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ABSTRACT: Myxozoans are a diverse group of parasitic cnidarians, with some species recognized
as serious pathogens to their hosts. The present study describes 2 new myxobolid species
(Myxobolus figueirae sp. nov. and Henneguya santarenensis sp. nov.) infecting skin and gill fila-
ments of the Amazonian pimelodid fish Phractocephalus hemioliopterus, based on ultrastructural,
histology and phylogenetic analysis. The fish were caught in the Amazon River, Par4, Brazil. The
plasmodial development of M. figueirae sp. nov. was in the dermis and those of H. santarenensis
sp. nov. were of the intralamellar type. For both species, the plasmodia were surrounded by a con-
nective tissue layer, but there was no inflammatory infiltrate. For M. figueirae sp. nov., mature
spores were ovoid measuring 9.1 to 10 (9.5 = 0.3) pm in length, 5.8 to 6.9 (6.4 + 0.3) pm in width
and 4.4 to 4.5 (4.5 £ 0.1) pm in thickness. Two polar capsules were elongated and of unequal size.
For H. santarenensis sp. nov., mature spores were ellipsoidal in the frontal view, measuring 26.3
to 36.1 (31.9 £ 3) ym in total length, 9.6 to 11.9 (10.8 = 0.5) pm in body length, 3.7 to 4.9 (4.3 =
0.3) pm in width and 16.6 to 25.6 (21 + 3.1) pm in caudal process. The polar capsules were elon-
gated and of equal size. Phylogenetic analysis, based on partial small subunit ribosomal DNA
(SSU rDNA) sequences and using the closest myxozoan sequences to each one of the species stud-
ied here based on previous GenBank data, showed M. figueirae sp. nov. and H. santarenensis sp.
nov. clustering in distinct lineages. While H. santarenensis sp. nov. clustered in a well-supported
subclade composed of Henneguya species that infect gills of South American pimelodid hosts, M.
figueirae sp. nov. clustered in a weakly supported subclade containing parasite species of
bryconid hosts.
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INTRODUCTION (Feist & Longshaw 2006, Okamura et al. 2015). Pre-

sently, about 2400 species are recognized (Zhang

Myxozoans are reduced cnidarian parasites pos- 2011). The genera Myxobolus Butschli, 1882 and Hen-
sessing great diversity, and some species are consid- neguya Thelohan, 1892 are among the most diverse
ered serious potential pathogens for their fish hosts of that class, respectively harboring around 905
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Myxobolus species and 192 Henneguya (Eiras &
Adriano 2012, Eiras et al. 2014). Thus far, 12 myxo-
sporean species have been described in Siluriformes
fish from South America, 7 from the Pseudoplaty-
stoma, 2 from Pimelodus and 1 from Zungaro and
Hypophthalmus genera (Rocha et al. 2014, Naldoni
et al. 2014, Carriero et al. 2013, Matos et al. 2005).

The Amazon basin drains about 6.5 million km?
(Goulding 1996) and is a complex ecosystem consist-
ing of highly diverse environments with many bio-
topes at the disposal of aquatic communities (Santos
1986/1987), providing a favorable habitat for ex-
ceptional fish biodiversity —approximately 5000 fish
species (Val & Honczaryk 1995). In this context, the
family Pimelodidae stands out due to its large diver-
sity and importance to the fishing economy of the re-
gion (Lundberg & Littmann 2003, Lundberg et al.
2011, MPA 2012).

The present study describes, based on morphology,
ultrastructure and small subunit ribosomal DNA
(SSU-rDNA) sequencing, 2 new myxosporean spe-
cies infecting the skin and gills of Phractocephalus
hemioliopterus, a large Amazon pimelodid fish of
commercial importance to the fishing and aquarium
sectors.

MATERIALS AND METHODS

A total of 7 wild specimens of Phractocephalus
hemioliopterus were caught in October 2014 in the
Tapajos River, in the municipality of Santarém, Para
State, Brazil (2°26'36" S, 55°09' 28" W), with the aim
of analyzing parasites. Fish catches were authorized
by the Brazilian Ministry of the Environment (SISBIO
No. 44268-4). The fish were transported live to a field
laboratory where they were euthanized by benzo-
caine overdose. The methodology of the present
study was approved by the ethics research commit-
tee of Federal University of Sao Paulo (CEUA N
92090802140) in accordance with Brazilian law (Fed-
eral Law No. 11794, dated 8 October 2008).

