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Abstract: In this study, we performed a cytogenetic analysis of Acanthocephalus lucii specimens from
three sites with different levels of environmental pollution. Standard and fluorochrome staining
(CMA3/DAPI), fluorescence in situ hybridization (FISH) with 185 rDNA and histone H3 probes,
and silver impregnation were performed. Chromosome complements of 2n = 7/8 (male/female),
n=1m + 2sm + 1a (X), and CMA;3-positive bands in all chromosomes were found in all three popula-
tions. FISH revealed one 185 rDNA locus on the X chromosome and one locus of H3 histone genes
on the first chromosome pair. At the intraspecific level, the populations differed in the presence of
supernumerary B chromosomes, which were found in all specimens from Zemplinska Sirava and
in 89.4% of specimens from the Laborec River, but not at the reference site. The first two sites are
considered to be water bodies with high toxin contamination. Based on this fact, we assume an
increased frequency of chromosome breaks leading to the formation of DNA fragments that have the
potential to form B chromosomes. The present results add to the very limited data on the organization
of multigene families in the genome of Acanthocephala and suggest a possible causal link between
water pollution and the occurrence of B chromosomes in fish parasites.

Keywords: fish parasite; karyotype; fluorescence in situ hybridization; rDNA; H3 histone; B chromosomes;
PCB pollution

1. Introduction

Many things that make people’s lives easier cause environmental pollution, which
has become one of the biggest problems in the world today. This also applies to our
study site, Zemplinska Sirava, the largest Slovak reservoir, which is considered one of
the basins most polluted with polychlorinated biphenyls (PCBs) in Europe and the world,
due to their former production at the nearby chemical plant [1]. Aquatic and terrestrial
organisms in this area are chronically exposed to a complex mixture of pollutants that can
have a negative impact on their survival in general. Numerous ecotoxicological studies
conducted over the past two decades have documented a link between environmental
pollution and parasitism, particularly with regard to the use of parasites as indicators of
environmental health [2]. A number of studies have demonstrated the ability of various
endoparasite taxa to take up toxic heavy metals [3,4] and organic pollutants such as
persistent PCBs [5-7] from their hosts. Cestodes and acanthocephalans in particular can
accumulate pollutants at levels far above those found in the muscles of their hosts, thus
greatly benefiting hosts by reducing chemical exposure and detoxification [8]. However,
in the context of excessive bioconcentration of pollutants in the tissues of parasites, their
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genetic material can be affected, leading to genetic alterations at the cellular level and
chromosomal abnormalities. The first evidence of this was provided by recent work on the
tapeworm Caryophyllaeus laticeps, in which increased levels of chromosomal aberrations
were observed in a highly polluted area compared with a reference area [9]. A possible
link between the occurrence of supernumerary B chromosomes and pollution was first
mentioned in the study of Acanthocephalus lucii [10], in which almost 85% of specimens
from the polluted RuZin water basin [11] had small B chromosomes, and more recently in
the congeneric species A. anguillae, in which 34% of specimens from Zemplinska Sirava
had a B chromosome [12]. In aquatic ecotoxicology, free-living animals such as birds [13],
molluscs [14], and especially fish [15-18] have been used as bioindicators for many years,
and a variety of responses of organisms to toxic pollutants (i.e., molecular biomarkers)
have been extensively documented (e.g., oxidative stress, telomere length shortening, DNA
strand breaks, chromosomal abnormalities, and changes in DNA methylation). Fish are
considered the most important bioindicators of the aquatic environment, but few studies
have reported the negative effects of a polluted environment directly on their parasites. For
example, morphological malformations, i.e., deviations from standard development, have
been observed more frequently in parasites of fish caught in contaminated areas [19-21].
B chromosomes are additional chromosomes that occur in many organisms and have
been described in about 15% of cytogenetically examined eukaryotes [22]. They were
originally described as insignificant, parasitic chromosomes that occur in some populations,
individuals in a population of a particular species, or only in some cells or tissues within an
individual [23]. They do not pair, do not recombine with A chromosomes during meiosis,
and vary in size in different species. They can be the largest, as large as the A chromosomes,
or the smallest elements of the chromosome complement. Much research has been carried
out on the biology of B chromosomes, but it is very difficult to uncover their exact ancestry.
The most likely explanation is that the B chromosomes evolved from A chromosomes
as a by-product of chromosomal rearrangements or unbalanced segregation, as similar
repetitive DNA sequences have been identified on them, such as rDNA, centromeric DNA,
telomeric DNA, histone genes, and mobile elements [24]. In addition, genes with important
functions for their host have been found on B chromosomes in some species [25,26].
Acanthocephala is a small monophyletic group consisting exclusively of gonochoric
endoparasites with complex life cycles. Despite their scientific importance, not only because
of their intricate life cycles but also because of their potential insights into host—parasite
interactions, evolution, and ecology, data are still limited to a few species, providing only
fragmentary knowledge [27]. Cytogenetic data are no exception. The chromosomes of
Acanthocephala species remain poorly studied. Karyological analyses have been performed
on only 14 (see Table S1 in [12]) of a total of 1270 species [27]. In the present study, we
conducted a cytogenetic investigation, using both conventional karyotyping and molecular
cytogenetics, of Acanthocephalus lucii at three sites with different ecotoxicological impacts.
Acanthocephalus lucii is a common and widespread parasite of freshwater fish in the Palaearc-
tic regions, with the European perch (Perca fluviatilis) being the most common definitive
host. This parasite species is tolerant of polluted environments and can accumulate much
higher PCB concentrations in its tissues than its fish hosts [28]. The first study site, the
Zemplinska Sirava reservoir, is an area heavily contaminated with PCBs, which led to strict
regulations on fishing (“catch and release”) and a ban on fish consumption. Zemplinska
Sirava is directly connected to the Laborec River, the second sampling site; therefore, it is
very likely that the biota there are also negatively affected. Finally, the third site is a pond
near PozdiSovce, which is considered a clean control area. Cytogenetics could provide a
wealth of informative data that could help not only in deciphering complicated taxonomic
relationships, but also in the search for chromosomal abnormalities. Multigene families,
such as ribosomal RNA genes (rDNA) and H3 histone genes, are usually found in one or
more chromosomal locations as separate clusters and have been shown to be important
chromosomal markers (e.g., [29,30]). In Acanthocephala, the major rDNA has been mapped
in three species, while the histone genes have been mapped in only one species [12,31].
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Here, we present the standard karyotype and chromosomal organization of these multigene
families. Furthermore, we analyzed the effects of environmental pollution on the possible
occurrence of chromosomal aberrations and B chromosomes. Finally, we analyzed for the
first time the course of oogenesis in this interesting species.

