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Abstract

Myxobolus gutturocola n. sp. was isolated from the throat of silver carp, Hypophthalmichthys molitrix, in Chongqing, China.
Myxospore valves are unsymmetrical and smooth. Mature spores are ellipsoidal in frontal view, measuring 12.5+0.2 um (n=
25) in length, 8.4 £0.2 um (n=25) in width and 7.1 £ 0.2 um (n =25) in thickness. Each spore has two pyriform and unequal
sizes polar capsules, the large one with 5.7+0.2 um in length x 3.6 0.2 um in width and the small one with 4.6 +£0.2 um in
length %X 2.6 +0.1 pm in width. Polar filaments are coiled seven or eight turns in the large polar capsule and four or five turns in
the small polar capsule. The coils are arranged almost perpendicularly to the longitudinal axis of the polar capsule. Morphological
analysis revealed that M. gutturocola n. sp. is distinct from related species of Myxobolus Biitschli, 1882. Molecular analysis has
demonstrated that its SSU rDNA sequences do not match with any available sequences in GenBank. Phylogenetic analysis of the
SSU rDNA sequences indicated this species clustered in a clade composed exclusively of parasites infecting the fishes of the
Leucisini lineage and most closely related to Myxobolus paviovskii isolated from the gill filaments of silver carp in Hungary.

Keywords Myxobolus gutturocola n. sp. - Myxozoan - Hypophthalmichthys molitrix - SSU rDNA - China

Introduction

Myxosporeans are tiny metazoan parasites of fish with high
diversity (BartoSova-Sojkova et al. 2014; Whipps and Zhao
2015). To date, Myxobolus Biitschli, 1882, is the most speciose
myxosporean genus with approximately 900 species world-
wide (Eiras et al. 2005, 2014; Manrique et al. 2015; Székely
et al. 2015; Liu et al. 2016a, b; Abdel-Ghaffar et al. 2015,
2017). Among them, 13 Myxobolus species have been reported
from silver carp (Hypophthalmichthys molitrix), one of the
most commonly cultured fish species in China (Eiras et al.
2005, 2014; Zhang et al. 2018). Currently, it is difficult to
identify novel species or distinguish myxosporean species only
based on spore morphology, especially those with high similar-
ity in morphology, same host, and living environment (Gunter
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and Adlard 2009; Atkinson et al. 2015; Liu et al. 2016).
Molecular data (i.e., DNA sequence similarity, variation sites,
genetic distance) have been widely recommended for the iden-
tification of novel or obscure myxosporean species along with
morphological and ecological as well as phylogenic analysis
(Fiala 2006; Molnar et al. 2009; Zhao et al. 2008; Zhang et al.
2010; Liu et al. 2016, 2017). Ran et al. (2014) have shown that
based on small subunit (SSU) rRNA gene data, the taxonomic
subdivisions of species for myxozoans are significantly corre-
lated with their genetic distance, with the genetic distance of 0—
0.007 within species and 0.1352-0.2404 between species. Liu
et al. (2016) reported different numbers, based on SSU rRNA
gene data, with the genetic distance of 0-0.013 within species
and 0.008-0.678 between species. Although these data are not
identical, genetic distance is an effective way to identify genet-
ically and morphologically similar species (Andree et al. 1999;
Ferguson et al. 2008; Carriero et al. 2013; Zhao et al. 2013;
Atkinson et al. 2015; Liu et al. 2016).

In this study, we morphologically and molecularly charac-
terized a new Myxobolus species, Myxobolus gutturocola n.
sp. from the throat of silver carp (H. molitrix) in Chongqing,
China, and addressed its phylogenetic relationships with other
Myxobolus species.
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Materials and methods
Sample collection and species identification

During three sampling trips between April and May 2015, a
total of 12 host fish, H. molitrix, were captured in the Hechuan
District, Chongqing, China. These fish were transported alive
to the laboratory and necropsied. Some myxosporean
plasmodia were excised from the throat of three individual
silver carp and their mature spores were smeared on the slides
and examined under a Leica DM6000B microscope at x 400.
In addition, the released fresh spores were rinsed three times
with sterile distilled water, collected by centrifugation at
2000xg and used for species identification as reported previ-
ously (Lom and Arthur 1989; Zhao et al. 2001, 2013).

