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Some evolutionary polyploid Carassius and Barbus species are poorly differentiated morphologically 
and hybridise to form viable intrageneric hybrids. 5S rDNA arrays and their chromosomal localisation 
were studied in C. carassius, C. gibelio, B. barbus, B. carpathicus and B. waleckii distributed throughout 
Poland, in order to contribute to the knowledge of their genetic and cytogenetic differences. Two 5S rDNA 
array classes in C. carassius (203 bp, 380 bp) and in three Barbus species (196 bp, 215 bp) were charac-
terised by a highly-conserved coding region. The adjacent non-transcribed spacer (NTS) of C. carassius 
exhibited a relatively high level of variation due to base substitutions and insertions/deletions, whereas 
the NTS of the Barbus species were highly conserved. Fluorescence in situ hybridisation with 5S rDNA 
array classes as probes indicated their syntenic chromosomal location and the utility of these sites as suit-
able marker of the analysed Carassius taxa ploidy. 5S rDNAs in two chromosomes of the Barbus species 
was discovered. The observed low variability of 5S rDNA arrays makes them an inappropriate tool for 
an investigation of the Barbus species, whereas the suitable for investigation within karyologically varied 
in the Carassius taxa.
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Genome duplication is a significant process in 
the evolution of many taxa, including those from 
the species-richest freshwater family Cyprinidae 
(sensu Tan and Armbruster 2018) with very diver-
gent chromosome patterns (reviewed by Arai 2011). 
This fish taxon consists of more than 3,130 spe-
cies, and its largest subfamily – Cyprininae (more 
than 1,700 species) – contains around 400 closely-
related polyploid species (Arai 2011; Yang et al. 

2015, 2022; Froese & Pauly 2024). These latter spe-
cies are evolutionary tetraploids (2n = ca. 100) or 
hexaploids (2n = ca. 150), which originated via al-
lopolyploidisation and that have returned to a diploid 
state via rediploidisation. Most of the other species 
belonging to the family Cyprinidae are characterised 
by the diploid number of 50 chromosomes which is 
considered an ancestral state (Le Comber & Smith 
2004).
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letions, mini-repeats and pseudo-genes, rather than 
through nucleotide substitution (Martins & Wasko 
2004; Ferreira et al. 2007). The NTSs variations in 
length, nucleotide composition (Pinhal et al. 2011; 
Barman et al. 2016) and/or chromosomal location 
(Zhang et al. 2015; Qin et al. 2019) are used as valu-
able markers for the identification of interspecific 
and intergeneric wild and artificially induced diploid 
fish hybrids (Zhang et al. 2015; Wang et al. 2017), 
as well as those of a different ploidy level (Szabelska 
et al. 2017; Qin et al. 2019). Moreover, all the above 
mentioned 5S rDNA features are useful for clarify-
ing the relationships between closely related spe-
cies (Knytl et al. 2018; Teixeira et al. 2018). On the 
other hand, some nucleotide substitutions within the 
120 bp CDS have also been reported among differ-
ent 5S rDNA array classes (Martins & Galetti 2001; 
Gornung et al. 2007). 

Different classes of the 5S rDNA array conditioned 
by changes in the structure of the NTSs have been 
identified in many freshwater and marine ray-finned 
fish species; among others, those belonging to the 
following orders: Characiformes (Martins & Galetti 
2001; Teixeira et al. 2018), Gymnotiformes (Utsu-
nomia et al. 2014), Gadiformes (Campo et al. 2009), 
Cypriniformes (He et al. 2013), Salmoniformes 
(Morán et al. 1996), Cyprinodontiformes (Tigano 
et al. 2004) and Perciformes (Barman et al. 2016), as 
well as some Chondrichthyes species (Pinhal et al. 
2011). Such a dual 5S rDNA repeated unit system is 
regarded as an ancient condition in the fish genome 
(Campo et al. 2009). Analyses of the numbers and 
chromosomal locations of the 5S rDNA sites has 
been performed on several fish groups, including 
Cyprinidae (among others: Kumar et al. 2013; Han 
et al. 2015). However, only a few polyploid cyprinid 
taxa, such as Carassius auratus (Cao et al. 2020), 
Cyprinus carpio (Ye et al. 2017), Tor species (Mani 
et al. 2011), Catlocarpio and Probarbus species of 
tribe Probarbini (Saenjundaeng et al. 2018), have 
been examined for this characteristic. Most species 
possess two or more 5S rDNA array classes detected 
in co-localisation (in synteny) in the same chromo-
some pairs (Martins & Wasko 2004). In turn, the 
Leporinus species (Martins & Galetti 2001) and 
Oreochromis niloticus (Martins et al. 2002) are char-
acterised by two 5S rDNA arrays with a distinct 
chromosome location.

We were prompted to undertake the study de-
scribed in the present paper for two reasons. First 
was the successful use of the 5S rDNA as a research 
tool in the genome evolution and the dynamics of 
repetitive sequences, as well as it being an efficient 
genetic marker in many fish species, including cy-

Among others, the cyprinids of two genera, Carassius 
and Barbus are distributed in European inland wa-
ters (Kotlík et al. 2002; IUCN 2024). They belong 
to two out of 11 subfamilies (Tan & Armbruster 
2018): Cyprininae and Barbinae, respectively. The 
crucian carp C. carassius (Linnaeus, 1758), pos-
sessing 2n=100 chromosomes, is a native species of 
Europe (Spóz et al. 2014; Knytl et al. 2018; IUCN 
2024). It may hybridise with a relative of the gibel 
carp (the Prussian carp) C. gibelio (Bloch, 1782) 
with a diploid (2n=100) or triploid (3n=150 plus 
1-14 microchromosomes) number of chromosomes 
(Boroń et al. 2011; Kalous et al. 2012). Among the 
potential mechanisms responsible for the presence 
of microchromosomes in the genome of Carassius 
hexaploids are macrochromosome fissions and post-
polyploidisation segmental duplication in pericen-
tromeric areas (Fornaini et al. 2024). The gibel carp, 
which probably originating from East Asia, is re-
garded as a separate species (as in the present study) 
or as one form of the polyploid C. auratus complex, 
which is represented by the diploids of both sexes 
reproducing sexually and the triploid females exhib-
iting unisexual modes of reproduction, via gynogen-
esis (Rylková & Kalous 2013; Šimková et al. 2015; 
Zhang et al. 2015; Knytl et al. 2018). 

The genus Barbus sensu stricto is distributed with-
in Eurasia and north-western Africa and includes 
34 riverine species (Froese & Pauly 2024) charac-
terised by 2n = 100 chromosomes (Ráb et al. 1996; 
Yang et al. 2015). Three of these species occur in 
Poland: the barbel Barbus barbus (Linnaeus, 1758), 
B. carpathicus (Kotlík, Tsigenopoulos, Ráb & Berrebi, 
2002) and B. waleckii (Rolik, 1970) (Amirowicz & 
Kukuła 2005; Konopiński et al. 2007, 2013; Kotusz 
& De Wever 2019). However, the systematic status 
of B. waleckii seems to be far from settled, since it 
has been considered as a post F1 hybrid between 
B. barbus females and B. carpathicus males (Kotlík 
et al. 2002; IUCN 2024).