Morphological characterization of the myxobolid
species was based on mature spores obtained from 3
different fish specimens. Measurements were per-
formed on 30 spores using an Axioplan 2 Zeiss
Microscope and Axivision version 4.1 image capture
software. The dimensions of the spores are expressed
as mean + standard deviation (SD), in pm. Smears
containing free spores were air-dried and stained
with Giemsa solution, and mounted in a low-viscosity
mounting medium (Cytoseal™) on permanent slides
for archival deposition.

For histological analysis, fragments of infected
organs were fixed in 10% buffered formalin and
embedded in paraffin. Serial sections with a thick-
ness of 4 pm were stained with hematoxylin-eosin.

For transmission electron microscopy, plasmodia
were fixed in 2.5 % glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 12 h, washed in a
glucose—saline solution for 2 h and post-fixed in
OsO, All these processes were performed at 4°C.
After dehydration using an acetone series, the mate-
rial was embedded in EMbed 812 resin. Semi-thin
sections were stained with toluidine blue solution
and examined by light microscopy; ultra-thin sec-
tions, double-stained with uranyl acetate and lead
citrate, were examined in an LEO 906 electron
microscope at 60 kV.

For molecular analysis, plasmodia were removed
from the host tissue and fixed in absolute ethanol.
DNA was extracted from a single plasmodium for
both species using the DNeasy® Blood & Tissue kit
(Qiagen), following manufacturer's instructions and
quantified in a NanoDrop 2000 spectrophotometer
(Thermo Scientific). The methodology did not allow
detection of intraspecific sequence variation.

Polymerase chain reaction (PCR) was carried out us-
ing a final volume of 25 pl, which contained 10 to
50 ng of extracted DNA, 0.2 pmol of each primer,
12.5 pl of DreamTaq Green PCR Master Mix and nu-
clease-free water (Thermo Fisher Scientific) in an Ep-
pendorf AG 22331 Hamburg Thermocycler (Ep-
pendorf). The SSU-rDNA sequence was amplified
with the primer pairs ERIB1 (Barta et al. 1997)—
ACT1r (Hallett & Diamant 2001) and TEDf (Capodi-
foglio et al. 2016) —ERIB10 (Barta et al. 1997), which
amplified 2 fragments of approximately 1000 and
1200 bp, respectively. An initial denaturation stage at
95°C for 5 min was followed by 35 cycles of denatura-
tion at 95°C for 60 s, annealing at 58°C for 60 s, exten-
sion at 72°C for 90 s, finishing with an extended elon-
gation stage at 72°C for 5 min. PCR products were
electrophoresed in 1.0% agarose gel, stained with
Sybr Safe DNA gel stain (Invitrogen by Life Technolo-
gies) and analyzed by an LED transilluminator (Kasvi).

PCR products were purified with QIAquick® PCR
Purification Kit (Qiagen). The sequencing was per-
formed with the same primer pairs used in the ampli-
fication stage, plus primers MC5 and MC3 (Molnaér et
al. 2002) and using the BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) in an ABI
3730 DNA sequencing analyzer (Applied Biosys-
tems). The sequence obtained was visualized, assem-
bled and edited using BioEdit 7.1.3.0 software (Hall
1999). A standard nucleotide BLAST (blastn) search
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was conducted to verify the similarity of the se-
quence obtained in this study with other sequences
available in the GenBank database (Altschul et al.
1997). Phylogenetic analysis was performed using
the closest myxozoan sequences to each one of the
species studied here based on previous GenBank
data. This included 25 sequences of Henneguya spe-
cies, 31 sequences of Myxobolus, 9 sequences of
Thelohanellus species and 2 of Unicauda species.
Ceratomyxa vermiformes and C. amazonensis were
used as the outgroup. Nucleotide sequences were
aligned using ClustalW within BioEdit version 7.0.9.0
(Hall 1999). Phylogenetic analysis was conducted
using maximum likelihood (ML) in PhyML software
(Guindon et al. 2010), with NNI search, automatic
model selection by SMS (Smart Model Selection),
under a GTR + G + I substitution model (with 6 cate-
gories), equilibrium frequencies optimized, transi-
tion/transversion ratio estimated, proportion of in-
variable sites fixed (0.240) and Gamma shape
parameter fixed (0.580). Bootstrap analysis (1000
replicates) was employed to assess the relative
robustness of the tree branches. The resulting tree
was visualized with FigTree v1.3.1 (Rambaut 2008).
Only bootstrap values above 50 were considered to
be well supported. The data for the family of host fish
was obtained from Froese & Pauly (2013). Other
alignments, including aligning the most closely rela-
ted myxosporean species to each one of the new spe-
cies in the phylogenetic tree, was completed to pro-
duce pairwise similarity matrices using MEGA 6.0
(Tamura et al. 2013).

