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ABSTRACT: Myxobolus lentisuturalis is a myxozoan parasite of piscine muscle that has been
described in goldfish Carassius auratus and Prussian carp Carassius gibelio. This report docu-
ments a naturally occurring infection of M. lentisuturalis in a population of farmed goldfish in the
USA. Postmortem examination was performed on 4 affected goldfish. Gross findings included
large cystic cavities along the dorsal midline filled with caseous exudate. Histopathology revealed
myxozoan plasmodia and spores in the epaxial muscles with varying degrees of granulomatous
and necrotizing myositis accompanied by lymphohistiocytic meningoencephalitis. Spore mor-
phology and dimensions were consistent with M. lentisuturalis, as observed by light microscopy.
PCR and sequence analysis of the small subunit ribosomal DNA of infected muscle samples from
2 goldfish confirmed the parasite to have 99-100% nucleotide identity to M. lentisuturalis
sequences recovered from similar cases of this parasite infecting goldfish in China and Italy and
Prussian carp in China. This is the first reported case of M. lentisuturalis in the USA and furthers

the understanding of the pathogenicity of this under-described parasite.
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1. INTRODUCTION

Goldfish Carassius auratus are a popular ornamen-
tal cyprinid fish that are traded in more than 100
countries (Trujillo-Gonzdlez et al. 2018). Although
the species originated in China, the ornamental fish
trade has expanded their range globally (Trujillo-
Gonzélez et al. 2018). Continued import and trade
increases the risk for introduction of novel patho-
gens, including parasites. Parasites have been
detected infecting imported goldfish in more than 14
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countries, a number which will likely expand as
globalization progresses (Trujillo-Gonzdlez et al.
2018).

The Myxozoa are metazoan parasites of both verte-
brates and invertebrates (Frasca et al. 2018). Several
myxozoan species are of economic and ecological
importance in fish, with the most notable being
Myxobolus cerebralis, the causative agent of whirl-
ing disease (Wolf & Markiw 1984, Lom & Dykova
2006, Gruhl 2015, Frasca et al. 2018). M. lentisutu-
ralis is a little-known myxozoan parasite that infects
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piscine skeletal muscle and was first described in
2002 as a parasite of Prussian carp C. gibelio in
China (Dykova et al. 2002). Dykova et al. (2002) de-
scribed the parasite's tropism for muscle in these
Prussian carp and identified its invertebrate oligo-
chaete host Branchiura sowerbyi, a developmental
similarity to M. cerebralis that uses Tubifex tubifex as
its invertebrate host (Wolf & Markiw 1984, Zendt &
Bergersen 2000, Hallett et al. 2006).

A 2009 report from Italy described M. lentisuturalis
infection in goldfish C. auratus, expanding the un-
derstanding of the parasite's life cycle to include a
raabeia-type actinospore within the oligochaete host
and demonstrating that spore development alter-
nates between an invertebrate and vertebrate host
(Caffara et al. 2009). The report also described the
characteristic dorsolateral humps of the epaxial mus-
cles seen with this disease and the histologic fea-
tures associated with infection (Caffara et al. 2009).
A recent study from Chongqing, China, described
an infection of the biliary tract of a goldfish with
M. lentisuturalis, without associated clinical disease
(Wang et al. 2019). Despite the difference in ana-
tomic site of infection, samples exhibited no genetic
difference (Wang et al. 2019). Host and environmen-
tal factors that could influence the pathogenicity and
tropism of this myxozoan are not known.

Outside of these reports, a paucity of information
exists regarding M. lentisuturalis, despite the poten-
tial economic implications for goldfish aquacultural-
ists. Although this parasite has not been associated
with significant mortality, the deforming lesions pre-
clude the sale of affected goldfish and could lead to
long-term outbreaks and morbidity within a given
stock. The geographic distribution and pathogenicity
of this parasite have yet to be fully elucidated, and it

has not previously been reported outside of China
and Italy. This study describes the first reported out-
break of M. lentisuturalis in a population of farmed
goldfish in the USA. Morphologic and molecular
analysis of this parasite and histologic description of
the infection within the goldfish host are provided.