Ribosomal genes (rDNA) belong to the most in-
formative repeats that, due to high rates of tran-
scription and recombination, contribute to genome 
diversification (Symonová & Howell 2018) and are 
widely used to study polyploidisation (Cao et al. 
2020). In higher eukaryotes, the 5S rDNA sequence 
is organised in repetitive units consisting of a highly-
conserved coding sequence (CDS) of 120 base pairs 
(bp), which plays an important role in stabilising 
the ribosomal structure and enhancing the peptidyl 
transferase activity (Vierna et al. 2013; Castro et al. 
2016). Each of these transcribed regions lies adja-
cent to a non-transcribed spacer (NTS). The NTSs 
have a higher mutation rate through insertions, de-
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ing to the legislation on the protection of animals 
and the recommendations of the International Coun-
cil for Laboratory Animal Science (ICLAS) and the 
Local Ethics Committee of the University of Warmia 
and Mazury in Olsztyn (no. 56/2017). No animals 
were sacrificed during this study.

The suspensions of the kidney cells used for chro-
mosome slide preparations were obtained from 
previous studies (Spóz et al. 2014; Szabelska et al. 
2017) and all the experimental procedures were ap-
proved according to Permit No. 20/2013/N of the 
Local Ethics Committee of the University of Warmia 
and Mazury in Olsztyn. 

Sample collection
Fin clips were collected from 22 individuals of the 

crucian carp C. carassius (2n=100) sourced from 
the Siemianówka Reservoir (Poland) (52°55′N, 
23°48′E), as well as of 25 B. barbus (2n=100), 26 
B. carpathicus (2n=100) and 7 B. waleckii (2n=100) 
individuals from seven localities (49°11′29″N, 
22°41′07″E; 49°29′17″N, 22°15′48″E; 49°30′07″N, 
21°54′45″E; 49°52′03″N, 21°44′55″E; 49°47′12″N, 
22°21′23″E; 49°39′17″N, 22°40′27″E; 49°38′49″N, 
22°45′04″E) in the San River basin, a tributary of 
the Vistula River (the drainage basin of the Baltic 
Sea), Poland. Fin clips of three other individuals of 
B. carpathicus from the Strwiąż River (49°28′42″N, 
22°41′18″E), were collected from the Dniester River 
basin (the drainage basin of the Black Sea), Poland 
(Table 1). The sexes of all the investigated individu-
als of C. carassius were determined according to the 
morphology of the gonads, whereas the sexes of the 
Barbus individuals were not determined.

prinids. Second was a real differentiation of the 5S 
rDNAs into two array classes previously described 
in C. gibelio (Szabelska et al. 2017), and the lack of 
such molecular cytogenetic data for the Barbus spe-
cies. Thus, in the present study, the 5S rDNA arrays 
of the crucian carp C. carassius and three Barbus 
species have been amplified, sequenced and physi-
cally mapped (by the FISH technique – fluorescence 
in situ hybridisation) to their chromosomes, and tests 
were conducted on how polyploidy may have an in-
fluence on the molecular and cytogenetic faces of the 
5S rDNAs. Moreover, two 5S rDNA array classes 
were verified as a potential species-specific molecu-
lar and cytogenetic marker for the taxonomic char-
acterisation of these taxa, which are poorly differen-
tiated from a morphological point of view.

Material and Methods

Ethics statement
Standard procedures used in aquaculture for catch-

ing fish were employed in the study. No in vivo 
experiments were performed on the animals. Fish 
sampling and valid protocols for animal use in ex-
periments were performed with a sampling permit 
(No. RG-IX.7143.6.2017.MS) issued by the Marshal 
Office of the Podkarpackie Voivodeship, following 
approval by the Regional Directorate for Environ-
mental Protection. The research was conducted 
under individual licenses (Nos. 1614/08, 1703/11) 
for the operation of electric shocking tools and No. 
3736/2016 to perform animal investigations, accord-
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Table 1

Details of the analysed fish; M – male, F – female, 2n – diploid (2n=100 chromosomes), 3n – 
triploid (3n=150-164 chromosomes)

Taxon
Number of individuals used in the 

analysis of 5S rDNA Sampling locality
Structure Chromosome mapping

C. carassius 10M, 12F 3M, 3F
Siemianówka Reservoir, Narew River, Baltic Sea basin

C. gibelio
– (2n) 4M, 5F
– (3n) 3M, 5F

B. barbus 25 2M, 2F
San River basin, Vistula River, Baltic Sea basin

B. carpathicus
26 3M, 5F

3 – Strwiąż River, Dniester River, Black Sea basin

B. waleckii 7 1M San River basin, Vistula River, Baltic Sea basin



als), B. carpathicus (eight individuals) and males of 
B. waleckii that were collected from the San River 
basin (Table 1).

Analysis of the 5S rDNA array sequence
Genomic DNA was extracted from the fin clips us-

ing the Chelex 100 method, as described by Walsh 
et al. (1991) with some modifications (Kirtiklis 
et al. 2011). The quality of the obtained DNA was 
assessed by electrophoretic separation and a spectro-
photometric analysis. 

A set of primers: 5S-1 (5’-TAC GCC CGA TCT 
CGT CCG ATC – 3’ and 5S-2 (5’ – CAG GCT GGT 
ATG GCC GTA AGC – 3’) by Pendás et al. (1994) 
was used for the amplification of the 5S rDNA. PCR 
amplification was performed using a GeneAmp PCR 
System 2700 thermocycler (Applied Biosystems, 
USA). The PCR cycling conditions were as follows: 
initial denaturation at 94°C for 5 minutes, followed 
by 30 cycles of denaturation at 94°C for 30 seconds, 
primer annealing at 58°C for 30 seconds, and primer 
extension at 72°C for 30 seconds with a final exten-
sion at 72°C for 7 minutes.

The amplified products were visualised by elec-
trophoresis (at 60V for 70 minutes) in an ethidium 
bromide-stained 1.5% agarose gel. A longer elec-
trophoresis (at 60V for 110 minutes) in 2% agarose 
gel was conducted in order to get a better separa-
tion of the bands visible in the gel. All amplicons 
were extracted from the gel using Gel-Out kit (A&A 
Biotechnology, Poland) and were then sequenced on 
both strands using a commercial service (Genomed, 
Poland). 

