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Abstract

Myxozoans are common microscopic endoparasites in fish, and some are highly pathogenic to their wild and farmed fish hosts. In the present study,
myxosporeans infection in the kidney of silver carp Hypophthalmichthys molitrix (Valenciennes, 1844) from Lake Taihu, was investigated, and two dominate
species, Myxobolus lieni (Nie & Li, 1973) and Myxobolus varius (Achmerov, 1960), with infection prevalence 60.2% and 35.2% respectively, were well
characterized based on morphological, histopathological and DNA sequence data. M. lieni formed small roundish plasmodia in the epithelial cells of renal
tubules. The mature myxospores appeared suborbicular, slightly flat in frontal view and fusiform shaped in sutural view. Dispersed myxospores of M. varius
were found in the renal interstitium without forming plasmodia structures and enclosed within melano-macrophage centers. The spore appeared elliptical in
frontal view, with wider anterior than posterior and shuttle shaped in sutural view. Interestingly, the occurrence of myxozoans in the kidney detected with SSU
rDNA PCR and clone sequencing, revealed co-infection of five Myxobolus species. BLASTn search indicated SSU rDNA gene sequences obtained here were not
identical to any sequence available in GenBank. Phylogenetic analyses showed that the five Myxobolus detected here were clustered together, forming a
separate clade of cyprinid-infecting myxozoans.

Introduction

Myxozoans are widespread endoparasitic cnidarians of aquatic vertebrates and invertebrates, and most have been described from marine and freshwater
fishes (Rosser et al. 2016). Until now, over 2500 named species have been described using morphological characteristics of myxospores (Okamura et al. 2018;
Saha et al. 2018; Naldoni et al. 2019, Liu et al. 2019). While many myxozoans cause asymptomatic or subclinical infection in fish hosts, some species could
induce serious diseases and mortality, e.g., Myxobolus cerebralis, the causative agent of whirling disease in salmonids; Sphaerospora dykovae, the pathogen
of acute swim bladder inflammation disease in common carp; and Myxobolus honghuensis, the cause of swollen pharynx in gibel carp (Lom and Dykova
2006; Schmidt-Posthaus et al. 2015; Xi et al. 2015; Yang et al. 2022).

Silver carp Hypophthalmichthys molitrix (Valenciennes, 1844), a filter-feeding freshwater fish and indigenous cyprinid in East Asia (Zhao et al. 2018). It has
been introduced worldwide for aquaculture and stocked in lakes and reservoirs to prevent cyanobacterial blooms. However, in North America, it entered and
became established in local rivers, raising more and more concern about its threat to water ecosystems. In China, silver carp is an important cultured fish,
which is extensively reared in earthen ponds, lakes and reservoirs, and its annual production is approximately 4.5 million tons.

Myxosporean infections are significant threats to silver carp health (Wu et al. 1979; Marton and Eszterbauer 2011; Xi et al. 2019). Until now, over 70 species
have been described from different organs of silver carp (Chen and Ma 1998; Zhang et al. 2018). Unfortunately, most myxozoans from silver carp in literature
were simply recorded with spore morphological characteristics, while there is limited information on tissue tropism and DNA sequences. Myxosporeans are
common parasites of fish kidney, and most have specific site of sporogony (Molnér 2007; Molnar and Eszterbauer 2015). In this study, we report the
myxosporeans found in the kidney of silver carp from Lake Taihu, based on morphological characteristics, histological and molecular characteristics.

Materials And Methods
Fish sampling and microscopic examination

Between June and December 2018, 108 silver carp originated from Lake Taihu, China (31°32'N, 120°13'E) were collected and examined for parasites. Fish
were transported to the laboratory immediately on ice, dissected and inspected with a routine procedure. Wet mount smears of kidney were observed under the
microscope (Olympus CX31) equipped with a digital camera. Morphological and morphometric data of myxospores found in the tissues were obtained
according to the guidelines of Lom and Dykova (2006). Line drawing sketches of the myxospores were made based on the digitized images. All
measurements were given in micrometers (um) unless otherwise indicated.

Histopathological section

In order to determine the exact location and distribution of myxosporeans in the kidney tissue, fresh samples were cut (1-3 cm), fixed in 4% buffered
paraformaldehyde, and embedded in paraffin. Sections (6—8 pm) were made and stained with hematoxylin and eosin (H&E).

