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Abstract
Purpose  Henneguya Thélohan, 1892 is one of the most species-rich genera of myxosporean parasites and infects fish around 
the world. The present study describes a new species infecting the gill filaments, fins, and kidneys of Plagioscion squamosis-
simus (Heckel, 1840), an economically important freshwater fish distributed in watersheds in the north of South America.
Methods  A total of 108 P. squamosissimus specimens were examined from three geographic localities in the Amazon basin: 
the Lago Grande do Curuai, a marginal lake of the Amazon River; the Tapajós River, in the state of Pará; and the Solimões 
River, in the state of Amazonas, Brazil. The analyses were based on the myxospore morphology, ribosomal DNA sequenc-
ing, phylogeny, prevalence, and geographic distribution of the host and its parasite.
Results  Parasite prevalences were 50% in both the Tapajós and Solimões rivers, and 35.4% in the Lago Grande do Curuai. 
In terms of the site of infection, the prevalence total was 23.1% in the gill filament, 29.6% in the fins, and 1.8% in the kidney. 
Regarding gender, the prevalence was 59.5% for males, 32.5% for females, and 21.7% for undetermined sex. The specimens 
found here were both morphologically and molecularly identical regardless of the infected organ and geographic locality, but 
distinct from all other Henneguya species, revealing that the parasite reported represents a novel species named Henneguya 
longisporoplasma n. sp. Despite the sampling being carried out in three different geographic localities of the Amazon basin, 
no population-level genetic variation was observed, even in the typically more variable ITS-1 region, revealing a panmictic 
population of H. longisporoplasma n. sp. in this large watershed. Maximum likelihood and Bayesian analyses showed the 
novel Henneguya clustered as a sister branch of the subclade formed of Henneguya that infect fish belonging to the family 
Cichlidae.
Conclusions  A novel Henneguya species was identified parasitizing P. squamosissimus. The parasite presented wide geo-
graphic distribution in the Amazon basin and genetic analyses showed it as revealing a panmictic population.
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Introduction

Myxozoa (Cnidaria: Endocnidozoa) is a large, widespread 
aquatic group of microscopic, obligate endoparasites that 
can cause severe ecological and economic damage [1, 2]. 
More than 2600 myxozoan species have been identified, in 
both marine and freshwater environments, worldwide [3]. 
Some of these parasites have been reported to be highly 
pathogenic, resulting in severe debility and mortality in fish 
hosts [4].

Only a few investigations determining the population 
structure of myxozoan parasites are available. Genetic struc-
ture in the population of Ceratonova shasta (Noble, 1950) 
with different host associations, was found in the upper and 
lower Klamath River basin, Oregon/California in the USA 
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[5, 6]. Oceanographic barriers in areas of the African coast 
were hypothesized to play important roles in the popula-
tion structuring of the parasite Ceratomyxa cottoidii Reed, 
Basson, Van As & Dyková, 2007 as for its fish host [7]. 
In South America, evidence for panmixia was observed in 
populations of Ceratomyxa gracillima Zatti, Atkinson, Maia, 
Bartholomew & Adriano, 2017 from different rivers along 
the Amazon basin [8].

Henneguya Thélohan, 1892 is the second most species-
rich genus from the Myxobolidae family and is represented 
by more than 250 species. Most members of this genus 
parasitize freshwater fish, with few species described from 
marine and brackish habitats [9, 10]. Sixty Henneguya 
species have been described in Brazil, of which 26 were 
reported from the Amazon basin [9–24].

Plagioscion squamosissimus (Heckel, 1840) is a species 
of the family Sciaenidae Cuvier, 1829. This species was 
included in Order Acanthuriformes by [25] and allocated for 
the Order incertae sedis Eupercaria [26]. It is a non-migra-
tory fish popularly known as pescada-branca or curvina 
(Portuguese) and South American silver croaker (English) 
[27, 28]. The original distribution is limited to the Orinoco 
and Amazon basins, and the rivers of the Guianas, but that 
has been more recently introduced into the La Plata and São 
Francisco Basins, as well as several artificial reservoirs in 
Brazil, due to its high economic value [27–30]. Despite its 
wide distribution and considerable commercial value, few 
myxosporean surveys have been conducted on this fish, thus 
far known to host a Kudoa sp. in the musculature [31], and 
Ellipsomyxa plagioscioni Zatti, Maia & Adriano, 2020 in 
the gall bladder [32], both reported from the Amazon River, 
state of Pará [31, 32].