Sequence alignment and evaluation, phylogenetic 
analysis
The forward and reverse sequences of each indi-

vidual were edited and assembled using BioEdit Se-
quence Alignment Editor v.7.2.5 (Hall 1999) to build 
a consensus sequence, and were then compared with 
the nucleotide sequences available in the GenBank 
database using BLAST (Altschul et al. 1997). The 
reference sequences of other polyploid cyprinids 
were taken from GenBank (NCBI). A multiple align-
ment of the analysed sequences was performed using 
Clustal W (Thompson et al. 1994). The phylogenetic 
analysis was carried out using MEGA 11 software 
(Tamura et al. 2021) by the maximum likelihood 
(ML) method with 1,000 bootstrap replicates. The 
best model of the nucleotide substitution (T92+G) 
was selected using the Find Best DNA/Protein Mod-
el tool integrated into MEGA software. Evolution-
ary distances were computed using the p-distance 
method.

The C. carassius individuals were taxonomically 
identified by the following morphological traits: 
non-pigmented peritoneum, deep body, rounded dor-
sal fin, small serration on the last unbranched ray in 
the dorsal fin, and golden colour of the dorsal and 
lateral parts of the body (Spóz et al. 2014; IUCN 
2024).

The individuals of three Barbus species were diag-
nosed according to Rolik (1970; 1971a, b) (Kotlík 
et al. 2002; IUCN 2024) by the following characters 
typical for: a) B. barbus: lower lip thick with a me-
dian swollen pad (clearly adnate a median lobe by 
Rolik (1970; 1971a, 1971b)), pointed tip of the dor-
sal fin, posterior margin of the dorsal concave, clear-
ly visible serration along the entire posterior edge 
on the last simple spinous dorsal ray (only palpable 
in smaller individuals), strongly embedded scales 
with free posterior part pointed, and sides of the 
body without spots (all the individuals were mature); 
b) B. carpathicus: lower lip thick with non-adnate 
a median lobe, last simple dorsal ray weak not ser-
rated posteriorly and segmented on its entire length, 
plain top of the head, cheek and opercula unspotted 
or with very few small spots, paired fins unspotted, 
with rays unpigmented or with few dark pigments 
not forming dark bars, plain body with faint dots 
and blotches slightly darker than the background, 
and caudal fin unspotted or with spots smaller than 
the pupil diameter, with weakly embedded scales; 
and c) B. waleckii, with intermediate morphologi-
cal traits of B. barbus and B. carpathicus: lower lip 
thick, with a non-adnate median lobe, last simple 
dorsal ray slightly thickened, serrated posteriorly 
to the middle, but with the serration rather delicate, 
sometimes weakly palpable, medium or weakly em-
bedded scales with the free posterior part rounded 
and without epithelial crests, and the base of the 
pelvic fin slightly-to-clearly behind the base of the 
dorsal fin. 

The fin clips of each individual were preserved 
in 96% ethanol and were stored at -20°C for fur-
ther DNA extraction. For sequencing, 14 individu-
als of C. carassius and each of the 10 individuals of 
B. barbus and B. carpathicus, as well as seven indi-
viduals of B. waleckii were used. As C. gibelio has 
been described formerly in respect to the 5S rDNA 
structure (Szabelska et al. 2017), in the present pa-
per only the mapping of its two classes of 5S rDNA 
in the karyotype was investigated.

The chromosome slides were made from fixed and 
preserved kidney cell suspensions of C. carassius 
(six individuals) and C. gibelio (nine diploid and eight 
triploid individuals) collected from the Siemianówka 
Reservoir, as well as of B. barbus (four individu-
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4×SSC and double-deionised water was performed 
at 37°C overnight in a moist chamber. Post-hybrid-
isation washes were performed in 50%FA/2×SSC 
at 37°C for 20 min, 2×SSC and 1×SSC for 20 min 
each, and 4×SSC for 5 min. Subsequent to the post-
hybridisation washing in a low stringency condition 
(37°C, 20 min), the chromosome slides were subject-
ed to detection with avidin-FITC (Roche, Germany) 
and anti-digoxigenin-rhodamine (Roche, Germany) 
for 5S rDNAs, with array Class I and Class II as 
probes, respectively. The chromosomes were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) 
in VECTASHIELD® Antifade Mounting Medium 
(Vector Laboratories, USA). At least 15 metaphase 
plates per each individual were observed under 
a Nikon Eclipse 90i fluorescence microscope (Nikon, 
Japan). The images were processed using Lucia 2.0 
software (Laboratory Imaging, Czech Republic).

Results

5S rDNA array sequences of C. carassius
PCR amplification of the 5S rDNA generated 

two major bands, approximately 200 and 380 bp in 
length, for C. carassius (Cc) and several discreet 
bands with a length above 500 bp, visible in all the 
analysed individuals (Figure 1). In this study, we fo-
cused on two main bands: 200 and 380 bp, named 
Class I and Class II. 

Two fragments of 5S rDNA corresponding to both 
main bands with sizes about 200 bp and 380 bp were 
sequenced, and a consensus sequence of the repeat 
unit (coding sequence plus NTS) was obtained for 
each of them. However, sequences of a similar 
length were obtained for both rDNA array Classes I 
and II (Figure 2). The nucleotide sequences of the 5S 
rDNA coding regions in C. carassius shared a highly 
conserved region (99% identity), 120 bp (99 bp and 
21 bp of the encoding regions) in length, containing 
three internal regulatory elements, i.e. Box A, Box 
Cand IE, which function as a promoter of the gene 
(Figure 2). Only one difference between both classes 
of 5S rDNA arrays among Box A (at +38 bp) was re-
vealed. The nucleotide compositions of Box A, Box 
C and IE are: AGCTAAGCAGGTTTG (location: 
+27 bp to +41 bp), TGGATGGGAGACCGCCTG 
(location: +57 bp to +74 bp) and CCTGGT (loca-
tion: +44 bp to +49 bp), respectively. A T-rich tail 
(TTTT) (location: +96 bp to +99 bp) sequence acting 
as a transcription termination signal was identified 
at the 3́ end of the 5S rRNA coding sequence. The 
NTS region, identified to be 82 bp long in both the 

Preparing the chromosome slides and fluorescence 
in situ hybridisation (FISH)
Chromosome slides were made from the suspen-

sion of kidney cells, which were obtained using a con-
ventional hypotonic treatment and methanol-acetic 
fixation following the standard air-drying technique, 
as shown in detail by Boroń et al. (2011). The karyo-
type (not presented) was adopted based on our pre-
vious research as follows: a) C. carassius (2n=100; 
20 metacentric (m) + 36 submetacentric (sm) + 44 
subtelo-acrocentric (sta) chromosomes (Spóz et al. 
2014); b) C. gibelio (2n=100, 26m+38sm+36sta; 
3n=150-156, 34-36m+54-58sm+60-64sta plus from 
four to six microchromosomes (Boroń et al. 2011; 
Przybył et al. 2020); and c) B. barbus, B. carpathicus, 
B. waleckii (2n=100, 20m+34sm+46sta) (Spóz et al. 
2015). In the present study, only the chromosome 
number was verified by counting at least 15 meta-
phase plates of each individual. 

