
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Daniel Cerqueda-Garcı́a,
Instituto de Ecologı́a (INECOL), Mexico

REVIEWED BY

Archana Sinha,
Central Inland Fisheries Research Institute
(ICAR), India
Amelia Paredes-Trujillo,
Universidad de Ciencias y Artes de Chiapas
Centro Universitario de Informacion y
Documentacion, Mexico

*CORRESPONDENCE

Rafaela Franco Araújo
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A systematic review was carried out to document the occurrence of myxozoan

parasites in farmed and wild teleost fish in Brazil, considering publications made

between 1969 and April 2024. This review followed the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, and

searches were conducted in the Web of Science, Scopus and Pubmed

databases. After applying the criteria, 226 articles were selected, recording 286

taxa of myxozoan parasites, of which the genera Henneguya and Myxobolus are

the most described in fish in Brazil. Overall, these studies covered ≈ 3% of the

more than 4,900 fish species known in Brazilian waters. All reviewed myxozoan

genera showed high specificity for infection sites, exceptMyxobolus, which was a

generalist. In the host-parasite interaction network, fish species of importance to

Brazilian fishing activity (Pimelodidae, Serrasalmidae, Cichlidae, Bryconidae and

Prochilodontidae) obtained the highest number of associations, being the most

researched. Regarding the geographic distribution of studies with myxozoans,

the majority (79%) occurred with wild fish, originating from all Brazilian river

basins, with the exception of the Uruguay River basin. On the other hand, studies

that recorded myxozoans in rearing hosts (21% of studies) occurred mainly in the

Paraná River basin.
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1 Introduction

Among the largest groups that parasitize fish in the Neotropical region, the class

Myxozoa Grassé 1970 (Kyger et al., 2021), has approximately 2,596 described species,

distributed in 67 genera (Okamura et al., 2018). This class has a cosmopolitan distribution,

being found in freshwater and marine environments and some species are pathogenic

(Eszterbauer et al., 2020). They are usually microscopic spores measuring approximately 10

to 50 micrometers, with simple morphology and a complex life cycle, which is still little

known (Eszterbauer et al., 2020). Generally found in the myxosporean form in vertebrate

hosts, they can contain from 2 to 7 valves connected by suture lines and polar capsules that
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vary from 1 to 7, each capsule containing a polar filament coiled

inside in a spiral shape (Lom and Dyková, 1992).

Myxozoans are microparasites with a simplified body

organization classified within the Phylum Cnidaria. Closely

related to jellyfish, sea anemones and hydras, during evolutionary

processes they diverged from the common ancestor to become a

parasitic group of vertebrates and invertebrates (Eszterbauer et al.,

2020). During their life cycle they have two hosts, one vertebrate

(usually fish) and one invertebrate (mainly annelids). In their

developmental stages myxozoans are motile during invasion,

migration and proliferation due to cellular processes that allow

this unique cellular motility (Eszterbauer et al., 2009; Alama-

Bermejo et al., 2019). Myxozoans affect the health of fish, and can

cause disease and mortality, since there is no effective protection for

fish against these parasites (Okamura et al., 2015).

Among the vertebrates infected by parasites, fish have shown

greater susceptibility, possibly due to their aquatic environment, in

which water facilitates the transmission and dispersion of these

organisms (Araujo Neto et al., 2024). Some species of myxozoans

are highly pathogenic in both farmed and wild fish and cause

serious damage to their hosts and major economic losses to the

fishing industry (Naldoni et al., 2019b).

Myxozoan infection in fish can affect different organs and

tissues, leading to serious pathological lesions such as reduction

of the epithelial area of the gills, myocarditis deformation,

displacement, stretching and compression of the capillaries of the

gill lamellae, hemorrhage and hypertrophy in the skin, thickening of

the external tunic of the swim bladder with granulomatous reaction,

perivascular edema in the interlamellar area and stretching of the

epithelium of the cornea and urinary bladder (Barassa et al., 2003;

Adriano et al., 2005, 2009; Matos et al., 2014; Battazza et al., 2020;

Capodifoglio et al., 2020).

Worldwide, studies on the occurrence of Myxozoa parasites

causing serious diseases in freshwater and marine host fish have

been reviewed by Banu and Rathinam (2023). Among them is

proliferative kidney disease caused by Tetracapsuloides

bryosalmonae (Canning, Curry, Feist, Longshaw & Okamura,

1999) in salmon species on the European continent (Naldoni

et al., 2019a; Oredalen et al., 2022). Furthermore, Kudoa thyrsites

(Gilchrist, 1923) and Kudoa paniformis Kabata & Whitaker, 1981

caused muscle myoliquefaction in Scomber scombrus Linnaeus,

1758 (Atlantic mackerel) from Norway (Giulietti et al., 2022).

