Biologia 72/6: 680—685, 2017
Section Zoology
DOI: 10.1515/biolog-2017-0071

DE DE GRUYTER

Chromosomal characteristics of rDNA in a conserved karyotype
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Abstract: Karyotype and chromosomal characteristics of both minor and major rtDNA of Sternopygus macrurus, a weakly
electric South American fish, from two populations of the upper Parand River basin, were investigated using conventional
(Giemsa staining, silver staining, C-banding and base-specific fluorochromes) and molecular (fluorescent in situ hybridization
(FISH) with 5S and 18S rDNA probes) cytogenetic techniques. Diploid chromosome number was invariably 2n = 46 and
karyotype composed of 23 pairs of biarmed chromosomes (28m+18sm). The nucleolus organizer regions (NORs) were located
in the secondary constriction of the p arm of pair No. 2; this site corresponded with CMA3 positive as well as with 18S
rDNA signals, respectively. This 18S rDNA cluster was not syntenic to the 5S rDNA sites located at pairs Nos. 1, 5 and 15.
The karyotypes and other chromosomal characteristics of individuals from the two populations in the upper Parana River
basin were identical. The karyotype differences among individuals identified as S. macrurus from Parand River and the Sdo

Francisco and Amazon River basins, respectively, may indicate that these taxa might represent distinct species.
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Introduction

Sternopygidae, one of the five families of the order
Gymnotiformes, contains fishes that are characterized
by their electrogenic ability (Mago-Leccia 1978) and
comprises five genera: Archolaemus Korringa, 1970,
Distocyclus Mago-Leccia, 1978, Figenmannia Jordan &
Evermann, 1896, Rhabdolichops Eigenmann & Allen,
1942 and Sternopygus Miiller & Troschel, 1846 (Albert
2003; Albert & Crampton 2005). The genus Sternopy-
gus includes nine recognized species (Froese & Pauly
2017) found throughout Neotropical river drainages
from Panama and Colombia to the Paraguay-Parana
River basin in Paraguay (Albert 2003; Albert & Cramp-
ton 2005).

Available cytogenetic data for this family are
known for representatives of the genera FEigenmannia
and Sternopygus. Figenmannia species display a re-
markable karyotype diversification, with diploid chro-
mosome numbers ranging from 2n = 28 to 38 , as well
as different sex chromosome systems (Almeida-Toledo
et al. 2001; Henning et al. 2008; Silva et al. 2009; Fer-
nandes et al. 2010; Sene et al. 2014). However, cytoge-
netic studies in representatives of the genus Sternopygus
are restricted to the single species Sternopygus macru-
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rus (Bloch & Schneider, 1801), which possessed an in-
variably diploid chromosome number of 2n = 46 and
different karyotypes for individuals from different hy-
drographic basins (Almeida-Toledo et al. 1993; Silva
et al. 2008). Cytogenetic studies on the distribution
of ribosomal genes are restricted to karyotypes of six
species of the genus Figenmannia, demonstrating that
these multigene families may be extremely either vari-
able (5S rDNA) or conserved (18S rDNA) (Silva et al.
2009; Sene et al. 2014).

The aim of the present study was the investigation
of the karyotype and other chromosomal characteris-
tics of both minor and major rDNA of S. macrurus, a
weakly electric South American fish from two popula-
tions of the upper Parand River basin, using conven-
tional (Giemsa staining, silver staining, C-banding and
base-specific fluorochromes) and molecular (fluorescent
in situ hybridization (FISH) with 5S and 18S rDNA
probes) cytogenetic techniques.

Material and methods

The 16 individuals of S. macrurus analysed were col-
lected from populations in the upper Parana River basin:
7 males and 5 females from Dourado stream (23°51'04.9”
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Fig. 1. Location of Dourado and Guagu streams from the upper Parana River basin, where Sternopygus macrurus individuals were

captured. Dark circle indicates the sampling points.

S, 54°25'13.9” W) and 3 males and 1 female from Guagu
stream (23°54'19.6” S, 54°21'43.4” W). The Dourado and
Guagu streams are tributaries of the right margin of the
Iguatemi River (Fig. 1).

The individuals were identified and deposited in the
Universidade Estadual do Mato Grosso do Sul, Mundo
Novo. The experiments followed the ethical conducts, and
before euthanasia, the fish were anesthetized by an over-
dose of clove oil (Griffiths 2000). Metaphase chromosomes
were obtained from anterior kidney cells using the air-drying
technique (Bertollo et al. 1978). The C-positive heterochro-
matin (C-bands) visualized by the procedure of Sumner
(1972), with some minor adaptations. NORs were detected
by means of silver nitrate staining (Ag-NORs), according
to Howell & Black (1980). GC- and AT- rich regions were
detected by fluorochromes Chromomycin Az (CMA3) and
DAPI (4’6-diamidino-2-phenylindole), respectively, accord-
ing to Schmid (1980).

At least 30 metaphases were analysed for each indi-
vidual and those with better chromosome morphology were
used for the karyotype analysis. The chromosomes were clas-
sified as metacentric (m), and submetacentric (sm) accord-
ing to Levan et al. (1964). For the determination of the
number of chromosome arms (NF value), the m and sm
chromosomes were scored as bearing two arms.

