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Basic and molecular cytogenetics in freshwater Cichlidae
(Osteichthyes, Perciformes). Karyotypic conservationism and
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Abstract — The chromosomes of one Cichlasoma facetum and three Geophagus brasiliensis populations from the
headwaters of adjacent river basins (Parana State, southern Brazil), were investigated using differential staining tech-
niques (C-banding, Ag-NORs, DAPI and CMA;) and fluorescent 77 sizu hybridization (FISH) with 18S rDNA and
5S rDNA probes. The diploid chromosome number (2n) was invariably 48 in the four populations, with karyotypes
composed of 3 submetacentric and 21 subtelo/acrocentric chromosome pairs in G. brasiliensis and 5 submetacentric
and 19 subtelo/acrocentric chromosome pairs in C. facetunz, with no heteromorphic sex chromosomes. The differ-
ences detected in the FN numbers between G. brasiliensis (FN=54) and C. facetun (FN=58) indicate that pericentric
inversion is the probable rearrangement that led to the cytogenetic divergence between these species. The overall
karyotype similarity strongly suggests a close kinship among the three G. brasiliensis populations, despite a distinct
C-banding pattern showed by the Jaguariaiva river population. The data suggest that dispersion events were respon-
sible for the present fish distribution in the river basins analyzed. The divergence in the C-banding pattern is prob-
ably due to gene flow restriction between populations during their geological/evolutionary history.

Key words: biogeography; Cichlidae fish; heterochromatin; karyotypic evolution; NORs

INTRODUCTION cichlids, the diploid number may vary between

2n=32 and 2n=60 chromosomes (FELDBERG e’ a/.

The order Perciformes has the highest number ~ 2003). The bimodal distribution of the diploid

of species among the Teleostei, 14% of them in-
habiting freshwaters. According to BrRum (1995),
karyotypic analyses of 420 representatives from 50
Perciformes families evidence that 67 % (283 spe-
cies) have a diploid number (2n) of 48 chromo-
somes, 30% (124 species) have 2n<48 chromo-
somes and 3% (13 species) have 2n>48 chromo-
somes. The characters 2n=48 acrocentric chromo-
somes and consequent fundamental number
(number of chromosome arms) of 48 seem to be
the basal characteristics for the order Perciformes
(BruMm and GALETTI JR. 1997), especially con-
cerning the marine groups.

In spite of the karyotype with 48 acrocentric
chromosomes being the most frequent among
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numbers becomes evident when related with the
geographic distribution of the species. African
cichlids have a modal diploid number of 44 chro-
mosomes, with a variation from 32 to 48 chromo-
somes and a FN between 44 and 88. In turn, neo-
tropical cichlids present a modal 2n=48 chromo-
somes, with a variation from 38 to 60 chromo-
somes and a FN varying from 44 to 118
(FELDBERG et al. op. cit.).

Geophagus brasiliensis and Cichlasoma facetum
are two of the most common freshwater cichlid
species of southern and southeastern Brazil. They
are found in a great variety of Brazilian aquatic bi-
omes and, in a few cases, morphological differ-
ences between the populations are pronounced to
the point of suggesting the existence of different
species. Thus, the karyotypes of one C. facetum
and three G. brasiliensis populations from the
headwaters region of three important rivers in
Parana State (Tibagi, Ribeira and Paranapanema
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rivers), which are closely located but separated by
geographical barriers, were analyzed in the
present study, seeking to establish possible evolu-
tionary/biogeographical relationships between
the populations and species involved.

MATERIAL AND METHODS

Sixty Geophagus brasiliensis specimens were
analyzed: 15 (8 males and 7 females) from the Jag-
uariaiva river — subaffluent of the Paranapanema
river (24° 35 42” S and 49° 25° 67”7 W), 22 (12
males and 10 females) from the Socavao river-
subaffluent of the Ribeira river (24°53°31” S and
49°35°37” W) and 23 (10 males and 13 females)
from the Verde river — subaffluent of the Tibagi
river (25°04’81” S and 50°04°63” W). Sixteen
Cichlasoma facetum specimens (8 males and 8 fe-
males) from the Taruma Lake (Upper Tibagi river
basin), Vila Velha State Park, Ponta Grossa, Bra-
zil (25° 14’ 09” S and 50° 00’ 17” W) were also
analyzed (Figure 1). Testimony samples were de-
posited in the Museu de Zoologia (Zoology Mu-
seum) of the Universidade Estadual de Londrina
(Londrina State University), Parana, Brazil
(voucher number 1735).