Henneguya ictaluri Kabata & Whitaker, 1981 caused proliferative

disease in the gills of catfish and their hybrids, known as

“hamburger gill”, which causes severe respiratory distress leading

to high mortality and substantial economic losses in the USA

aquaculture industry (Stilwell et al., 2023). Kudoa septempunctata

Matsukane, Sato, Tanaka, Kamata & Sugita-Konishi, 2010 was

detected in the muscle of Paralichthys olivaceus (Temminck &

Schlegel, 1846) (flounder) raised in aquaculture systems and has

been associated with numerous outbreaks of foodborne illness in

Japan, with gastrointestinal symptoms in individuals who ingested

this fish (Matsukane et al., 2010; Yahata et al., 2015).

Therefore, following the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) guidelines
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(Moher et al., 2015; Page et al., 2021), a systematic review was

conducted to document the occurrence of ichthyoparasites of the

Myxozoa Class in farmed teleost fish and wild populations in Brazil,

outlining an overview of the geographic distribution, parasite-host

interaction, infection sites, in addition to describing the main

histopathological changes caused to the fish, aiming to contribute

to the knowledge of the health status of the Brazilian ichthyofauna

as well as monitoring the status of studies on Myxozoa in Brazil.
2 Materials and methods

2.1 Search strategy

This systematic literature review followed the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) guidelines (Moher et al., 2015; Page et al., 2021).

A search was performed in the following databases: Web of

Science core collection, Scopus and Pubmed, up to April 2024.

Search strings were made for each database, using the search terms

“titles” and “abstract” and the Boolean operators search strategy

(OR and AND), which were applied to match the following

keywords: “fish*” OR “aquaculture” combined with “parasit*” OR

“Myxozoa” and “Brazil” (Table 1).

The lists of records retrieved from each database were merged,

and duplicate and inaccessible articles, book chapters, editorial

material, errata and conference papers were subsequently

excluded. Two independent reviewers evaluated all titles and

abstracts, the selection criteria adopted in the review were: studies

of parasites of the Myxozoa class; in teleost fish; carried out in

Brazil. The bibliography of the selected full texts was reviewed,

relevant studies were added to the review and the following

selection and exclusion criteria were applied to each article:

articles or scientific notes from indexed journals; of any year of

publication; written in English, Portuguese or Spanish; which

included information on the collection location (municipality or

geographic coordinates) and primary research that documented the

presence of Myxozoa parasites in fish from natural or farmed

environments in Brazil. In short, articles were screened for

eligibility using the following exclusion criteria: reviews or

checklists that did not present primary research; studies on hosts

other than fish; outside the theme of the present study; and

unavailable articles.

The lack of uniformity in the designation of study sites, such as

geographic coordinates of a fish farm, and in the assessment of the

effects of myxozoan infection on fish growth and productivity make

it difficult to accurately indicate the location of myxozoans and

advances in systematic research on the subject. Furthermore, in
TABLE 1 Database search strategies.

Database Search strategy

Web of Science
PubMed Scopus

TITLE-ABS [(fish* OR aquaculture) AND (parasit*
OR Myxozoa) AND (Brazil)]
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some articles analyzed in this review, a lack of data on the infection

site by fish species and/or collection site was observed.
2.2 Data collection

Data extracted from the publications included: author, date,

title, taxonomy of the parasite (genus and species), site of infection,

taxonomy of the host fish (family, genus and species), origin of the

host (wild or farmed fish), municipality and state of sample

collection, hydrographic basin, geographic coordinates and

histopathological alteration. The taxonomic status of the host fish

species was checked and validated based on updated data from the

FishBase database, ensuring consistency with the real scenario of

the Brazilian ichthyofauna (Froese and Pauly, 2024). Each line of

the matrix corresponds to a parasite-host-environment interaction,

recording the presence of a parasite in a host species in a

municipality within the study.

To present the geographic distribution of myxozoan genera

infecting wild and/or aquaculture fish in Brazilian River basins

(Amazon River, North-Northeast Atlantic, Tocantins River, São

Francisco River, Paraná River, Uruguay River, East Atlantic and

Southeast Atlantic), we compiled the coordinates of the parasite

collection points from the articles in the database. For articles that

did not provide geographic coordinates, coordinates were collected

using Google Earth software considering the location information

that the articles provided (river, municipality, small communities).
2.3 Data analysis

Microsoft Excel® spreadsheets were used to select articles and

extract and describe data.