2. MATERIALS AND METHODS
2.1. Animals

From 2019 to 2020, a commercial goldfish farm in
North Carolina, USA, suffered an outbreak of cavi-
tating muscular lesions that were expansile, occa-
sionally ulcerative, and located on the dorsal midline
just caudal to the head (Fig. 1). The goldfish farm is
composed of outdoor mud ponds with a local river as
the water source. All goldfish were bred onsite, and
12-15 ponds were spawned yearly. Although the
farm was not observed by the authors, according
to correspondence with the farm manager, approxi-
mately 80% of the ponds were impacted, with
20-40% of the individuals in each pond affected.
Lesions were not visible on fry but became apparent
once goldfish reached approximately 5 cm in length.
No mortalities were reported in association with
these lesions. No new fish were added to the system
prior to the outbreak; all fish were spawned on the
premises. Fish were fed a commercial diet consisting
of 34 % crude protein, 4 % crude fat, 6 % crude fiber,
and 8% phosphorous. Water quality was tested 4-—
5 times yearly, and no major concerns were noted.
The farm reported an average pH of 7.0, ammonia of
0.2 mg 17!, nitrite of 0.02 mg 17!, and a temperature
range of 14.5-21°C (568-70°F). Additional details of

Fig. 1. Gross lesions of Myxobolus lentisuturalis infection in goldfish Carassius auratus. (A) On both sides of dorsal midline im-
mediately caudal to the head were expansile, bilobulated, ovoid subcutaneous lesions, one with ulceration of the overlying
skin. (B) The contents consisted of abundant viscous, pale tan, opaque exudate
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the farm are withheld to protect the anonymity of
the business.

2.2. Necropsy

Four goldfish with cavitating muscular lesions
were euthanized and postmortem examinations were
performed. Affected musculature from 2 goldfish
were collected and frozen at —80°C until they were
processed for DNA extraction as described below.
Cavitating muscular lesions from a single fish were
also collected and fixed in Karnovsky's fixative to
evaluate spore morphology in wet mounts. Formalin-
fixed tissue samples were trimmed to represent gross
lesions, routinely processed for embedment in paraf-
fin, and sectioned at a thickness of 4 pm. The follow-
ing tissues were examined on hematoxylin-and-
eosin- and Wolbach Giemsa-stained slides: skin,
skeletal muscle, cartilage, bone, spinal cord, brain,
kidney, interrenal organ, intestine, gallbladder, me-
sentery, pancreas, heart, gill, spleen, swim bladder,
testis, and ectopic thyroid (kidney). Selected tissues
were stained with Twort's Tissue Gram, Ziehl-
Neelsen, and Luna stains for further evaluation of the
histomorphologic features of the myxozoan (Luna
1968, Lillie & Conn 1977, Sheehan & Hrapchak
1987). Histologic sections were photographed with
an Olympus BX60 microscope and DP27 digital cam-
era. Wet mounts of myxospores fixed in Karnovsky's
fixative were examined using differential interfer-
ence contrast (DIC) microscopy using a Zeiss Axio-
plan 2 research microscope. Images were taken with
a microscope-mounted digital camera (Gryphax Ark-
tur, Jenoptik). Digital images were taken with sam-
ples under a 100x oil immersion objective, and spore
measurements were taken directly from digital
images using the ProgRes CapturePro software ver-
sion 2.10.01.

2.3. Genetic sequencing

The frozen muscle samples from 2 goldfish were
processed for DNA extraction using a DNeasy Blood
and Tissue Kit (Qiagen) according to the manufac-
turer's instructions. The DNA extracts were am-
plified by PCR with the primer pairs ACT1r and
Myxgen4f that generate overlapping fragments of
approximately 1000 and 1200 bp, respectively, to
obtain the complete small subunit ribosomal DNA
(ssu tDNA) sequence (Barta et al. 1997, Hallett &
Diamant 2001, Diamant et al. 2004). Reaction vol-

umes were 30 pl and consisted of 0.15 pl of Platinum
Taq DNA Polymerase (Invitrogen), 3.0 pl of 10x PCR
buffer, 1.2 nl of 50 mM MgCl,, 0.6 pl of 10 mM
dNTPs, 1.5 pl of 20 pM forward and reverse primers,
17.6 pl of molecular grade water, and 4.5 pl of DNA
template for a total of 100 ng. An initial denaturation
step of 94°C for 5 min was followed by 36 cycles of a
94°C denaturation step, a 55°C annealing step, and a
72°C extension step, each step run for 1 min, and a
final extension step at 72°C for 5 min. PCR products
were subjected to electrophoresis in a 1% agarose
gel stained with ethidium bromide. Amplicons of the
expected size were purified using a QIAquick PCR
Purification Kit (Qiagen). The concentration of puri-
fied amplicons was determined fluorometrically
using a Qubit 3.0 Fluorometer and dsDNA BR Assay
Kit (Life Technologies) before submitting for Sanger
sequencing. Purified DNA was sequenced in both
directions using the primers described above on an
ABI 3130 platform (Applied Biosystems). The se-
quence data were assembled and edited in CLC
Genomics Workbench 7.5 software (Qiagen). Primer
sequences and regions of low-confidence base call-
ing were excluded at both the 5' and 3' sequence
ends. BLASTN analysis was performed using the
edited and assembled sequences (https://blast.ncbi.
nlm.nih.gov/).

