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ABSTRACT. In the present study, the karyotype and chromosomal
characteristics of 9 species of the Bagridae fish family were
investigated using conventional Giemsa staining as well as dual-color
fluorescence in situ hybridization to detect the 18S and 5S rDNA sites.
In addition to describing the karyotype of several Bagridae catfishes,
we established molecular cytogenetic techniques to study this group.
The 9 species contained a diploid chromosomal number, varying from
50 (Pseudomystus siamensis) to 62 (Hemibagrus wyckii), while none
contained heteromorphic sex chromosomes. 18S rDNA sites were
detected in only 1 chromosomal pair among all species evaluated.
However, 3 different patterns were observed for the distribution of the
5S rDNA: 2 sites were found in the genus Mystus and in P. siamensis,
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multiple sites were observed in the genus Hemibagrus, and a syntenic
condition for the 18S and 5S rDNA sites was identified in H. wyckii.
The extensive variation in the number and chromosomal position of
rDNA clusters observed among these Bagridae species may be related
to the intense evolutionary dynamics of rDNA-repeated units, which
generates divergent chromosomal distribution patterns even among
closely related species. In summary, the distribution of repetitive
DNA sequences provided novel, useful information regarding the
evolutionary relationships between Bagridae fishes.

Key words: Fluorescence in situ hybridization; Freshwater fishes;
Karyotype evolution; Molecular cytogenetics; Ribosomal DNA

INTRODUCTION

Bagridae is a family of catfishes found in Africa and Asia, from Japan to Borneo,
and consists of approximately 200 species (Ferraris, 2007). These species belong to the order
Siluriformes and are commonly known as bagrid or naked catfishes (Nelson, 2006). They
range in size from 30 mm to 200 cm and can be found in many diverse habitats, including
alkaline lakes, small acidic ditches, flowing hill streams, and some of the largest rivers in the
world (Linder, 2002). Bagridae is the largest family of Thai catfishes, with 5 genera and 27
species recorded (Rainboth, 1996; Vidthayanon, 2005; Ferraris, 2007). These species play an
important role in the national economic value of the country, as they are kept in aquaria and
contribute heavily to the aquaculture industry (Vidthayanon, 2005).

Approximately 44 of the 200 species in the Bagridae family have been studied cyto-
genetically, with their diploid numbers ranging from 44 chromosomes in Coreobagrus brevi-
corpus (Kim et al., 1982) to 80 chromosomes in Batasio havmolleri (Magtoon and Donsakul,
2009). In addition, many species show intra-specific variation in their 2n and chromosomal
types. However, conventional cytogenetic analysis has been applied to determine the chromo-
some number and karyotype composition of only a few species in this family. Very few studies
have used argyrophilic nucleolar organizer region staining and C-staining techniques (Arai,
2011), while molecular cytogenetic techniques have never been utilized.

The molecular organization and cytogenetic locations of ribosomal RNA (rDNA) re-
peats have been analyzed in a large number of fish species (Cioffi and Bertollo, 2012). These
studies demonstrated the enormous potential that the investigation of repetitive DNAs offers
to extend the knowledge of karyotype differentiation in fishes. In higher eukaryotes, rDNA
comprise 2 repetitive DNA families, the 45S and the 5S rDNAs. The 45S rDNA is formed
by tandemly repeating units composed of 3 transcribed regions, 18S, 5.8S, and 28S rRNA,
generating regions separated by internal transcribed spacers and non-transcribed spacer (NTS)
sequences (Long and Dawid, 1980). By contrast, the 5S rDNA is formed by tandemly repeated
units of the 5S rRNA-coding region and an NTS sequence (Pendas et al., 1994).