The R software and the “bipartite” package were used to define

interaction patterns, with networks drawn using the plot web

function (Dormann, 2011; Dormann et al., 2008; R Core Team,

2017) to determine the relationships between parasite and infection

site and parasite-host at the genus level. The C-score indices at the

network level, number of compartments and genus specificity index

of Myxozoa were calculated (SSI) (Dormann, 2011). The C-score

index measures the co-occurrence rate of genera in the network and

is an indicator of the degree of specificity of these genera, with

values ranging from 0 (high co-occurrence) to 1 (low co-

occurrence). The SSI assesses the degree of specificity of the

parasite genera, ranging from 0 (low specificity) to 1 (high

specificity). To classify the specificity levels within this range, we

considered values higher than 0.66 to be high, values between 0.33

and 0.66 to be moderate, and values lower than 0.33 to be low.

These analyses were performed using R software (R Core

Team, 2017).

The coordinates obtained were organized in Microsoft Excel®

spreadsheets, saved in csv format and exported to Quantum-Gis

(QGIS) for map creation. The shape file layers used (hydrographic

grid and federation units) in the preparation of the maps were obtained

from the Brazilian Institute of Geography and Statistics (IBGE).
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3 Results

The search in the databases located 2,466 works and after

applying the selection criteria, 226 articles were included in the

data analysis (Figure 1). From these studies, 341 parasite-host-

environment interactions were recorded. One hundred and

seventy-nine species (286 taxa) of myxozoan parasites of 134

species (136 taxa) of host fish were recorded, and six hybrids. Of

the 286 myxozoan taxa found, 245 were in wild fish and only 48 in

fish from fish farms.

A total of 19 genera of Myxozoa occur in Brazil, namely:

Agarella (1 species), Ceratomyxa (10), Chloromyxum (1),

Coccomyxa (1), Ellipsomyxa (7), Henneguya (68), Hoferellus (2),

Kudoa (9), Meglitschia (1), Myxidium (4), Myxobolus (65),

Ortholinea (sp.), Sinuolinea (1), Sphaeromyxa (1), Sphaerospora

(1), Tetrauronema (1), Thelohanellus (2), Triangulamyxa (2) and

Unicauda (2). Henneguya and Myxobolus are the most recurrent in

fish in Brazil, where around 80% of studies recorded these

genera (Figure 2A).

The first recovered article was published in 1969 and only in

1981 was a new article published (Figure 2B). From 2002 onwards,

there was a gradual increase in the number of publications on

myxozoans infecting fish and between 2011 and 2020. This increase

was 175%, that is, it went from 8 to 22 published articles. Over the

period from 1969 to 2024, the annual average of published articles

was 4.1, ranging from 0 to 22.

The data show a regional centralization in the number of

published articles. The state of Pará stands out as a hub for the

collection of myxozoans in Brazilian fish, concentrating 84 papers

(34% of national production) in the country until the beginning of

2024 (Figure 2C). Pará is followed by São Paulo (56), Mato Grosso

do Sul (17), Amazonas (15) and Minas Gerais (11). On the other

hand, states that do not have records include Bahia, Espıŕito Santo,

Paraıb́a, Pernambuco, Rondônia, Tocantins and Distrito Federal.

In the network of interactions between myxozoan genera and

the infection sites of host fish, the parasite co-occurrence rate was

low at the network level (C-score = 0.691), indicating that most

genera have an affinity for only one infection site. Overall, 84% of

parasite genera exhibited high specificity for infection sites, 11%

exhibited moderate specificity, and 5% exhibited low specificity.

Species of the genus Henneguya has a greater affinity for the gills.

Ceratomyxa, Ellipsomyxa eMyxidium are specific to the gallbladder,

while Kudoa demonstrates specificity for host muscle. Myxobolus

species do not show site specificity, recorded at 25 sites on the host

(Figure 3; Table 2).

In the interaction network between parasite genera and fish

genera, the co-occurrence rate of parasites was moderate at the

network level (C = 0,528). Overall, 58% of myxozoan genera

showed high specificity for host genera, while 26% showed

moderate specificity and 16% exhibited low specificity. The

parasites that occurred in the greatest number of host genera were

Henneguya (n = 55), Myxobolus (n = 41) and Kudoa (n = 19), being

considered generalist parasites (Figure 4; Table 3).