2. Material and Methods
2.1. Study Sites and Parasite Collection

The examined specimens of A. lucii came from perch (Perca fluviatilis) caught in three
localities differing in their degree of environmental pollution. The first was the heavily
PCB-polluted Zemplinska Sirava (ZS) reservoir (48°47'09.0” N 21°57'20.5” E), the second
was the Laborec River (LB) (48°31/20.7” N 21°54/17.5” E), which is connected to the ZS
reservoir (detailed information and a map of these two sites can be found in [7]), and the
third, which was defined as an unpolluted reference site, was a small unpolluted pond near
the eastern Slovakian village of Pozdisovce (PZ) (48°44/08.4” N 21°50'29.3” E). This pond
covers an area of about 8 hectares and is fed by many small forest streams and rivulets.
The fish were caught in September 2022 and in March and April 2023 with a permit from
the Ministry of Environment of the Slovak Republic (No. 47/2022 and 48/2023) using
electrofishing and fishing rods. The animal study was reviewed and approved by the Ethics
Committee of the Institute of Parasitology of the Slovak Academy of Sciences (Hlinkova 3,
Kosice, Slovakia). All methods used in this study were conducted in accordance with
the relevant guidelines and regulations (Decree of the Ministry of the Slovak Republic
No. 381/2018 Coll. and Act No. 216/2018 Coll. on Fisheries).

A total of 91 worms were collected from three populations: 68 A. lucii individuals,
including 33 males and 35 females, were collected from fish from 7S, 19 individuals,
including 12 males and 7 females, from LB and 4 individuals, including 3 males and
1 female, from PZ. All individual parasites were rinsed in 0.9% saline solution immediately
after isolation from the intestine of the fish host and identified microscopically by counting
the hooks and hook rows and by the shape of the proboscis hook roots [32]. We found
proboscises with 12 longitudinal rows of 6 to 8 hooks each. Then, the isolated worms were
fixed in 100% ethanol for DNA extraction and the species identification was confirmed by
sequencing the PCR-amplified 18S rDNA fragment (see below). The 185 rDNA sequence
was deposited in GenBank under the accession number OR960499.

2.2. Chromosome Analysis

Whole live animals were treated with a 0.025% colchicine solution for 1 h at room
temperature (RT). Hypotonization of parasite tissue was performed in a solution of 0.075 M
KCl at RT. Female specimens were incubated whole for 4 to 5 h; from male individuals of
A. lucii, the testes were dissected and only these were incubated for 20 min. Alternatively,
some specimens were placed in 5 M sodium citrate overnight in the refrigerator to determine
which hypotonic solution was better for acanthocephalans. However, no difference was
found. The tissues used to obtain chromosomes were fixed in modified Carnoy’s fixative
(methanol/acetic acid = 3:1) and stored at —20 °C until further use. Slides were prepared
using the “hot plate” spreading technique [33]. Some slides were stained with 5% Giemsa
in phosphate buffer (pH 6.8) to determine the karyotype and the presence and frequency of
B chromosomes. Chromosome measurements included the lengths of the short and long
arms of chromosomes in the 10 best mitotic spreads of at least five individuals of each
population. The absolute length, relative length, and centromeric index were calculated (see
in detail in [9]). The mean and standard deviation of the length of each chromosome pair
and its arms were calculated using Microsoft Excel. Chromosomes were classified according
to the four-type nomenclature system [34]. To identify G+C or A+T rich regions, two-color
fluorochrome staining with CMA3/DAPI was performed according to the previously
described protocol [12]. Silver nitrate (AgNOj3) staining was performed according to the
standard protocol used for Cestoda [35] and only on chromosome slides of ZS specimens.
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2.3. DNA Extraction, PCR, Cloning and Preparation of 18S rDNA and H3 Histone Probes