In the present study, we examined the karyotypes of 9 bagrid catfishes belonging to 3
different genera (Hemibagrus, Mystus, and Pseudomystus); H. filamentus was characterized
for the first time. We also determined the distribution of the 18S and 5S rDNA sites on the
chromosomes. We found that major rDNA sequences were located on a single pair of chro-
mosomes in all species, while the 5S rDNA distribution varied greatly from 1-5 chromosomal
pairs. Moreover, the distribution pattern of 5S rDNA co-localized with major rDNA clusters in
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the species H. wyckii. This pattern of distribution of the rRNA genes may be used for species-
specific characterization and contribute to the understanding of chromosomal organization and
genomic evolution in the Bagridae family. In addition, the relationship between 18S rDNA
cluster stability and the large variability of the 5S rRNA genes is discussed.

MATERIAL AND METHODS
Specimens, mitotic chromosome preparation, and chromosome staining

Samples from both sexes of 9 Thailand naked catfishes from the Bagridae family were
analyzed (Figure 1 and Table 1). The fishes were transferred to laboratory aquaria and kept under
standard conditions for 7 days prior to the experiments. Experiments followed ethical protocols and
anesthesia with clove oil was administered prior to sacrificing the animals to minimize suffering.

Mitotic chromosomes were obtained from cell suspensions of the anterior kidney
using the conventional air-drying method (Nanda et al., 1995). Conventional staining was
carried out using 20% Giemsa solution for 10 min. At least 20-30 metaphase spreads were
analyzed per specimen to confirm the diploid chromosome numbers and karyotype structure.
Images were captured using the CoolSNAP system software, Image Pro Plus, 4.1 (Media
Cybernetics, Silver Spring, MD, USA), coupled to an Olympus BX50 microscope (Olympus
Corporation, Tokyo, Japan). Chromosomes were classified as metacentric (m), submetacentric
(sm), subtelocentric (st), or acrocentric (a) according to the arm ratios (Levan et al., 1964).

Figure 1. Collection sites of the Bagridae species analyzed from Thailand. 1 = Hemibagrus filamentus; 2 =
Hemibagrus nemurus; 3 = Hemibagrus wyckii; 4 = Hemibagrus wyckioides; 5 = Mystus atrifasciatus; 6 = Mystus
multiradiatus; 7= Mystus mysticetus; 8 = Mystus bocourti; 9 = Pseudomystus siamensis.
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Table 1. Collection sites of the species analyzed with the sample size, diploid numbers, and chromosomal
formulas.

Species N 2n NF Chromosomal formula
Hemibagrus filamentus (site 1) (06 9; 08 &) 94358 116 10m+13sm+6st/a
Hemibagrus nemurus — (site 2) 07 ;07 3) Q3 58 114 9m+13sm+7st/a
Hemibagrus wyckii (site 3) 04 9; 04 ) Q362 102 7m+13sm+11st/a
Hemibagrus wyckioides (site 4) (06 9; 05 3) 9358 100 11m+10sm+8st/a
Mpystus atrifasciatus (site 5) (08 ;05 3) Q3 54 96 12m+9sm+6st/a
Mystus multiradiatus ~ (site 6) (03 9;04 ) Q4 54 96 9m+12sm+6st/a
Mystus mysticetus (site 7) (08 ;10 3) 2452 100 13m+11sm+2st/a
Mystus bocourti (site 8) 04 ;07 3) Q3 56 100 11m+11sm+6st/a
Pseudomystus siamensis (site 9) (06 9509 &) Q450 90 10m+10sm+5st/a

2n=diploid number; NF = fundamental number; m = metacentric chromosomes; sm =submetacentric chromosomes;
st = subtelocentric chromosomes; a = acrocentric chromosomes. Sites 1-9 correspond to the localization of each
collection region shown in Figure 1.

Chromosome probes and fluorescence in situ hybridization (FISH) experiments

Two tandemly arrayed DNA sequences isolated from the genome of an Erythrinidae
fish species, Hoplias malabaricus, were used as probes. The first probe contained a 5S rDNA
repeat copy and included 120 bp of the 5S rRNA-transcribing gene and 200 bp of the NTS se-
quence (Martins et al., 2006). The second probe corresponded to a 1400-bp segment of the 18S
rRNA gene obtained via polymerase chain reaction from nuclear DNA (Cioffi et al., 2009).
The 5S and 18S rDNA probes were cloned into plasmid vectors and propagated in DH5a
Escherichia coli competent cells (Invitrogen, Carlsbad, CA, USA).