RESULTS

From 7 specimens of Phractocephalus hemioliopte-
rus examined, 3 (43%) had plasmodia harboring
spores corresponding to Myxobolus genus in the
skin, and all 7 (100%) had plasmodia harboring
spores corresponding to Henneguya genus in the gill
(Fig. 1). The present study was performed on wild
fish, and no pathogenic effects of these myxospore-
ans was observed on the studied specimens. The
analysis and our literature review showed that both
were novel species; their descriptions are provided
below.

Myxobolus figueirae sp. nov.

Morphology: Plasmodia, white and spherical mea-
suring up to 3 mm in diameter. Mature spores ovoid

Fig. 1. Myxosporeans infecting Phractocephalus hemioliop-
terus. (A,B) Mature spores (frontal view) under differential
interference contrast optics and (C,D) schematic representa-
tions. (A) Myxobolus figueirae sp. nov. found in the skin.
Scale bar = 10 pm; (B) Henneguya santarenensis sp. nov.
infecting the gill. Scale bar = 10 pm; (C) M. figueirae sp.
nov. Scale bar = 5 pm; (D) H. santarenensis sp. nov. Scale
bar = 10 pm

in frontal view, measuring 9.1 to 10 (9.5 = 0.3) pm in
length, 5.8 t0 6.9 (6.4 = 0.3) pm in width and 4.4 to 4.5
(4.5 £ 0.1) pm in thickness (Fig. 1A, Table 1). In lat-
eral view, spores biconvex, with symmetrical valves.
Two elongated polar capsules of different size, the
larger measuring 3.5 to 4.6 (4.1 + 0.3) pm in length
and 1.7 to 2.6 (2.1 £ 0.3) pm in width and the smaller,
24t03.6(3.2+0.3) pminlengthand 1.2t0 2.1 (1.4
0.2) pm in width. Polar tubules have 7 to 8 coils ar-
ranged perpendicularly to the longitudinal axis of
polar capsule (Figs. 1A,C & 2B).

Histological analysis revealed that the plasmodia
develops in the dermis, surrounded by a layer of
connective tissue, and this in turn leads to a stretch-
ing of the epithelium (Fig. 3). Ultrastructural analysis
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Fig. 2. Ultrastructure of skin of Phractocephalus hemioliop-
terus infected by Myxobolus figueirae sp. nov. (A) Sporoge-
nesis process showing sporoblasts (black arrows) with polar
capsule (pc), nucleus of the capsulogenic cell (ncc) and polar
tubule still not internalized (white arrow), esporoplasm (sp)
and nuclei of the sporoplasm (n), sporoplasmosomes (large
black arrow) and forming valve material (empty arrow).
Scale bar = 2 pm. (B) Polar capsule with polar tubule (black
arrow). Scale bar = 500 nm

showed that the thin connective tissue layer (6.7 pm)
surrounding the plasmodium was composed of fibro-
blasts and collagen fibers (Fig. 4A,B). The plasmodial
membrane presented numerous pinocytotic canals
originating outside of the plasmodia to the ectoplasm
zone (Fig. 4C). Numerous mitochondria and electron-
translucent vacuoles, either empty or with amor-
phous electron-dense material were observed in the
ectoplasm, while generative cells and several devel-
opmental stages of sporogenesis were seen in the
inner layers (Fig. 4A). Immature and mature spores
were more prevalent in the center of the plasmodium
(Fig. 4A).