Genomic DNA extraction, cloning, and sequencing

The myxosporean samples isolated from the throat of fish
were preserved in 95% ethanol. They were collected and
washed twice with distilled water by centrifugation at
10,000xg for 10 min to remove the ethanol. The washed sam-
ple was used to extract genomic DNA using the DNeasy
Blood & Tissue Kit (QIAGEN, Diisseldorf, Germany) follow-
ing the manufacturer’s recommended protocol for animal tis-
sue. A portion of the SSU rRNA gene was amplified in a 25 pl
polymerase chain reaction (PCR) system containing 0.5 uM
of each of the primer pair ERIB1-ERIB10 (5'-ACCT
GGTTGATCCTGCCAG-3" and 5-CTTCCGCAGGTTCA
CCTACGG-3') (Barta et al. 1997), 3 mM MgCl,, 0.2 mM
dNTP, 15 ng genomic DNA, and 1.5 U Taq Ex DNA poly-
merase (TaKaRa, Otsu, Japan). The PCR cycling conditions
used a 5-min initial pre-denaturation at 94 °C followed by
35 cycles of 1 min denaturation at 94 °C, 1 min annealing at
56 °C and 2 min extension at 72 °C, and a final extension at
72 °C for 10 min. The PCR products were separated by elec-
trophoresis on a 1.0% agarose gel. The targeted products were
purified with the DNA Agarose Gel Extraction Kit (Omega
Bio-Tek, Norcross City, GA) and inserted into pMD18-T vec-
tor (TaKaRa, Otsu, Japan), and the recombinant plasmids
were purified according to the manual of plasmid extraction
kit (OMEGA, GA, USA). Three clones were sequenced on an
ABI Prism 377 DNA Sequencer (Applied Biosystems Inc.,
Foster City, California).

Phylogenetic and sequence analysis

The SSU rRNA gene sequences of the new species were as-
sembled using Seqman v 5.1 (Burland 2000). Our analyses
used 25 myxosporean SSU rRNA gene sequences, three that
we generated and 22 from the NCBI GenBank database.
These sequences include all available SSU rRNA gene se-
quences of Myxobolus species that are genetically and
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morphologically similar to our species and some representa-
tives of myxosporean species infecting Cyprinidae fishes
(Fiala 2006; Zhao et al. 2008; Liu et al. 2010; Chen et al.
2016). Sphaerospora truttae was used as outgroup taxon in
the present work. The sequences of these SSU rDNA were
manually edited using BioEdit (Hall 1999), aligned using
Clustal X 1.8, and used to construct phylogenic trees.
Maximum likelihood (ML) analysis in RAXML-HPC2 on
XSEDE of CIPRES web (Stamatakis 2014) was performed
based on 10 starting trees and full gamma estimation.
Statistical support was computed using 1000 bootstrap repli-
cates. Bayesian analysis tree was inferred with MrBayes v
3.1.2 using the GTR+I+G substitution model and the
Markov chain Monte Carlo algorithm (Ronquist and
Huelsenbeck 2003). The program was run for 1000,000 gen-
erations with sampling every 100 generations and the first
2500 trees were discarded as burn-in. In addition, the similar-
ity among sequences was calculated using GenBank BLAST
(Altschul et al. 1990).

Results

Myxobolus gutturocola n. sp.
Phylum: Cnidaria Hatschek, 1888
Class: Myxosporea Biitschli, 1881
Order: Bivalvulida Shulman, 1959
Family: MyxobolidacThélohan, 1892
Genus: Myxobolus Biitschli, 1882

Diagnosis

The plasmodia are whitish, round, or ellipsoidal and have
protrusions of 1.4 x 0.93 mm out of the throat serous surface
of each infected host.

