

of M. squamalis from Chinook salmon. Our complementary

morphological and molecular data sets will facilitate unambiguous

future identification of M. squamalis.

Myxobolus squamalis is a myxozoan parasite of trout and salmon in the

Pacific Northwest of North America. It was named Myxosoma squamalis

in its original description by Iversen (1954), then reassigned to M.

squamalis when the genus was revised by Lom and Noble (1984). Parasite

myxospores develop in the scale pockets, and cyst development in severe

infections results in skin lesions that may affect the market value of the

fish (Kent et al., 1994). Iversen (1954) first described the parasite from

several hatcheries and canning facilities in northern Washington State,

from Oncorhynchus mykiss (rainbow or steelhead trout), Oncorhynchus

kisutch (coho salmon), and Oncorhynchus keta (chum salmon). Subse-

quently the parasite has been found across the Pacific Northwest

(Washington, Oregon, Idaho, California, British Columbia) and reported

from Oncorhynchus tshawytscha (Chinook salmon) (Landsberg and Lom,

1991; Andree et al., 1997; Hoffman, 1999).

Myxospore morphology and morphometry are similar forM. squamalis

and several other Myxobolus species that share salmonid hosts and

geographic range, e.g., Myxobolus cerebralis Hofer 1904, Myxobolus

kisutchi Yasutake & Wood 1957, Myxobolus neurotropus Hogge et al.

2004. Thus small subunit ribosomal RNA (ssrRNA) gene sequence data

have emerged as a useful additional character set for myxozoan species

identification, especially for morphologically ambiguous Myxobolus spp.

(e.g. Hogge et al., 2004; Ferguson et al., 2008). The only DNA sequence

assigned to the name M. squamalis in GenBank (U96495) is from O.

tschawytscha and is not linked to a published morphological description

(Andree et al., 1997).

Accordingly we sought to provide a clear supplemental description of

M. squamalis from its type host, O. mykiss, using ssrRNA gene sequence

data in addition to morphologic and morphometric characters.

Fish were sampled from Leaburg State Fish Hatchery (SFH; 44.1368N,

122.6108W) and McKenzie SFH (44.1188N, 122.6388W), which are within

4 km of each other on the McKenzie River, Oregon. Leaburg SFH raises

primarily rainbow and steelhead trout (O. mykiss, freshwater and

anadromous forms), which have experienced episodic M. squamalis

infections over at least 30 yr. Both hatcheries also rear Chinook salmon,

but M. squamalis has never been detected in these fish (A. Amandi,

Oregon Department of Fish and Wildlife [ODFW], pers. comm.).

Fish infected with putative M. squamalis myxospores were selected

from groups of fish examined during routine monthly ODFW fish health

inspections at both hatcheries. As M. squamalis is not regarded as a

pathogen of concern for ODFW, infection prevalence data were not

recorded. Fish were netted from hatchery raceways then killed immedi-

ately with an overdose (500 ppm) of buffered MS222 anaesthetic. A wet-

mount skin scrape was examined with a light microscope at 3400

magnification to detect myxospores. We sampled the parasite from

juvenile hatchery-reared rainbow and steelhead trout, adult steelhead

trout that returned to the hatcheries to spawn, and adult rainbow trout

broodstock held on-site at Leaburg SFH. To assess interregional genetic

variation, we sampled spawning adult steelhead trout from the Umpqua

River basin at Rock Creek SFH (43.3368N, 123.0038W; supplied by

ODFW). Table I shows the stock information and sample dates of the 7

host fish from which the parasite was studied. Juvenile and adult Chinook

salmon from McKenzie SFH underwent routine examination by ODFW

personnel concurrent with examinations of rainbow and steelhead trout.

We documented myxospore morphology with bright field and

Nomarski differential contrast digital images at 3400 or 31000

magnification, of 14–22 spores from each of the 7 host fish (Table I).

Spores were measured from these images using Macnification (v.2.0,

Orbicule 2006–2011), following the guidelines of Lom and Arthur (1989).

We used 2-sided Wilcoxon rank sum tests to compare the myxospore

lengths and widths from each sample withM. squamalis type values (Table

I; Iversen, 1954). We used one-way analysis of variance (ANOVA) tests to

assess differences in spore mean length and width within samples. When

significant results were detected, pairwise comparisons were conducted

with Tukey’s honestly significant difference tests.