The chromosome preparations were obtained
from anterior kidney cells using the 7 vivo colchi-
cine treatment (BERTOLLO et al. 1978). Hetero-
chromatin was detected by the C-banding method
(SumNER 1972), while the nucleolar organizing re-
gions (NORs) were detected using silver nitrate
staining - Ag-NORs (HoweLL and Brack 1980),
as well as by double fluorochrome staining using
chromomycin  A;+DAPI  (ScuwEeizer  1980),
which are indicative of GC- and AT-rich regions,
respectively.

Fluorescent 7z situ hybridization (FISH) was
used to map the rDNA genes in the chromo-
somes. Two probes were utilized, one for 18S
rDNA (approximately 1.800 bp), obtained by
PCR from the nuclear DNA of Prochilodus argen-
teus (HATANAKA and GALETTI JR. 2004), and an-
other for 5S rDNA, obtained from Leporinus
elongatus (MARTINS and GALETTI JR. 1999). The
probes were marked with 14-dATP biotin by nick
translation, following manufaturer’s instructions
(Bionick Labelling System - Invitrogen). The
metaphase chromosomes were treated according
to the procedure described by PINKEL ef al. (1986)
and analyzed in an Olympus BX50 epifluores-
cence microscope. The chromosome figures were
captured using the Image Pro-Plus software (Me-
dia Cybernetics).

The chromosomes were organized into three
groups in the karyotype, i.e., submetacentric (sm),
subtelocentric (st) and acrocentric (a), depending
on their arm ratios (LEVAN et al., 1964), and ar-
ranged in a decreasing order of size. The number
of chromosome arms (fundamental number - FN)
was calculated taking into account the st/a and the
sm chromosomes with one and two arms, respec-
tively.

RESULTS

Karyotypic structure - The samples from the three
G. brasiliensis populations (Jaguariaiva, Socavao
and Verde rivers) and the single C. facetun popu-
lation (Taruma Lake) presented a karyotype con-
stituted of 2n=48 in both males and females, mak-
ing them homomorphic, that is, with no morpho-
logically differentiated sex chromosomes. In G.
brasiliensis, the fundamental number was 54, with
the occurrence of 3 submetacentric and 21 sub-
telo/acrocentric chromosome pairs being verified.
In C. facetun, FN=58 was observed due to the oc-
currence of 5 submetacentric and 19 subtelo/ac-
rocentric chromosome pairs (Figure 1).

C-positive bands located preferentially in cen-
tromeric/pericentromeric regions were evidenced
in G. brasiliensis as well as in C. facetum (Figure
1c, d, g, h). However, the G. brasiliensis popula-
tion from the Jaguariaiva river presented a larger
quantity of heterochromatin when compared to
the Socavao and Verde river populations, besides
having many chromosomes with interstitial het-
erochromatic segments (Figure 1 ¢, d, g).

Ag-NOR, CMA; and DAPI bandings and localiza-
tion of the 18S and 58 ribosomal genes - The nu-
cleolar organizing regions, evidenced by silver ni-
trate (Ag-NORs) and fluorescent 77 sztu hybridi-
zation with an 18S rDNA probe, were located in
the telomeric region of the short arm of st/a pair 6
for the three G. brasiliensis samples (Figures 1a, b,
e, and 3a, b, e) and in the telomeric region of the
short arm of st/a pair 8 for C. facetum (Figures 1f
and 3f). A size heteromorphism of the 18S site was
occasionally observed in the G. brasiliensis popu-
lations, always in heterozygosis (Figure 4). The
double CMA;/DAPI staining showed a single
CMA; positive and DAPI negative band in ac-
cordance to the NOR site (Figures 2 and 4). The
5S rDNA site was located in the interstitial region
of the long arm of st/a pair 10 for the three G. bra-
stliensis samples (Figure 3¢, d, g) and in the inter-
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Fig. 1 — Geophagus brasiliensis (A, B, E) and Cichlasoma facetum (F

) karyotypes with conventional Giemsa staining,

and sequential heterochromatin analysis (C, D, G) and (H), respectively. The chromosome pair bearing the Ag-
NOR-positive site is highlighted. (A, C) Jaguariaiva river population; (B, D) Socavao river population; (E, G) Verde

river population. Bar represents 5 um.

stitial region of the long arm of st/a pair 11 for C.
facetum (Figure 3h).