In the interaction network between parasite genera and fish

families, fish from families Pimelodidae (Rhamdia quelen,
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Pseudoplatystoma corruscans and its hybrid Pseudoplatystoma

reticulatum x Pseudoplatystoma corruscans), Serrasalmidae

(Colossoma macropomum, Piaractus mesopotamicus and its

hybrid Piaractus mesopotamicus x Piaractus brachypomus),

Cichlidae (Cichla monoculus, Oreochromis niloticus), Bryconidae

(Salminus brasiliensis and Brycon spp.) and Prochilodontidae

(Prochilodus lineatus e Semaprochilodus insignis) harbored a

greater number of species of myxozoans, infected mainly by

Henneguya and Myxobolus. On the other hand, fish from the

families Cichlidae (23 parasite-host-environment interactions)

and Sciaenidae (9 interactions) were also parasitized by

Ceratomyxa and Ellipsomyxa (Supplementary Table 1).

Overall, 79% of studies on myxozoans are mainly associated with

wild fish, with 271 parasite-host-environment interactions,

distributed throughout all basins except the Uruguay River basin.

On the other hand, only 21% of the studies on parasites are related to
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rearing hosts, with 70 parasite-host-environment interactions, which

are mainly concentrated in the Paraná River basin. The Paraná and

Amazon River basins concentrate 38% and 26% of the myxozoan

species parasitic on fish in Brazil, respectively (Figure 5A).

The farmed fish found are parasitized by species from five

genera (Ellipsomyxa, Henneguya, Myxobolus, Sinuolinea and

Thelohanellus), of which Henneguya (50%) and Myxobolus (44%)

are the most frequent, with the remaining genera representing only

6%. Most species of aquaculture fish parasites were recorded in the

Paraná River basin (81%), with emphasis on the states of São Paulo

and Mato Grosso do Sul. On the other hand, until the present study,

no publications had been recorded with myxozoans of fish from the

East Atlantic, Southeast Atlantic, Tocantins River basin and

Uruguay River basin (Figure 5B).

In terms of parasites of wild fish, species from nineteen different

genera were identified, with Henneguya (41%) and Myxobolus
FIGURE 1

Flowchart of the study search and selection process, as established in the PRISMA 2009 methodology, according to Moher et al. (2015).
frontiersin.org

https://doi.org/10.3389/fmars.2025.1630166
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
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(37%) being the most frequent. The Amazon River basin

concentrated 30% of the myxozoans, with emphasis on the states

of Pará and Amazonas. The Paraná River and North and Northeast

Atlantic basins presented 27% and 19% of the studies with

myxozoans, respectively (Figures 6A, B)

The main histopathological lesions in fish caused by myxozoans

are associated with the genera Kudoa, Henneguya and Myxobolus,

occurring mainly in the gills and muscle of the host. Common

changes are post-mortem liquefactive necrosis of muscle tissue,

replacement of muscle fibers, multifocal inflammatory reactions in

the gills, lamellar fusion, mucous cell hyperplasia and tissue

degeneration (Supplementary Table 2).
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4 Discussion

The bibliographic survey recovered 179 species of Myxozoa

parasites of fish from Brazil. That shows that this is a highly diverse

group in terms of the number of species parasitizing wild and farmed

fish in different river basins in Brazil. Overall, Myxozoa species were

recorded in 134 species of host fish, representing only 2.7% of the total

diversity of approximately 4,900 species of fish currently found in

Brazilian waters (Froese and Pauly, 2024). Considering this high

diversity of fish in the country, apparently the factor responsible for

the low knowledge of the parasitological fauna is the low number of

researchers investigating these parasites (Eiras et al., 2011).
FIGURE 2

(A) Percentage of Myxozoa genera described in Brazil. “Others” corresponds to Agarella, Chloromyxum, Coccomyxa, Hoferellus, Meglitschia,
Myxidium, Ortholinea, Sinuolinea, Sphaeromyxa, Sphaerospora, Tetrauronema, Thelohanellus, Triangulamyxa and Unicauda. (B) Variation in the
number of articles published on Myxozoa in fishes in Brazil between 1969 and early 2024. (C) Numbers of jobs performed in Brazilian states.
Abbreviations of Brazilian states: AC, Acre; AL, Alagoas; AM, Amazonas; AP, Amapá; BA, Bahia; CE, Ceará; ES, Espıŕito Santo; GO, Goiás; MA,
Maranhão; MG, Minas Gerais; MS, Mato Grosso do Sul; MT, Mato Grosso; PA, Pará; PB, Paraıb́a; PE, Pernambuco; PI, Piauı;́ PR, Paraná; RJ, Rio de
Janeiro; RN, Rio Grande do Norte; RO, Rondônia; RR, Roraima; RS, Rio Grande do Sul; SC, Santa Catarina; SE, Sergipe; SP, São Paulo; TO, Tocantins.
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Araújo et al. 10.3389/fmars.2025.1630166
Extrapolation patterns of parasite specificity by host are used to