The location of the 5S and 18S rDNA sites in the
chromosomes was performed by fluorescence in situ hy-
bridization (FISH) (Pinkel et al. 1986) with modifications
(Margarido & Moreira-Filho 2008), using probes from the
genome of Megaleporinus elongatus (Valenciennes, 1850)
(Martins & Galetti Jr. 1999) and Prochilodus argenteus
Spix & Agassiz, 1829 (Hatanaka & Galetti Jr. 2004), re-
spectively. The probes were labelled through nick transla-
tion, with digoxigenin-11-dUTP (5S rDNA) and biotin-16-
dUTP (18S rDNA) (Roche). Detection and amplification of
the hybridization signal were carried out using avidin-FITC



682

C.A. FERNANDES et al.

AR B8 XM xx Sr xm

AR B EX wmk Bx 325 wm

15 16 17 18

2 3 4 5 6 8§ 9 10 11 12 13 14
smBE RE N8 2n x8 UK 28 xa w»
15 16 17 18 19 20 21 22 23 2
B
m Y | b v Ay ¥ x o> ¥ R e - Al " s

smEa&f Fx A3 XY XY BR Al

15 16 17 18 19 20 21

19 20 21

22 23

Fig. 2. Karyotypes of Sternopygus macrurus arranged from Giemsa-stained (A), C-banded (B) and after double FISH with 5S rDNA
probes (red) and 18S rDNA (green) (C). The NOR-bearing chromosomes (pair No. 2) are boxed. Scale 10 pm.

and anti-avidin biotin (Sigma) for probes labelled with bi-
otin, and anti-digoxigenin rhodamine (Roche) for probes
labelled with digoxigenin. Slides were counterstained with
DAPI (50 pug ml™!) and analyzed in epifluorescence micro-
scope (Olympus BX61). The images were captured using the
software DP controller (Media Cybernetics) and the image
composition with Adobe Photoshop CS6.

Results

All the 16 individuals of S. macrurus from the two sites
had an invariably diploid chromosome number 2n =
46 with the karyotype composed of 28 metacentric and
18 submetacentric chromosomes and NF value 92 in
both sexes (Fig. 2A). Heteromorphic sex chromosomes
were not identified. A secondary constriction was ob-
served in the terminal region of the p arm of the m
pair No. 2, which corresponded to the Ag-NORs signals
(Fig. 2A, in box) and also had a clear size heteromor-
phism (Fig. 2C).

The heterochromatin was detected on the pericen-
tromeric region of the pairs Nos. 3, 16, 18, 20 and 23 and
also a large heterochromatic block in the p arm of the
pair No. 2, close to the terminal secondary constriction
(Fig. 2B).

The mapping of 18S rDNA cluster showed single
positive site, corresponding to the Ag-NORs. Multiple
5S rDNA sites were observed in interstitial position of
the q arm of the pair No. 1, in pericentromeric region of
the q arm of the pair No. 5 and in one of the homologues
of the pair No. 10. The pair No. 15 showed two sites —

one on the p arm and another one on the q arm, both
in pericentromeric position (Fig. 2C). The double FISH
with both probes demonstrated that both ribosomal
gene clusters were located in different chromosomes.

The base-specific fluorochromes revealed CMA;)Ir
and DAPI™ regions corresponding to the NOR sites,
showing that those regions possessed GC-rich DNA seg-
ments (Fig. 3). The large heterochromatic block in the
p arm of the pair No. 2 did not present positive sites
for CMAZ and DAPI*.

The chromosome markers observed in the present
study for S. macrurus are summarized in Fig. 4A.

Discussion

Our results showed that individuals from the popula-
tions of S. macrurus from the two analyzed locations
had the same 2n = 46, FN = 92, and identical kary-
otypes composed of 28m-+18sm chromosomes as well
as other chromosomal characteristics revealed by Ag-
NOR, C-banding and FISH mapping ribosomal clusters
location. Moreover, 2n = 46 chromosomes and FN = 92
were equally reported in individuals from other popu-
lations of S. macrurus — the Amazon (Almeida-Toledo
et al. 1993; Silva et al. 2008), Sao Francisco and Paranéd
River basins (Almeida-Toledo et al. 1993) but with
different karyotype composition. The individuals from
Amazon River basin had 30m+16sm, those from Sao
Francisco River basin had 32m+14sm and those from
Parand River basin had 28m+18sm. Other populations
from upper Parana River basin had the same karyotype
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Fig. 3. Sequential metaphases of Sternopygus macrurus stained with DAPI (A) and Chromomycin A3 (B). Arrows indicate NOR-

bearing pair No. 2. Scale 10 pum.
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Fig. 4. Ideogram of Sternopygus macrurus karyotype, showing the heterochromatin, Ag-NORs, 18S and 5S rDNA distribution patterns
(A). Scheme with probable pericentromeric inversion that transferred part of the 5S rDNA cluster to another arm of the same

chromosome (B).

according to Almeida-Toledo et al. (1993), showing that
this species has an identical karyotype in this region.
This karyotype stability suggests that there is gene flow
among upper Parand River basin populations, associ-
ated with potamodromy of this species (Mago-Leccia
1978).