Total genomic DNA (gDNA) was extracted using the cetyltrimethylammonium bromide
(CTAB) method as previously described [36]. The extracted gDNA served as a template for generat-
ing an 185 rDNA probe by PCR with a pair of specific primers, Acantl8SF (5-
AGATTAAGCCATGCATGCGTAAG-3) and Acant18SR (5'-TGATCCTTCTGCAGGTTCACCTAC-
3') [37], under the following conditions: initial denaturation step at 95 °C for 3 min, followed by
35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 1 min and extension at 72 °C
for 90 s, and a final extension at 72 °C for 10 min. The probes were labeled with biotin-16-dUTP
(Roche Diagnostics, Mannheim, Germany) using the nick translation method as previously de-
scribed [38]. The reaction time was 50 min at 15 °C. To obtain a specific H3 histone probe for A.
lucii, fragments of the H3 histone genes were amplified by PCR from gDNA of A. lucii using the
degenerate primers H3aF and H3aR [39], H3aF (5'-ATGGCTCGTACCAAGCAGAC(ACG)GC-3),
and H3aR (5'-ATATCCTT(AG)GGCAT(AG)AT(AG)GTG AC-3'). The resulting PCR product was
cloned into the Promega pGEM®-T Easy vector (Promega, Madison, W1, USA) by ligation at 4 °C
overnight, according to the manufacturer’s instructions. The plasmid DNA was isolated using the
NucleoSpin Plasmid kit (Macherey-Nagel, Diiren, Germany), sequenced by Sanger sequencing in
SEQme (Dobii8, Czech Republic) and confirmed as the H3 histone gene by BLAST search. For the
verified sequence, the new species-specific primers, ALH3F 5'-GGCTCGTACCAAGCAGACTG-3
and ALH3R 5-GGCATCCTCGAACAGTCCAA-3/, were designed using Geneious Prime version
2021.1.1 software. These primers were used in a standard 25 pL PCR with the following profile:
initial denaturation step at 95 °C for 3 min; 35 cycles of 94 °C for 30 s, 59 °C for 30 s, and 72 °C for
90 s; final extension at 72 °C for 3 min. The amplified products were purified using ExoSAP-IT
(ThermoFisher Scientific, Waltham, MA, USA) and the identity of the fragment was verified by
Sanger sequencing in SEQme. The PCR product of the H3 histone gene was used as template
DNA to produce labeled probes via PCR with biotin-16-dUTP. The labeled probes were checked
on a 1% agarose gel in TAE buffer.

2.4. Fluorescence In Situ Hybridization (FISH)

These experiments were performed according to the published protocol for tapeworm
species [40], with slight modifications as previously described [12]. The amount of bi-
otinylated probes, either 185 rDNA or H3 histone, was ~50 ng per slide. The probes were
denatured at 90 °C for 5 min and hybridized for ~20 h at 37 °C in a humid chamber. After
hybridization, the following stringency washes were performed: three times 2x SSC for
2 min at 46 °C, two times 0.1x SSC for 5 min at 62 °C, and the final wash was performed
at RT in 4 x SSC with 0.1% Tween 20. Hybridization signals were amplified via three-step
detection with Cy3-conjugated streptavidin (Jackson ImmunoRes. Labs. Inc., West Grove,
PA, USA), biotinylated anti-streptavidin (Vector Labs Inc., Burlingame, CA, USA), and
Cy3-conjugated streptavidin. Finally, the preparations were counterstained with 0.5 pg/mL
DAPI in a ProLong Antifade (Invitrogen, Carlsbad, CA, USA), sealed with nail polish, and
stored in the dark at 4 °C prior to examination.

2.5. Microscopy and Image Processing

The stained slides were analyzed using a LEICA DM 4000 B (Leica Microsystems,
Mannheim, Germany) combined light and fluorescence microscope equipped with a DFC
450 C digital camera (Leica Microsystems, Mannheim, Germany). Images were captured
separately for each fluorescent dye, then pseudocolored and merged using Adobe Photo-
shop, version 7.0.