DNA extraction and sequencing

After microscopic examination, the same kidney smear was collected in a 1.5-mL centrifuge tube and used for DNA extraction. DNA was extracted with a
QlAamp® DNA Micro Kit (Qiagen, Germany) according to the manufacturer’s instructions. Partial SSU ribosomal DNA (rDNA) sequence was amplified with
primers ERIB1 and ERIB10 (Barta et al. 1997). The PCR products were purified using a SanPrep Column DNA Gel Extraction Kit (Sangon Biotech, Shanghai,
China), cloned into the pMD-18T vector system (Takara), and then 10 positive clones of each sample were picked out. The clones were sequenced using the
universal primers M13F & R, and a walking primer (5-CTTCTTTCATTTATTAAATCGGGAC-3’) with an ABI 3730XL DNA analyzer (Applied Biosystems). The
contiguous sequences were assembled and inspected using the software SeqMan (Lasergene, DNAStar).

Sequences alignment analysis showed a mixed infection of myxosporeans in kidney. To confirm the correspondence of myxospore and sequence, two
dominant myxospores were sorted and directly sequenced as follow: kidney tissue was grounded and diluted with saline until a few myxospores were visible
on slide under the microscope. Individual myxospores (n = 10) from each species were collected using a 20-uL pipette tip. DNA was extracted with lysis buffer
for microorganism to direct PCR (Takara) following the manufacturer’s instructions. The partial SSU rDNA sequences were amplified using a nested PCR
assay with external primers ERIB1 and ERIB10, and internal primers MyxospecF and MyxospecR (Fiala 2006). The PCR products were purified and sequenced
directly using the internal primers.

Phylogenetic analysis
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The SSU rDNA partial sequences of myxosporeans obtained in this study were deposited in to GenBank (1994-2020 bp, MK371243-MK37124348).
Homologous sequences were determined by performing BLASTn search at NCBI, and 46 closely related myxosporean sequences were downloaded from yhe
NCBI database. Sequences alignment was conducted using the Clustal X 1.8 program (Thompson et al. 1997) and MEGA 7.0 software with the default setting
(Kumar et al. 2016). Phylogenetic trees were conducted with Bayesian inference (Bl) and maximum likelihood (ML) methods. The best nucleotide substitution
model (GTR +F + 1+ G4) was estimated with Modelfinder according to BIC (Bayesian Information Criterion). ML tree was constructed using IQ-TREE (Nguyen et
al. 2015), and branch support was estimated with 1000 bootstrap replicates. Bl analyses were conducted using the software MrBayes ver. 3.1.2 with
parameter settings nruns = 4, nst = 6, rates = invagamma, and ngen = 5,000,000. Posterior probability values were used as support for the Bayesian topology.
Zschokkella sp. (Holzer, 2004), Hoferellus gilsoni (Holzer, 2003) were chosen as outgroups.

Results

A high prevalence of myxosporean infection (78.7%, 85/108) was determined in the kidney of silver carp. Two dominant myxosporeans were found under
microscope and were identified as Myxobolus lieni and Myxobolus varius. The infection prevalence of M. lieniand M. varius were 60.2% (65/108) and 35.2%
(38/108), respectively; meanwhile, a co-infection of the two species were found in 18 silver carp (16.7%, 18/108). Morphological, histological, and molecular
characteristics of the two species were described as follows.

Morphological characteristics of Myxobolus lieni (Nie & Li, 1973)

Mature spores (Fig. 1a—d) appeared suborbicular and slightly flat in frontal view, fusiform shaped in sutural view, measuring 7.33 + 0.22 (6.62-7.96) in length,
7.5140.14 (6.93-8.23) in width (n = 50), and 5.78 + 0.13 (5.5-6.08) in thickness (n = 10). Two equal polar capsules, pear-shaped with apophysis at top end,
measuring 4.29 + 0.34 (3.81-4.82) in length, 2.92 + 0.13 (2.56-3.29) in width, and polar tubules coiled 4-5 turns.

Type host

Silver carp Hypophthalmichthys molitrix (Valenciennes, 1844)
Host size

22.0-35.0cm

Site of infection

histozoic, plasmodia found in the intraepithelium of renal tubular (Fig. 2a—c)
Prevalence

60.2% (65/108)

Locality

Lake Taihu, Wuxi, China.

