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1. Introduction

Microsporidia (Opisthokonta: Ophisthosporidia)
are exclusively parasitic organisms that can only
exist in microeukaryotes, animals, and human hosts
(Bojko et al. 2022). In aquatic ecosystems, these
organisms have the highest diversity within the
Crustacea group, including 72 described species
from 43 genera (Bojko, Stentiford 2022). A total of 11
known species belonging to the following genera:
Cambaraspora (Bojko et al. 2020b; Stratton et al.
2023a), Ovipleistophora (Bojko et al. 2020a; Stratton
et al. 2022a), Nosema (Moodie et al. 2003c; Pretto
et al. 2018), Alternosema (Stratton et al. 2023b), and
Astathelohania (Moodie et al. 2003a; Moodie et
al. 2003b; Stratton et al. 2022b) are known to be
crayfish-infecting microsporidia.

Astathelohania  contejeani (Henneguy, 1892)
(Stratton et al. 2022b) is the causative agent of fatal
porcelain disease (Bowler, Brown 1977). Infection with
A. contejeani microsporidia is chronic, and infected
individuals can survive for several months to several
years (Brown, Bowler 1977). The gastrointestinal tract
of crayfish is the entry point for infection, but it is
not known how A. contejeani migrates to the sites
of proliferation and sporogony. The plasmalemma
ruptures in strongly infected crayfish muscle cells,
allowing the parasite to spread throughout the
body (Diéguez-Uribeondo et al. 1997b). The disease
progresses, causing weakness, and in late stages
infected crayfish become lethargic and anorexic
(Evans, Edgerton 2002). Muscle cells of heavily
infected crayfish show milky/whitish color through
the carapace. This is a characteristic symptom of
infection that distinguishes healthy crayfish from
diseased ones (Diéguez-Uribeondo et al. 1997b).

In Europe, symptoms of the porcelain disease
were recorded mostly in populations of native species
such as the noble crayfish Astacus astacus (Sumari,
Westman 1969; Voronin 1971; Mazylis 1978; Skurdal
et al. 1988; 1990; Lom et al. 2001), the white-clawed
crayfish Austropotamobius pallipes (Brown, Bowler
1977; Diéguez-Uribeondo et al. 1997a; Mori and
Salvidio 2000; Imhoff et al. 2011; Longshaw et al. 2012;
Pretto et al. 2018), and the narrow-clawed crayfish
Pontastacus leptodactylus (Mazylis 1978). Symptoms
of microsporidiosis infection, characterized by

whitish discoloration of crayfish muscle, have also
been found in invasive species: the spiny-cheek
crayfish Faxonius limosus (Krucifiska, Simon 1968)
and the signal crayfish Pacifastacus leniusculus
(Dunn et al. 2009; Imhoff et al. 2010; 2011). There are
inaccuracies in the published literature regarding
the occurrence of the porcelain disease pathogen

in the narrow-clawed crayfish. Many authors have
misquoted the results obtained by Kruciriska and
Simon (1968) regarding the observation of porcelain
disease in a narrow-clawed crayfish population
(Voronin 1971; Quilter 1976; Edgerton et al. 2002;
McGriff, Modin 1983; Quaglio et al. 2011; Longshaw
2011), while the work of Krucinska and Simon focuses
solely on Faxonius limosus (published as Cambarus
affinis) as the host species of A. contejeani. To the
best of our knowledge, only one report of porcelain
disease in P. leptodactylus has been published to
date (Mazylis 1978). However, the study mentions
that the narrow-clawed crayfish could be infected
with microsporidia, probably A. contejeani, although
neither the causative agent nor the precise location
of the observation was identified.

There is a widespread perception that research on
diseases that affect European crayfish is insufficient
(Longshaw 2011; Dragicevi¢ 2021). Research on the
distribution and prevalence of infections is essential
to identify factors contributing to mortality rates
among individuals and populations (Mazylis 1978).
The availability of such information is a crucial
aspect to consider in management plans for crayfish
populations (Edgerton et al. 2004).