3. Results
3.1. Karyotype of Acanthocephalus lucii

All three populations of A. [ucii examined showed the same modal diploid chromo-
some number and a karyotype composed of six autosomes and two sex chromosomes
2n = 8 (6 + XX) in females and six autosomes and one sex chromosome 2n =7 (6 + X0) in
males. Pair #1 is metacentric, pairs #2 and #3 are submetacentric, and the X chromosome
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is acrocentric; 2n =7/8; n = Im + 2sm + 1a (X) (Figures 1 and S1E,G). Karyotype analysis
was performed on well-spread oogonial and spermatogonial metaphases. The ten best
metaphases from 10 male individuals of populations ZS and LB and from 3 male individ-
uals of population PZ were used for morphometric analysis. A summary of the results
obtained can be found in Table 1. The chromosomes were small with gradually decreasing
length and ranged from 2.48 pum to 5.24 um. Comparison of their lengths showed very
similar values in the LB and PZ populations, and the chromosomes of the ZS population
were slightly smaller. The gross chromosome morphology based on the centromeric indices
was consistent. The total length of the haploid genome reached 14.36 pm, 16.89 pm, and
16.57 um in the ZS, LB, and PZ populations, respectively. The chromosomes of the ZS
population were more difficult to assess compared with the other two populations studied,
as clearly shown by the representative mitotic metaphase images in Figure 1. Most of
the examined mitotic chromosomes of the ZS population did not show clearly separated
chromosome arms, whereas the chromosomes of the individuals from the LB and PZ
populations were larger and showed a distinct morphology with a clearly recognizable
centromere position.

Of the 68 individuals examined in the ZS population, each carried small supernu-
merary B chromosomes. Among the individuals in the LB population, 89.4% (12 males
and 5 females) had these chromosomes; the frequency of B chromosomes was similar in
males and females. B chromosomes showed intraindividual numerical variations from
0 to 3 (mostly 3) and from 0 to 1 in the cells of specimens from the ZS and LB populations,
respectively. They were identified in 84% of the mitotic or meiotic nuclei of ZS and in
61.2% of LB. Detection of the supernumerary chromosomes was relatively easy due to their
size in the chromosome complement, and they were identified as the smallest metacentric
chromosomes (Figures 1 and S1E,G,H,M-O). Finally, A. lucii from the unpolluted water
body near Pozdisovce had the expected number of chromosomes and the same morphology
as the other two populations. The only difference compared with the other two populations
was the complete absence of B chromosomes (Figure 1C).

3.2. Distribution of Ribosomal RNA Genes (rDNA), H3 Histone Genes, and
Heterochromatin Blocks

FISH experiments with an 185 rDNA probe showed one cluster of hybridization
signals on the X sex chromosome in all three populations. The signals were about equally
strong in both sexes. The rDNA locus (i.e., the nucleolar organizer region, NOR) was
located on the short arms of the X chromosome in the pericentromeric region (Figure 2).
The female chromosome spreads showed one or two clusters of hybridization signals,
depending on the degree of chromosome pairing during the pachytene stage (Figure 2A).
One cluster of hybridization signals was observed during meiotic prophase I in the male
spreads (Figure 2B). At the diplotene stage of the males, the position of rDNA on the
single X chromosome was clearly visible (Figure 2C). The activity of NOR was detected
via AgNOj staining. This method showed a compact, large nucleolus through the first
meiotic division and a dark band at the sites previously identified using FISH with the 18S
rDNA probe (Figure S1J-O). The distribution of H3 histone genes was also similar in all
three populations examined. The H3 histone probe showed a single gene cluster on the
first chromosome pair (Figure 3A,B). The array of the H3 genes was located on the long
arms in the pericentromeric region. During meiotic division, FISH clearly showed a cluster
of hybridization signals on a pachytene bivalent (Figure 3C) as well as on both homologous
chromosomes #1 in the diplotene (Figure 3D) and in the anaphase I nuclei (Figure 3E,F).

The chromomycin Az (CMA3) fluorochrome indicates the presence of GC-rich hete-
rochromatin. CMAg3-positive bands were observed at the ends of all chromosomes in all
three populations (Figure 4). The fluorescent bands were more prominent in the metaphase
and diplotene nuclei (Figure 4A,C,D) than in the pachytene nuclei (Figure 4B). In the ZS
and LB populations, the signals were also present on the B chromosomes (Figure 4C). We
did not observe pronounced DAPI-positive bands (AT-rich heterochromatin blocks) on
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either the A chromosomes or the B chromosomes; only weak centromeric heterochromatin
bands were detected on the A chromosomes of all three populations (Figures 2 and 3).