Genetics: Sequencing of the SSU-rDNA from M.
figueirae sp. nov. spores obtained from a single plas-
modium resulted in a 1909 bp sequence with no close
matches to any myxosporean species sequences
available in GenBank. Pairwise analysis considering
only the Myxobolus species forming the clade with
M. figueirae sp. nov. showed that Myxobolus axel-
rodi Camus et al.,, 2017, possessed 14 % difference
and was thus the species most genetically similar
to the new species. Conversely, Myxobolus prochi-
lodus Eiras et al., 2014 possessed 19.5% difference
and was the species with the largest genetic diver-
gence (Table 2).

Prevalence: 3 of the 7 specimens (42.8%) of
Phractocephalus hemioliopterus examined were in-
fected.

Fig. 3. Histology of skin of Phractocephalus hemioliopterus
infected by Myxobolus figueirae sp. nov. (A) Plasmodium (P)
in the dermis (d) surrounded by a connective tissue layer (ct)
leading to the stretching of the epidermis layer (empty ar-
row). Scale bar = 100 pm. (B) Higher magnification of box in
(A) showing epidermis (ep) of the host (H) with mucus cells
(empty arrows), club cells (cc) and basal cells (bc), and der-
mis (d) and connective tissue (ct) surrounding the plas-
modial wall (thin arrow). Inside the plasmodium (P) there is
a peripheral layer of young developmental stages (yds) and
inner mature spores (ms). Scale bar = 50 pm
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Fig. 4. Ultrastructure of Phractocephalus hemioliopterus skin infected by Myxobolus figueirare sp. nov. (A) Host—parasite
interface showing the wall (large black arrow) of the plasmodium (P). In the ectoplasm (ec), near the plasmodial wall can be
observed vesicles (v), mitochondria (white arrow), germinative cells (gc) and sporoblasts (spb). Host (H), fibroblast nuclei
(fbn). Scale bar = 10 nm. (B) Magnification of parasite-host interface, showing the collagen layer (c) and fibroblasts (fb) with
their nuclei (n) isolating the plasmodium (P) from the host tissue. Plasmodial wall (large black arrow); ectoplasm (ec). Scale
bar = 2 pm. (C) Magnification of parasite—host interface, showing plasmodial wall formed by a single membrane (thick black
arrow), which features delicate projections and recesses. In ectoplasm (ec) were observed many mitochondria (m) and around
the wall were observed pinocytosis channels (thin arrows) connecting to the outside of ectoplasm plasmodium. Host (H);
fibroblast (fb) and nuclei of the fibroblast (n). Scale bar = 1 pm
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Site of infection: Skin.

Type host: P. hemioliopterus Bloch & Schneider, 1801

Specimens deposited: Glass slides with fixed,
stained spores (syntype) were deposited in the Mu-
seum of Zoology ‘Adao José Cardoso’, of University
of Campinas (UNICAMP), Sao Paulo, Brazil (acces-
sion no. ZUEC MYX 70). The 18S rDNA sequence
was deposited in GenBank under accession number
MG181226.

Locality: Tapajos River, municipality of Santarém,
Para State, Brazil.

Etymology: The specific name is in honor of Anténio
Sousa Figueira, an expert on the region of the Tapajos
River who has critically helped in our fieldwork.

Remarks: Unequal polar capsule is a common fea-
ture observed in spores of species of the Myxobolus
genus (Eiras et al. 2005, 2014). Likewise, M. figueirae
sp. nov. shares this characteristic with several others
Myxobolus species, of which Myxobolus sangei Fo-
nema et al. 2007, was most closely related with res-
pect to the length and width of the spore (Eiras et al.
2005, 2014). Nevertheless, M. sangei differs from the
new species based on the longer and wider polar
capsules (6.2 x 2.2 and 4.8 x 1.7 pm) and by the dis-
tinct host family (African Characidae) (Fonema et al.
2007). All other Myxobolus species bearing unequal
polar capsules differed from M. figueirae sp. nov.
based on at least one of the characteristics, such as
shape and size of spores and polar capsules, number
of polar tubule coils or host and tissue affinity
(Table 1). BLAST analysis showed that M. axelrodi
was a species bearing unequal polar capsules and
was the closest relative to M. figueirae sp. nov. with
only 86 % similarity, as well as possessing larger
spores (20.5 x 6 x 6 pym) and pyriform body shape.
Thus, based on morphological and SSU-rDNA data,
the species studied here is considered a novel taxon.