estimate parasite diversity from simple equations (Okamura et al.,

2018). Using such patterns, Eiras et al. (2011) estimated that each fish

species has on average two species of myxozoans, and proposed the

existence of about 8,000 species in freshwater fishes from Brazil.

However, it is not known whether the curve of known parasites is

increasing or in the process of decelerating, having no solid inference of
Frontiers in Marine Science 06
parasite diversity and no adequate method to obtain it (Okamura et al.,

2018; Poulin et al., 2020). The currently known diversity of Myxozoa is

possibly underestimated, and this may be related to the biased focus on

studying parasites of hosts of greater economic value or parasite species

of medical, veterinary or zoonotic interest (Poulin et al., 2020).

The first article recovered was published in 1969, where it

presented a synopsis of the Myxobolus species of South America
FIGURE 3

Interactions network between Myxozoa genera and infection site.
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and recorded a new species, Myxobolus serrasalmi Walliker, 1969,

identified in a freshwater fish in the Amazon region (Walliker,

1969). Previous occurrences were recorded but were not in the

languages established in the methodology (Spanish, English or

Portuguese), or were not available in indexed journals, so they

were excluded from this review according to the eligibility criteria.

Over the past 55 years, there has been a gradual increase in the

number of publications that reflects the continued interest of

specialists in the field. The molecular phylogeny tool has helped

in the identification and characterization of myxozoans, as well as in

the review of this group (Capodifoglio et al., 2015; Manrique et al.,

2016; Rocha et al., 2019; Vieira et al., 2019). Despite the national

growth in the number of scientific publications in recent years, from

2021 onwards there has been a drop in the publication of articles

referring to myxozoans in fish in Brazil, and the results show that

this reduction coincides with the period of the pandemic caused by

the SARS-CoV-2 virus, in early 2020, making scientific production

unfeasible to some extent.

Since the 1970s, the methodology used to identify and

categorize parasites of the Myxozoa class has undergone

significant advances. Initially, studies were based exclusively on

morphological characteristics observed by optical microscopy,

scanning electron microscopy and transmission electron

microscopy, focusing on spore shape and size, location of polar

capsules, presence of filaments, and preparation of histological
Frontiers in Marine Science 07
slides for measurement and description of the parasites (Rocha

et al., 1992). Although these approaches were essential for the initial

records of parasitic fauna, they presented limitations regarding the

differentiation of cryptic or morphologically similar species, in

addition to potential inaccuracies in taxonomy, especially in

regions with great ichthyofaunal diversity.

In Brazil, until the first decade of the 21st century, studies

remained restricted to this traditional morphological approach,

which made the taxonomy of the group even more challenging

(Bartosǒvá et al., 2013). From 2010, with the progress of molecular

techniques and the consolidation of integrative taxonomy, national

studies began to incorporate genetic analyses (such as amplification

of the 18S rRNA gene), phylogenetic and morphological analyses in

a combined manner (Milanin et al., 2010; Naldoni et al., 2011;

Poulin et al., 2020). This methodological modernization provided

greater rigor in the discrimination between species, enabled the

revision of previously described taxa and boosted the description of

new species with greater scientific robustness. Currently, it is

recommended that the identification of myxozoans be based on

multiple sources of evidence, including biological characteristics of

the host, such as specificity, tissue tropism, developmental stages

and geographic distribution (Dar et al., 2024).

We centralized our efforts on the collection of Myxozoa in fish

in the State of Pará. Research focused on the Amazon generates

interest among scientists, as it comprises the largest freshwater
TABLE 2 Specificity indices to assess relationships between myxozoan genera and infection sites in fish from Brazil.