3.3. Meiotic Spermatogenesis and Oogenesis

The meiotic spermatogenesis of A. lucii followed the standard steps of eukaryotic cell
division (Figure S1A-I). The process began with the arrangement of chromatin into thin and
long strands (Figure S1A). At the pachytene and diplotene stages, we generally observed a
clump of three bivalents (autosomes) with one univalent (X chromosome) (Figure S1B-E).
One to four chiasmata (usually three) were observed on the larger bivalents #1 and #2, while
only one was found on the bivalent #3 (Figure S1C). During meiosis, the B chromosomes
did not pair with any chromosomes of the standard complement or with each other.
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Figure 1. Mitotic metaphases (left panel) and derived karyotypes (right panel) of Acanthocephalus lucii
males and females. (A) ZS population without and with B chromosomes (21 = 7/8 + 1-3B). (B) LB
population without and with B chromosome (21 = 7+1B). (C) PZ population. Asterisks indicate X
chromosomes and arrows indicate B chromosomes. Bar =5 um.
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Table 1. Measurements (mean =+ SD) and classification of chromosomes of Acanthocephalus lucii.

Absolute Length Relative Length

Chromosome Study Site 2 (mean + SD ?) (mean =+ SD) Centromeric Index Classification ¢
Number o (mean + SD)
(um) (%)
Z8 4.62 £0.29 32.19 £2.02 45.79 £2.03 m
1 LB 521 +£0.27 30.87 £ 1.60 46.48 £1.80 m
Pz 524 +0.22 31.64 £1.33 47.37 £1.70 m
78 4.07 £0.32 28.33 £2.24 37.48 £1.94 sm
2 LB 443 £0.22 26.20 £1.31 38.09 £1.99 sm
|4 4.61 £0.24 27.82 £1.47 38.36 £1.23 sm
ZS 3.19 + 0.35 2220 +2.44 35.97 £ 3.08 sm
3 LB 3.80 £+ 0.26 22.50 £ 1.53 34.81 £2.29 sm
Pz 3.61 £0.17 21.78 £ 0.91 28.86 £2.22 sm
75 248 +0.24 17.27 £ 1.67 20.72 £1.63 a
X LB 345+ 0.13 20.43 £ 0.80 23.89 £ 2.61 a
Pz 3.11 £ 0.15 18.75 £ 0.91 15.05 £+ 1.68 a

2 Study site: ZS—Zemph’nska Sirava reservoir, LB—Laborec River, PZ—Pozdigovce pond. b Mean absolute
lengths were calculated from the 10 best mitotic metaphases for each A. lucii population. ¢ Classification according
to Dos Santos Guerra (1968) [34]: a—acrocentric; m—metacentric, sm—submetacentric chromosome pair.

Figure 2. FISH with the 18S rDNA probe (red) on chromosomes of Acanthocephalus lucii. (A) Female
pachytene bivalents with one B chromosome at the periphery. (B) Male pachytene and early meiotic
prophase I nucleus. (C) Male diplotene with three B chromosomes. (D) Male mitotic metaphase.
(E) Female mitotic metaphase with two B chromosomes. Asterisks indicate X chromosomes and
arrows indicate B chromosomes. Chromosomes were counterstained with DAPI. Bar = 10 um.

Oocyte differentiation followed the expected pattern—oogonia, primary oocyte, sec-
ondary oocyte, and mature ovum (Figure S2). The first stages of oogenesis included the
formation of polar bodies (Figure S2A—C). Meiotic division began with the penetration of
the sperm nucleus into the primary oocyte (Figure S2A,B). The first polar body formed after
separation of the chromosomes from the bivalents in anaphase I. At this stage, the number
of chromosomes was halved. One haploid nucleus then entered meiosis II. The second
polar body and the egg pronucleus were formed by the separation of chromatids during
anaphase II (Figure S2C). After the fusion of male and female nuclear material, the first mi-
totic division took place and cleavage of the zygote began. This process involved numerous
mitotic divisions leading to the formation of macromeres and micromeres (Figure S2D-F).
The final stage was the formation of a central mass of nuclei (Figure S2G), which further
divided to form the so-called mature egg, an infectious larva (acanthor) enclosed in the egg
envelope (Figure S2H).
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Figure 3. FISH with H3 histone probe (red) on chromosomes of Acanthocephalus lucii. (A) Female mi-
totic metaphase with one B chromosome. (B) Male mitotic metaphase. (C) Male pachytene. (D) Male
diplotene with one B chromosome. (E,F) Male anaphase II nuclei, (E) without and (F) with two B chro-
mosomes. Asterisks indicate X chromosomes and arrows indicate B chromosomes. Chromosomes
were counterstained with DAPI. Bar =5 um.

Figure 4. Distribution of GC-rich heterochromatin on chromosomes of Acanthocephalus lucii males
after CMA;j; staining. (A) Mitotic metaphase. (B) Pachytene. (C,D) Diplotene with (C) and
without (D) B chromosome. Asterisks indicate X chromosomes and the arrow the B chromosome.
Bar = 10 um.