Henneguya santarenensis sp. nov.

Morphology: Plasmodia, white and elongated,
measuring up to 450 pm long. Mature spores, ellip-
soidal in the frontal view, 26.3-36.1 (31.9 + 3) pm in
total length, 9.6 to 11.9 (10.8 £ 0.5) pm in body length,
3.7104.9 (4.3 = 0.3) pm in width and 16.6 to 25.6 (21
+ 3.1) pm in caudal process. Spores biconvex in lat-
eral view, 3.4 to 3.7 (3.6 = 0.2) pm in thickness and
valves symmetrical. Polar capsules, elongated and
equal in size, 3.8 to 5.5 (4.6 = 0.4) pm in length and
1to 1.7 (1.4 £ 0.2) pm in width (Fig. 1B,D, Table 1).
The polar capsules occupy half of the body of the
spore, and the anterior ends are adjacent (Fig. 1B,D).

The polar tubules have 15 coils and are perpendicu-
lar to the longitudinal axis of the polar capsule
(Fig. 5).

Histological analysis showed the young plasmodia
clearly intralamellar. Mature plasmodia might give
the impression of an interlamellar development but
actually, their development occurred between the
gill lamellar epithelium and the capillary, leading to
the stretching of the epithelium, displacement and
deformation and lamellar fusion (Fig. 6A). A fibro-
blast layer was observed surrounding the plas-
modium (Fig. 6B). Ultrastructure analysis showed a
layer of fibroblasts surrounding the plasmodial wall
(Fig. 7A,B). Numerous pinocytosis channels ending
in vesicles were observed linking the outside to the
ectoplasm zone of the plasmodia (Fig. 7C). Inside,
generative cells, pansporoblasts in different develop-
mental stages were present as well as developing
and mature spores (Figs. 5 & 7A).

Genetics: Molecular analysis of the SSU-rDNA iso-
lated from H. santarenensis sp. nov. spores obtained
from a single plasmodium resulted in a sequence
with 1967 nucleotides, and according to BLAST, did
not match any myxosporean species sequences avail-
able in GenBank. Pairwise analysis considering only
the Henneguya species clustering in the clade with
H. santarenensis sp. nov. showed that Henneguya
cuniculator Naldoni et al., 2014, with a difference of
7.8 % was the species with the smallest genetic diver-
gence to the species described here, while Henne-
guya eirasi Naldoni et al.,, 2011, with a difference
of 13%, showed the largest genetic divergence
(Table 3).

Prevalence: 7 of the 7 specimens (100%) of P.
hemioliopterus were infected.

Site of infection: Gill lamella.

Type host: P. hemioliopterus Bloch & Schneider, 1801.

Specimens deposited: Glass slides with fixed,
stained spores (syntype) were deposited in the Mu-
seum of Zoology 'Adao José Cardoso’, of University
of Campinas (UNICAMP), Sao Paulo, Brazil (acces-
sion no. ZUEC MYX 69). The 18S rDNA sequence
was deposited in GenBank under accession number
MG181225.

Locality: Tapajés River, municipality of Santarém,
Para State, Brazil.

Etymology: The species name is based on the type
locality, municipality of Santarém.

Remarks: Morphological comparison showed some
similarity among H. santarenensis sp. nov. and other
South American Henneguya: H. maculosus Carriero
et al., 2013 has similar spore morphology, total
length, width and thickness of the spores, length and
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Table 2. Similarity matrix for small subunit ribosomal DNA (SSU-rDNA) of Myxobolus figueirae sp. nov. and myxosporean
species parasites of characiforms and siluriforms clustered in the same clade as M. figueirae sp. nov. Upper right shows nu-
cleotide differences in relation to the number of bases compared; lower left shows % pairwise distance identity