The present study also detected two positive NORs
in karyotype of S. macrurus but with different position
as compared to those of the other populations discussed
above. Herein, the signals were terminal on the p arm
of the pair No. 2, whereas in karyotype of individuals
from Amazon River basin populations it was terminal
on the p arm of the pair No. 1 (Silva et al. 2008) and
terminal on long q arm of the pair No. 1 (Almeida-
Toledo et al. 1993); while in the individuals from S&o
Francisco River basin population it was interstitial on
the q arm of the pair No. 1 and in individuals from
Parand River basin it was terminal on the p arm of the
pair No. 19 (Almeida-Toledo et al. 1993). According to
Almeida-Toledo et al. (1993), the differences in NOR
patterns between the Sao Francisco and Parand popu-
lations are probably due to the partial reduction of the
heterochromatin block adjacent to the NOR in the lat-

ter. This hypothesis could also explain the difference in
NOR position between the populations of the Parana
River basin (present study) and analyzed by Almeida-
Toledo et al. (1993).

Our study also revealed that NORs were CMAj
positive™, demonstrating that the 5,8S, 18S and 28S
rDNA sequences are interspaced by GC-rich sequences.
This was also observed in karyotype of S. macru-
rus described by Silva et al. (2008). On the other
hand, NOR-bearing chromosomes in the karyotype
of individuals from Amazon population (Silva et al.
2008) were almost twice larger than the second pair,
whereas in the present study NOR-bearing chromo-
somes were slightly smaller than the first pair of chro-
mosomes.

Pattern of heterochromatin distribution described
here is in agreement with that of karyotypes of rep-
resentatives of seven populations studied by Almeida-
Toledo et al. (1993) and Silva et al. (2008) except the
large heterochromatic block in the p arm of pair No. 2
did not possesses AT-rich sequences as detected in the
karyotypes of the Amazonian S. macrurus (Silva et al.
2008).
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Physical mapping of 185 rDNA in genome of
S. macrurus demonstrated only one chromosome pair
bearing these clusters in terminal position on the p arm.
Similar patterns were observed in karyotypes of Eigen-
mannia sp. 1, Eigenmannia cf. trilineata, Eigenmannia
sp., Figenmannia virescens and Eigenmannia virescens
- XY, except for Figenmannia sp. 2 that had these sites
located in interstitial position (Sene et al. 2014). Thus,
simple NORs is possibly a plesiomorphic characteristics
for genome of Sternopygidae representatives.

Physical mapping of 5S rDNA in genome of
S. macrurus showed these clusters located in 7 chromo-
somes. Multiple 5S rDNA sites were also observed in
karyotypes of six species of Eigenmannia, ranging from
2 to 10 signals in karyotypes of different species (Sene
et al. 2014). Thus, this variation of the number of 5S
rDNA cistrons among different species of Sternopygidae
could be related to insertion of transposable elements
into 5S rDNA sequences. An example of such transpo-
sition would be the presence of 5S rDNA cistrons in
one of the homologues of pair No. 10, which could be
the result of insertion of transposable elements into 53
rDNA sequences of the other carrier pairs that could
have led to the dispersion of these sequences to the
m chromosome No. 10 of S. macrurus. Recent stud-
ies have proposed that the activity of transposable el-
ements is one possible source for rDNA movement in
plants (Jiang et al. 2004; Lai et al. 2005; Raskina et
al. 2008) and animals (Cioffi et al. 2010; Piscor et al.
2013).

The pattern where two or more 5S rRNA gene
clusters are localized on the same chromosome is quite
rare, however, such situation has been described in a
few plant species (Appels et al. 1980; Mukai et al.
1990; Lee et al. 1999; Monkheang et al. 2016), the fruit
fly Drosophila melanogaster Meigen, 1830 (Kress et al.
2001) and the fish Upsilodus sp. (Kavalco et al. 2004),
Hippoglossus hippoglossus (L., 1758) (Ocalewicz et al.
2008) and Trachydoras paraguayensis (Eigenmann &
Ward, 1907) (Baumgértner et al. 2016) and Apterono-
tus albifrons (L., 1766) (Fernandes et al. 2017). Double
55 rDNA sites (on p and q arms) in the same chromo-
some observed in the genome of S. macrurus, suggested
that pericentric inversion might have caused a breakage
of the 5S rDNA cluster, transferring part of the site to
the other arm of the same chromosome (Fig. 4B). This
situation was found in the genomes of two S. macrurus
populations and may represent a chromosome marker
for this species in the upper Parana River basin.

The present data demonstrated that the individu-
als of S. macrurus analysed here and those studied by
Almeida-Toledo et al. (1993) and Silva et al. (2008) pos-
sess different karyotypes and chromosomal markers, in-
dicating that individuals identified as S. macrurus from
the three river basins can be distinct species warrant-
ing detailed taxonomic analysis. Thus, new information
on the location of 5S and 18S rDNA sites in genomes
of analyzed S. macrurus populations could confirm this
hypothesis.
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