Parasite
genera

Degree
Normalised

degree
Genera
strength

Genera specificity
index

Level of
specificity

Proportional
generality

Agarella 2 0.080 0.367 0.781 High 0.150

Ceratomyxa 1 0.040 0.390 1.000 High 0.086

Chloromyxum 1 0.040 0.111 1.000 High 0.086

Coccomyxa 1 0.040 0.024 1.000 High 0.086

Ellipsomyxa 1 0.040 0.220 1.000 High 0.086

Henneguya 18 0.720 4.768 0.702 High 0.326

Hoferellus 1 0.040 0.222 1.000 High 0.086

Kudoa 5 0.200 1.692 0.746 High 0.205

Meglitschia 1 0.040 0.024 1.000 High 0.086

Myxidium 1 0.040 0.098 1.000 High 0.086

Myxobolus 25 1.000 14.019 0.279 Low 1.216

Ortholinea 1 0.040 0.111 1.000 High 0.086

Sinuolinea 7 0.280 1.852 0.340 Moderate 0.580

Sphaeromyxa 1 0.040 0.024 1.000 High 0.086

Sphaerospora 1 0.040 0.111 1.000 High 0.086

Tetrauronema 1 0.040 0.056 1.000 High 0.086

Thelohanellus 4 0.160 0.492 0.468 Moderate 0.342

Triangulamyxa 2 0.080 0.164 0.692 High 0.171

Unicauda 2 0.080 0.256 0.733 High 0.162
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discharge on the planet, the most diverse river basin in the world

and an ichthyofauna composed of more than 2,700 valid species.

(Dagosta & Pinna, 2019; Filizola and Guyot, 2009; Latrubesse et al.,

2017; Meade et al., 1985). The Amazon basin encompasses a

considerable fraction of all known fish biodiversity in Brazil,

concentrating around 55% of the country’s fish species.

Additionally, Poulin et al. (2020) documented that latitudinal
Frontiers in Marine Science 08
gradients and their relationship with water temperature influence

the species richness of several taxa.

The following pattern of interaction between myxozoan genera

and infection sites was detected: tropism of the tissue and/or organ

of infection in most myxozoan genera that infect fish, i.e., specific

parasites infecting a single site or more than one that are precisely

associated. It is suggested that myxozoan species are frequently
FIGURE 4

Interactions network between host fish species (n = 341) and Myxozoa genera from Brazil.
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documented in the gills due to the possibility of myxospore release

(Molnár, 2002; Eszterbauer et al., 2013). On the other hand, there

were rare reports of parasitic infection in the mouth and pharyngeal

plates. The genus Henneguya has a high affinity for the gills of its

hosts, while the genus Ceratomyxa has an affinity for the

gallbladder. Unlike these aforementioned genera, the genus

Myxobolus has low tissue specificity, which corroborates the high

diversity of species described within this genus.

Infection sites (histozoic and coelozoic), site specificity and host

habitat (freshwater and marine) follow a high pattern of

phylogenetic correlation of many myxozoan species (Eszterbauer,

2004; Fiala and Bartosôvá, 2010). Similarly, it was observed that the

site of infection of the common ancestor of myxozoans was the

Coelozoic renal tubules of freshwater fish and later the first

myxozoans infected the gallbladder of marine fish (Fiala and

Bartosôvá, 2010). Ceratomyxa, Ellipsomyxa and Myxidium are

specific genera of the gallbladder of Brazil, a common

characteristic that follows evolution and persists among

descendants. However, the genus Myxobolus did not present

specificity by site and has been recorded in 25 sites in the hosts,

leading to it being considered a generalist parasite. The most

numerous myxozoan on the planet in terms of number of species,

Myxobolus, invaded various tissues in hosts and subsequently

segregated into numerous species during evolution. The genus

Henneguya originated from the Myxobolus morphotype, from the
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emergence of caudal appendages (without movement),

demonstrating the importance of the infection site in the

evolutionary adaptation of some Myxozoa (Fiala and

Bartosôvá, 2010).

In this study, it was noticeable that the most studied fish species

were those of importance to Brazilian fishing activity and belonged

to the Pimelodidae (30 species of myxozoans), Serrasalmidae (29),

Cichlidae (23), Bryconidae (20) and Prochilodontidae (14) families.

The results observed reinforce the hypothesis by Eiras et al. (2011)

that most studies on fish parasites are directed at species with

significant commercial value, whether in the aquaculture market,

extractive fishing for human use or in ornamental aquaculture, as

they have greater appeal in research funding notices, and can be

decisive when evaluating priority research lines. Farmed fish of the

genus Piaractus and its hybrid, Pseudoplatystoma, Prochilodus,

Rhamdia and Colossoma macropomum Cuvier, 1816 influenced

the strong tendency of interaction with Myxozoa parasites.