Species (GenBank no.) Table 1 2 3 4 5 6 7 8 9
D

M. figueirae sp. nov. MG181226 1 - 206/1324 301/1868 217/1314 280/1774 290/1912 296/1816 261/1534 331/1786
M. umidus KF296350 2 159 - 147/1310 136/1303 204/1312 185/1316 438/1325 199/1019 270/1360
M. hilarii KM403404 3 16.5 11.3 - 115/1300 262/1766 262/1861 301/1810 276/1526 328/1775
M. piraputangae KF296351 4 16.8 10.5 8.9 - 199/1305 183/1306  234/1323 207/1005 251/1354
M. aureus KF296348 5 16.2 15.7 15.0 154 - 133/1761 297/1766 284/1468 314/1742
M. batalhensis MF361090 6 155 14.2 14.2 14.1 7.6 - 308/1814 276/1532 321/1781
M. porofilus KR528449 7 16.7 18.0 17.0 18.1 17.1 17.3 - 225/1451 261/1787
M. curimatae KP120979 8 18.0 20.5 19.0 21.3 20.2 18.9 16.1 - 84/1373
M. prochilodus KR528450 9 195 20.9 19.3 19.6 18.9 18.8 15.3 6.3 -

M. omari EU643624 10 151 13.5 16.2 15.3 14.6 14.6 17.0 18.5 19.3
M. physophilus KY421105 11 144 16.0 15.2 16.7 154 15.3 16.7 18.1 19.6
M. voremkhai KY229919 12 16.5 16.0 16.4 16.6 14.9 159 17.0 184 18.0
M. cf. colossomatis KF597017 13 154 18.7 16.7 17.6 13.6 14.3 14.3 17.8 19.2
M. macroplasmodialis KF296357 14 15.2 17.8 17.0 16.9 16.1 15.3 17.3 18.8 20.1
M. axelrodi KU936091 15 14.0 14.7 14.3 17.7 14.6 13.6 16.2 18.3 16.2

Fig. 5. Ultrastructure of Phractocephalus hemioliopterus gill
infected by Henneguya santarenensis sp. nov. Diasporic for-
mation (thin arrows) showing the polar capsule (pc) with polar
tubule internalized (white arrow) and not yet internalized
(empty arrow), nuclei of the capsulogenic cells (ncc) and nu-
clei of the sporoplasm (n). Mature spore (ms). Scale bar = 2 pm

width of the polar capsule and site of infection.
However, specific characteristic differences such as
smaller body, longer tail, larger number of polar
tubule coils and as well as different host species dis-
tinguish them. H. multiplasmodialis Adriano et al.,
2012 resembles H. santarenensis sp. nov. in spore
morphology, total length, width and thickness of the

Fig. 6. Gill lamella (L) of Phractocephalus hemioliopterus in-
fected by Henneguya santarenensis sp. nov. (A) Plasmodium
(P) with intraepithelial development causing stretching of
the epithelium (empty arrow) and light lamellar fusion.
Scale bar = 100 pm. (B) Higher magnification of box in (A)
showing the fibroblast layer (thin arrow) separating the
plasmodium (P) from the lamella (L). Scale bar = 10 pm

spores, width of the polar capsule and site of infec-
tion, but it differs with respect to body spore size and
polar capsules (smaller in H. santarenensis sp. nov.),
tail length (longer in the new species), different num-
ber of coils of the polar tubules, different host species
and different morphology of the plasmodia. H. cunic-
ulator Naldoni et al.,, 2014 resembles H. santa-
renensis sp. nov. in the spore width, polar capsule
diameter and site of infection, but differs in the tail
length in body spore length size (longer in the new
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10 11 12 13 14 15
142/962  274/1958 314/1949 204/1364 226/1528 262/1907
115/867 207/1353 207/1341 204/1128 197/1121 190/1319
152/959  278/1905 299/1897 221/1363 254/1526 261/1864
130/864 215/1347 213/1336 191/1127 185/1121 229/1304
138/957 268/1801 260/1791 180/1366 251/1524 254/1768
138/957  289/1947 300/1936 190/1359 231/1522 255/1911
161/959 300/1837 303/1829 190/1364 260/1542 288/1935
171/964 265/1538 269/1546 209/1250 255/1495 266/1532
180/958 337/1786 306/1796 253/1404 295/1548 288/1815

- 104/962  118/967  131/961  154/957  128/959

10.9 - 164/2001 189/1391 252/1554 266/1961
12.4 8.3 - 211/1381 260/1549 293/1953
14.1 14.2 159 - 190/1361 185/1363
16.3 16.7 17.3 14.4 - 216/1524
13.5 14.0 154 14.0 14.5 -

species), polar capsule (shorter in the new species),
different number of polar tubule coils and different
host species. Thus, based on morphological and
molecular sequence differences, the above species is
proposed as a new taxon.