Vouch specimens

Infected tissues fixed in 4% buffered paraformaldehyde were deposited in Freshwater Fisheries Research Center, Chinese Academy of Fishery Science
(accession no. MTR20181116)

Morphological characteristics of Myxobolus varius (Achmerov, 1960)

Mature spores (Fig. 1Te—h) appeared to be ellipse in frontal view, with wider anterior than posterior, and shuttle shaped in sutural view, measuring 11.03 + 0.005
(10.24-12.11) in length, 7.34 + 0.055 (6.36—7.67) in width (n = 30), and 5.49 (5.19-5.71) in thickness (n = 5). Two equal polar capsules are pyriform with
apophysis at top end, measuring 4.66 + 0.08 (4.32-4.94) in length, 2.64 + 0.03 (2.40-2.98) in width, polar tubules coiled 4-5 turns.

Type host

Silver carp Hypophthalmichthys molitrix (Valenciennes, 1844)
Host size

20.1-36.4 cm

Site of infection

histozoic, renal interstitium, plasmodia not found

Prevalence

35.2% (38/108)
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Locality
Lake Taihu, Wuxi, China
Vouch specimens

Infected tissues fixed in 4% buffered paraformaldehyde were deposited in Freshwater Fisheries Research Center, Chinese Academy of Fishery Science
(accession no. MTR20181117)

Histology

No significant pathological changes were observed in the sections of infected fish kidney. Small roundish plasmodia of M. lieni, containing several mature
myxospores, were found within the epithelial cells of the renal tubules (Fig. 2a—c). Dispersed myxospores of M. varius were found in the renal interstitium
without forming plasmodia structures and enclosed within melano-macrophage centers (Fig. 2d).

Molecular data

Partial SSU rDNA sequences of M. lieni (1994 bp, GenBank accession MK371243) and M. varius (2019 bp, MK371244) were obtained; and in the 20 PCR
clones of kidney tissues, eight clones showing sequence similarity 99.5-99.9% were identified as M. lieni, six with 99.9-100% similarity were identified as M.
varius. Meanwhile, six clones showing only 88.8—97.2% similarity, which significantly beyond the common intraspecific variation < 2% (Table 2). Here we
tentatively assigned these sequences as Myxobolus sp1 (1 clone, MK371245), Myxobolus sp2 (1 clone, MK371246), Myxobolus sp3 (4 clones, MK371247 and
MK371248).

Table 1
Comparative data for spore measurements (means * standard deviation in micrometres) of Myxobolus lieniand Myxobolus varius and morphologically sim
species
Species Host ﬁite in SL SW PCL PCW TS PTC Reference
ost
M. lieni Hypophthalmichthys  Kidney 7.33+ 7.51+£0.14 4.29+0.34 2.92+0.13 578+ 4-5  Present
0.22 (3.81-4.82) (2.56-3.29) 0.13 study
molitrix (6.93-8.23) (5.5-
(6.62— 6.08)
7.96)
M. lieni Hypophthalmichthys  Kidney, 7.2-7.4 7.2-7.4 3.8(3.6-4.2) 2.8(2.6-3.0) 48- 5 Chen and
gills, 5.0 Ma, 1998
Nie et Li, molitrix Urinary
1973 bladder
Hypophthalmichthys
nobilis(Richardson,
1845)
M. artus Hypophthalmichthys  Spleen, 6.0(5.4- 8.1(7.2-8.4) 3.4(3.1-3.6) 2.7 (2.6— 5.6 4-5 Chenand
Intestine, 6.6) 2.8) (5.5- Ma, 1998
molitrix Kidney 5.7)
M. parvus  Hypophthalmichthys  Almostall 6.1 (5.8—  6.0(5.6-6.2) 3.2(3.0-3.4) 2.3(2.2- 4.2 4-5 Chenand
organ 6.4) 2.4) Ma, 1998
molitrix
Hypophthalmichthys
nobilis
M. varius Hypophthalmichthys  Kidney 11.03+ 7.34+0.06 4.66+0.08 2.64+0.03 5.49 5 Present
0.005 study
molitrix (6.36-7.67) (4.32-4.94) (2.40-298) (5.19-
(10.24- 5.71)
12.11)
M. varius Hypophthalmichthys  Kidney, 10.9(9.0- 7.3(6.0-8.5) 5.2 (4.1-6.0) 2.7 (2.2- 5.6 5-6 Chenand
Intestine 13.0) 3.0) (4.5- Ma, 1998
Achmerov,  molitrix 6.5)
1960
M. Hypophthalmichthys  Almostall  11.0 7.3(7.0-7.8) 4.9 (4.5-5.4) 3.0 (2.4~ 6.0 5 Chen and
ellipsoides organ 9.6- 3.2) Ma, 1998
molitrix 12.0)
Hypophthalmichthys
nobilis
M. pronini  Carassius auratus Mesentery, 14.7+0.24 9.6+0.65 5.3%+0.16 3.0+£0.12 6.6+ 5-6 Liu et al. 2(
gibelio Abdominal 0.16
cavity (13.8-15.6) (9.0-13.3) (4.8-5.6) (29-3.4) (
6.2 -
7.2)