Total DNA was extracted from fresh or frozen fish tissue using a

DNeasy Blood and Tissue Kit (Qiagen, Valencia, California) following the

Animal Tissue protocol and was eluted with 2 3 60 ll buffer AE. The

ssrRNA gene was amplified as 2 overlapping fragments: 50 with universal

forward primer ERIB1 (ACC TGG TTG ATC CTG CCA G; Barta et al.,

1997) and myxozoan-specific reverse primer ACT1r (AAT TTC ACC

TCT CGC TGC CA; Hallett and Diamant, 2001) and 30 with myxozoan-

specific forward primer Myxgen4F (GTG CCT TGA ATA AAT CAG

AG, Diamant et al., 2004) and universal reverse primer ERIB10 (CTT

CCG CAG GTT CAC CTA CGG; Barta et al., 1997). PCRs were in 20 ll
volumes: 1.0 ll DNA, 1.0 ll Rediload dye stock, 250 nM each primer, 1.25

units GoTaq Flexi polymerase, 200 lM each dNTP, 250 nM bovine serum

albumin, 1.5 lMMgCl2, 4.0 ll Go Taq Flexi clear buffer and water. PCRs

were carried out on a MJ Research PTC-200 thermocycler, with primary

denaturation of 180 sec at 95 C; followed by 35 cycles of 94 C for 20 sec,

55 C for 30 sec, and 72 C for 90 sec; then 72 C for 10 min. PCR products

were electrophoresed to verify amplification, then prepared for sequencing

by incubation with ExoSAP-it (USB Products, Santa Clara, California)

according to the manufacturer’s protocol. Amplicons were sequenced at

the Center for Genome Research and Biocomputing at Oregon State

University. PCR primers were used for sequencing, in addition to primers

ALL1F (GCG GCT TAA TTT GAC TCA ACA CGG G; Hallett et al.,

2002) and ACT1fr (TTG GGT AAT TTG CGC GCC TGC TGC C;

Hallett and Diamant, 2001), which were used to improve coverage of theDOI: 10.1645/12-109.1
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ends of the gene. Sequences were assembled manually in BioEdit (Hall,

1999), with reference to sequence chromatograms to clarify any

ambiguous bases, then a BLAST search conducted in the GenBank

database.

Archival material was prepared from spores scraped from the skin of

infected fish. Samples were preserved in 2 ml of 100% ethanol and by

smearing onto glass microscope slides and air-dried. The slides were then

fixed in methanol, stained with Diff-Quik (Dade Behring, Newark,

Delaware), dried, and a coverslip affixed with Cytoseal XYL (Stephen’s

Scientific, Riverdale, New Jersey). Ethanol-preserved tissues and slides

were deposited in the Parasitology Collection at the Queensland Museum,

Brisbane, Australia.

Seven juvenile and adult O. mykiss (both rainbow and steelhead trout)

that had round, Myxobolus-type myxospores in their skin scrapes were

selected for analysis (Table I). No spores were seen in skin scrapes from

Chinook salmon sampled concurrently with the trout. Myxospores were

circular in valvular view (Figs. 1, 2, 6), ellipsoidal in sutural view (Fig. 3),

with a distinct sutural ridge with single flanking parallel ridges but an

otherwise smooth valve surface (Figs. 4–5). Spores had 2 polar capsules,

each with a filament having 4–6 turns (most commonly 5).

There were no significant differences between myxospore and polar

capsule dimensions between our samples and the type, except for the

average spore width of sample 71T10 (Fig. 7), which was significantly less

than the type (P , 0.05), but not significantly different to samples 71B08-

11 (P¼ 0.136) and 71B08-10 (P¼ 0.163). We detected difference in mean

length (F5 ¼ 15.36, P , 0.0001) and width (F5 ¼ 29.02, P , 0.0001) of

spores. Mean spore length of RC20110214 was greater than mean lengths

of 71T10, 2410, 71B08-10, and 71B08-11, but mean lengths did not differ

significantly from sample LEP337110. Mean spore lengths of LEP337110

were greater than those of 71B08-10 and 71B08-11, but differences

between LEP337110 and remaining samples were not significant.

Differences in mean spore lengths among 71T10, 2410, 71B08-10, or

71B08-11 were not significant. Mean spore widths of LEP337110 and

RC20110214 were greater than 2410, which were greater than 71B08-10

and 71B08-11, followed by 71T10. Differences in mean spore width were

not significant between LEP337110 and RC20110214, between

LEP337110 and 2410, or among 2410, 71B08-10, or 71B08-11.