Phylogenetic analysis

Our phylogenetic analysis based on the closest
myxozoan sequences to each one of the species
studied (based on GenBank data), showed H. santa-
renensis sp. nov. clustering in a well-supported sub-
clade composed by Henneguya species that infect
gills of the South American pimelodid host (Fig. 8).
Conversely, M. figueirae sp. nov. appears weakly
supported in a subclade containing parasites of
varying organs of South American bryconid hosts
(Fig. 8).

Fig. 7. Ultrastructure of Phracto-
cephalus hemioliopterus gill in-
fected by Henneguya santare-
nensis sp. nov. (A) Host-parasite
interface showing a layer of fi-
broblasts (fb) between the blood
vessel (bv) and the plasmodial
wall (large arrow). Inside the
plasmodium (P) there is an ecto-
plasm zone (ec) followed by a
layer with generative cells (gc),
pansporoblasts in different de-
velopmental stages (pb) and im-
mature (im) and mature (m)
spores. Scale bar = 5 pm. (B)
Magnification of box in (A),
showing the layer of the fibro-
blasts (fb) with their nuclei (n)
and desmosomal junction (white
arrow). In the plasmodial (P) side
is seen the ectoplasm (ec) with
numerous pinocytosis channels
(black arrows) and a mitochon-
drion (m). Scale bar = 500 nm. (C)
Higher magnification of the host—
parasite interface showing a des-
mosomal junction (white arrow)
of the fibroblasts (fb), granular
material occupying the space be-
tween the plasmodial wall and
the fibroblast layer (white aster-
isk), details of the plasmodial
wall with pinocytosis channels
(black arrows) ending in a vesi-
cle (black asterisk). Scale bar =
500 nm
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Table 3. Similarity matrix for small subunit ribosomal-rDNA (SSU-rDNA) of Henneguya santarenensis sp. nov. and myxo-
sporean species parasites of pimelodids clustered in the same subclade as H. santarenensis sp. nov. Upper right shows
nucleotide differences in relation to the number of bases compared; lower left shows % pairwise distances identity

Species (GenBank no.) TableID 1 2 3 4 5 6 7

H. santarenensis sp. nov. MG181225 1 - 94/1221  144/1338 209/1923 155/1215 211/1947 241/1951
H. cuniculator KF732840 2 7.8 - 22/1214  53/1215  50/1214  136/1222 162/1220
H. multiplasmodialis KF296354 3 11.0 1.8 - 109/1559 187/1210 241/1592 200/1340
H. corruscans KF296356 4 11.0 4.2 7.0 - 193/1206 259/1938 248/1929
H. eirasi KF296355 5 13.0 11.8 15.9 16.4 - 111/1209 144/1212
H. maculosus KF296344 6 11.0 11.3 15.5 13.7 9.2 - 183/1942
H. pseudoplatystoma KP981638.1 7 12.4 13.4 15.2 13.1 12.0 9.5 -

DISCUSSION

Only around 100 myxosporean species have been
described from South American freshwater environ-
ments, the majority belonging to the genera Myxo-
bolus or Henneguya (Adriano & Oliveira 2017). This
relatively low number is in contrast to the high num-
ber of known fish species in these habitats and indi-
cates there are likely many more associated parasite
species to be identified and described. Despite the
economic importance of Phractocephalus hemioli-
opterus to the Amazon fishing industry and in the
aquarium sector, this is the first report of a myxo-
sporean infecting this species.

