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Abstract
Cichlid fishes have been the subject of increasing scientific
interest because of their rapid adaptive radiation that has led
to extensive ecological diversity and because of their enormous importance to tropical and subtropical aquaculture. To
further understanding of chromosome evolution among
cichlid species, we have comparatively mapped the SATA
satellite DNA, the transposable element ROn-1, and repeated
sequences in the bacterial artificial chromosome clone BACC4E09 on the chromosomes of a range of African species of
Cichlidae, using fluorescence in situ hybridization. The SATA
satellite DNA was mapped in almost all the centromeres of
all tilapiine and haplochromine species studied. The maintenance and centromeric distribution of the SATA satellite DNA
in African cichlids suggest that this sequence plays an important role in the organization and function of the centromere
in these species. Furthermore, analysis of SATA element distribution clarifies that chromosome fusions occurred independently in Oreochromis and Tilapia genera, and led to the
reduced chromosome number detected in O. karongae and
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T. mariae. The comparative chromosome mapping of the
ROn-1 SINE-like element and BAC-C4E09 shows that the repeated sequences have been maintained among tilapiine,
haplochromine and hemichromine fishes and has demonstrated the homology of the largest chromosomes among
these groups. Furthermore, the mapping of ROn-1 suggested that different chromosomal rearrangements could have
occurred in the origin of the largest chromosome pairs of
tilapiines and non-tilapiines.
Copyright © 2010 S. Karger AG, Basel

The family Cichlidae is one of the most species-rich
families of fishes. They are present in fresh and brackish
water, from Central and South America (with one species
extending north to Texas, USA), to the West Indies, Africa, Madagascar, Israel, Syria, coastal India, and Sri Lanka [Nelson, 2006]. This family has attracted the attention
of biologists due its rapid radiation into almost 2,000 species in the Great Lakes of East Africa [Kocher, 2004]. The
family Cichlidae represents a monophyletic group and
the limits and interrelationships of all 4 subfamilies Etroplinae (Indian and Madagascar), Ptychochrominae (Malagasy), Cichlinae (Neotropical region) and Pseudocrenilabrinae (African) are well supported by molecular and
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morphological data [Sparks and Smith, 2004]. The African (Pseudocrenilabrinae) and Neotropical (Cichlinae)
cichlids are both monophyletic and represent sister
groups [Sparks and Smith, 2004]. Three major groups
(hemichromine, haplochromine and tilapiine) can be
recognized among African Pseudocrenilabrinae cichlids,
but these groups are not accepted as valid taxonomic
units. In addition, some species of Cichlidae, principally
the tilapiines, are very important for aquaculture and
fisheries, and the Nile tilapia, Oreochromis niloticus, represents one of the most widely farmed freshwater fish in
the world [FAO, 2006]. Although the genomes of several
African cichlid species will soon be sequenced [proposal
by The International Cichlid Genome Consortium,
2006], knowledge of cichlid genomes is rather preliminary, and far behind pufferfish (Tetraodon nigroviridis)
[Jaillon et al., 2004], zebrafish (Danio rerio) [Meli et al.,
2008] and medaka (Oryzias latipes) [Kasahara et al.,
2007]. So it is therefore of particular interest to investigate
the chromosome structure of some representative taxa of
the Cichlidae clade. The karyotype formulae of 135 species of cichlids have been determined [see Feldberg et al.,
2003; Poletto et al., 2010, for review]. Although more than
60% of the species present a karyotype with 2n = 48, the
diploid number ranges from 2n = 32 to 2n = 60. African
cichlids have a modal diploid number of 44 chromosomes, whereas the Neotropical cichlids have 2n = 48
chromosomes. Furthermore, the chromosomal rearrangements that took place during the evolution and diversification of cichlid subfamilies remain obscure. Molecular cytogenetic techniques represent powerful tools
to decipher the chromosomal rearrangements that were
involved in the karyotype diversification of cichlids. Repeated DNA sequences have been extensively applied
among fishes for purposes of chromosome physical mapping because they can be easily isolated from genomes
and are easily visualized on chromosomes. Fishes, like
many eukaryote organisms, contain a great number of
tandem repeats and transposable elements in their genomes that are spread over the chromosomes, with particular enrichment in centromeric and telomeric heterochromatin, as well as the sex chromosomes [Martins,
2007]. Despite intensive study in recent decades, the molecular forces that generate, propagate and maintain repetitive DNAs in the genome are still under discussion
[Biemont and Vieira, 2006]. A complete understanding of
the relationship between chromosome structure and
function requires the understanding of the repetitive segments. Also, the integration of DNA sequences with
physical chromosome mapping of repetitive DNAs can