The mature spores are ellipsoidal and unsymmetrical in the
frontal view, lemon-like in lateral view, measuring 11.6—13.7
(12.5+0.2) um long, 8.4-10.7 (8.4 +0.2) pm wide, and 6.8—
7.3 (7.1 £0.2) um thick. They have unsymmetrical and
smooth spore valves and two pyriform and unequal polar cap-
sules occupying the anterior half area of spore. The larger
polar capsule is 4.9-6.4 (5.7+0.2) um long and 3.0-4.1
(3.6+0.2) um wide and the smaller polar capsule is 4.0-5.5
(4.6+£0.2) um long and 2.1-3.5 (2.6 +£0.1) um wide. Polar
filaments are coiled seven or eight turns in the large polar
capsule and four or five turns in the small polar capsule. The
coils are arranged almost perpendicular to the longitudinal
axis of the polar capsule. A v-shaped intercapsular appendix
is observed between the two polar capsules (Fig. 1, Table 1).
There are neither evident iodinophilous vacuoles in the
sporoplasm nor mucous envelopes around the spore.
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Fig. 1 Spores of M. gutturocola n. sp. collected from the throat of silver carp. a, ¢ Fresh myxospores in frontal view. b Line drawing of mature spores of

M. gutturocola n. sp. in frontal and sutural view. (Scale bars =10 pm)
Taxonomic summary

Locality: Hechuan District, Chongqing (29° 93’ N, 106° 33’
E), China

Host: Hypophthalmichthys molitrix Valenciennes, 1844

Infection site: the throat of infected host fish

Prevalence of infection: 25% (3/12)

Host symptom: slightly swollen eyes

Date of sampling: April 2015

Deposited materials: the holotype (No. CQHC-HM-
201504), a fixed plasmodium with the mixture of glycerin/
ethyl alcohol 70%/formalin (G./A./F. = 12:108:5), was depos-
ited in the Collection Center of Chongging Key Laboratory of
Animal Biology, Chongqging Normal University.

Etymology: The name gutturocola refers to the tissue loca-
tion of the parasite, and the name gutfurocola is a combination
of gutturo- from the Latin guttur (= throat) and cola from the
Latin colo (= habit, site).

Molecular characterization

Three SSU rDNA sequences, namely 1929 nt, 1930 nt, and
1929 nt, were obtained from the throat of different silver carp
fish and deposited in GenBank under the accession numbers
MF543857, MF543858, and MF543859, respectively.
Based on GenBank BLAST (Altschul et al. 1990), these
three SSU rDNA sequences had 99—100% similarity to each
other, and 95%, 92%, 91%, 90%, 92%, and 90% similarity to
other morphological similar species Myxobolus pavlovskii,
Myxobolus tsangwuensis, Myxobolus musseliusae,
Myxobolus basilamellaris, Myxobolus dispar, and
Myxobolus cyprinicola, respectively.

Phylogenic analysis

The phylogenetic analyses of SSU rDNA sequences in-
ferred from ML and BI showed highly similar topologies
with different support values at some branch nodes.
Twenty-five SSU rDNA sequences of Myxobolus were
placed into two branches. The taxa in one branch bore ellip-
soidal mature spores with blunt anterior end (Fig. 2 (a)),