The double-colour FISH with two array classes of 
the 5S rDNA sequences of C. carassius and three 
Barbus species obtained in the current study was 
performed according to Fujiwara et al. (1998) and 
Boroń et al. (2006). For C. gibelio, FISHs with two 
sequences (340 bp and 470 bp) obtained and de-
scribed formerly by Szabelska et al. (2017) were 
conducted.

Species-specific 5S rDNA probes were obtained 
by PCR amplification under the conditions described 
by Szabelska et al. (2017), then separated by elec-
trophoresis and extracted from the agarose gel using 
the Gel-Out Concentrator kit (A&A Biotechnology, 
Poland). A proper DNA concentration of each probe 
was performed in a Centrifugal Concentrator DNA 
Integrated System (Genevac, UK). The 5S rDNA 
probes (corresponding to two rDNA array classes) 
were labelled with biotin-16-dUTP using the Biotin-
Nick Translation Mix kit (Roche, Germany) and di-
goxigenin-11-dUTP using the DIG-Nick Translation 
Mix kit (Roche, Germany), respectively. 

The labelled probes were denatured at 80°C for 
10 min and were then stored on ice for 10 min to 
stop the reaction. The chromosome slides were in-
itially hardened at 65°C for 3h, and were then in-
cubated with rNase for 60 min at 37°C in a moist 
chamber. Afterwards, the chromosome preparations 
were denatured at 72°C for 1 min in 70% formamide 
(FA)/2×SSC. After dehydration at room temperature 
in an ethanol series – 70% for 5 min and 80%, 90%, 
and 100% for 2 min – hybridisation with a mixture 
containing denatured rDNA probes, Bovine Serum 
Albumin (Roche, Germany), 50% dextran sulphate, 
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presence of 20 nucleotide substitutions (Figure 2). 
The obtained consensus sequences were deposited 
in GenBank under the following accession numbers: 
MG550276 (~200 bp fragment of C. carassius) and 
MG550277 (~380 bp fragment of C. carassius).

5S rDNA array classes, contained two conserved AT 
rich regions (TATA-like boxes) (location: +119 bp 
to +125 bp and +152 bp to +159 bp, respectively). 
The high dynamism of the NTS of both the 5S rDNA 
unit classes in C. carassius was indicated by the 

Fig. 1. Electrophoresis of the 5S rDNA amplicons in 1.5% agarose gel: C. carassius females (Cc1-Cc4) and males (Cc5-Cc7); M – 
Molecular weight DNA marker.

Fig. 2 Sequence alignment of the two 5S rDNA classes identified in C. carassius. The coding region of both 5S rDNA classes are red 
underlined with the conserved Box A, Box C and IE included in black boxes. AT-rich terminal region is evidenced in the purple box, 
whereas a 3`end-coding region is evidenced in the blue box. TATA-like elements characteristic for NTS are included in black boxes. 
Asterisks indicate the different nucleotides.
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of the 5S rDNA array in B. barbus, B. carpathicus 
and B. waleckii, one with about 195 bp (array Class I) 
and the other with about 215 bp (array Class II) were 
found. Moreover, in the B. carpathicus from both 

5S rDNA array sequences of the Barbus species
Since the PCR amplification of the 5S rDNA array 

generated two major products for all three Barbus 
species (Figure 3), with two major conspicuous forms 

Fig. 3. Electrophoresis of the 5S rDNA amplicons in a 1.5% agarose gel: a) B. barbus (Bb1-Bb7); b) B. carpathicus (Bc1-Bc6); and 
c) B. waleckii (Bw1-Bw7). M – Molecular weight DNA marker.
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substitutions in position +128 bp and +129 bp and an 
insertion-deletion in the positions from +131 bp to 
+149 bp were found within the NTS. The nucleotide 
sequences of the 5S rDNA coding regions among 
the three species shared a highly-conserved region 
(100% identity) of 120 bp (99 bp and 21 bp of the 
encoding regions), as well as a length containing 
three internal regulatory elements, i.e. Box A, Box 
C and IE (Figure 4). The nucleotide compositions of 

sampled localities, one band approximately 460 bp 
in length with a lower intensity was visible (Figure 3b).

The analysis of the 5S rDNA fragment revealed 
few differences relating to individual substitutions 
within the 196 bp class, and also in the 215 bp 
class, among the three investigated Barbus species 
regardless of the sampled locality. Additionally, in 
the course of the comparative analysis of both ar-
ray classes, single nucleotide differences in terms of 

Fig. 4. Aligned consensus sequences of Class I and Class II of the 5S rDNA identified in B. barbus, B. carpathicus and B. waleckii. 
The coding region of both 5S rDNA classes are red underlined with the conserved Box A, Box C and IE included in black boxes. 
A T-rich terminal region is evidenced in the purple box and a 3`end-coding region is evidenced in the blue box. TATA-like elements 
characteristic for NTS are included in black boxes. Asterisks indicate the nucleotide differences.
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The sequence alignment of all three classes of 5S 
rDNA in B. carpathicus revealed some substitutions 
in IE and one insertion-deletion in position +65 bp 
in Box C (Figure 5). No differences were detected in 
the analysed 5S rDNAs between B. carpathicus indi-
viduals collected from the two localities. All the ob-
tained sequences, apart from a 462 bp putative pseu-
dogene, were deposited in the GenBank under the 
following accession numbers: MH212374 (196 bp 
fragment of B. barbus), MH212375 (215 bp frag-
ment of B. barbus), MH212376 (196 bp fragment 
of B. carpathicus), MH212377 (215 bp fragment 
of B. carpathicus), MH212378 (196 bp fragment 
of B. waleckii) and MH212379 (215 bp fragment of 
B. waleckii).

Box A, Box C and IE were AGCTAAGCAGGGTCG 
(location: +27 bp to +41 bp), TGGATGGGAGAC-
CGCCTG (location: +57 bp to +74 bp) and CCTGGT 
(location: +44 bp to +49 bp), respectively. The NTS 
region in array Class I was identified to be 74 bp 
long, while the NTS region in array Class II was 
identified to be 93 bp long in all the Barbus species 
(Figure 4). Both classes of the 5S rDNA sequences 
contained one TATA-like element within the NTS at 
positions +122 bp to +126 bp. Class II contained an 
additional TATA-like box element within the NTS at 
positions +135 bp to +142 bp. 

In addition, the presence of one putative pseudogene 
in B. carpathicus about 460 bp in length containing 
a CT repeat in Box A was also observed (Figure 5). 

Fig. 5. Sequence alignment of two 5S rDNA classes and one putative pseudogene 462 bp in the length identified in B. carpathicus. The 
coding sequence of all 5S rDNA aligned sequences are underlined with the conserved Box A, Box C and IE included in black boxes. 
A T-rich terminal region is evidenced in the purple box and a 3́ end-coding region is evidenced in the blue box. TATA-like elements 
characteristic for NTS are included in black boxes.
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classes in these both species. The separated cluster 
of the ML tree included only three species from the 
genus Tor and one from the genus Neolissochilus 
(Figure 6).