3. RESULTS

All fish with visible lesions were culled. Affected
ponds were not drained, and no method of disinfec-
tion was implemented. The outbreak clinically re-
solved after culling affected individuals, and no new
lesions have been noted over the ensuing 2 yr. Post-
mortem examination of the 4 clinically affected fish
revealed a large cystic cavity filled with heterophilic
exudate along the dorsal midline. No other abnor-
malities were noted.

Histologic examination revealed myxozoan devel-
opmental stages, including plasmodia and spores, in
the epaxial skeletal muscle of all 4 goldfish and in
the skin of 3. Myxozoan plasmodia and spores
replaced extensive regions of muscle, accompanied
by necrotic myofibers and varying degrees of
inflammation (Fig. 2A). In 2 goldfish, myxozoan
spores were present within large, occasionally coa-
lescing granulomas within affected muscle (Fig. 2B).
In specimens where lesions within muscle extended
into the dermis, myxozoan developmental stages
were associated with chronic dermatitis, foci of epi-
dermal erosion and ulceration, hemorrhage, and
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Fig. 2. Developing stages of Myxobolus lentisuturalis in tissue section from goldfish Carassius auratus. (A) Myxozoan plas-

modia and spores replace muscle with degeneration and necrosis of myofibers. H&E. (B) A granuloma within skeletal muscle

containing myxozoan spores. The valve cells are variably acid-fast while polar capsules stain blue. Ziehl-Neelsen. (C) Non-

sporogonic myxozoan plasmodia with an attendant lymphohistiocytic encephalitis in the neuroparenchyma. H&E. (D) The

valve cells of myxospores are stained light blue while pyriform polar capsules are stained deep blue. Wolbach Giemsa. (E) Po-

lar capsules of myxozoan spores are Gram-positive. Twort's Tissue Gram stain. (F) Valve cells of myxospores are stained red.
Luna. All scale bars = 20 pm
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in one goldfish, myxozoan spores were present
within the epidermis. In the brain and spinal cord,
plasmodia were present in the endomeninges and
neuroparenchyma, in some instances accompanied
by lymphohistiocytic meningoencephalitis (Fig. 2C).
Sporogonic stages were not identified in the brain;
however, both plasmodia and spores were present
within the foci of myelomeningitis in one goldfish.
The internal polar capsules of myxospores stained
blue with Wolbach Giemsa (Fig. 2D), were Gram-
positive (Fig. 2E), and blue with the Ziehl-Neelsen
stain (Fig. 2B). To ensure that extensive areas of
myositis did not have an intercurrent microsporidian
infection (a principal concern given the sites of
infection and the fish host), a Luna and Gram stain
were applied, both of which are known to selec-
tively stain microsporidial spores in tissue sections
(Peterson et al. 2011). Myxozoan valve cells were
stained but other cells within sporogonic and non-
sporogonic plasmodia in the skeletal muscle and
central nervous system were not, and no micro-
sporidian spores were observed (Fig. 2F). Granulo-
mas were also seen in various organs of some indi-
viduals, including the kidney (2 of 4), spleen (2 of
4), heart (1 of 4), and liver (1 of 4), and these did not
have evidence of myxospores. Branchial lamellar
epithelial hyperplasia with lamellar fusion was seen
in 2 cases, with one case having rare monogeneans.