while those in the other branch bore elongated pyriform
spores with tapering anterior end (Fig. 2 (b)). The branch
with Myxobolus species bearing blunt anterior end spores
also contained two sub-branches, where the three
M. gutturocola n. sp. SSU rDNA sequences were first clus-
tered together with 100% bootstrap support. This cluster
was sister to M. pavlovskii, forming a clade of Myxobolus
species that infect fishes in the subfamily
Hypophthaemichthyinae with 100% support. Moreover,
Myxobolus impressus from the white bream (Blicca
bjoerkna) and Myxobolus diversicapsularis from roach
(Rutilus rutilus) were clustered together and then grouped
with Myxobolus bjoerknae parasitized in common bream
(Abramis brama) to form a subclade of Myxobolus species
that infect fishes of the subfamily Leuciscinae, and M.
dispar and M. cyprinicola isolated from Cyprinus carpio
L. were grouped into a subclade of Myxobolus species that
infect fishes of the subfamily Cyprininae. The two
subclades formed a clade of Myxobolus species that infect
fishes of the subfamily Leuciscinae and Cyprininae. The
Myxoblous species that infect fishes of the subfamily
Hypophthaemichthyinae and those infecting fishes of the
subfamily Leuciscinae and Cyprininae were grouped
together, forming the first sub-branch. In addition, M.
tsangwuensis, M. musseliusae, and M. basilamellaris from
common carp, Cyprinus carpio also clustered together with
high support (98%/1.00), forming the second sub-branch
(Fig. 2 (a)). The branch containing species with tapering
anterior spore ends also contained two sub-branches. The
species (Myxobolus pseudokoi, Myxobolus bilobus,
Myxobolus intimus, Myxobolus hungaricus, and
Myxobolus obesus) isolated from Leuciscini fishes clus-
tered together, forming the first sub-branch with strong sup-
port (98%/1.00), and the species (Myxobolus pendula,
Mpyxobolus csabai, Myxobolus tasikkenyirensis) isolated
from Leuciscini fishes were first grouped into a subclade
with 100% support, and other species (Myxobolus
ampullicapsulatus, Myxobolus honghuensis, Myxobolus
wulii, Myxobolus longisporus, and Myxobolus koi) isolated
from Carassius auratus (Cyprininae) were clustered into
the other subclade with high support (86%/1.00). These
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100100} 1 gutturocolan,

M. gutturocola n. sp
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SR M. dispar AF507972/1578 bp
a. ellipsoidal spore : Group Il
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Fig. 2 Phylogenetic tree based on SSU rDNA sequences by maximum
likelihood (ML) with the model GTRGAMMA + I implemented in
RAXML-HPC2 on XSEDE and Bayesian inference (BI) with the model
GTR + I + G applied in MrBayes 3.1.2. Numbers at nodes indicate
bootstrap confidence levels (1000 repetitions) and posterior
probabilities. (a) Myxobolus spp. with ellipsoidal mature spores and
blunt anterior end. (b) Myxobolus spp. with pyriform mature spores and

two subclades were then grouped together, forming the sec-
ond sub-branch (Fig. 2 (b)).

Discussion
Morphological remarks

Of the approximately 900 species of Myxobolus described
(Eiras et al. 2005, 2014; Lom and Dykova 2006), the three
isolated samples in the present study have displayed similarity
to Myxobolus hypophthalmichthydis Dogieland Akhmerov,
1960; Myxobolus drjagini Akhmerov, 1954; Myxobolus

blunt anterior end. Group I: Myxobolus species infecting the fishes of
Hypophthaemichthyinae and Leuciscinae. Group 1I: Myxobolus species
infecting the fishes of Cyprininae. Group III: Myxobolus species infecting
the fishes of Leuciscinae. Group IV: Myxobolus species infecting the
fishes of Cyprininae. The purple rectangle represents Leuciscini lineage,
and the pink rectangle represents Barbini lineage. Shortened braches are
50% of their original lengths

nobillis Li and Nie, 1973; M. pavlovskii Akhmerov, 1954;
M. tsangwuensis Chen, 1998; M. basilamellaris Lom and
Molnar, 1983; and M. musseliusae Yakovchuk, 1979, based
on the fact that they all have ellipsoidal spores with two un-
equal polar capsules (Table 1). In addition, although
M. hypophthalmichthydis, M. drjagini, M. nobillis, and
M. pavlovskii all parasitize on the same host, H. molitrix, they
all differ from the present species in spore dimension, size of
polar capsule, and site of infection.

As for the spore shape, the present organism shows similar-
ity with M. hypophthalmichthydis, but it can still be distin-
guished from it in the following aspects. First, the present or-
ganism has remarkably larger polar capsules (4.0-5.5 wm %
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2.1-3.5 um in length and width) than M. hypophthalmichthydis
(4 %3 um in length and width). Second, the present organism
has asymmetrical spores and the polar filament ejection forms
some angles to the longitudinal axis of the spore, while the
latter has symmetrical spores and the polar filament ejection
parallels to the longitudinal axis of spore. Third, the present
organism has spores with lower ratio length to width than the
M. hypophthalmichthydis and does not have the iodinophilous
vacuole. Fourth, although the two species are isolated from the
same host, their infection locations are different. The present
organism infects the throat while M. hypophthalmichthydis in-
fects the head or body skin.