However, few fish have been studied from a parasitological point

of view, when compared with their biodiversity.

Parasite species richness is closely associated with ecology and

evolution of their host, so that they are correlated with the

biodiversity patterns of the sampling area (Poulin et al., 2020). In

this study, it was noticeable that research is carried out unevenly

across Brazil, with emphasis on the Paraná and Amazon River basins,

and it is clear that there are still many areas to be investigated.
TABLE 3 Specificity indices to assess the relationships between myxozoan genera and fish genera from Brazil.

Parasite
genera

Degree
Normalised

degree
Genera
strength

Genera specificity
index

Level of
specificity

Proportional
generality

Agarella 1 0.011 1.000 1.000 High 0.018

Ceratomyxa 10 0.106 5.842 0.340 Moderate 0.160

Chloromyxum 1 0.011 1.000 1.000 High 0.018

Coccomyxa 1 0.011 0.500 1.000 High 0.018

Ellipsomyxa 8 0.085 2.077 0.356 Moderate 0.138

Henneguya 55 0.585 34.472 0.179 Low 0.629

Hoferellus 2 0.021 2.000 0.703 High 0.036

Kudoa 19 0.202 13.273 0.222 Low 0.321

Meglitschia 1 0.011 0.333 1.000 High 0.018

Myxidium 4 0.043 1.726 0.492 Moderate 0.072

Myxobolus 41 0.436 25.966 0.207 Low 0.470

Ortholinea 1 0.011 0.333 1.000 High 0.018

Sinuolinea 1 0.011 0.500 1.000 High 0.018

Sphaeromyxa 1 0.011 0.250 1.000 High 0.018

Sphaerospora 1 0.011 0.500 1.000 High 0.018

Tetrauronema 1 0.011 0.500 1.000 High 0.018

Thelohanellus 3 0.032 0.803 0.571 Moderate 0.054

Triangulamyxa 2 0.021 2.000 0.703 High 0.036

Unicauda 3 0.032 0.924 0.571 Moderate 0.054
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Spatially biased studies in the northern and southeastern regions also

occur due to the work of specialists in sampling areas close to their

institutions or the displacement of researchers to the Amazon region,

as it presents a great diversity of hosts.

The Paraná River basin concentrates the largest number of

studies of myxozoans in farmed fish. This indicator may be related

to the fact that the state of São Paulo is notable as the second largest

producer of tilapia (Oreochromis niloticus Linnaeus, 1758) in Brazil,

added to the occurrence of a significant number of researchers in

the area (Godoy et al., 2022). On the other hand, there is a need to
Frontiers in Marine Science 10
research myxozoan parasites in geographic areas of high fish

productivity, where there are potentially new species of parasites

or possible cases of pathological lesions in fish.

It is possible to observe that the parasitic diversity is related to

the diversity of wild fish researched, in which 19 distinct genera

were identified, approximately 30% of the Myxosporea genera

described in the world (Lom and Dyková, 2006). In contrast, only

8% of parasite genera were found in farmed fish. The genera

Henneguya and Myxobolus were the most common parasites in

both wild and farmed fish. As observed in parasites of vertebrate
FIGURE 5

Geographic distribution data of Myxozoa in (A) wild and farmed fish from Brazil. (B) Myxozoa genera from farmed fish from Brazil.
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hosts worldwide, a weak geographic correspondence between host

species richness and parasite discovery effort has been identified,

preventing the completion of a complete inventory of parasite

biodiversity and making it difficult to predict where new diseases

may emerge (Jorge and Poulin, 2018; Poulin et al., 2020).

Myxozoans have been defined as cnidarians evolved into their

endoparasitic from free-living ancestors, to a parasitic form that

exploited a single host, preceded by pre-adaptation of the parasites

that allowed the initial stages of host exploitation in order to achieve
Frontiers in Marine Science 11
greater parasitic fitness through the maintenance of the association

(Poulin, 2007; Okamura et al., 2018). The parasites that occurred in

the greatest number of host genera wereHenneguya,Myxobolus and

Kudoa, which are considered generalist parasites.