The histological and ultrastructural analysis of both
Mpyxobolus figueirae sp. nov. and Henneguya santa-
renensis sp. nov. showed a common feature of myxo-
sporean infections, i.e. the absence of inflammatory
infiltrate, but the presence of connective tissue layer
surrounding the plasmodia (Sitja-Bobadilla 2008). In
addition, significant tissue alterations were observed
in gills infected by H. santarenensis sp. nov., includ-
ing compression, deformation and fusion of adjacent
lamellae. Conversely, in skin infected by M. figueirae
sp. nov., only a light stretching of the epidermis was
observed. Similar tissue changes have been reported
in other myxosporean gill and epithelial infections
(e.g. Molnar 1998, Ozer et al. 2016, Ali Dar et al.
2017), including infections of other species in pimelo-
did hosts (Naldoni et al. 2009, 2011, 2014, Adriano et
al. 2012).

Ultrastructural analysis revealed that the plasmo-
dial membrane of both M. figueirae sp. nov. and H.
santarenensis sp. nov. presented pinocytotic canals
originating outside of the plasmodia toward the
ectoplasm zone. In H. santarenensis sp. nov., these
pinocytotic canals end in a dilated vesicle; these
characteristics have also been reported in other
myxosporean species (Azevedo & Matos 2002, 2003,

Adriano et al. 2005b). In H. santarenensis sp. nov., a
delicate layer of finely granular material prevented
contact between the layer of fibroblasts and plas-
modial membrane, a characteristic also observed in
gill myxosporeans (Muller et al. 2013, Naldoni et al.
2014, 2015). Sporogenesis appeared to follow a com-
mon pattern observed in many other myxosporeans
species, where generative cells and young develop-
mental stages occur in the periphery of the plasmod-
ium and the immature and mature spores are found
in the center (Hallett & Diamant 2001, Casal et al.
2002, Adriano et al. 2005a,b, 2006).

In South America, studies concerning SSU-rDNA
sequencing of myxosporean parasites of pimelodids
are restricted to 8 species, with only Thelohanellus
marginatus originating from the Amazon. The phylo-
genetic analysis of partial SSU-rDNA sequences per-
formed in our study showed Myxobolus/Henneguya/
Unicauda species and T. marginatus grouping in a
clade that further divided into 2 distinct lineages in
accordance with Capodifoglio et al. (2016). The ge-
nus Myxobolus is distinguished from Unicauda and
Henneguya by the absence of 1 or 2 caudal pro-
cesses, and from Thelohanellus by the presence of 2
polar capsules rather than 1. However, these mor-
phological differences were not well supported by
molecular data (Fiala et al. 2015). Our study further
confirms the findings of Fiala et al. (2015), with an
intermingling of Myxobolus/Henneguya/Unicauda/
Thelohanellus species in different subclades. In this
context, despite M. figueirae sp. nov. and H. santa-
renensis sp. nov. infecting the same host in the
same environment, they clustered in distinct line-
ages, indicating distinct evolutionary pathways. H.
santarenensis sp. nov. clustered in a well-supported
sub-clade of species parasites of South American pi-
melodids, which appears as a sister lineage to para-
site species of North American ictalurids, forming a
large clade of parasites of siluriform hosts. Mean-
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Fig. 8. Maximum likelihood tree showing the relationship between Myxobolus figueirae sp. nov. and Henneguya santarenen-
sis sp. nov. described in this study and the closest myxozoan sequences deposited in GenBank based on partial small subunit
ribosomal DNA (SSU-rDNA). Numbers above nodes indicate bootstrap confidence levels (>50 %) from maximum likelihood

while, M. figueirae sp. nov. clustered in a weakly
supported subclade comprised of parasites species of
bryconids hosts. This position of M. figueirae sp. nov.
together with that observed of T. marginatus and
Myxobolus cordeiroi Adriano et al. 2009, suggests
that myxobolid parasites of pimelodids are not mono-
phyletic. Further indicating that the host-parasite
systems composed by M. figueirae sp. nov., M. cor-

deiroi and T. marginatus may have been a result of
switches in host.

This study describes 2 new myxosporean species from
the Amazon biome, increasing our knowledge of biodi-
versity in that region, as well as offering new insights on
the evolution of host—parasite relationships of myxo-
sporean parasites of P. hemioliopterus, an economically
important pimelodid fish species across South America.
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