In the present study, we describe a novel Henneguya spe-
cies, the first reported from Plagioscion squamosissimus 
(Heckel 1840) and a Sciaenidae fish worldwide. Catches 
were performed in three rivers within the Amazon basin. 
Our analyses were based on the morphology of myxospores, 
SSU rDNA and ITS-1 sequencing, phylogeny, and geo-
graphic distribution of the new myxosporean species.

Materials and Methods

Fish Collection

Specimens of P. squamosissimus were collected from 
three rivers in the Amazon basin: in the Lago Grande do 
Curuai, a marginal lake of the Amazon River, in the munici-
pal region of Santarém, in the state of Pará (coordinates 
2°08′04″S 55°37′54″W), in September 2017 (n = 48); the 
Tapajós River, in the municipal region of Santarém (coor-
dinates: 2°21′11″S 54°46′11″W) (n = 44) and the Solimões 
River, near the city of Manaus, in the state of Amazonas 

(coordinates 3°13′21''S, 59°59′52''W) (n = 16), in March 
2018 (Fig. 1). Catches were authorized by the Brazilian 
Ministry of the Environment (SISBIO nº 44268–9 and 
67616–1) and performed using both seine nets and fishing 
hooks. Live specimens were transported to a field laboratory 
and were sacrificed by overdose with a benzocaine solution 
(70 mg/L−1). This methodology was approved by the Ethics 
Committee on Animal Use of the University of São Paulo 
(CEUA/FZEA nº 6,885,120,419).

Morphologic and Statistical Analyses

All fish organs (e.g., skin, fins, gills), tissues and fluids (e.g., 
skin mucous, bile content) were initially observed under a 
stereomicroscope for the presence of myxozoan. Parasites 
were fixed in 10% neutral-buffered formalin to measure the 
myxospores [33] and in 100% ethanol for molecular studies. 
Myxospores were photographed using differential interfer-
ence contrast (DIC) and around 30 myxospores were meas-
ured using a Carl Zeiss Axio Imager A2 light microscope 
equipped with an Axio Cam, and the AxioVision AxioVs 
40V4.8.2 software package, following the general guide-
lines of [33]. Measurements were taken from distinct hosts, 
organs, and localities and then the average of the respective 
measurements was calculated.

Myxospores were air-dried onto glass slides, stained with 
Giemsa, and deposited in the Myxozoa collection of the 
Museu de Diversidade Biológica (the Museum of Biologi-
cal Diversity) (MDBio) of the State University of Campinas 
(IB/UNICAMP), São Paulo, Brazil.

χ2 test or G test (when the expected N was less than 
five) was performed to assess the effect of the geographic 
localities, sites of infection and host sex on the prevalence 
of infection of the new parasite, using BioStat 2.0 package 
[34], with the level of significance set at p < 0.05.

DNA Extraction, Amplification, and Sequencing

Three parasite samples from each site of infection and geo-
graphic locality were used for DNA extraction. Plasmodia 
preserved in 100% ethanol were mechanically ruptured 
under a coverslip on a microscopic slide, and the content 
was washed into a 1.5 mL microtube using ATL Buffer from 
the DNeasy® Blood & Tissue Kit (animal tissue protocol) 
(QIAGEN Inc., California, USA). Total DNA was extracted 
by following the manufacturer’s instructions, and the content 
was then stored at – 20 °C for further applications. Access to 
the genetic data was authorized by the Brazilian Ministry of 
the Environment (SisGen No. A33CB83).