4. Discussion
4.1. Standard Chromosome Complement

The karyotype of Acanthocephalus lucii has already been examined twice in addition
to the present work. The first cytogenetic report on A. lucii was from the Iskar River in
Bulgaria [41] and the second from the RuZzin Reservoir (Hornad River, Slovakia) [10]. All
studies, including our work on three geographically distant A. lucii populations, reported
the same diploid chromosome number of 21 = 73" /82. The morphology of the correspond-
ing chromosomes is consistent; the main difference is the morphology of chromosome pair
No. 3. Both in our study and in the RuZzin population [10], the third pair was submetacentric,
while in the Bulgarian population it was identified as acrocentric [41]. The basic characteris-
tics of the karyotype (absolute and relative length) and TCL (Ruzin—17.44; Bulgaria—18.66;
LB—16.89; PZ—16.57; Z5—14.36) are relatively similar in all populations studied, except in
the ZS population, which has the smallest chromosomes of all populations studied so far.
To a certain extent, this difference in chromosome length may be due to the different degree
of chromosome spiralization. However, the overall appearance of all studied chromosome
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complements from ZS was poor, with shapes and centromere positions that were difficult
to recognize. Considering the heavy contamination of ZS, it is possible that the unfavor-
able environment played an important role in the shortening. The other two populations
studied, LB with low contamination and PZ as a clean site, had larger chromosomes with a
defined shape and an easily recognizable centromere position. The slight difference in the
morphology of chromosome pair No. 3 between the above populations can be interpreted
as the result of intrachromosomal rearrangements, pericentric inversions. Presumably,
small intrachromosomal rearrangements have played an important role in the karyotype
evolution within the genus Acanthocephalus. The available data, albeit only for two other
species A. ranae and A. anguillae [12,42], showed a stable diploid chromosome number
but a different chromosome morphology. Individual chromosome pairs in A. lucii and
A. anguillae differ only slightly, namely in the morphology of the third chromosome pair,
which is submetacentric in all populations of A. lucii from Slovakia, but acrocentric in
A. anguillae. The chromosome morphology of A. ranae is completely different, as it has only
metacentric chromosomes in its karyotype [42]. The evolution of the karyotype may play an
important role in the speciation of the species [43]. The divergence of these Acanthocephalus
species proceeded without changes in chromosome number and size, and the geographic
interspecific variability in chromosome shape was probably caused by intrachromosomal
structural rearrangements such as pericentric inversion. Similar mechanisms have also
been found in some other parasite groups such as trematodes and cestodes [9,44].

The oogenesis of Acanthocephala has been studied in some species, especially in
the 1960s and 1970s (e.g., [45,46]). The entire process of oogenesis has been described in
Echinorhynchus truttae [47]. By using the fluorescent dye DAPI, it was possible to observe
the division of oocytes and the first stages of embryogenesis in intact eggs of A. lucii. Our
findings on the process of oogenesis are consistent with already known data for this group
of parasites.

The rDNA loci are often located at different sites and in different numbers, which
makes them important karyotypic and phylogenetic markers. This was also demonstrated
in the first study on the location of ribosomal genes in the phylum Acanthocephala. The
mapping of 185 rDNA by FISH supported the diversification of two closely related and
morphologically very similar Acanthocephala, Pomphorhynchus laevis and P. tereticollis [31].
The authors observed different locations of the rRNA genes. In both, the 185 rDNA probe
showed clusters of the major rDNA on the first and second largest chromosome pair, but
the location was species-specific [31]. The distribution of ribosomal genes was also recently
studied in the three populations of A. anguillae, where three clusters of major rDNA per
haploid genome were detected [12]. One locus was located interstitially on the long arm
near the centromere of chromosome pair No. 1, and two other interstitial clusters were
observed near the centromere on the long and short arms of the second chromosome pair.
In contrast to the congeneric A. anguillae, our study on A. lucii showed that the major
rDNA is linked to the X sex chromosome, so the number of signals varied according to sex.
In the male specimens, hybridization resulted in one signal, while the female specimens
showed two signals. The presence of rDNA loci on sex chromosomes is not very common
in animals. According to the animal rDNA loci database [48], rDNAs (45S and 5S) on
sex chromosomes are found in only 11% of the karyotypes examined. There is very little
information on Acanthocephala species, as only four species have been analyzed by FISH
so far. Nevertheless, chromosomal mapping of 185 rDNA revealed a high variability in
the numbers and location of this gene on the chromosomes, even in evolutionarily closely
related species of the same genus. In the case of A. lucii and the evolutionarily related
species A. anguillae, as well as within the genus Pomphorhynchus, the rDNA is variable
in both number and chromosomal location. The most plausible mechanisms responsible
for the variability of rDNA in Acanthocephala could be the above-mentioned structural
rearrangements, unequal crossing-over, and transposition. The existence of a single cluster
is probably the ancestral situation, although the existence of major rDNA on several
chromosomes and its subsequent loss cannot be ruled out. It is known that rDNA clusters
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are capable of spreading throughout the genome and creating new rDNA loci [49,50].
Recent molecular phylogenetic data show that A. lucii is evolutionarily older than A.
anguillae [51]. This would support the previously mentioned possibility of the existence of
a single ancestral cluster. Given the lack of data, it is not possible to predict the possible
evolutionary paths of the karyotype and the ancestral status of the order Echinorhynchida.
Nevertheless, different patterns of ribosomal gene loci could indicate frequent changes in
chromosomal rDNA distribution and the importance of rDNA in speciation.