The 5S and 18S rDNA probes were labeled with Spectrum Orange-dUTP and Spec-
trum Green-dUTP, respectively, using nick translation according to manufacturer recommen-
dations (Roche, Mannheim, Germany).

FISH was performed under high-stringency conditions on mitotic chromosome spreads
(Pinkel et al., 1986). Metaphase chromosome slides were incubated with 40 pg/mL RNase for
1 h at 37°C. After denaturation of chromosomal DNA in 70% formamide/2X SSC at 70°C, the
spreads were incubated in 2X SSC for 4 min at 70°C. The hybridization mixture composed of
2.5 ng/uL probes, 2 pg/uL salmon sperm DNA, 50% deionized formamide, and 10% dextran
sulfate was added to the slides, and hybridization was performed overnight at 37°C in a moist
chamber containing 2X SSC. The post-hybridization wash was carried out using 1X SSC for 5
min at 65°C. A final wash was performed at room temperature in 4X SSCT for 5 min. Finally,
the slides were counterstained with 4'6-diamidino-2-phenylindole and mounted in an antifade
solution (Vector, Burlingame, CA, USA). Images were captured using a fluorescence micro-
scope (Olympus BX51) equipped with a CCD camera (Olympus DP70).

RESULTS
Karyotypes

We analyzed 9 species belonging to 3 genera in the Bagridae family. The diploid
numbers varied from 50 (as found in P. siamensis) to 62 chromosomes (as found in H. wyckii),
while the fundamental numbers varied from 90 (P. siamensis) to 116 chromosomes (H. fila-
mentus) (Figure 2). Some species in the same genus presented the same 2n value but showed
differences in their fundamental number values. Variations in the number of m, sm, and st/a
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chromosomes were observed among species, even within the same genus (Table 1). In all spe-
cies analyzed, no differences between male and female karyotypes were observed.
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Figure 2. Fish images (A) and karyotypes (B) of Bagridae fishes after Giemsa staining. Scale bars = 5 pm.

Physical chromosome mapping of 5S and 18S rDNA sequences

The probe for the 18S rDNA hybridized to 1 chromosomal pair in all species analyzed,
preferentially located on the subtelomeric/telomeric region of the short arms, except for H.
wyckii and P. siamensis, which showed interstitial 18S rDNA sites on the long arm of an m
chromosome (Figure 3).

H. filamentus H.nemurus H. wyckii

H. wyckioides M. atrifasciatus M. multiradiatus

M. mysticetus M. bocourti P.siamensis

Figure 3. Fluorescence in situ hybridization of 5S (red) and 18S (green) rDNA sequences in the mitotic metaphase
chromosomes of 9 Bagridae catfishes. Scale bar =5 pm.
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By contrast, the location of 5S rDNA sequences varied widely among species. The
following numbers of 5S rDNA-bearing chromosomes were identified in each species ana-
lyzed: 1 pair in H. wyckioides, M. atrifasciatus, M. bocourti, M. multiradiatus, M. mysticetus,
and P, siamensis, 2 pairs in H. nemurus, 3 pairs in H. wyckii, and 5 pairs in H. filamentus. The
5S rDNA loci were adjacent to the telomeres of the short arm of the chromosomes in H. fila-
mentus, H. nemurus, P. siamensis, M. bocourti, and M. mysticetus. Synteny between the 18S
and 5S rDNA sites was found only in H. wyckii (Figure 3).

DISCUSSION

In this study, we determined the karyotypes of several Bagridae catfishes, describing
the H. filamentus karyotype for the first time. In addition, we established the use of molecular
cytogenetic techniques in Bagrid catfishes by analyzing the distribution of rRNA genes.