PCR amplification of overlapping fragments of the SSU 
rDNA was obtained through nested PCR using a combina-
tion of specific new primers paired with others available 
in the literature. The first round targeted almost the entire 
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SSU rDNA, with ERIB1 (5’ACC​TGG​TTG​ATC​CTG​CCA​
G3’ [35]) and ERIB10 (5’CTT​CCG​CA GGT​TCA​CCT​
ACG​G3’; [35]), followed by a semi-nested second round 
using the primer set ERIB1 and ACT1R (5’AAT​TTC​ACC​
TCT​CGC​TGC​CA3’; [36]), Henn.4f (5’CAC​GGT​CGC​TAT​
TAG​CCG​A3’; this study), and Henn.1r (5’ACG​CTG​ATC​
GCA​GTT​CCA​3’; this study). Additionality, we used the 
primers MC5 (5’CCT​GAG​AAA​CGG​CTA​CCA​CAT​CCA​
3’; [37]) with MC3 (GAT​TAG​CCT​GAC​AGA​TCA​CTC​
CAC​GA; [37]), which cover the most central part of the 
SSU rDNA gene, to ensure all overlapping DNA fragments 
could be assembled. ITS-1 was amplified using the Henn.8f 
primer (5’GCG​CGC​TAC​AAT​GAC​GAT​G’; this study) with 
NC13R (GCT​GCG​TTC​TTC​ATC​GAT; [38]). These prim-
ers produced fragments that extended from ~ 1950 bp SSU 
rDNA through ITS-1 and terminated in 5.8S.

PCRs were conducted in 25 μl reaction volumes com-
prising: 12.5  μl Dream Taq Green PCR Master Mix 
(Thermo Fisher Scientific, Massachusetts, USA), 0.5 μl 
of each primer (10 pmol), 1 μl of DNA (10 – 50 ng/μl), and 
10.5 μl of ultrapure water. PCR cycling was performed on 
a Nexus Mastercycler® (Eppendorf, Hamburg, Germany), 
using a block preheated to 103 °C. The cycling parameters 

comprised an initial denaturation step at 95 °C for 2 min, 
followed by 35 denaturation cycles at 94  °C for 30  s, 
annealing at 60 °C for 30 s (or 58 °C for ITS-1 primers) 
and extension at 72 °C for 90 s, terminating in an exten-
sion step at 72 °C for 5 min. The amplicons were analyzed 
via 1.5% agarose gel electrophoresis Tris-borate-EDTA 
(0.045 M Tris - borate, 0.001 M EDTA, pH 8.0) stained 
with SYBR™ Safe (Thermo Fisher Scientific, Massachu-
setts, USA) and analyzed on a Compact Digimage System 
transilluminator (MajorScience™). The presence of appro-
priately sized bands was confirmed by direct comparison 
with the molecular weight marker 1 kb Plus DNA Lad-
der (Thermo Fisher Scientific, Massachusetts, USA). The 
amplicons were then purified using the QIAquick PCR 
Purification Kit (QIAGEN, California, EUA) according 
to the manufacturer’s instructions, and directly sequenced 
with PCR primers (5 pmol) in both directions using a Big-
Dye 102 Terminator v3.1 Cycle Sequencing kit (Applied 
Biosystems, California, USA) in an ABI 3730 DNA 103 
Analyzer (Applied Biosystems, California, USA) at the 
Human Genome and Stem Cell Research Center of the 
University of São Paulo (USP).

Fig. 1   Map of collection localities in the Amazon basin: Lago Grande do Curuai, a marginal lake of the Amazon River state of Pará; Tapajós 
River, state of Pará, and Solimões River, state of Amazonas
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Sequencing Assembly, BLASTn and Distance 
Analyses

The sequences obtained for each sample were assembled 
and edited using Geneious Prime ® version 2021.1.1. The 
low-quality ends of each sequence generated were trimmed 
and aligned to produce consensus sequences. A nucleotide 
BLASTn [39] search was conducted for each of the gener-
ated consensus sequences to confirm the amplification of 
myxozoan DNA only. Genetic distances were performed 
using the closest congeners species according to the phy-
logenetic tree and were determined using the p-distance 
model matrix in MEGA X [40]. Gaps and missing data were 
deleted.