The present taxon shows high similarity with
M. drjagini (Akhmerov, 1954), but can be distinguished
from it in the following aspects. Firstly, the present taxon
has remarkably broader spores than M. drjagini (8.4—
10.7 um vs. 9-10 um). Secondly, the present taxon has
remarkably longer polar capsules than M. drjagini (4.0—
5.5 um x2.1-3.5 um vs. 2.6-3.6 um x2.4-2.6 um).
Thirdly, although the two species were isolated from the
same host, their infection locations are different. The pres-
ent taxon infects the throat while M. drjagini infects the
skin. Fourthly, the present taxon possesses spores with
higher ratio of length to width than M. drjagini.

This present species and M. nobillis Li and Nie, 1973
also have the following distinct characteristics. (1) The
present species has spores with round anterior end while
M. nobillis has spores with tapered anterior end. (2) The
present species has smaller polar capsule than M. nobillis
(4.9-6.4 um x 3.0-4.1 pm vs. 7.2-7.5 pm x 4,5-5.8 um).
(3) The present species has less polar filament coils than
M. nobillis (8 vs. 9). Overall, the present species can be
distinguished from M. nobillis based on the round ante-
rior end of spores, smaller polar capsules, and fewer
polar filament coils.

The present taxon shows higher similarity with
M. paviovskii (Akhmerov, 1954), which infects the gills of
silver carp, and has also available sequence in NCBI database.
The present taxon differs from the latter by having larger
spores (11.6—13.7 pm x 8.4-10.7 pm vs. 9-10 pm x 10—
11.5 pum), different infection sites (throat vs. gill) and not
matching for available sequences with each other.

Moreover, the present congener is also similar to
M. tsangwuensis, M. musseliusae, and M. basilamellaris, be-
cause they all have ellipsoidal spores with two unequal polar
capsules. But it also differs from the three taxa by infecting
different hosts (silver carp for the present species vs. common
carp for M. tsangwuensis, M. musseliusae, and
M. basilamellaris) and different infection sites (throat for the
present species vs. gills for M. tsangwuensis, M. musseliusae,
and M. basilamellaris), and M. gutturocola n. sp. has a larger
spore. Overall, the above morphological comparisons support
that the three isolated samples belong to a new species.
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Molecular identification inferred from SSU rDNA

Molecular characteristics such as similarity, genetic dis-
tances, and phylogenic trees have been accepted as im-
portant factors for species identification and discrimina-
tion of closely related species (Zhang et al. 2010; Zhao
et al. 2013; BartoSova-Sojkova et al. 2014; Liu et al.
2016; Liu et al. 2017). Previous studies have also indi-
cated that SSU rDNA sequence similarity could be used
for identification of Myxobolus species (Cone et al.
2005; Easy et al. 2005; Whipps and Kent 2006;
BartoSova and Fiala 2011; Ran et al. 2014; Zhao et al.
2013). In this study, the intraspecific differences between
the three SSU sequences from M. gutturocola n. sp. are
0-1% (99-100% similarity), which are among the re-
ported range for species of myxozoans (<1%) (Zhao
et al. 2013; BartoSova-Sojkova et al. 2014; Hartikainen
et al. 2014). Meanwhile, the present species shows the
highest similarity (95%) with M. pavlovskii, which is
beyond what is expected for intraspecific variation of
2.6% for SSU rDNA sequence difference (Schlegel
et al. 1996; Zhao et al. 2013). This supports that the
SSU rDNA sequences of the present species are distinct-
ly different from other related species and do not match
any other myxosporean sequences in GenBank (Zhao
et al. 2013; Atkinson et al. 2015; Liu et al. 2016).
Thus, the three isolated samples belong to the same spe-
cies, distinct from other myxozoans. Phylogenic analysis
based on the SSU rDNA sequences from three isolated
samples shows that these samples form a distinct lineage
within Myxobolus clade infecting fishes of the subfamily
Hypophthaemichthyinae (Fig. 2). Despite the high boot-
strap support (100%) for a sister relationship between
the present species and M. pavlovskii (Fig. 2), the exact
locations of sporulation are different (Atkinson et al.
2015; Huang et al. 2014; Liu et al. 2016b).