Chromosomal location of two 5S rDNA classes
The FISH with 5S rDNA array probes analysed in 

120 metaphase plates of C. carassius females and 
males possessing 2n=100 chromosomes (Figure 7a) 
revealed a modal number of ten loci (in 76.6% of the 
analysed metaphases) within a range from 8 to 12. 
Both 5S rDNA sequences, 203 bp (array Class I) 
and 380 bp (array Class II) were always located 

Phylogenetic analysis of 5S rDNA in polyploid 
Cyprininae
The phylogenetic survey of 5S rDNA array sequences 

of polyploid species from the subfamily Cyprininae 
verified that all genera, except for the genus Tor, 
were clustered in clearly separate clades (Figure 6). 
The ML tree showing three major clusters included 
the genera studied in this work – Barbus and Carassius 
as, well as the genera Cyprinus. However, C. carassius 
and C. gibelio, in contrast to the genus Barbus, formed 
distinct subclades (appropriate for the array Classes 
I and II) within the Carassius clade, what indicates 
a lower similarity between both 5S rDNA array 

Fig. 6. The phylogenetic tree based on the maximum likelihood method analysis of two 5S rDNA classes of diploid (▼) and triploid (♦) 
C. gibelio, C. carassius (●), B. barbus, B. carpathicus, B. waleckii (▲) and reference sequences from other polyploid species of Cy-
prinidae from the subfamily Cyprininae. All sequences are available in the GenBank (NCBI) under the accession numbers mentioned 
on the graph. The bootstrap analysis was replicated 1000 times. The scale bar indicates the nucleotide diversity between sequences.

54              A. Szabelska et al. 
 



Fig. 7. Representative mitotic metaphase after FISH with: (a) C. carassius 5S rDNAs of 203 bp (green signals) and 380 bp (red sig-
nals); (b) diploid (2n=100); and (c) triploid (3n=160) C. gibelio 5S rDNA of 340 bp (green signals) and 470 bp (red signals) – and 
representative mitotic metaphase stained using FISH with: (d) B. barbus; (e) B. carpathicus; and (f) B. waleckii 5S rDNAs of 196 bp 
(green signals) and 215 bp (red signals). Arrows indicate chromosomes bearing both co-localised rDNA probes (thick and thin arrows 
represent strong and weak signals, accordingly). Scale bar = 10 μm.
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belska et al. 2017; present study) has been described 
for many animals, including other fish (Martins & 
Galetti 2001; Gornung et al. 2007; Kumar et al. 
2013), and seems to correspond to the ancestral pat-
tern of their genome (Pasolini et al. 2006). How-
ever, the number of 5S rDNA repeated unit classes 
is not typical, either for related species clustered in 
one genus or for polyploid species. For example, the 
evolutionary polyploid Tor species are characterised 
by one or two such classes (Mani et al. 2011). As 
usual, the presence of two or more 5S rDNA clusters 
reflects variations in the NTS region, as is shown in 
the analysed Carassius and Barbus taxa that differ 
mainly because of base substitutions and insertions/
deletions in the NTS region. This may indicate that 
this region is evolving rapidly and has experienced 
recent evolution events, and can thus be used as 
a species-population genetic marker contributing to 
the knowledge of the biology of species in a broad 
sense (Ferreira et al. 2007; Qin et al. 2010; He et al. 
2012).

The smallest NTS sizes described so far in fishes 
are 62 bp (Santos et al. 2006), 57-68 bp (Fujiwara 
et al. 2009), 71 bp of three cyprinid species (Kumar 
et al. 2013), 82 bp in the Carassius and Cyprinus 
taxa (Ye et al. 2017; present study), and 74 and 93 bp 
in the Barbus taxa (this study). In turn, a relatively 
larger NTS indicated as 220, 357 bp was found in 
C. auratus (Qin et al. 2019) and from 190 to 613 bp 
in the Channa species (Barman et al. 2016).

The 5S rDNA array sequences of the investigated 
taxa showed more than an 80% average similarity 
with other polyploid Cyprinini and Barbini taxa list-
ed in the GenBank database and used for the phylo-
genetic comparison. The nucleotide sequences of the 
5S rDNA coding region among the two Carassius 
and three Barbus species shared a highly conserved 
gene identity of 120 bp long (99% and 100%, re-
spectively). The nucleotide variability between the 
NTS region of the array Class I and II in the Carassius 
and Barbus taxa was indicated as 25.6% and 22.6%, 
respectively. However, no differences in the length of 
the NTS fragment in both unit classes of C. carassius 
were observed. Two amplicons (approx. 350 and 
700 bp) of 5S rDNA in two species of the genus 
Brycon were described as the monomer and dimer of 
that rDNA array, respectively (Wasko et al. 2001). 
One similar length of the NTS in both analysed frag-
ments seemed to indicate the occurrence of differ-
ent-sized NTS sequences in the Brycon genome, 
which were not discovered by the Sanger sequenc-
ing method. Therefore, these results may point to the 
need for continued research, e.g. using New Genera-
tion Sequencing (NGS).

in co-localisation in the same chromosomes (Figure 
7a). The obtained hybridisation signals had differ-
ent intensities on various chromosomes and could be 
classified as strong and weak. The 5S rDNA signals 
located on the short arm of two sm chromosomes 
were stronger than the other six to 10 signals on the 
sm and sta chromosomes (Figure 7a). Among 15% 
and 8.4% of the rest of metaphase plates, the 5S rD-
NAs were located, respectively, in 8 and 12 chromo-
somes.

The 5S rDNAs of 340 bp (array Class I) and 470 bp 
(array Class II) used as probes in the FISH were ob-
served in 190 metaphases of C. gibelio diploid males 
and females (Figure 7b), as well as in 120 metaphases 
C. gibelio triploids of both sexes (Figure 7c). Both 
sequences of the 5S rDNA always occurred in a co-
localisation in the same loci of the chromosomes 
in all individuals (Figure 7b, c). Most frequently, 
the diploid individuals were characterised by two 
stronger hybridisation signals on the short arm of the 
sm chromosomes and 16 weaker and smaller signals 
on the sm and sta chromosomes (Figure 7b). A vari-
able number, ranging from 14 to 18, of smaller and 
weaker signals in the chromosomes of the C. gibelio 
diploids was observed. The triploids of C. gibelio, 
both males and females, possessed an unexpectedly 
similar number of 5S rDNA loci, ranging from 12 to 
18 (Figure 7c). A modal number of 15 signals of 5S 
rDNA hybridisation was observed, with three of them 
distinctly stronger than the other 12 (Figure 7c). The 
large signals were found in the short arms of the sm 
chromosomes, whereas others were located on the 
sm and sta chromosomes. No sex-dependent vari-
ability in the analysed cytogenetic features among 
Carassius taxa was found.