DISCUSSION

The family Cichlidae possesses approximately
99 nominal species with described karyotypes, of
which 68 present a diploid number equal to 48
chromosomes, 27 present less than 48 chromo-
somes and only 4 present more than 48 chromo-
somes (BRum and GALETTI JR. 1997), the two ex-
treme values being represented by 2n=32 and
2n=60 chromosomes, respectively (FELDBERG et
al. 2003). In truth, 2n=48 acrocentric chromo-
somes and, consequently, FN=48 seem to be the
basal characteristics for the order Perciformes as a

whole (GALETTI JR. et al. 2000), especially con-
cerning marine groups. Thus, the presence of
2n=48 in the G. brasiliensis and C. facetum popu-
lations here studied represents the maintenance of
a plesiomorphic condition in these groups, cor-
roborating a few analyses previously performed
(FELDBERG and BErTOLLO 1985a; BrUM et al.
1998; FELDBERG et al. 2003). On the other hand,
pericentric inversions are considered the main re-
arrangements implicated in the diversification of
the ancestral 2n=48 of the Perciformes (GALETTI
Jr. et al. 2000; Arronso and GALETTI JR. 2005), as
evidenced by FELDBERG and BerTOLLO (19852),
OLIVEIRA et al. (1988), SaLas and Boza (1991),
MARTINS et al. (1995), BRuM et al. (1998) and AF-
FoNsO and GALETTI JR. (2005). This same event
may also elucidate the different fundamental
numbers found in the present analysis, where the
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Fig. 2 — Geophagus brasiliensis (A, B, E) and Cichlasoma facetum (F) karyotypes stained with the chromomycin A;
fluorochrome and sequentially stained with the DAPI fluorochrome (C, D, H) and (H), respectively, showing a GC-
positive and AT-negative site in the 6™ chromosome pair of G. brasiliensis and 8 of C. facetum. (A, C) Jaguariaiva
river population; (B, D) Socavao river population; (E, G) Verde river population. Bar represents 5 pm.

G. brasiliensis populations possess FN=54 (6 sm +
42 st/a) and C. facetum FN=58 (10 sm + 38 st/a).
In fact, the variation in the number of arms has
been a good chromosomal marker for many cich-
lid species.

There are few comparative studies between
Cichlidae populations concerning heterochroma-
tin, probably due to the fact that heterochromatic
blocks are practically restricted to the pericentro-
meric region of the chromosomes (KORNFIELD ef
al. 1979; OLwveirA and WricHT 1998). However,
despite the maintenance of this same general pat-
tern of heterochromatin distribution in the spe-
cies/populations here studied, G. brasiliensis of
the Jaguariaiva river showed a peculiar C-banding
pattern, since it presents many chromosome pairs
with conspicuous and interstitial heterochromatic
blocks not found in the other populations of this

species, as well as in C. facetum. Furthermore, the
quantity of heterochromatin present in the chro-
mosomes of G. brasiliensis of the Jaguariaiva river
is much larger than the total observed in the
populations of the Socavao and Verde rivers,
which, in turn, show a very mutually similar pat-
tern. Coincidently, the populations of the Socavao
and Verde rivers are more closely situated than
the Jaguariaiva river population, which, consider-
ing a probably larger geographic isolation be-
tween this latter population and the others, could
justify the observed differences.

The chromosome pair bearing the nucleolar
organizing regions (Ag-NORs, 18S rDNA sites)
is coincident in the three G. brasiliensis popula-
tions (pair 6, st/a), very likely being homeologous
to the NOR-bearing pair of C. facetum (pair 8,
st/a). These same chromosome pairs evidence a
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Fig. 3 — Geophagus brasiliensis (C, D, G) and Cichlasoma facetum (F) karyotypes showing the localization of the 18S
rDNA in chromosome pairs 6 and 8, respectively, and the localization of the 5S rDNA in chromosome pairs 10 (C,
D, G) and 11 (H), respectively. (A, C) Jaguariaiva river population; (B, D) Socavao river population; (E, G) Verde

river population. Bar represents 5 um.