Spore morphology dominance and host specificity

Until recently, almost 600 known Myxobolus species have
been identified using spore morphology alone and the
others have corresponding DNA sequence data (Chen and
Ma 1998; Landsberg and Lom 1991). Because of the dif-
ficulties of experimental studies, little has been known
about host specificity. Morphologically similar spores from
genetically different hosts are often described as the same
species. Shulman (1966) has recorded as many as 40 hosts
for certain Myxobolus species. Therefore, spore morpholo-
gy has been often discussed as an important factor in the
evolution of myxozoans; for example, spore shape and size
are often used to identify and distinguish different species
(Shulman 1966; Chen and Ma 1998). With the application
of molecular technology, many molecular identifications
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for species have been carried out based on the comparative
analysis of sequence similarity, genetic distance, mutation
sites, GC content of SSU rDNA, and phylogenic trees
(Easy et al. 2005; Whipps and Kent 2006; Zhao et al.
2008, 2013; Manrique et al. 2015; Székely et al. 2015;
Liu et al. 2016a, b; Liu et al. 2016; Abdel-Ghaffar et al.
2015, 2017). In this study, phylogenetic analysis of the
SSU rDNA sequences shows that species with similar
spore body morphology are clustered into the same
branches (Fig. 2). For example, Myxobolus species with
ellipsoidal spores and round anterior end form a branch,
while those with elongated pyriform spores and tapering
anterior end form another branch.

In the present study, every member of the two branches in
the phylogenic tree is a parasite mainly infecting the gills of
Cyprinidae fish. Previous investigations on fish phylogenic
analysis have revealed that fish within the family Cyprinidae
are mainly placed into two lineages, namely Leuciscini and
Barbini lineage. The Leuciscini lineage comprises
Hypophthalmichthyinae, Xenocyprinae, Cultrinae,
Gobioninae, Acheilognathinae, Leuciscinae, and
Danioninae, while the Barbini lineage comprises
Schizothoracinae, Barbinae, Cyprininae, and Labeoninae
(Kong et al. 2007; Wang et al. 2007, Wang et al. 2012). The
present phylogenetic analysis of myxosporean inferred from
ML and BI shows that myxosporeans with similar spore shape
are clustered together first, and the myxosporeans parasitizing
in Leuciscini and Barbini lineage are then placed separately
(groups I and III, groups II and 1V; Fig. 2).

When compared to GenBank-deposited sequences of the
related Myxobolus species infecting the fishes of the Cyprinini
and Leuciscini lineages, the molecular data obtained from
Myxobolus species parasitizing silver carp suggest that each
phylogenetic branch of Myxobolus species isolated from
Cyprinini-fishes are clustered differently from the Leuciscini
fish parasites. Moreover, the phylogenetic research on both
fish and myxozoan show consistency and correlation, which
indicate that both tissue specificity and host specificity are
important factors in the evolution of myxosporeans (Kent
et al. 2001; Molnar et al. 2002, 2006; Zhao et al. 2013; Liu
et al. 2016). Host specificity has been perceived as an impor-
tant factor in the evolution of myxosporeans, especially in
some certain myxobolids. Molnar’s study on the host range
of M. rotundus has suggested that type-host should be consid-
ered host preference to identify novel or published/known
myxosporean species (Molnar et al. 2009). The morphologi-
cally branched pattern in the present phylogenetic analysis
also shows consistence with our previous research (Zhao
et al. 2008). Furthermore, the present study also reveals that
these tree branches with similar spore morphology are clus-
tered together first and then split based on host specificity,
indicating the importance of spore morphology in the evolu-
tion of some lineages of myxosporeans.
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