The narrow-clawed crayfish is represented
by numerous populations in Belarus, and its
resources are widely used for commercial purposes
(Alekhnovich 2016). The exploitation of crayfish is
strictly regulated by local and national law. Operating
business entities are required by the norms to
introduce exploited crayfish populations to new
habitats in order to increase the overall crayfish
production in the region. These actions are regulated
and documented. However, it is noteworthy that
veterinary control measures are not incorporated into
these activities. Relocation of infected populations
may deviate from the intended goal of increasing
the size of productive crayfish stocks. On the other
hand, the spread of infected populations may also
threaten other populations of wild crayfish in the
region. Therefore, research into the distribution
of A. contejeani, the pathogen that affects crayfish
populations, is crucial for both managing crayfish
resources and preserving rare, endangered species.

When evaluating the commercial stocks of
narrow-clawed crayfish in Lake Losvido, we observed
individuals exhibiting pronounced microsporidiosis
symptoms. Therefore, in order to provide scientific
evidence for proper management of this population,
we endeavored to identify the causative agent and
assess the infection rate.
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2. Materials and methods

Lake Losvido is a naturally formed mesotrophic
water body of glacial origin, located in the Gorodok
district, Vitebsk region, northeastern Belarus
(55°23'27.2"N; 30°02'07.4"E). The eastern outflow
of Lake Losvido forms a connection with Lake
Tsyganovo. Lake Tsyganovo, in turn, is connected to
the Khrapovlyanka River, which belongs to the Baltic
Sea drainage basin. Therefore, Lake Losvido is not an
isolated aquatic habitat.

Crayfish were collected in May 2022 using unbaited
fyke nets (N = 39) to avoid competition between
crayfish of different size classes. Traps were set at a
depth of 2-3 m at different sampling sites along the
shoreline of the lake, in accordance with the official
permission from the Ministry of Natural Resources and
Environmental Protection of the Republic of Belarus.
A total of 128 crayfish were caught, which corresponds
to the catch per unit effort CPUE = 1.62. Each
individual was inspected for expressed symptoms
of infection manifested by whitish coloration of the
muscles (Fig. 1). Diseased individuals (N = 2) were
subsequently euthanized. From all visually healthy
crayfish (without visible muscle coloration), we
randomly selected a sample of 37 individuals for PCR
diagnostics. Muscle tissue samples were collected

Fiure 1

General comparative ventral view of the narrow-clawed
crayfish Pontastacus leptodactylus from Lake Losvido
- left: an individual showing symptoms of porcelain
disease in the abdominal muscles; right: a visually
healthy individual.

from the fifth pair of pereiopods (Imhoff et al. 2010)
and stored in 96% ethanol for further analysis. After
sampling, visually healthy individuals were released
back into Lake Losvido.

Total DNA from crayfish muscle tissue was
extracted using the Genomic DNA Animal and Fungi
DNA Preparation Kit (Jena Bioscience, Germany).
DNA concentrations were determined using a
NanoPhotometer P-class, P-360 (Implen GmbH,
Germany).

The causative agent of porcelain disease has been
identified using nested PCR (El-Matbouli, Soliman
2006). For the first PCR reaction, microsporidia-specific
primers V1f and 1492r were used to amplify the coding
DNA of the small ribosomal subunit (SSU rRNA; Weiss
et al. 1994). The product of the first PCR reaction
(outer nest) was used as a template for the second
PCR reaction (inner nest), which was performed using
A. contejeani-specific primers MIC 5-1 and MIC3-4
(Imhoff et al. 2009).