Abbreviations: SL spore length, SW spore width, ST spore thickness, PCL polar capsule length, PCW polar capsule width, PTC polar tubules coil.
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Table 2

SSU rDNA sequence similarity (%) between /(;/Iyxobol)us spp. isolated from kidney of silver carp (p-
istance).

M. lieni Myxobolus sp1  Myxobolussp2  Myxobolussp3 M. varius

M. lieni 99.5-99.9

Mpyxobolussp1  96.7-97.2 -

Mpyxobolussp2  89.2-89.5 884 -

Myxobolussp3  89.1-89.6  87.5-87.8 89.2-89.5 99.2-100

M. varius 90.3-90.7 88.8-88.9 90.7-90.6 93.1-93.8 99.9-100

BLASTn analyses showed the new obtained sequences were not identical to any sequences available in GenBank. The SSU rDNA sequence of M. lienihas a
relative higher identity with Myxobolus intimus (JF311899), Myxobolus pronini (MH329619), Myxobolus pavlovskii (MG520368), Myxobolus abitus
(MG520367), Myxobolus linzhiensis (KY965935), 86.8—-83.5%; M. varius has a relative higher identity with Myxobolus pavlovskii (MG520368), Myxobolus
kiuchowensis (MG520366), Myxobolus abitus (MG520367), Myxobolus drjagini (MH119078), 86.2—85.9%.

Bayesian inference (BI) and maximum likelihood (ML) analyses conducted with SSU rDNA all demonstrated similar phylogenetic topology of myxozoans
examined (Fig. 3). M. lieni and M. varius, as well as the 3 unidentified Myxobolus in the kidney of silver carp, formed a separate clade of closely related to
cyprinid-infecting myxozoans. However, this clade was away from the species recently detected from the other organs of silver carp and bighead carp, such as
M. paviovskii, M. kiuchowensis, M. drjagini, M. paratypicus and M. abitus (Chen and Ma 1998).

Discussion

Myxobolus lieni (Nie & Li, 1973) was firstly reported from the kidney and spleen of silver carp in a list of myxosporeans from Lake Huama (Hubei, China)
without a detailed description in 1964. Subsequently, it was formally published in the monograph of Chen (1973), and cited in the synopsis of Myxobolus
species by Eiras et al. (2005). However, a new Myxobolus species found from Brycon orthotaenia in South America was named as /ienis in recently, which
refers to the site of infection in fish host (splean in latin: lien) (Naldoni et al. 2019). Although the two specific names were extremely similar and raised a
question about the priority, we tentatively considered them all to be valid as the etymological motivation of /ieni was not available in its original description.

The myxospores of M. lieni found here showed consistent morphological characteristics, measurements, plasmodia and host organ with the original
description in the literature. It resembled Myxobolus artus (Achmerov, 1960) and Myxobolus parvus (Schulman, 1962), all infecting the kidney of silver carp.
However, M. artus and M. parvus have smaller spore size (Table 1), while M. artus has much flatter spore shape, the ratio of polar capsule length (PCL) to
spore length (SL) in M. parvusis much bigger. Furthermore, SSU rDNA sequence analysis also demonstrated that M. lieni examined had lower than 77%
similarity with M. artus (FJ710799) and M. parvus (KX242161).