Both the 5S rDNA arrays of 196 bp (Class I) and 
215 bp (Class II) used as probes were observed 
in 60 metaphase plates of the four B. barbus, in 
120 metaphase plates of eight B. carpathicus and in 
15 metaphases of one B. waleckii male. In all ana-
lysed metaphases of three the Barbus species, two 
submetacentric chromosomes with the hybridisa-
tion signals of both 5S rDNAs in co-localisation on 
the short arms were detected (Figure 7d-f). No sex-
dependent variability in the analysed cytogenetic 
features of Barbus species was found.

Discussion

Structure of the 5S rDNAs
The existence of two classes of 5S rDNA arrays 

documented in the Carassius and Barbus taxa (Sza-
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RNA polymerase II-like transcriptional factors, 
plays a crucial role in RNA polymerase III transcrip-
tion. Thus, these TATA-like motif sequences may be 
an important element in the regulation of the expres-
sion of 5S rRNA (Barman et al. 2016).

Most often, species belonging to the same genus 
are characterised by a quite conserved CDS of the 5S 
rDNA as some of the Tor species (Mani et al. 2011), 
Leporinus (Ferreira et al. 2007), three out of 12 spe-
cies of the genus Merluccius (Campo et al. 2009) 
and Barbus (this study), or with only a few base sub-
stitutions among them, as in six species of the genus 
Brycon, six species belonging to Mugilidae (Wasko 
et al. 2001; Gornung et al. 2007) and the Carassius 
species (Szabelska et al. 2017; Qin et al. 2019; this 
study) showing, at the same time, a high degree of 
variation as nucleotide substitutions and/or inser-
tion-deletion polymorphism in NTS (Kumar et al. 
2013; Barman et al. 2016). NTS is successfully used 
as a molecular marker to identify different fish spe-
cies, but the diversity of this sequence is not always 
species-specific. Small differences in the 5S rDNAs 
in the Barbus species (this study) also occurred in 
the sequence of some Merluccius species charac-
terised by NTSs containing conserved blocks and 
a low number of nucleotide substitutions, whereas 
other species of the same genus differed significantly 
in the sequence length (Campo et al. 2009). On the 
other hand, the C. carassius (present study), diploids 
(2n=100) and triploids (3n=150-162) of C. gibelio, 

The analysed 5S rDNA sequences from C. carassius 
and C. gibelio of a different ploidy (Figure 8) as well 
as the three Barbus species might be functional, as 
they possess all the necessary elements for stable 
secondary folding and transcription (Barman et al. 
2016). The 5S rRNA is transcribed alone by RNA 
polymerase III with the participation of the tran-
scription factor TFIIIA and the three elements of the 
internal control region (ICR) as Box A, Box C and 
IE (Pieler et al. 1987), shown in the present study. 
Box A is a general ICR sequence for RNA polymer-
ase III, whereas the intermediate element (IE) and 
Box C are specific to the 5S rRNA transcription and 
work as binding sites for the transcription factor 
TFIIIA (Pieler et al. 1987), which is the first step in 
the formation of the transcription initiation complex 
(Veldhoen et al. 1994; Barman et al. 2016). Typi-
cally found in the presumed-functional 5S rRNA 
genes is a T-rich (TTTT) terminator region, identi-
fied at the 3`end of 5S rDNA in Carassius and Barbus 
species (this study) as well as in Oreochromis niloticus 
(Martins et al. 2000), and the 5` end of the NTS re-
gion in Engystomops spp. (Rodrigues et al. 2012). 
The conserved TATA-like control motifs detected in 
the NTS region in all taxa in the present study, as 
well as in this region of Tor sp. (Mani et al. 2011), 
Lebias fasciata (Tigano et al. 2004), some Merluccius 
species (Campo et al. 2009), C. auratus (Murakami 
& Fujitani 1998) and C. carpio (Inafuku et al. 2000), 
Channa species (Barman et al. 2016), along with 

Fig. 8. Aligned nucleotide sequences of the two 5S rDNA classes identified in C. carassius (present study) and in the diploid and triploid 
C. gibelio (Szabelska et al. 2017). The CDS of all 5S rDNA aligned sequences are underlined with the conserved Box A, Box C and 
IE included in black boxes. A T-rich terminal region is evidenced in the purple box and a 3́ end-coding region is evidenced in the blue 
box. TATA-like elements characteristic for NTS are included in black boxes.
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two Epinephelus species allowing for the random-
ly repeated units of the parental 5S rRNA genes to 
be exchanged with each other during hybridisation 
(Huang et al. 2016). In turn, signs of a homoeolo-
gous recombination would be expected in the event 
that the 5S rDNA sequences of the parental species 
were located on homoeologous chromosomes (Ye 
et al. 2017), as it is hypothetically in the Barbus spe-
cies. According to Ye et al. (2017), tandem repeat 
insertion events and an interlocus gene conversion 
appeared during the evolution of 5S rDNAs in al-
lotetraploid fish. The tetraploid hybrids partially in-
herited the NTS part from the parental female and 
obtained a novel NTS sequence (He et al. 2012). The 
multiple 5S rDNA sites detected in the present and 
other studies (Spóz et al. 2017; Knytl et al. 2018) 
may suggest that rapid chromosome rearrangements 
still occurred in the postpolyploidy genomes of 
Carassius species. An example of the intense dy-
namic evolution of the 5S rDNA array sequence 
seems to be visible in the genome of Oreochromis 
niloticus, characterised by the presence of pseudo-
genes and inverted genes (Martins et al. 2002).

Evolution of the 5S rDNA array
According to the concerted evolution process, all 

members of a multi-gene family evolve in a concert-
ed manner and variations due to mutations in a re-
peated unit extent to all the member genes through 
gene conversion and an unequal crossing over (Bar-
man et al. 2016; Nei & Rooney 2005). Thus, the 
sequence homology is higher within a species than 
between related species (Nei et al. 1997), as was 
found between two Carassius species (this study). 
In turn, some data, including that found in teleost 
fishes, has shown that the high level of sequence di-
vergence between ribosomal genes or exclusively 
NTS regions may be explained by a birth-and-death 
model of evolution (Eirín-López et al. 2012; Barman 
et al. 2016; Cao et al. 2020). New gene variants are 
generated by gene duplication events and, therefore, 
few duplicated genes remain functional, while oth-
ers become pseudogenes. The pseudogenisation ex-
hibited by a different degree of base substitutions 
was detected in the sequences of 5S rDNA coding 
regions in the diploid and autotriploid of the C. auratus 
complex of the Dongting water system (Cao et al. 
2020). It is generally believed that pseudogenes are 
most often derived from the array Class I (shorter 
class) of the 5S rDNA (Pinhal et al. 2011). In con-
trast to mammals, pseudogenes in fish are rather rare 
and until now they have only been described in some 
taxa, e.g. for species belonging to the genera Coregonus, 
Merluccius, Oreochromis or Carassius (Murakami 

formerly described by Szabelska et al. (2017), dif-
fered significantly both within the CDS and NTS 
regions of two 5S rDNA array classes, due to single 
base differences (Figure 8). The differences in the 
form of indel changes of between both pf the species 
were identified within the 120 bp CDS: in the Box A, 
IE, Box C and 3` end-coding regions. Moreover, two 
common TATA-like elements among the NTS were 
identified for all the aligned 5S rDNA sequences of 
both Carassius species.