PCR for the outer nest was carried out using 0.4
UM of each primer, 1 U of Tag DNA polymerase, 1X
PCR buffer (65 mM Tris-HCl, 16.6 mM (NH,),SO,, 0.02%
Tween 20, pH 8.8), 0.2 mM of dNTPs, 3 mM MgCl,
(Primetech, Belarus), and from 20 to 50 ng of template
DNA. The reaction volume was filled with PCR-grade
water to a total volume of 25 pl. PCR amplification was
performed in a C1000 Touch Thermal Cycler (Bio-Rad,
Germany). The protocol for amplifying the outer nest
involved an initial denaturation at 95°C for 5 min,
followed by 45 cycles at 95°C for 1 min, annealing at
52°C for 1 min, extension at 72°C for 1 min, and a final
extension step at 72°C for 10 min. The PCR mix for the
inner nest specific to A. contejeani was the same as
for the outer nest, except for 1 ul of the PCR product
from the previous reaction used as a template. The
amplification protocol used in this case was the one
suggested by Imhoff et al. (2009). All PCR runs included
positive and negative controls. A tissue sample
obtained from a specimen showing visible symptoms
of A. contejeani infection was used as a positive control.
Amplicons of the second PCR were visualized in a 1.5%
agarose gel stained with 0.5 uM of ethidium bromide.
To determine the size of the amplicons, we used
molecular weight markers in the range of 50-500 base
pairs (50+ bp DNA Ladder, Evrogen, Russia). A positive
result of the second PCR reaction was considered
to indicate the presence of the pathogen in the
diagnosed individual.

Successfully amplified inner nest PCR products
were purified using PCR Clean-Up & Gel Extraction
(Thermo Fisher Scientific, Lithuania) and sequenced
on a commercial basis by the Institute of Bioorganic
Chemistry, National Academy of Sciences of Belarus
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(ABl 3500 Genetic Analyzer, Applied Biosystems,
USA) to confirm species identification. The obtained
sequences were manually edited using the BioEdit 7.2
software (Hall 1999), followed by multiple alignments
using the CrustalW algorithm in MEGA X (Kumar et
al. 2018), and compared with records in GenBank
(Benson et al. 2013). Available sequences from the
GenBank database were downloaded to construct a
neighbor-joining phylogenetic tree. The orthologous
sequence of Astathelohania parastaci (Moodie et
al. 2003b) was used as an outgroup. The obtained
sequences were then published in GenBank with
assigned accession numbers: 0Q780520-0Q780522.

3. Results

Visual examination of the captured individuals
revealed that of the 128 specimens, two showed
gross signs of infection, which corresponds to 1.56%
of the analyzed sample. Crayfish muscles with a white
coloration indicated the presence of infection (Fig. 1).

The outcomes of the nested-PCR diagnostics
indicated that the A. contejeani gene was amplified
in 11 out of the 37 samples analyzed, providing
confirmation of the infection in the individuals
under study with A. contejeani. The prevalence of the
etiological agent responsible for porcelain disease in
the narrow-clawed crayfish population inhabiting Lake
Losvido is 29.7%.

68

—
0.020
Figure 2

Three isolates of A. contejeani from different
crayfish individuals were successfully sequenced.
One sequence was obtained from crayfish with visual
symptoms of the disease (Genbank accession No.
0Q780520), while the other two sequences were
obtained from animals without visible symptoms
of infection. BLAST analysis of our samples showed
100% identity with 100% sequence coverage with an E
value of 1e-79 compared to the A. contejeani sequence
with GenBank accession No. MF344632. All obtained
sequences (aligned to 167 bp) represented one
haplotype, which is also known from populations of
A. astacus from France (Lom et al. 2001) and A. pallipes
from Italy (Fig. 2; Pretto et al. 2018).

4, Discussion

Visual examination of infected individuals revealed
that the prevalence of infection in Lake Losvido
was 1.56%, which is comparable to results from
other European crayfish populations. For various
populations of A. astacus from Lithuania, between
0.7 and 3.7% of crayfish showed symptoms of
porcelain disease (Mazylis 1978). Similarly, Skurdal et
al. (1988; 1990) identified infection rates ranging from
0.05% to 2.11% in individuals from Norway. Gross
symptoms of A. contejeani infection in A. pallipes were
present in 0-0.7% of Spanish crayfish populations
(Diéguez-Uribeondo et al. 1997a) and in 0.17-4.3% of

65— AM261747 A. contejeani from Pacifastacus lenusculus United Kingdom (Dunn et al. 2009)
{ AF303105 A. contejeani from Astacus astacus Germany (Feller et al. 2000)
AF344630 A. contejeani from Austropotamobius pallipes Italy (Pretto et al. 2018)
AF492593 A. contejeani from Astacus astacus France (Lom et al. 2001)
| MF344632 A. contejeani from Austropotamobius pallipes Italy (Pretto et al. 2018)
0Q780520 A. contejeani from Pontastacus leptodactylus Belarus (this study)
0Q780521 A. contejeani from Pontastacus leptodactylus Belarus (this study)
0Q780522 A. contejeani from Pontastacus leptodactylus Belarus (this study)