CMA;-positive region coincident with the NOR
site, reinforcing its constitution rich in GC base
pairs and, alternatively, poor in AT bases.
Among fish (PEnDAs ef al. 1993; GALETTI JR.

Fig. 4 — Chromosome pair number 6 of Geophagus bra-
stlzensis, showing the NOR localization in the short arm
and its size polymorphism under different analysis meth-
odologies: (A) conventional Giemsa staining, evidencing
a very conspicuous secondary constriction; (B) C-band-
ing, showing the localization of the heterochromatin ad-
jacent to the NOR site; (C) Ag-NOR-positive site; (D)
DAPI-negative site; (E) chromomycin A;-positive site;
and (F) 18S rDNA localization. Bar represents 5 um.

1998; ALMEIDA-TOLEDO 1998; VICARI ef al. 2003;
2005) and amphibians (Scumm 1982), NORs
generally present themselves as positive sites for
the GC-specific fluorochromes such as chromo-
mycin and mitramycin. Nevertheless, it is also
known that regions stained with chromomycin/
mitramycin may not correspond to rDNA loci,
but only to GC-rich heterochromatin (MARTINEZ
et al. 1991; Artont and BerToLLO 1999). In the
present case, in both Geophagus and Cichlasoma,
a heterochromatic block situated directly under-
neath the NOR site in chromosomes 6 and 8, re-
spectively (Figures 1, 4) is identified, showing
that the ribosomal genes are not interspersed
with heterochromatin but located adjacent to it,
in a fashion similar to a few other fish species
(ArTonI and BeErTOLLO 1999).

The family Cichlidae, with rare exceptions, is
characterized for presenting simple NORs (a sin-
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gle pair) located in relatively large chromosomes
(FELDBERG e? al. 2003), corresponding to a prob-
able symplesiomorphism for this group (FELD-
BERG and BeErToLLO 1985b). Hsu ez al. (1975) al-
ready considered simple NORs, in comparison
with multiple NORs, as a more primitive state of
rDNA distribution on the karyotypes. On the
other hand, together with the occurrence of sim-
ple NORSs, the occurrence of size heteromorphism
between the homologous NOR sites is also fre-
quent (FELDBERG and BErTOLLO 1985b; BRUM et
al. 1998; present work), which may be due to un-
even permutations during meiosis and/or ex-
changes between sister chromatids involving re-
peated sequences of these regions. This hetero-
morphism was clearly observed in the three G.
brasiliensis populations here studied, where one
of the NOR sites was duplicated in relation to its
homologue.

The 5S rDNA-bearing chromosomes in G.
brasiliensis and C. facetum, st/a pairs 10 and 11,
respectively, are probably homeologous as well,
showing interstitial sites in the long arm, and
therefore not syntenic to the 185 rDNA sites.
Among the Perciformes, there are still few studies
on the localization of the 5S tDNA. INAFUKU e7 al.
(2000) located these genes in the short arm of two
chromosome pairs in Achezlognathus tabira and in
four pairs of Cyprinus carpio, also verifying that
the NOR and 5S rDNA site are syntenic in A.
tabira. An unusual situation where the ribosomal
5S genes are superposed to a chromomycin A3-
positive region was detected in some Perciformes
species (DEIANA et al. 2000; AFronso and GAL-
ETTI JR. 2005). In Centropyge aurantonotus, eight-
een 5S rDNA sites were detected, many of them
possibly corresponding to inactive pseudogenes
(Arronso and GALETTI JR. op. cit).

G. brasiliensis and C. facetumn maintain many
characteristics considered plesiomorphic for Per-
ciformes, such as a diploid number of 48, a pre-
dominance of st/a chromosomes in the karyotype
and number and localization of NORs. The high
karyotypic conservationism between the three G.
brasiliensis populations studied in relation to
karyotypic macrostructure as well as to some
banding patterns reinforces the proposition that
dispersion events, probably from headwater cap-
tures, may have been responsible for the current
distribution of the ichthyofauna in the basins un-
der consideration, as also proposed in previous
studies with other species present in these basins
(VicARrt ef al. 2005). On the other hand, the ob-
served differences concerning C-banding evi-
dence that one of these populations, more specifi-

cally the one from the Jaguariaiva river, is differ-
entiated from the others regarding this character,
possibly as a consequence of gene flow restriction
between them throughout geological and evolu-
tionary history.
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