DIC microscopy revealed large numbers of fully
developed myxospores consistent in morphology to
Myxobolus species (Fig. 3A). The myxospores from
specimens preserved in Karnovsky's fixative were
ellipsoidal, measuring 11.4 + 0.4 pm (range: 10.4—
12.5 pm) by 7.1 £ 0.4 pm (range: 6.4-8 pm) in frontal
view (n = 50). Previously reported ranges of M. len-
tisuturalis spore dimensions were 11.8 pm (range:
11.2-12.4 pm) by 7.6 pm (range: 7.2-8.4 pm) and
10.5 pm (range: 9.0-11.0 £ 0.6 pm) by 6.6 pm (range:
6.0-7.0 £ 0.4 pm) (Dykova et al. 2002, Caffara et al.
2009). Pyriform-shaped polar capsules were of equal
size, measuring 4 + 0.2 pm (range: 3.5-4.5 pm) by
2.6 + 0.2 pm (range: 2.2-3 pm) (n = 50). Previously re-
ported ranges of M. lentisuturalis polar capsules
were 3.7 pm (range: 3.0-4.5 = 0.4 pm) by 2.2 pm
(range: 2.0-3.0 + 0.3 pm) and 4.2 pm (range: 4.0-
4.4 ym) by 2.5 pm (range: 2.0-2.8 pm) (Dykova et al.
2002, Caffara et al. 2009). The majority of polar cap-
sules had 4 coils in the polar tubule (n = 48), though 2
polar capsules had 5 coils. The polar capsules were
situated in the anterior part of the myxospores and
ended slightly over the middle part of the spores, and
the sporoplasm comprised the posterior portion of the
spore (Fig. 3A,B). The long axis of the polar capsules

was roughly parallel with the long axis of the myxo-
spores. In sutural view, the thickness of spores was
4.7 £ 0.4 pm (range: 3.9-5.5 ym) (n = 50) and the
sutural ridge was not apparent (Fig. 3C). PCR yielded
fragments of the expected sizes. The 2 assembled
overlapping ssu rDNA sequences were identical and
1977 bp in length after regions of low-confidence
base calling were excluded. BLASTN analysis re-
vealed 100 % nucleotide identity and 100 % coverage
to M. lentisuturalis (AY278563), previously cha-
racterized from Italian pond-reared goldfish that
displayed identical cavitating muscular lesions (Caf-
fara et al. 2009). The next top-scoring BLASTN
hit (99.85% identity and 100% coverage) was to
M. lentisuturalis characterized from Prussian carp
caught in Lake Bao'an in China (Dykova et al. 2002).
The M. lentisuturalis sequence generated in this
study has been submitted to GenBank (OP374272).
A second spore type, most consistent in morphol-
ogy to a Henneguya species, was rarely detected in
the wet mounts of the cavitating muscular lesions
(Fig. 3D). These relatively smaller myxospores were
pyriform in shape and contained 2 caudal projections
of the valves on the posterior portion of the spore.
The main spore body measured 7.7 + 1.0 pm (range:
6.6-8.6 pm) by 5.2 + 1.1 pm (range: 4.0-6.4 pm) (n =
3). The caudal appendages of the spores measured
between 6 and 15 pm in length, though it is possible
that these were not complete, as these structures are
fragile and prone to breaking during processing.

4. DISCUSSION

This report documents the occurrence and resolu-
tion of an outbreak of Myxobolus lentisuturalis in a
commercial goldfish farm. Communications with the
farmers since the outbreak have indicated that
culling the visibly affected goldfish was a successful
management strategy. Previous research indicates
that infection of the goldfish host occurs through an
intermediate oligochaete host, Branchiura sowerbyi,
and not through direct transmission (Dykova et al.
2002, Caffara et al. 2009). Although we did not
attempt to identify oligochaetes from the mud of
ponds harboring affected goldfish in our study, B.
sowerbyi or a similar oligochaete remains the most
likely source of infection in this outbreak (El-Mat-
bouli & Hoffmann 1989, 1993, El-Mansy et al. 1998).
Therefore, culling alone was unlikely to have been
the only factor in preventing ongoing infection,
though it may have reduced the number of spores
released back into affected ponds (Lom & Dykova
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Fig. 3. Myxospores from goldfish Carassius auratus as seen under differential
interference contrast microscopy. (A) Mature myxospores consistent in mor-
phology to Myxobolus lentisuturalis. (B) Frontal view of M. lentisuturalis with
polar capsules taking up slightly more than the anterior half of the spores. (C)
Side view of M. lentisuturalis myxospores with an apparent lack of a sutural
ridge. (D) Henneguya-like myxospore adjacent to M. lentisuturalis. All scale

bars = 10 pm

2006). We postulate that oligochaetes contained
within the mud of the local river that supplied the
ponds were the most likely source of infection since
all goldfish were bred onsite. Environmental factors
such as temperature and the introduction of fresh
river water into the ponds likely contributed to the
resolution of clinical signs, in addition to culling
affected individuals (Aston 1968). It cannot be ruled
out that infected oligochaetes may still be present
within the mud layer of the ponds, potentially caus-
ing a recurrence of lesions in the future (Aston 1968).
Due to privacy concerns from the goldfish farmers,
further investigation was not pursued.