Two out of three array classes of 5S rDNA detect-
ed in C. auratus red. var. (He et al. 2012; Qin et al. 
2019; Zhao et al. 2021) with a length of 203 bp 
(Class I) and 340 bp (Class II) correspond with the 
Class I found, respectively, in C. carassius under the 
present study and in C. gibelio (Szabelska et al. 
2017), whereas the length of the Class III (477 bp) 
was similar to the length of the Class II (470 bp) of 
C. gibelio. The array class of 340 bp, composed of 
the 120 bp coding region with 220 bp NTS, were 
cloned and sequenced in C. a. gibelio (3n=162) and 
C. auratus (2n=100) (Zhu et al. 2006; Qin et al. 
2019). The above-cited data may indicate that at 
least two 5S rDNA array classes of about 340 and 
470 bp seem to be specific in the C. auratus com-
plex. Additionally, approx. 200-bp-long fragments 
may be typical for Carassius (Qin et al. 2019; Sza-
belska et al. 2017; present study), Cyprinus carpio 
(Inafuku et al. 2000; He et al. 2012) and for other 
polyploid cyprinids, such as some of the Tor species 
(Mani et al. 2011).

Recently, numerous published papers on the struc-
ture and chromosomal location of the 5S rDNA ar-
ray sequence in different fish species (Ferreira et al. 
2007; Han et al. 2015; Teixeira et al. 2018) and in-
terspecific diploid and/or polyploid fish hybrids (He 
et al. 2012; Wang et al. 2017; Zhao et al. 2021) have 
provided data on the mechanisms of inheritance 
and the evolution of these sequences. According to 
Kotlík et al. (2002), B. waleckii may be a F1 hybrid 
between B. barbus and B. carpathicus. In practice, 
the small variation of the 5S rDNA repeated unit se-
quence documented in the present study among the 
Barbus species cannot be used as a potential marker 
indicating the proposed hybridisation leading to the 
formation of B. waleckii. The inheritance pattern 
of 5S rDNAs in hybrids varies. The two 5S rDNA 
array classes of C. auratus red var. and C. carpio 
were inherited from both the parental taxa indepen-
dently and without a homoeologous recombination 
and interlocus gene conversion (Ye et al. 2017). Oth-
erwise, a chimeric 5S rDNA array was detected in 
the hybrid genome of Ctenopharyngodon idella and 
Megalobrama amblycephala (He et al. 2013), and in 
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short arms of two submetacentric chromosomes of 
B. barbus, B. carpathicus and B. waleckii. In turn, 
the Carassius taxa in the present study were charac-
terised by multiple fluorescence sites of their two co-
localised 5S rDNA array classes. The modal number 
of ten 5S rDNA hybridisation sites detected at the short 
arms of two submetacentric and eight subtelo-acro-
centric chromosomes in the karyotype of C. carassius 
correspond with the formerly published data (Spóz 
et al. 2014; Knytl et al. 2018). Strong signals local-
ised, respectively, on two and three submetacentrics 
of C. gibelio diploids and triploids (together with nu-
merous additional weaker ones) have been reported 
in other C. auratus taxa (Zhu et al. 2006; Knytl et al. 
2018). The two and three abovementioned strong 
hybridisation signals observed in the C. gibelio chro-
mosomes clearly indicated diploid and triploid indi-
viduals, respectively. This feature, together with 
chromosome painting, was used to indicate the ploidy 
of the C. auratus taxa (Zhu et al. 2006). In turn, three 
strong and twenty-four additional weak signals of the 
5S rDNA probe were observed in triploid (3n=156) 
hybrids possessing two genomes of C. gibelio and 
one genome of C. carassius (Knytl et al. 2018). This 
finding supports the conclusion that the number of 
strong signals of the 5S rDNA array probe detected 
in the karyotypes of the analysed in this study and 
the abovementioned taxa of the genus Carassius 
may indicate the level of their ploidy (Knytl et al. 
2018; present study). In turn, in some Carassius hy-
brids, clusters of 5S rDNA were lost (Zhao et al. 
2021). Therefore, the number of strong signals of 5S 
rDNA cannot be a reliable polyploidy marker in all 
Carassius taxa. A multiple signal pattern of hybridi-
sation with the 5S rDNA probe (from four to eight 
strong and several additional weak signals) is also 
present in Cyprinus carpio, a polyploid cyprinid 
which is related to the Carassius species (Inafuku 
et al. 2000).

The heteromorphism in signal intensity observed 
between homologous chromosomes of the Carassius 
and Cyprinus taxa may be caused by a variety of 
mechanisms, such as unequal crossing over, trans-
position, tandem amplification and other rearrange-
ments involving homologous segments causing 
structural modifications in rDNA repeated unit se-
quences (Qin et al. 2016). However, homologous 
chromosomes in karyotypes of the Carassius taxa 
could be identified after chromosome painting. It is 
a possible that the variation in clusters of 5S rDNA 
with an adjusted NTS are associated mostly with the 
number of repeated monomers.

Some differences in the intensity between hybridi-
sation signals involving 5S rDNAs detected in the 

& Fujitani 1998; Sajdak et al. 1998; Martins et al. 
2000; Campo et al. 2009). The presence of a putative 
pseudogene in B. carpathicus may suggest that the 
5S rDNA array family in the genus Barbus evolved 
by a birth-and-death process (Barman et al. 2016), 
but this path of evolution does not explain the high 
level of sequence similarity within the non- and cod-
ing regions of the 5S rDNA array among the ana-
lysed species of this genus. Interestingly, the mixed 
mechanism of concerted and birth-and-death evo-
lution, as well as horizontal transference were in-
dicated in the evolution of that rDNA unit among 
freshwater stingrays (Pinhal et al. 2011) and Spari-
dae species (Merlo et al. 2013). This is consistent 
with the findings that the evolutionary patterns of 
the 5S rDNA array in animals are complex, and the 
birth-and-death processes, selection, homogenising 
mechanisms typically involved in concerted evolu-
tion and horizontal gene transfer events seem to be 
responsible for the diversity of this multigene family 
in metazoans (Vierna et al. 2013).