Phylogenetic Analyses

Phylogenetic analyses were performed on an alignment 
of 40 SSU rDNA sequences from the most closely related 
myxozoans, as determined by BLASTn search, available in 
the NCBI database (accession numbers are indicated in the 
phylogenetic tree). Parvicapsula bicornis Køie, Karlsbakk 
and Nylund 2007 (GenBank: EF429097) and Parvicapsula 
irregularis Kodóková, Dyková, Tyml, Ditrich and Fiala 
(2014) (GenBank: KF874229) were used as outgroups. 
Sequences were aligned using the MAFFT online server [41] 
with the G-INS-i strategy and default parameters. The opti-
mum evolutionary model (General Time Reversible substitu-
tion model and 4 gamma-distributed ration variations among 
sites) for the dataset was obtained by applying the Akaike 

Information Criterion using jModelTest 0.1.1 [42]. Aligned 
sequences were analyzed using maximum likelihood (ML) 
and Bayesian Inference (BI). ML analyses were conducted in 
the PhyML 3.0 online server [43], with topology assessed by 
bootstrapping with 1000 replicates. BI was conducted using 
MrBayes v.3.0 [44] with posterior probabilities of 10 million 
generations, via two independent runs of four simultane-
ous Markov Chain Monte Carlo (MCMC) algorithms, with 
every 10000th tree saved. Tracer v1.4 was used to ascertain 
the length of burn-in and the effective sample size (ESS) 
values [45]. The trees were visualized using Figtree 1.3.1 
[46] and edited using Adobe Photoshop (Adobe Systems 
Inc., California, USA).

Results

The lengths of the 108 specimens of P. squamosissimus ana-
lyzed ranged from 14 to 47 cm, while there were 42 males, 
43 females, and 23 of undetermined sex. Plasmodia of a 
Henneguya species were observed in gill filaments, fins, or 
kidneys of 47 specimens (43.5%). Of the 108 specimens of 
P. squamosissimus analyzed, 14 (12.9%) were also infected 
by E. plagioscioni in the gallbladder of fish from the three 
sites localities: 2 (1.8%) in the Lago Grande do Curuai; 10 
(9.2%) in the Tapajós River; and 1 (0.9%) in the Solimões 
River. Infection by Kudoa sp. was not observed.

The prevalence was 50% in both the Tapajós and 
Solimões rivers, and 35.4% in the Lago Grande do Curuai 
(Table 1). These differences were not significant (χ2 = 2.30, 

Table 1   Data on sampling of Henneguya longisporoplasma n. sp. 
parasite of Plagioscion squamosissimus in the Amazon Basin with 
the total prevalence per localities of study (*), per sites of infection 

in each region sampled, and GenBank accession numbers with the 
respective SSU rDNA sequence length

M Male, F Female, US Undetermined Sex

Locality Infected organ Prevalence M F US GenBank accession number and 
respective sequence length (bp)

Lago Grande do Curuai, Pará *35.4% (17/48) 19 4 25
Gill filaments 14.6% (7/48) OM158490 (2278)
Fins 28.1% (13/48) OM158491 (2135); OM158492 

(2132); OM158493 (1500)
Gill filaments and fins 6.2 (3/48)

Tapajós River, Pará 50% (22/44) 20 11 13
Gill filaments *22.7% (10/44) OM158494 (2234); OM158495 (1892)
Fins 38.6% (17/44) OM158496 (2262)
Kidney 4.5% (2/44) OM158497 (1919)
Gill filaments and Fins 18.2% (8/44)
Gill filaments, fins, and kidney 4.5% (2/44)

Solimões River, Amazonas *50% (8/16) 3 8 5
Gill filaments 50% (8/16) OM158498 (1954)
Fins 12.5% (2/16) OM158499 (1991)
Gill filaments and fins 12.5% (2/16)
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df 2). In terms of the site of infection, the prevalence total 
in the gill filament was 23.1% while in the fins it was 
29.6%, and infections of these organs occurred in all sam-
pling localities. The total prevalence of kidney infection 
was only 1.8% and was restricted to only two specimens 
from the Tapajós River. Prevalence was significantly dif-
ferent between sites of infection (χ2 = 30.62, df 2), but not 
when kidney infections restricted to the Tapajós River 
were excluded from the analysis (χ2 = 1.16, df 1).