Partial parasite ssrRNA gene sequences (1550–1932 nt) were obtained

from 4 rainbow and 2 steelhead trout (Table I). All sequences were

identical and 2 were submitted to GenBank, accession numbers: JX910362

rainbow trout 71B08-11, JX910363 steelhead trout RC20110214. The

BLAST search revealed the most similar sequence to be from the salmonid

parasite M. cerebralis (94% similarity to EF370481; 1952/2070 nt), which

has myxospores that are morphologically similar to M. squamalis. Our M.

squamalis sequences were only 78% similar over 1,932 nt to the M.

squamalis sequence U96495 from GenBank.

Samples from 4 hosts were archived at the Queensland Museum under

the following registration numbers: sample 71B08-11 (spores in ethanol

G465642 and slide G465643), sample 71T10 (slide G465644), sample 2410

(spores in ethanol G465645, slide G465646), sample RC20110214 (slide

G465647).

Parasite myxospores from skin scrapings from our 7 O. mykiss samples

were consistent with the type description of M. squamalis Iversen, 1954,

with respect to host, tissue tropism, myxospore morphology, and

morphometry. We supplemented our description of this parasite with

ssrRNA gene sequence data to facilitate unambiguous identification of

future samples. ssrRNA gene sequences from our samples were identical

but were distinct from the only nominal GenBank sequence for M.

squamalis (U96495). This GenBank entry is from a sample from Chinook

salmon (O. tschawytscha, a host that we consider unlikely for M.

squamalis; see next paragraph) and is without any published morpholog-

ical or morphometric data to support its identification as M. squamalis.

We recommend that our data supplant this sequence for future

phylogenetic analyses and recommend that the GenBank entry U96495

be renamed or annotated to highlight its questionable identity.

Chinook salmon are listed as a host of M. squamalis in 2 reviews:

Landsberg and Lom (1991) and Hoffman (1999). Landsberg and Lom

(1991) do not cite the original study from which the host was determined.

Hoffman (1999) cites Olson (1978) as the single report of M. squamalis

from Chinook salmon; Olson examined both Chinook and coho salmon

but found M. squamalis in coho only; hence Hoffman incorrectly cites this

as a record of M. squamalis in both hosts. Andree et al. (1997) report M.

squamalis from adult Chinook salmon, but they do not indicate how the

spores were identified, except to cite Iversen (1954), who does not list

Chinook salmon as a host. We found no record of M. squamalis infection

in .30 yr of ODFW fish pathology data for juvenile Chinook from

McKenzie SFH, yet rainbow trout held in that hatchery become infected

with M. squamalis (A. Amandi, pers. comm.), and rainbow trout at

Leaburg Hatchery, 4 km upstream on the same water supply, have a long

history of M. squamalis infections. These data suggested that Chinook

salmon are not a susceptible host for M. squamalis. Thus we question the

validity of literature records of the parasite from this host, given the

absence of molecular data to confirm the identity, and the morphological

similarity of M. squamalis with other common salmonid myxobolids (e.g.,

M. cerebralis Hofer 1904, M. kisutchi Yasutake & Wood 1957, M.

neurotropus Hogge et al. 2004).

In ODFW fish health reports, observations of M. squamalis are usually

relegated to ‘‘incidental findings’’—organisms that are observed frequent-

TABLE I.Myxobolus squamalis records: host, locality, myxospore morphometry, and ssrRNA gene sequence data. The Iversen record is the type data, the
GenBank record U96495 is the only nominal ‘‘M. squamalis’’ DNA sequence available; all other data are from the present study. All measurements are in
micrometers. SFH¼ state fish hatchery; RB¼ rainbow trout; SH ¼ steelhead trout; nd ¼ not determined; n ¼ number of spores measured.

Record

Host species:

common name–life stage Locality; date n

Spore body

Length

TYPE Iversen 1954 O. mykiss–RB juveniles Seattle and Olympia, WA; 1951 110 9.0 6 0.4 8.1–9.9

Andree et al. 1997 O. tschawytscha–spawning adult Nimbus SFH, CA; c. 1997 nd nd

71B08-11 O. mykiss–RB adult broodstock Leaburg SFH, OR; 2011 18 8.4 6 0.6 7.4–9.4

71B08-10 O. mykiss–RB adult broodstock Leaburg SFH, OR; 2010 21 8.4 6 0.5 7.3–9.2

LEP 337110 O. mykiss–RB adult broodstock Leaburg SFH, OR; 2011 19 9.2 6 0.5 7.8–10.2