The phylogenetic tree constructed from the 5S rDNA 
arrays of the investigated and some other polyploid 
Cyprininae taxa revealed that the C. gibelio from 
Poland are clustered together with the same taxa 
from East Asia, whereas C. carassius is closer to the 
Barbus species. This relationship seems to support 
the hypothesis of an Asian origin of the C. gibelio 
distributed in Europe. The phylogenetic relations 
obtained from the analysis of 5S rDNA repeated 
unit sequences of the two Carassius and three Bar-
bus species is similar to the phylogeny constructed 
from the mitogenome and the recombination-acti-
vating gene 1 (RAG1) datasets (Yang et al. 2015), 
as well as from the combined data set (Zheng et al. 
2016). These results support the validity of using the 
5S rDNA array sequence in evolutionary studies of 
polyploid cyprinid species.

Chromosomal location of the 5S rDNA arrays
The karyotype of diploid C. carassius and C. gibelio 

as well as of C. gibelio triploids, adopted in the present 
study, corresponds to that described by Knytl (2013; 
2018). In turn, the karyotypes of the Barbus species are 
similar with other data (Ráb et al. 1996; Roman 2013) 
concerning only B. barbus and B. carpathicus. By con-
trast, the karyotype of B. barbus containing 2n = 96 
chromosomes was clearly different (Luca et al. 2010).

In this study, the dual colour FISH localised both 
the two 5S rDNA array classes in synteny on the 
chromosomes of three Carassius and three Barbus 
taxa. This is the first data that has clearly reporting 
a stable localisation of the 5S rDNA units at the 
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Both classes of 5S rDNA array sequences of 
Carassius and Barbus taxa were located in synteny, 
terminally in the short chromosome arm, in a similar 
manner as in other cyprinids in which a pericentro-
meric position of the 5S rDNA loci was also reported 
(Pereira et al. 2012; Rossi et al. 2012). In contrast to 
this, an interstitial position of the 5S rDNA clusters 
has been suggested as common among fishes and is 
considered optimal in relation to the organisation of 
these genes in the vertebrate genome (Martins et al. 
2002). Several fish such as Oreochromis niloticus, 
Leporinus species and C. auratus red. var. and its 
polyploid hybrids possess two or three classes of 5S 
rDNA arrays located in distinct chromosome loci, 
which reflects the absence of a non-homologous 
chromosome exchange between the chromosome 
pairs bearing 5S rDNA clusters and seems to be as-
sociated with the rapid rate of the evolution of these 
DNA fragments (Martins & Galetti 2001; Martins 
et al. 2002; Qin et al. 2015).

Conclusions

In the present study, variations in the number of 
FISH signals (two in Barbus and multiple in Carassius) 
and their position in the karyotype, as well as vari-
ations in the nucleotide sequences of the 5S rDNA 
array family have been documented for three Caras-
sius and Barbus taxa. These results reflect the lack 
of a correlation between the chromosome number 
and the number of 5S rDNA loci. Moreover, it was 
detected that triploids of C. gibelio contained fewer 
5S rDNA loci than diploid ones. The present find-
ings suggest that the observed low variability of 5S 
rDNAs is not an appropriate tool for the investiga-
tion of karyotype differentiation in karyologically-
conservative Barbus species, but seems to be a suit-
able tool for such an investigation in karyologically-
varied Carassius diploids and polyploids, including 
hybrids. The existence of different 5S rDNA array 
classes seems to be a rule for fish. The presented re-
sults for the Carassius and Barbus species, as well 
as other Cyprinidae diploids and polyploids, will 
contribute to an elucidation of the level complexity 
of the 5S rDNA repeated unit organisation and evo-
lution in this fish group.

Author Contributions

Research concept and design: A.Sz., L.K., A.Bo.; 
Funding acquisition: A.Bo.; Collection and/or assem-
bly of data: A.Sz., K.K., A.By., A.Bo.; Data analy-
sis and interpretation: A.Sz., L.K., A.P., K.K., A.By., 

karyotype of C. auratus (strong signals) and C. carpio 
(weak signals) indicated that the hybrids inherited 
only one cluster from one of the parents (Ye et al. 
2017). Thus, the number of 5S rDNA loci in the pa-
rental species does not add up in the case of their 
hybrids. The current study confirmed that C. gibelio 
triploids contained a similar 5S rDNA loci as the 
diploids. This may be due to the degradation (Huang 
et al. 2016) and other events triggered by polyploidy, 
which influences the organisation and evolution of the 
5S rRNA multigene array family in the fish genome 
(Qin et al. 2019). From this point of view, 5S rDNAs 
are useful in clarifying some aspects of vertebrate 
genome evolution (Saenjundaeng et al. 2018).

One pair of chromosomes bearing 5S rDNAs pre-
sented as the plesiomorphic state in fish (Martins & 
Galetti 1999) may be suggested as a permanent fea-
ture of the genus Barbus. However, it is not certain 
that, as is shown in the species of the other cyprinid 
genus Tor (2n = 100), some of them possess one pair 
of 5S rDNA-bearing chromosomes (Singh et al. 
2009), while others have two or even four such pairs 
(Mani et al. 2011). Our data and the data published 
so far suggest a variable pattern ranging from two 
(one pair) to eight (four pairs) of 5S rDNA sites 
observed in species from the family Cyprinidae 
(Kirtiklis et al. 2010; Rossi et al. 2012, among oth-
ers). The polyploid species investigated to date be-
longing to the subfamily Cyprininae are character-
ised by two 5S rDNA loci (one pair), as well as two 
out of three Tor (Singh et al. 2009; Mani et al. 2011), 
Barbus (this study) and Catlocarpio siamensis (Sae-
njundaeng et al. 2018); and multiple 5S rDNA loci 
(two and more pairs) Carassius (Zhu et al. 2006; 
Spóz et al. 2014), Cyprinus (Inafuku et al. 2000; Ye 
et al. 2017), some Tor species (Singh et al. 2009; Mani 
et al. 2011) and Probarbus jullieni (Saenjundaeng 
et al. 2018). In turn, one pair of chromosomes bear-
ing 5S rDNAs has been documented in some diploid 
(2n=50) Cyprininae species such as Onychostoma 
(Han et al. 2015), three species of the tribe La-
beonini (Yang et al. 2015; Kumar et al. 2013) and 
Ctenopharyngodon idella (He et al. 2013); whereas in 
the karyotype of the cyprinid species of the subfam-
ily Leuciscinae possessing 2n=50 chromosomes, 
a single, as well as multiple chromosomal localisa-
tions of the 5S rDNA loci was observed (Kirtiklis 
et al. 2010; Pereira et al. 2012; Vierna et al. 2013). 
The current data (including this study) does not indicate 
that the number of 5S rDNA sites localised in the 
chromosomes of polyploid (2n=100) species is more 
numerous than in diploid (2n=50) species, which is 
consistent with the results of other authors (Mani et al. 
2011; Saenjundaeng et al. 2018, among others). 
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