Considering the sampling localities separately, the gill 
filaments were the most prevalent infection site in the 
Solimões River (50%). Infections in the fins were the most 
prevalent in the Lago Grande do Curuai and the Tapajós 
River, with 28.1% and 38.6% respectively (Table 1). Dif-
ferences in the prevalence between sites of infection were 
significant in the Tapajós River (χ2 = 22.99, df 2) and the 
Solimões River (G = 5.51, df 1), but not significant in the 
Lago Grande do Curuai (χ2 = 2.27, df 1) and in the Tapajós 
River, if not considered the kidney infection (χ2 = 1.59, 
df 1).

The prevalence in the males was 59.5%, females of 
32.5%, and undetermined sex was 21.7%. These differences 
were significantly different (χ2 = 10.77, df 2). Considering 
each geographic localities separately, the prevalences of the 
infection were of 47.3% for males, 28% for females, and 25% 
for undetermined sex in the Lago Grande do Curuai (not 
significantly different - G = 1.96, df 2); 66.6% for males, 40% 
for females, and 37.5% for undetermined sex in the Solimões 
River (not significantly different - G = 0.79, df 2), and of 
70% for males, 38.4% for females, and 9.1 for undetermined 
sex in the Tapajós River (significantly different - G = 12.17, 
df 2).

Considering the organ of infection in each gender and 
localities there was no significant difference in the preva-
lence of the fins, with 42.1% for males, 16% for females, 
and 25% for undetermined sex in the Lago Grande do Curuai 
(G = 3.72, df 2), 20% for females, 12.5% for undetermined 
sex, and none infected for males in the Solimões River 
(G = 1.02, df 2), and 50% for males, 38.4% for females, and 
9.1% for undetermined sex in the Tapajós River (G = 5.93, 
df 2). Regarding gill filaments, the prevalence was 10% for 
males, 16% for females, and 25% for undetermined sex in the 
Lago Grande do Curuai, 66.6% for males, 40% for females, 
and 50% for undetermined sex in the Solimões River, and 
35% for males, 23% for females, and none infected for unde-
termined sex in the Tapajós River. These prevalences were 
not significantly different between the genders in the Lago 
Grande do Curuai (G = 0.61, df 2) and in the Solimões River 
(G = 0.96, df 2), but it was in the Tapajós River (G = 6.69, 
df 2).

Morphological Description and Taxonomic Summary

Henneguya longisporoplasma n. sp. Figures 2 and 3
Morphologic description: microscopic (< 0.1 mm), whit-

ish, and oval-shaped plasmodia were found in the gill fila-
ments, fins, and kidneys of P. squamosissimus. The mature 
myxospores had an elongated body in the valvular view, with 
a wider anterior than the posterior end, and were biconvex in 
the sutural view (Figs. 2 and 3), measuring 53.4 ± 2.9 (range 
48.5–59.2) μm in total length, 12.6 ± 0.6 (11.7–13.4) μm 
in length and 5.7 ± 0.5 (range 4.7–6.5) μm in width. Each 
valve with a caudal projection averaging 40.7 ± 2.8 (range 
36.5–45.9) μm in length. Two pyriform and symmetric polar 

Fig. 2   Nomarski differential interference contrasting images of 
wet mount myxospores of Henneguya longisporoplasma n. sp. 
from Plagioscion squamosissimus in the Amazon basin. A Myxo-
spores found in the gill filaments. White arrow: sporoplasmossomes 

nuclei. B Myxospores found in the fins. White arrow: sporoplasmos-
somes nuclei. C Myxospores found in the kidney. Black arrow: polar 
tubules. D Myxospore in a sutural view. White arrow: suture line. 
Bar = 10 μm
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capsules at the anterior pole of the myxospore, measuring 
3.5 ± 0.3 (range 2.8–4) μm in length and 1.9 ± 0.2 (range 
1.8–2.3) μm in width, occupying ~ 30% of the myxospore 
body length, and displaying 4–5 polar tubule turns. Sporo-
plasm elongated, containing two nuclei and occupying the 
rest of the myxospore body (Figs. 2 and 3).