71T10 O. mykiss–RB juvenile Leaburg SFH, OR; 2011 17 8.8 6 0.7 7.8–10.1

72T09 O. mykiss–RB juvenile Leaburg SFH, OR; 2011 nd nd

2410 O. mykiss–SH juvenile Leaburg SFH, OR; 2010 14 8.9 6 0.3 8.5–9.4

RC 20110214 O. mykiss–SH spawning adult Rock Ck SFH, OR; 2011 22 9.5 6 0.4 8.9–10.0

* Not stated in original text, but line drawings show polar filaments with 4 turns.
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ly, but are not regarded as problematic in healthy O. mykiss. The parasite

has been observed at Leaburg SFH year-round, with no apparent seasonal

correlation with severity of infection. Highest parasite numbers (myxo-

spores in wet mount) and distinct skin lesions are observed in larger, older

fish (.1-yr-old). Iversen’s (1954) type record describes similar overt

disease signs in rainbow trout, and occasionally in coho (O. kisutch) and

chum (O. keta) salmon; it would be interesting to obtain samples from

these other hosts for molecular comparison.

Although our myxospore morphometry data were consistent overall

with the type measurements, there were statistically significant differences

between some of our samples in length or width dimensions (Fig. 7).

Spores from the most geographically distinct sample, Rock Creek

steelhead trout RC20110214, were longer and wider than all of the

Leaburg SFH juvenile rainbow trout. No sample was an outlier to all

others in either length or width, and the data overall formed a continuum

across the spore length and width ranges of the type description (Iversen,

1954). The identical ssrRNA gene sequences of all samples from O. mykiss

(both rainbow and steelhead trout), from both river basins, suggest that

the spore morphometry differences are not taxonomically relevant.

Morphometric plasticity in M. squamalis myxospores may arise from

TABLE I. Extended.

Spore body Polar capsules
Sequence

length;

GenBank no.Width Thickness Length Width

Filament

turns

8.6 6 0.4 7.7–9.9 6.7 6 0.5 5.6–7.7 4.4 6 0.3 3.9–5.1 3.1 6 0.3 2.6–3.9 4* nd

nd nd nd nd nd 1932 nt U96495

7.9 6 0.6 7.1–9.0 6.2 6 0.1 6.2–6.3 4.1 6 0.3 3.3–4.7 2.9 6 0.2 2.5–3.3 4–6 2113 nt JX910362

7.8 6 0.4 7.3–8.6 nd 3.9 6 0.2 3.5–4.3 2.7 6 0.2 2.1–3.1 4–6 nd

8.6 6 0.4 7.8–9.3 nd 4.4 6 0.3 3.9–5.0 3.0 6 0.2 2.6–3.3 4–6 1373 nt

7.5 6 0.5 6.1–8.2 6.1 6 0.4 5.2–6.4 4.2 6 0.3 3.5–4.8 2.7 6 0.3 2.3–3.4 4–6 2113 nt

nd nd nd nd nd 1751 nt

8.1 6 0.4 7.7–8.7 nd 4.5 6 0.2 4.2–4.8 3.0 6 0.2 2.7–3.7 4–6 1751 nt

8.9 6 0.4 8.3–9.6 6.5 6 0.4 6.2–7.2 4.5 6 0.3 4.0–4.9 3.1 6 0.2 2.6–3.5 4–6 2113 nt JX910363

FIGURES 1–6. Micrographs ofMyxobolus squamalismyxospores; (1–2) Spore in valvular view, surrounded by mucus (M). (3–4) Spore in sutural view
with focus in plane of 1 of the polar capsules (3) and at valve surface (4) showing suture (arrowed) with 2 flanking ridges. (5) Spore in near-apical view
showing pit (arrowed) from which a polar filament would fire. (6) Spore with extruded polar filament (PF). Fig. 1 is brightfield illumination; Figs. 2–6 are
Nomarski interference contrast.
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differences in host life stage (adult versus juvenile) and type (rainbow trout

versus steelhead) and have little affect on subsequent transmission success

of the parasite. Morphometric plasticity is common in myxozoans and has

been reported from both myxospore and actinospore stages: e.g., Hallett

et al. (2004), Whipps and Diggles (2006), Gunter and Adlard (2008).

Accordingly, myxozoan species descriptions should always be based on

multiple characters, e.g., host data, spore morphometry, and molecular

data.

Here we have presented a robust supplemental description of M.

squamalis from its type host, O. mykiss, to facilitate unambiguous future

identification of this parasite.
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FIGURE 7. Box plots showing lengths and widths of Myxobolus
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