Karyotypes

All 9 species, except H. filamentus and M. mysticetus, exhibited 2n values that agreed
with previous reports (Donsakul, 2000, 2001, 2002). H. filamentus showed the same diploid
number (58) as H. wyckioides, H. nemurus (Donsakul, 2001), and H. menoda (Das and Khuda-
Bukhsh, 2007), although there were some minor differences between the number of m, sm,
and st/a chromosomes. M. mysticetus presented a 2n value of 52, differing from the results of
a previous study, which found 2n values of 50 (Donsakul, 2000). Intra-specific variation of the
2n values in this species suggests a Robertsonian translocation or centric fusion between ac-
rocentric pairs during the karyotype evolution of this species, forming an m-sm chromosome.
In fact, many species in the Bagridae family, such as H. menoda, H. nemurus, M. vittatus,
and Sperata seenghala, demonstrate intra-specific variation in their 2n values (Arai, 2011).
Moreover, this phenomenon has been reported for other catfish species from different families
(Kavalco et al., 2005; Rosa et al., 2012). Similarly to other species in the Bagridae family of
Thailand, no heteromorphic sex chromosomes were identified among the 9 species analyzed.
By contrast, the M. gulio and M. tengara Bagrid catfishes in India have differentiated sex chro-
mosome systems of the types XX/XY and ZZ/ZW, respectively (Arai, 2011).

To date, 45 species of the Bagridae family have been cytogenetically studied, and
although variations ranging from 2n = 44 to 2n = 80 have been reported, 2n = 56 is the pre-
dominant diploid number. The karyotype formulae for the 9 species analyzed (Table 1) show
the variation found in the number of m, sm, and st/a chromosomes, even within the same
genus. In the genus Hemibagrus, most species were 2n = 58, excluding H. wyckii (2n = 62).
However, there were differences in the number of mono-armed and bi-armed chromosomes.
H. filamentus and H. nemurus are closely related based on similarities in their karyotypes.
H. filamentus has a larger number of m chromosomes compared to H. nemurus, while H.
nemurus has a larger number of mono-armed chromosomes compared to H. filamentus. Both
species are considered to be a species complex. Comparative analysis between the 3 genera
in the Bagridae family revealed that the genus Hemibagrus has the most primitive karyotype,
mainly because of the occurrence of a high number of mono-armed chromosomes (Sharma
and Tripathi, 1986).
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Physical chromosome mapping of 5SS and 18S rDNA sequences

The species analyzed provided clear results concerning the number and location of the
ribosomal sites in the chromosomes. However, the number and distribution of the 18S and 5S
rRNA genes were not conserved among the species.

Our results demonstrated that the distribution of 18S rDNA is less variable than that
of 5S rDNA among the species analyzed. 18S rDNA clusters were mostly located at terminal
regions in the bagrids, except in H. wyckii and P. siamensis, which belong to distinct genera.
Among the 3 genera analyzed, Mystus was the most conservative regarding the number and
position of 18S rDNA clusters. Comparative analysis between the distribution of rDNA clus-
ters in the Hemibagrus and Mystus genera revealed higher levels of variation in the former
(Figure 3). Thus, although the genus Mystus showed greater diversity of karyotypes among
its species (possibly due to the occurrence of macro-chromosomal rearrangements), the genus
Hemibagrus exhibited greater dynamism at a microgenomic level, at least with regards to
rRNA genes.