Molecular analysis: a total of 10 sequences consisting of 
partial SSU, complete ITS-1, and partial 5.8S were obtained 
for H. longisporoplasma n. sp. samples from the distinct 
infected organs from each of the three localities sampled 
(see Table 1 for GenBank accession numbers). Apart from 
differences in length, all the sequences were identical. 
According to the p-distance analysis, the species with the 
lowest SSU rDNA difference with H. longisporoplasma n. 
sp. was H. paraensis (KU535882), 5.6% and the greater was 
H. tapariensis (MN2249850), 18.04%

Type-host: Plagioscion squamosissimus (Heckel 1840) 
(Acanthuriformes: Sciaenidae).

Prevalence: of the total of 108 fish examined in the three 
localities, 47 (43.5%) had plasmodia in at least one site of 
infection (Table 1).

Site of infection: histozoic, in the gill filaments, fins and 
kidney.

Etymology: the name derives from the elongated sporo-
plasm (from the Latin longis = long), occupying ~ 70% of the 
myxospore body length.

Type-locality: Lago Grande do Curuai, a marginal lake 
of the Amazon River, in the municipal region of Santarém, 
in the state of Pará (coordinates: 2°08′04″S 55°37′54″W). 
Other localities: the Solimões River, near the city of Manaus, 
in the state of Amazonas, Brazil (coordinates 3°13′21''S, 
59°59′52''W); the Tapajós River, near the city of San-
tarém, in the state of Pará, Brazil (coordinates: 2°21′11″S 
54°46′11″W).

Material deposited: Giemsa-stained slide (accession 
number: ZUEC MYX 112) was deposited in the Myxo-
zoa collection of the Museu de Diversidade Biológica (the 
Museum of Biological Diversity) (MDBio) of the State Uni-
versity of Campinas (IB/UNICAMP), São Paulo, Brazil. The 
consensus of the rDNA sequences containing partial SSU, 
complete ITS-1, and partial 5.8S were deposited in GenBank 
(accession numbers OM158489-OM158499) (see Table 1 
for the GenBank accession numbers of all the sequences).

Phylogenetic Analyses

ML and BI phylogenetic trees showed two main clades, 
A and B (Fig. 4). Clade A was exclusively composed of 
Myxobolus parasites of South American characiform hosts. 
Clade B had several subclades formed of Myxobolus and 
Henneguya parasites of different fish orders around the 
world. In this clade, Henneguya longisporoplasma n. sp. 
was located within clade B, forming a sister branch to a 
subclade of Henneguya species reported from South Ameri-
can Cichlidae (Henneguya tucunarei Zatti, Atkinson, Maia, 
Bartholomew & Adriano, 2018); Henneguya jariensis Zatti, 
Atkinson, Maia, Bartholomew & Adriano 2018; Henneguya 
tapajoensis Zatti, Atkinson, Maia, Bartholomew & Adriano 
2018; Henneguya paraensis Velasco, Videira, Nascimento, 
Matos, Gonçalves & Matos 2016; and Henneguya sacacaen-
sis Ferreira, Silva, Araújo, Hamoy, Matos & Videira 2020.

Discussion

Henneguya longisporoplasma n. sp. represents the third 
myxozoan and the first Henneguya species described from 
P. squamosissimus. The morphology/morphometry, host, 
organ/tissue affinities, and DNA sequences of H. longispo-
roplasma n. sp. were compared with other described species 
of Henneguya [9–24].