The myxospores of M. varius examined in this study also showed consistent morphological characteristics, measurements and host with the original
description in the literature (Chen and Ma 1998). It differed from the morphometrically related species Myxobolus ellipsoides (Thélohan, 1892) by having
elliptical myxospores with a wider anterior, while the latter has an oval-spore. Additionally, M. ellipsoides was reported from many organs of fish hosts (Chen
and Ma 1998), thus M. ellipsoides may represent a cryptic species complex. M. varius closely resembled Myxobolus pronini found in the abdominal cavity of
Carassius auratus gibelio. However, M. proninihad a much larger spore (Liu et al. 2016). In addition, BLASTn analysis further demonstrated that there was no
identical myxozoan sequence available in GenBank to M. varius, and the highest similarity was not above 86.3%.

Myxozoans are commonly found in fish kidney and have different development patterns and infection sites in this organ (Roberts 1975; Dykova 1984; Molnar
and Kovéacs-Gayer 1985; Holzer and Schachner 2001; Molnédr 2007; Abdel-baki et al. 2015). Until now, over eight Myxobolus species have been recorded in
kidney of silver carp, such as Myxobolus bramaeformis (Akhmerov, 1960), Myxobolus changshingenis (Chen & Ma, 1998), Myxobolus gourdiformis (Li & Nie,
1973), Myxobolus latus (Shulman, 1962), M. lieni, Myxobolus nephroides (Li & Nie, 1973), Myxobolus nobillis (Li & Nie, 1973) and M. varius. However, the
information regarding specific sites or tissue in kidney and sporogenesis sites of those Myxobolus was not recorded in the literature. Histological analysis
showed that M. lieni examined here formed small plasmodia, containing 2—4 mature myxospores and located inside epithelial cells of the renal tubules

(Fig. 2). This type of development is a common characteristic of species of Myxobilatus or Hoferellus (Molnar 2007). Although the pathogenicity of M. lieni
cannot be precisely assessed here, the release of mature myxospores in the epithelium might induce serious damage to the renal tubules. Moreover, dispersed
myxospores of M. varius were observed in the renal interstitium without plasmodial formation and surrounded by large masses of hemosiderin (Fig. 2). It was
considered that these myxospores were translocated to the kidney from other organs and captured by macrophages (Molnar 2007).

PCR assay is more sensitive than microscopic examination, particularly in cases with low or mixed infection. In this study, PCR further demonstrated that,
except M. lieni and M. varius, other three Myxobolus species were also co-occurring in the kidney of silver carp, although no visible plasmodia or spores of
those species were observed. This phenomenon is mostly attributed to the low abundance or presporogonic stage of those species in the kidney. Several
myxozoan co-infections in fish blood and organs also have been reported in previous research. For example, Holzer et al. (2014) detected multi-species
infection in swim bladders of common carp suffering from Swim Bladder Inflammation (SBI) by sequencing clones of non-specific PCR products.

Phylogenetic analyses based on the SSU rDNA sequences revealed that myxozoans from cyprinid hosts formed separate clades distinct from other fish hosts
in the family Catostomidae, Anguillidae and Salmonidae, whereas myxozoans in the same clade did not have strict organ preference (Fig. 3). Interestingly, the
five Myxobolus determined here from kidney of silver carp were clustered in a sperate clade, and formed sister species which shared an ancestral species.
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What caused the sympatric occurrence of those close related species, sympatric speciation or a secondary encounter of species originating from allopatry? To
better understand the differences and the evolutionary relationship between the different Myxobolus species in further study, the analysis of marker genes
other than ribosomal RNA gene sequences, the SSU and LSU, is also necessary.
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Figure 1

Schematic drawing and fresh mature spores of M. lieni (Nie et Li, 1973) (a-d) and M. varius (Achmerov, 1960), (e-h) from Hypophthalmichthys molitrix. Scale
bar=10 pm.
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Figure 2

Histopathological sections of Hypophthalmichthys molitrix kidney infected with M. lieni (Nie & Li, 1973) (a-c) and M. varius (Achmerov, 1960) (d). Scale bar =
10 pm.
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Ace, NO.  Organ Host Location