The conspicuous genomic dispersion of H3 histone genes observed in A. anguillae,
where the authors found multiple loci unevenly distributed on all (including Bs) chromo-
somes [12], was not observed in A. lucii. Similar to the major rDNA, the H3 histone genes
in the karyotype of A. lucii were restricted to a single pair of chromosomes and clustered
in an interstitial locus near the centromere on the long arms of the largest chromosome
pair No. 1. Orosova et al. [12] suggested the presence of transposable elements in the H3
sequences of A. anguillae responsible for the spread of H3 histone repeats in the genome
of the species, but a deeper analysis and reconstruction of the entire region is needed for
confirmation. It will be very interesting to uncover the location of the H3 genes in other
related species as well, to find out what the common location is in Acanthocephala.

The amount of constitutive heterochromatin detected with CMA3/DAPI staining
showed that AT-rich heterochromatin is rare in acanthocephalans and most heterochromatin
is GC-rich (in [present work] and [12,31]). The distribution of heterochromatin on the
autosomes was uniform: (i) CMA3* bands at the end of all chromosomes, (ii) faint DAPI*
bands in the centromeric region of all chromosomes, and (iii) in A. anguillae, DAPI* bands
next to the centromeric region in chromosome No. 2. The composition of telomeric repeats
in Acanthocephala species is still unknown, and it remains unclear whether there is a novel
telomeric motif or another mechanism that replaces telomerase in maintaining telomere
length. Some organisms have lost the telomeric DNA repeats maintained by telomerase
and have replaced them with tandem arrangements of satellite DNA sequences that can
be extended by copying information from one chromosome to another [52]. Homologous
recombination of long satellite sequences at telomeres has been described in representatives
of lower Diptera [52]. Our results may suggest that an unknown telomere repeat motif
of Acanthocephala species may be associated with GC bases. A more comprehensive
analysis, including bioinformatic tools, is needed to identify undiscovered telomeres of the
Acanthocephala phylum.

4.2. Supernumerary B Chromosomes and Environmental Pollution?

PCBs have been produced in large quantities for commercial purposes since the
1920s. Their key properties, such as thermal and chemical stability, persistence, low water
solubility, and higher lipid solubility, led not only to their frequent use in industry, but also
to their worldwide distribution in the environment [53]. Later, after mankind discovered
the negative effects of PCBs on the environment and on the health and well-being of
humans, animals, and plants, many countries banned or restricted the production of
PCBs. Nevertheless, PCBs have become widespread environmental pollutants around the
world [54]. One of the ways these hazardous substances can harm living organisms is
by damaging them at the cellular level—the chromosomes. In general, chromosomes are
delicate structures that are susceptible to defects caused by toxic environmental factors [55].
Our study provides further evidence for the occurrence of supernumerary B chromosomes
in the chromosome complement of A. lucii from highly polluted environments. The first
case dates back to 2002 and the study population originated from the Ruzin water tank in
the eastern part of Slovakia, which is heavily contaminated with various heavy metals [11].
The authors reported the presence of 1 to 5 small metacentric B chromosomes in 85%
of the examined cells [10]. Only recently, B chromosomes were also discovered in the
karyotype of the congeneric A. anguillae, and a possible connection with the long-term
PCB contamination of the waters of Zemplinska Sirava was suggested [12]. In our study,
B chromosomes were observed in the vast majority of cells (84%) in the ZS population
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and in 61.2% of cells in the LB population, while they were not found in the karyotypes
of samples from the control region (PZ population). CMA3/DAPI staining showed that
the B chromosomes are completely devoid of AT-rich heterochromatin, but the ends of the
chromosomes are enriched with GC heterochromatin, similar to standard A chromosomes.