When considering Amazonian species, the myxospores 
of H. longisporoplasma n. sp. morphologically resembled 
those of H. tapariensis and H. tapajoensis (Table 2). How-
ever, compared to H. tapariensis, the new species had a 
slightly smaller body length (12.6 vs 13.5 μm), thicker (5.3 
vs 2.5 μm) and wider myxospores (5.7 vs 3.6 μm). H. long-
isporoplasma n. sp. has shorter (3.5 vs 5 μm) and wider (1.9 
vs 1.3 μm) polar capsules. Those species also differ in their 

Fig. 3   Drawing of myxospore of Henneguya longisporoplasma n. sp. 
from Plagioscion squamosissimus 
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fish hosts: H. longisporoplasma n. sp. infects a Sciaenid host 
and H. tapariensis is described as infecting a Serrasalmidae 
host. In terms of the SSU rDNA sequence, H. longisporo-
plasma n. sp. and H. tapariensis differed by 18.4% (Table 2).

When compared to H. tapajoensis, H. longisporoplasma 
n. sp. had a shorter total length (53.4 vs 54.6 μm), shorter 

(12.6 vs 16.4 μm) and narrower myxospores bodies length 
(5.7 vs 7 μm), and shorter (3.5 vs 4.2 μm) and narrower (1.9 
vs 2.1) polar capsules (Table 2). H. longisporoplasma n. sp. 
and H. tapajoensis differed by 9.7% of their SSU rDNA.

In comparison with other Henneguya species from South 
America and other continents, H. longisporoplasma n. sp. 

Fig. 4   Consensus ML phylogenetic tree using SSU rDNA sequences 
of selected Henneguya and Myxobolus species. GenBank accession 
numbers are given following the species name. Nodal supports are 

indicated for ML with a bootstrap of 1000 replicates, and BI with 
posterior probabilities, respectively. Values for weakly supported 
nodes (< 70) are not shown
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exhibited morphological and morphometric differences in 
at least one of the following characteristics: shape and size 
of myxospores, number of polar tubule coils, site of infec-
tion, fish host, and region of occurrence [5–20]. Henneguya 
longisporoplasma n. sp. also differed from all other SSU 
rDNA sequences according to the BLASTn search in the 
NCBI. Thus, based on morphology/morphometry data, bio-
logical trail, and comparison with other available SSU rDNA 
sequences, we concluded that the myxosporean species iso-
lated in the present study is a novel species.

Henneguya longisporoplasma n. sp. was found parasitiz-
ing P. squamosissimus in three localizations in the Amazon 
basin, and no significant difference was observed in preva-
lence in the sampled localities, revealing a wide distribution 
of the parasite in the watershed. Regarding the sites of infec-
tion, there was no significant difference between the preva-
lence of the gill filaments and fins, but the kidney infections 
were restricted to two specimens from the Tapajós River. 
This result shows restricted infection in this internal organ 
in comparison with the wide distribution of the infections 
in the external organs, but there are no still clear biological/
ecological biases to explain these differences. When com-
paring the prevalence per site of infection in each locality, 
significant differences were observed for both the Tapajós 
and Solimões rivers, with the lowest prevalence in kidney 
and fins, respectively. However, the difference is not signifi-
cant in the Tapajós River even disregarding the uncommon 
kidney infection.

Concerning the host gender, there was a significant differ-
ence between the total prevalence of males, females, and of 
undetermined sex, showing a wide distribution regarding the 
genders. However, when considering the prevalence between 
the genders in each one of the three localizations, it was 
significatively different in the Tapajós River, with a lower 
prevalence for undetermined sex. The comparison of the 
prevalence per site of infection in each gender in the three 
geographic regions showed no significant difference for the 
fins. Gill filament infections also did not differ significantly 
in the Lago Grande do Curuai and in the Solimões River, 
but were different in the Tapajós River, with no infection for 
undetermined sex.

Despite the significant differences in prevalence observed 
in some aspects of the observed infection, in an overview, 
our data show a wide distribution of H. longisporoplasma 
n. sp. infection in the population of P. squamosissimus of 
the Amazon basin. The wide distribution of myxosporeans 
in the immensity Amazon basin has also been reported by 
other authors [8, 47, 48].