Zschokkella sp. Al581918 UB Anguillidae England
— Hoferellus gilsoni AJ582062 UB Anguillidae England
_|— Myxobolus cerebralis EF370481 B Salmonidae America
0 8186} Myxobolus sp. MK203077 K Ogcocephalidae  Portugal
'm: Myxobolus parvus KX242160 G, K Mugilidae Turkey
_L_ Myxobolus lentisuturalis AY 119688 MC Cyprinidae China
1o0r00) Myxobolus cultus HQ613409 G Cyprinidae China
Myxobolus elegans AF448445 G Cyprinidae Hungary
Myxobolus varius MK371244 K Cyprinidae China
Tﬁ/i(lTi 077: 5/ Myxobolus sp. 4 MK371248 K Cyprinidae China
Myxobolus sp. 3 MK371247 K Cyprinidae China
Myxobolus sp. 2 MK371246 K Cyprinidae China
Muyxobolus sp. 1 MK371245 K Cyprinidae China
0.947 Myxobolus lieni MK371243 K Cyprinidae China
L | Myxobolus ictiobus KU232371 G Catostomidae America
033710 Myxobolus minutus KU232372 G Catostomidae America
Myxobolus bibullatus AF378336 - Catostomidae Canada
Myxobolus leptobarbi EU643623 MC Cyprinidac Malaysia
Myxobolus artus FI710799 G Cyprinidae Japan
Myxobolus branchialis JQ388887 GL Cyprinidae Hungary
Myxobolus csabai EU643628 K Cyprinidae Malaysia
Myxobolus kalavatiae KM029973 GL Cyprinidae India
Myxobolus catlae KM029967 GL Cyprinidae India
R Myxobolus szentendrensis KP025684 GL Cyprinidae Hungary
oo i Myxobolus intimus JX390691 GL Cyprinidae Hungary
o2 Myxobolus dujardini DQ439804 G Cyprinidae Hungary
Lhel Myxobolus alvarezae FI716096 G Cyprinidae Hungary
Myxobolus linzhiensis KY965935 G Cyprinidae China
Myxobolus turpisrotundus Q690364 G Cyprinidae China
Myxobolus taibaiensis KY911464 I Cyprinidae China
Myxobolus oralis MF375468 MP Cyprinidae China
Myxobolus hearti GU574808 H Cyprinidae China
Myxobolus pronini KU524889 M Cyprinidae China
Myxobolus nielii JQ690358 G Cyprinidae China
| — Myxobolus abitus MG520367 G Cyprinidae China
Myxobolus paratypicus MH119080 G Cyprinidae China
1o Myxobolus drjagini MHI119078 E Cyprinidae China
0.994 Myxobelus kiuchowensis MG520366 | Cyprinidae China
1.0 A Myxobolus paviovskii MG520369 G Cyprinidae China
007100 Myxobolus nobillis MT556792 G Cyprinidae China
Muyxobolus feisti JN252487 G Cyprinidae Hungary
Myxobolus bliccae HM138772 G Cyprinidae Hungary
Myxobolus muelleri DQ439806 G Cyprinidae Hungary
Myxobolus arrabonensis KP025682 G Cyprinidae Hungary
1007 Myxobolus cycloides DQ439810 SB Cyprinidae Hungary
Myxobolus gayerae DQ439809 I Cyprinidae Hungary
Myxobolus bjoerknae KF314823 GA Cyprinidae Hungary
Tree scale: 0.1 ————— Myxobolus erythrophthalmi  EU567311 K Cyprinidae Hungary
Myxobolus ellipsoides DQ439813 F Cyprinidae Hungary
Myxobolus rutili GU968201 G Cyprinidae Hungary
Muyxobolus dogieli EU003977 H Cyprinidae Hungary

Figure 3

Bayesian inference trees of myxozoans constructed with the SSU rDNA sequences. Numbers near the nodes shows the posterior probability of Bl and
bootstrap values of ML, respectively. Information of GenBank accession number, infection site, host and locality follow their specie name. Abbreviations: B -
brain; E - encephalocoelg; F - fin; G - gills; GA - gill arch; GB - gall bladder; GL - gill lamellag; H - heart; | - intestine; K - kidney; M - mesentery; MP- palate in the
mouth; MC - muscle cells; S-skin; SB - swim bladder; UB - urinary bladder. Asterisk (-): data was not provided.
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