B chromosomes occur in 15% of species of all major animal and plant groups [23]
and the question of their origin is still relevant. In several species, chromosome mapping
of different classes of repetitive DNA (55 and 45S rDNA, histone genes, satellite DNA,
snDNA, mobile elements) has provided valuable data on DNA sequences shared with
standard A chromosomes (e.g., [24,56-59]) and in some cases has also shown which partic-
ular A chromosome is the ancestor of the B [60-63]. The answer to the question of where
the B chromosomes in the populations of ZS and LB originated could probably lie in the
poor ecological conditions of the sites studied. The ability of fish parasites to accumulate
relatively high PCB concentrations in their tissues has been confirmed in several studies.
The extremely high PCB contamination of ZS and the strict rules for fishing in this reservoir
(“catch and release”) mean that the fish and their parasites are constantly exposed to the
influence of these chemicals, which can affect the stability of the nuclear material by causing
DNA damage. This also applies to the LB site, as the heavy pollution of the ZS reservoir
means that the biota in the Laborec River are also negatively affected. The Laborec River is
connected to the ZS reservoir by an inflow and outflow channel. Brdzova et al. [28] showed
that the PCB content in all organs and adipose tissue of perch from the ZS reservoir infected
with A. lucii decreased compared with uninfected perch under natural conditions and the
PCB content in the tissues of the parasites was relatively high. An increased incidence
of chromosomal aberrations was reported for the tapeworm Caryophyllaeus laticeps from
the same reservoir (ZS) as the parasites in this study [9]. DNA strand damage is defined
as a permanent alteration of the nucleotide sequence during replication and can cause
double-strand breaks (DSB), chromosome rearrangements, and gene mutations [64]. These
perturbations lead to the activation of the DNA repair mechanism, which may contribute
to the toxic response of PCBs. For example, when a DSB repair mechanism fails, it often
leads to changes in chromosome structure (deletions, duplications, translocations, and
others) [65]. One of the most important repair mechanisms is non-homologous end joining
(NHE]J), which ensures rapid but error-prone repair [66]. Therefore, one of the possible
causes of B chromosomes could be a failure to repair DNA damage. High environmental
pollution could be the main factor that triggers chromosomal rearrangements and leads to
the formation of B chromosomes through the amplification of DNA sequences in chromoso-
mal fragments. This assumption is supported by the complete absence of B chromosomes
in the population from the control area of PZ.

Several studies on other parasitic helminths have already shown a possible link be-
tween B chromosomes and unfavorable environmental conditions [67,68]. Study of the
digenean flukes Notocotylus ephemera and Echinostoma revolutum from the heavily polluted
cooling basin of a Lithuanian hydroelectric power plant revealed the presence of B chromo-
somes, probably due to the mutagenic effect of pollutants [67-69]. Some known cases in
which B chromosomes have been associated with environmental pollution have been found
in fish and mice. Supernumerary B chromosomes have been observed in several cichlid
species from areas affected by pollution or construction of dams [70-72], as well as in
South American catfish from waters downstream of sewage treatment plants with signs of
domestic and industrial pollution [73]. An interesting case is the increase in B chromosomes
in the population of the Korean field mouse Apodemus peninsulae from the shores of Lake
Teletskoye, which is known to be polluted by remnants of rocket fuel components [74].

5. Conclusions

The data presented provide new information on the distribution of heterochromatin
and the numbers and location of the major rDNA and H3 histone genes on the chro-
mosomes of A. lucii. Our results contribute to the very sparse karyological knowledge
about the phylum Acanthocephala. Based on the available karyotype data, chromosomal
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rearrangements in the process of diversification in this group of parasites are evident,
and the application of different cytogenetic markers could help to clarify this process.
Two cytogenetic markers are currently available, namely the 185 rDNA and the H3 histone
genes, and their mapping has already shown that they will be helpful for that clarification.
However, they have only been used for four species so far. Therefore, not only do new
species-specific chromosomal markers need to be found but also a more comprehensive
study of these species is urgently needed. In addition, we have found a third case of
B chromosomes in representatives of Acanthocephala from a polluted environment. It
is known that parasites, especially Acanthocephala, are able to detoxify their hosts in a
polluted environment by excreting harmful substances from the infected host’s tissues [2]
and accumulate these substances in significantly higher amounts compared with their
hosts. Therefore, the appearance of B chromosomes in their karyotype may be caused by
long-term exposure to water permanently contaminated with PCBs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d16030140/s1, Figure S1: Meiotic division of spermatocytes
of Acanthocephalus lucii stained with Giemsa. (A-I) Chromosomes stained with AgNOj (J-O).
(A) Leptotene nucleus. (B) Pachytene. (C) Diplotene. (D) Diplotene nucleus with distinct secondary
constriction on X chromosome. (E) Diplotene with one B chromosome. (F) Metaphase I nucleus
without B chromosome. (G) Metaphase I nucleus with B chromosome. (H) Metaphase II nuclei with
three B chromosomes. (I) Anaphase II. (J) Interphase nucleus. (K,L) Pachytene nuclei. (M) Pachytene
(left) and diplotene (right) nuclei with three B chromosomes. (N) Diplotene with three B chromo-
somes. (O) Late anaphase II with separated bivalents and three B chromosomes. Asterisks indicate
the X chromosome, arrow the B chromosome, and arrowheads indicate nucleolus residue (NOR).
Bar = 10 um. Figure S2: Oogenesis in Acanthocephalus lucii. (A) Primary oocyte penetrated by the
sperm nucleus. (B) Meiotic division in oocyte resulting in formation of the first polar body, the sperm
nucleus still present. (C) Formation of the second polar body after anaphase II. (D,E) Cleavage of
the zygote, series of mitotic divisions. (F) Production of micro and macromeres. (G) Creation of
central mass of nuclei. (H) Formed larva. Arrowheads indicate the polar bodies and arrows the
sperm nucleus. The oocytes were stained with DAPL Bar = 10 um.
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