Cooke et al. [49] sampled populations of South Ameri-
can silver croakers from distinct regions with different 
hydrochemical gradients in the Amazon Basin - blackwater 
(Negro River), whitewater (Solimões/Amazon Rivers), and 
clearwater (Tapajós River). Their results suggested that the 

hydrochemical gradients act as ecological barriers, resulting 
in populational discontinuities of P. squamosissimus in the 
Amazon Basin. Measured in a straight line, the Lago Grande 
do Curuai - a marginal lake of the Amazon River (white-
water) - is ∼100 km from the Tapajós River (clearwater), 
while the Solimões River (whitewater) is a further 550 km 
away, approximately. Irrespective of geographic locality, 
hydrochemical gradient, and organ of tropism, however, the 
myxospore morphology and SSU rDNA sequences were 
identical, supporting the belief that these are the same spe-
cies. Thus, we decided to sequence the ITS-1 marker, which 
tends to vary more widely, from samples from the different 
organs and localities, aiming to seek a putative intraspecific 
variation between those samples. However, in contrast to the 
populational structure of the South American silver croaker, 
associated with hydrochemical gradients and observed by 
Cooke et al. [49], the ITS-1 analysis did not reveal intraspe-
cific variation among the samples of H. longisporoplasma 
n. sp., despite the wide geographic separation of the collec-
tion localities and hydrochemical gradients. Thus, besides 
the wide distribution of the infection within the Amazon 
Basin, this genetic mixture among distinct geographical 
localities and hydrochemical gradients is evidence of high 
gene flow in the H. longisporoplasma n. sp. population, 
probably reflecting the passive dispersion of the infective 
myxospores/actinospores along with the downstream river 
flow, or natural active dispersion, mainly of vertebrates, but 
also of invertebrate hosts across the Amazon basin. Similar 
panmixia was reported for C. gracillima, another Amazonian 
myxosporean [8].

Generally, histozoic myxosporeans (e.g., Myxobolus, 
Henneguya, Thelohanelus, Kudoa) exhibit tissue specific-
ity within their hosts [50, 51]. However, some myxozoans 
have been reported infecting more than one organ in a single 
host. For example, the plasmodia of Thelohanellus kitauei 
Egusa & Nakajima 1981 were found in both the skin and 
intestine of the common carp Cyprinus carpio [52], while 
those of Henneguya kwangtungensis Chen 1998, developed 
in the gills and gall bladder of Mylopharyngodon piceus 
[53]. Histological analyses of Myxobolus Cordeiro Adriano, 
Arana, Alves, Silva, Ceccarelli, Henrique-Silva & Maia, 
2009, which infects the gill arch, skin, serosa of the body 
cavity, urinary bladder, and eyes of Zungaro jahu, identified 
infections in the connective tissue of the several organs [54], 
showing that even in distinct organs, there may be tissue 
specificity. Thus, the occurrence of H. longisporoplasma n. 
sp. in multiple organs may not mean there is no tissue speci-
ficity. However, as histological analyses were not the focus 
of the present study, data on the specificity of infection sites 
will be the subject of further studies.

Phylogenetic analyses placed H. longisporoplasma n. 
sp. in a clade composed of Henneguya species from South 
America, as a sister branch of the subclade composed only 
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of parasites of Amazonian cichlids (Fig. 4). Previous studies 
strongly support that vertebrate host affinity and geographic 
localization are important phylogenetic signals within Myx-
obolidae phylogenies 14–18, 54–59]. While H. longisporo-
plasma n. sp. is the first myxobolid species described from 
this host family worldwide, it is expected that further stud-
ies may reveal a lineage of myxobolid parasites of sciaenid 
hosts.

Besides H. longisporoplasma n. sp., E. plagioscioni, a 
myxozoa recently described in P. squamosissimus [32], was 
also reported in the bile of 12.9% of the specimens herein 
studied. However, Kudoa sp. was noted reported, but this 
result may be related to the methodology used, which did 
not focus on the muscle analyses, the methodology used by 
Oliveira et al. [31].

This study contributes to knowledge of myxosporean bio-
diversity from South American freshwater rivers and lakes, 
as well as providing details of the prevalence and remarkable 
genetic uniformity of a parasite infecting a non-migratory 
fish, in distant geographical regions within the Amazon 
basin.
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