By contrast, the distribution pattern of the 5S rDNA sites varied from 1-5 pairs of
chromosomes among the species analyzed. 5S rDNA genes were located in a single pair of
chromosomes in H. wyckioides, M. atrifasciatus, M. bocourti, M. multiradiatus, M. mysti-
cetus, and P. siamensis, which likely represents an ancestral condition in the group of fishes
(Martins and Galetti, 1999; Boron et al., 2006). By contrast, 5S rDNA signals were revealed
in 2, 3, and 5 pairs of chromosomes in H. nemurus, H. wyckii, and H. filamentus, respectively.
Multiple loci of minor ribosomal genes have been found in some fishes (Martins and Galetti,
2001; Hatanaka and Galetti, 2004; Rocco et al., 2005); variation in the number of 5S rDNA
loci has also been observed among other species, such as the red wolf fish Erythrinus eryth-
rinus, which has more than 20 sites (Cioffi et al., 2010), the cichlid 4statotilapia latifasciata,
which has 15 clusters (Poleto et al., 2010) and the cichlid Laetacara dorsigera, which has 14
sites (Nakajima et al., 2012), In general, 5S rDNA loci can be found in the interstitial regions
of fish chromosomes, and their pattern may represent an ancestral condition or even some
advantage for the genome organization of these sequences (Martins and Galetti, 2001). H.
wyckioides, M. atrifasciatus, and M. multiradiatus appear to maintain the ancestral location of
the 5S rDNA loci, while the other genera studied had 5S rDNA loci at the terminal positions
of the chromosomes.

Variation observed in the distribution of rDNA sites implies a complex microevolu-
tionary pattern that rules the organization of genomes. Ribosomal DNAs can spread through-
out the genome, thus creating new rDNA loci, variant rDNA copies, and even associations
with other multigene families and transposable elements. The existence of multiple 5S rDNA
loci in many chromosome pairs may mean that these clusters have been evolving indepen-
dently and are represented by different units of 5S rDNA (Martins et al., 2002). Thus, the
existence of multiple minor ribosomal gene loci appears to represent a derived condition in
the evolutionary dynamics of fishes. To date, all species of the genera Mystus and Pseudomys-
tus analyzed, including H. wyckioides, share this plesiomorphic condition for this character,
whereas H. nemurus, H. wyckii, and H. filamentus may have undergone a mechanism such as
non-homologous crossing-over to give rise to the derived condition of multiple 5S rDNA loci.

All species of the Bagridae family analyzed, except H. wyckii, showed the location
of major and 58S ribosomal genes in different pairs of chromosomes, likely representing the
most common situation observed in Bagrid fishes, just as it does in vertebrates (Martins and
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Galetti, 2000). It has been suggested that as the transcription of these 2 ribosomal gene fami-
lies takes place through 2 distinct RNA polymerases, these functional differences require dif-
ferent physical locations. Gene conversion and unequal crossing-over act as important evolu-
tionary processes to maintain gene sequences repeated in tandem arrays (Dover, 1989), and
these mechanisms may be more efficient if the 2 clusters are separated. This may also explain
why most vertebrates maintain this configuration. However, H. wyckii is the only species of
the Bagridae family in which the 2 ribosomal genes are co-located, a scarce situation among
fishes that has been reported in some species such as Prochilodus lineatus (Jesus and Moreira-
Filho, 2003), Prochilodus argenteus (Hatanaka and Galetti, 2004), Salmo salar (Pendas et al.,
1994), Oncorhynchus mykiss (Moran et al., 1996), fish of the sturgeon family (Fontana et al.,
2003), and others (Cross et al., 2006; Marquioni et al., 2013).

The extensive variation in the number and chromosomal position of rDNA clusters
observed among the Bagridae genera analyzed is likely related to the intense evolutionary
dynamics of repeated units of rDNA that generate divergent patterns of chromosomal distribu-
tion, even among closely related species. The genomic organization and evolution of rRNA
genes appear to be governed by a combination of birth-and-death and concerted evolutionary
mechanisms, which may explain the observed patterns of chromosomal distribution of rDNA
clusters among related species (Pinhal et al., 2011).

CONCLUSIONS

In summary, the distribution of repetitive DNA sequences provided novel, useful in-
formation for understanding the evolutionary relationships between Bagridae fishes. The ex-
tensive variation in the number and chromosomal position of rDNA clusters observed among
these Bagridae species appears to be related to the intense evolutionary dynamics of rDNA re-
peated units that generate divergent patterns of chromosomal distribution, even among closely
related species. Further studies, including the development of new chromosomal markers and
a robust phylogeny for this group, will provide additional information regarding the relation-
ship between the Bagridae species.
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