DIC light microscopy confirmed that the morphol-
ogy of myxospores herein was consistent with the
original morphological description of M. lentisutu-
ralis (Dykova et al. 2002). The spore and polar cap-
sule dimensions, apparent absence of a sutural ridge,
and presence of 4 coils to the polar filament, all
observed here, are morphological features that dis-
tinguish M. lentisuturalis (Dykova et al. 2002, Caffara
et al. 2009). Previous reports of this parasite exam-

ined fresh spores, while spores in our
study were fixed in Karnovsky's fixa-
tive, which can affect spore dimen-
sions. Nevertheless, the measurements
of fixed spore dimensions in this report
were within the ranges of those pre-
viously published for fresh spores
(Dykova et al. 2002, Caffara et al.
2009). Though the predominant les-
ions were associated with M. lentisu-
turalis, the rare finding of myxospores
more consistent with a Henneguya-
like species may indicate that co-
infections occurred with at least one
other myxozoan. Henneguya species
are closely related to Myxobolus and
are known to infect many fish species
with varying pathogenicity (Lom &
Dykova 2006, Carriero et al. 2013).
One of the 4 goldfish submitted for
necropsy had spores that were mor-
phologically distinct from those of M.
lentisuturalis in the skeletal muscle,
further supporting a possible co-infec-
tion. A second possibility is that these
morphologically distinct spores repre-
sent aberrant M. lentisuturalis spores.
Although it has not yet been reported
in this species, other Myxobolus spe-
cies have been documented to pro-
duce aberrant spores with caudal pro-
jections that could mimic the appearance of a
Henneguya species (Liu et al. 2010, 2019). Without
further molecular analysis, however, it is not possible
to distinguish between these 2 possibilities (Eszter-
bauer et al. 2006).

Histopathologic examination of affected goldfish
revealed myositis and meningoencephalomyelitis
caused by M. lentisuturalis plasmodia and spores.
The lesion in muscle is consistent with the initial
report of M. lentisuturalis in Prussian carp, which
described a similar myositis but did not report
invasion into the spinal cord (Dykova et al. 2002).
The finding of myositis and meningoencephalo-
myelitis is comparable to the report from Italy
describing M. lentisuturalis in goldfish, which doc-
umented myositis and invasion of spinal nerves
but did not examine central nervous tissue (Caffara
et al. 2009). One of the 4 goldfish had plasmodia
in its bile ducts. In that goldfish, plasmodia were
luminal, found in low numbers, and were not asso-
ciated with cholangitis or cholecystitis. While this
is similar to the report documenting asymptomatic
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M. lentisuturalis infection in the gallbladder of a
goldfish (Wang et al. 2019), this could also repre-
sent infection by a third myxozoan. Nevertheless,
asymptomatic infection of the gallbladder likely
represents an intercurrent infection of lesser cli-
nical significance. The results from the goldfish
in this study provide further evidence that infection
of muscle and nervous tissue is the typical pre-
sentation of cyprinid species infected with M.
lentisuturalis.

M. lentisuturalis is an uncommonly reported pi-
scine parasite, with previous infections being re-
ported in China and Italy. This is the first reported
case of M. lentisuturalis in the USA and furthers the
understanding of its pathogenicity. Although no mor-
talities have been documented secondary to M.
lentisuturalis, long-term or recurring infection within
a farmed population could lead to significant eco-
nomic losses due to the deforming nature of the par-
asite. Additionally, asymptomatic goldfish that are
sold into the ornamental fish trade have the potential
to infect other environments, other fish, and to prop-
agate the spread of the parasite. Fish on this farm
were all bred onsite, though the original source of
breeding fish was not revealed by the owners. As the
international ornamental fish trade continues to
grow, the potential for spread of M. lentisuturalis
throughout the USA and internationally is of increas-
ing concern. Culling affected individuals appears to
have been an effective management strategy, though
long-term monitoring of outbreaks and documenta-
tion of possible recurrences will be crucial in mitigat-
ing outbreak severity and economic losses associated
with this parasite.
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