Parasitism in wild or farmed fish was caused mainly by

Henneguya, Myxobolus and Kudoa, often infecting the gills or

muscle. Myxozoans are considered potential pathogens for fish,

where they generally cause mild lesions and where the hosts reveal

signs of discomfort, without presenting an inflammatory reaction at
FIGURE 6

Geographic distribution data of the 19 genera of Myxozoa in wild fishes from Brazil. (A) Chloromyxum, Thelohanellus, Henneguya, Myxobolus,
Myxidium, Ortholinea, Tetrauronema e (B) genera Agarella, Ellipsomyxa, Ceratomyxa, Hoferellus, Kudoa, Meglitschia, Sinuolinea, Sphaeromyxa,
Sphaerospora, Triangulamyxa, Unicauda and Coccomyxa.
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the site of infection or clinical signs of disease (Lom and Dyková,

2006). However, some of these parasites are responsible for serious

pathologies associated with outbreaks of infection in various organs

of the host, which can negatively affect zootechnical performance

and cause the death of fish (Videira et al., 2016; Teixeira et al., 2018;

Battazza et al., 2020). Although the reviewed studies focus mainly

on the morphological description of the parasites and

histopathological changes, quantitative data on economic losses

are still scarce, which makes a more accurate assessment of the

productive impacts difficult (Tavares-Dias and Martins, 2017).

Treatment of myxozoan diseases in farmed fish remains limited

and challenging. Among the few available drugs, fumagillin has

been widely used and effective when administered correctly.

However, inadequate doses can cause significant side effects, such

as loss of appetite, increased mortality, immunosuppression, and

severe physiological changes. Therefore, determining the ideal

therapeutic dose must carefully consider the fish species, the

parasite involved, and the drug’s toxicity profile (Banu and

Rathinam, 2023; Kent and Martins, 2017).

In addition to traditional drugs, the use of oregano essential oil,

Origanum minutiflorum Schwarz & Davis, 1949, demonstrated

antiparasitic effect in asparid fish infected by Myxobolus sp.

(Karagouni et al., 2005). In Brazil, there are records of the use of

baths with 37% formalin at a concentration of 10 µL/L, which

showed a reduction in the parasite load and interruption of

mortality in Megaleporinus macrocephalus Garavello & Britski,

1988 infected by Henneguya leporinicola, Martins, Souza, Moraes,

Moraes, 1999 being a promising alternative in the national contexto

(Martins et al., 1999).

Therefore, preventing infection remains the most effective

approach to controlling myxosporidiosis (Noga, 2010). Key

measures include good management practices, including reducing

stocking density and controlling water quality to reduce fish stress,

using pathogen-free water through protected sources, and

controlling invertebrate hosts in culture systems (Fontes et al.,

2015). Progress in controlling myxozoan infections depends on

in-depth studies of the life cycle of these parasites, the validation of

safe therapeutic strategies, and the implementation of biosafety

measures. Considering the high diversity of species described in

Brazil, especially in the genera Henneguya and Myxobolus, it is

essential that future research focus on developing therapeutic

alternatives suited to the reality of national fish farming.
5 Conclusion

This systematic review study summarized the works related to

the occurrence of myxozoans in wild and farmed fish in Brazil.

Parasites of the genera Henneguya and Myxobolus were frequently

observed in wild and farmed fish distributed throughout Brazilian

river basins. Among these fish, those of the families Pimelodidae,

Serrasalmidae, Cichlidae, Bryconidae and Prochilodontidae where

notable, due to their importance to the for Brazilian fisheries sector.
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In addition, some pathogenic myxozoans were observed in fish

farmed and in fish commonly used in aquariums. Furthermore,

myxozoan species were reported in only 2.7% of the more than

4,900 species of fish found in Brazilian waters.

Regarding the sites of infection in the hosts, tropism of the tissue

and/or organ of infection was observed in most genera of myxozoans

that infect fish. On the other hand, Myxobolus did not show

specificity for the sites of infection, being considered a generalist.

There are promising prospects for studies on the life cycle of

myxozoans, which may provide indications for interrupting their

development in breeding environments. However, as an established

activity, actors in the aquaculture production chain must pay attention

to new investigations into possible diseases caused by myxozoans that

can cause damage to production and preventive management actions.

In the context of growing Brazilian aquaculture production, there was

a noticeable concentration of publications in the Paraná River basin, in

studies of host-parasite interactions in the breeding environment.

This study provides a broad overview of relevant information

that can contribute to strategies and actions for the economic

development of aquaculture and for the conservation of

biodiversity in Brazil. It is suggested that research be expanded in

areas with a deficit or absence of studies on myxozoans in fish.
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(2018). Infecção das brânquias de tilápia do Nilo (Oreochromis niloticus) por
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