MF344633 A. contejeani from Austropotamobius pallipes Italy (Pretto et al. 2018)
47{ AF492594 A. contejeani from Astacus astacus France (Lom et al. 2001)

53~ MF344631 A. contejeani from Austropotamobius pallipes Italy (Pretto et al. 2018)
AF294781 A. parastaci from Cherax destructor Australia(Moodie et al. 2003) ] outgroup

Neighbor-joining tree for Astatelohania contejeani from Lake Losvido and GenBank data based on partial small

ribosomal subunit sequences (Kimura two-parameter distance model, 167 bp). Numbers on nodes represent
bootstrap support values (1000 replicates).




Oceanological and Hydrobiological Studies, VOL. 53, NO. 1 [MARCH 2024

crayfish from Italy (Mori, Salvidlo 2000; Quaglio et al.
2011). In most cases, the prevalence of A. contejeani
with pronounced symptoms of infection is low and
rarely exceeds 10% (Vey & Vago 1973; Brown & Bowler
1977; Imhoff et al. 2009; Longshaw et al. 2012).

According to published data, studies based on
the PCR diagnostics of A. contejeani in wild crayfish
populations are scarce and have so far been applied in
only a few research projects (Dunn et al. 2009; Imhoff
et al. 2011). Imhoff et al. (2011) found that A. pallipes
and P. leniusculus specimens exhibited infection rates
of 14% and 12.3%, respectively, despite the absence
of observable symptoms of the disease. Other results
based on DNA analysis revealed a high prevalence
of the pathogen in P. leniusculus, showing a 38%
infection rate in a population from Great Britain (Dunn
et al. 2009). According to Dunn et al. (2009), the nested
PCR method is 10 times more effective for detecting
microsporidian infection in crayfish populations than
the conventional visual inspection method, which is
consistent with our findings in Lake Losvido.

The infection rate of A. contejeani in crayfish
populations can vary depending on the population
density and size, as well as the type of its habitat and
the presence of interdependent factors (Cossins 1973;
Mazylis 1978; France, Graham 1985; Imhoff et al. 2009).
Infection with the causative agent of porcelain disease
is thought to be more prevalent in dense populations
(Cossins 1973). In Lake Losvido, P. leptodactylus is
characterized by a high relative abundance (CPUE =
1.62) compared to other populations in the region
(Alekhnovich 2016), which may be related to the high
prevalence of A. contejeani, in line with the prevailing
opinion on the widespread distribution of A. contejeani
in dense crayfish populations.

The effects of A. contejeani parasitism on crayfish
have not been extensively researched. Until now, it has
been known that infected crayfish are able to grow
and molt, but the growth rate has been shown to be
slower than that of the control group (Bowler, Brown
1977). Food intake and digestion in infected individuals
are 30% lower than in the control group, which
researchers attribute to a disease-related restriction in
mobility (Haddaway et al. 2012). The results of studies
on the effects of A. contejeani on the reproductive
process of crayfish are inconclusive. According to some
studies, microsporidian parasitism has no effect on
the reproduction of A. pallipes (Cossins, Bowler 1974;
Imhoff et al. 2009), whereas others claim that infected
A. astacus females are incapable of laying eggs because
of the absence of eggs in the ovaries (Mazylis 1978).
There are also anecdotal reports that microsporidiosis
can cause massive mortality in A. pallipes populations
(Duffield 1933; Goodrich 1956). According to

published data, the presence of this pathogen in
crayfish populations has a negative impact on their
well-being. The reintroduction of crayfish infected
with A. contejeani through restocking is considered
inappropriate  (Mazylis 1978; Diéguez-Uribeondo
et al. 1997a). Therefore, we would like to stress the
importance of preventing the spread of this pathogen
in the context of narrow-clawed crayfish restocking
initiatives in Belarus.
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