provide a better landscape of the genome, not yet clearly
defined even in the completely sequenced genomes.
Repeated DNA sequences have been applied as chromosome markers to clarify several issues involving species evolution, chromatin composition, chromosomal rearrangements, sex chromosomes, extra chromosomes,
and applied genetics. To further understanding of chromosome evolution among cichlid species, we have comparatively mapped different classes of repeated DNAs in
several African cichlid species. Our results contribute to
an understanding of the chromosome rearrangements
that took place during the evolutionary history of cichlids.

Comparative Chromosome Mapping in
Cichlids
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Materials and Methods
Animal Samples and Chromosome Preparation
Mitotic chromosomes of African cichlid species belonging to
the Pseudocrenilabrinae subfamily (including representatives of
tilapiine, haplochromine and hemichromine groups) were prepared from anterior kidney cells with in vivo colchicine treatment
[Bertollo et al., 1978] or from peripheral blood leukocyte cultures
[as described by Campos-Ramos et al., 2001]. The species used in
this work and their origin are specified in table 1. The species were
selected based on previous information concerning the distribution of repeated DNAs that were applied as cytogenetic markers
in the present work.
Chromosome Mapping of Repeated DNA Sequences through
Fluorescence in situ Hybridization
Mitotic chromosome spreads were subjected to fluorescence
in situ hybridization (FISH) [Pinkel et al., 1986] using the following probes: (i) SATA satellite DNA isolated from O. niloticus genome through the C0t-1 DNA method, which was used to isolate
the highly repeated DNA fraction of the genome [Ferreira and
Martins, 2008]. The SATA clone contains one repeat unit of SATA
element (243 bp); (ii) repeated sequences contained in a bacterial
artificial chromosome (BAC) library clone (#01b03TI074A.E09),
denominated BAC-C4E09, previously characterized from the genome of O. niloticus as containing DNA sequences with similarity to different LINE retrotransposons and satellite DNAs of cichlid and repeated dispersed sequences of Danio rerio genomes [Ferreira and Martins, 2008]; (iii) the transposable element ROn-1
previously isolated from the O. niloticus genome [Bryden et al.,
1998].
The probes were labeled by nick translation with biotin-14dATP (Bionick labeling system; Invitrogen, San Diego, Calif.,
USA) and the hybridization performed as described in Teixeira et
al. [2009]. Hybridized chromosomes were analyzed using an
Olympus BX 61 microscope and the images captured with a digital camera Olympus DP71 with the software Image-ProMC 6.0.
Karyotypes were arranged as meta-submetacentric (m/sm) and
subtelo-acrocentric (st/a) in decreasing size of the chromosomes
with Adobe Photoshop v. 7.0 software.
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Table 1. Species of Pseudocrenilabrinae African cichlids analyzed and their origin

Species

Major group

Samples analyzed
(M, males; F, females)

Origin of specimens

Oreochromis aureus

Tilapiine

1M

Institute of Aquaculture, University of Stirling,
Stirling, Scotland

Oreochromis mortimeri

Tilapiine

1F

Institute of Aquaculture, University of Stirling,
Stirling, Scotland

Oreochromis mossambicus

Tilapiine

1F

Institute of Aquaculture, University of Stirling,
Stirling, Scotland

Oreochromis niloticus

Tilapiine

1M

Institute of Aquaculture, University of Stirling,
Stirling, Scotland

Tilapia rendalli

Tilapiine

1M

Institute of Aquaculture, University of Stirling,
Stirling, Scotland

Tilapia zillii

Tilapiine

1 M, 1 F

Institute of Aquaculture, University of Stirling,
Stirling, Scotland

Tilapia mariae

Tilapiine

1F

Tropical Aquaculture Facility, University of
Maryland, College Park, Md., USA

Hemichromis bimaculatus

Hemichromine

1F

Aquarium, Botucatu, SP, Brazil

Astatotilapia burtoni

Haplochromine

1F

Tropical Aquaculture Facility, University of
Maryland, College Park, Md., USA

Haplochromis obliquidens

Haplochromine

1 F, 3 M

Aquarium, Botucatu, SP, Brazil

Melanochromis auratus

Haplochromine

1M

Aquarium, Botucatu, SP, Brazil

Labeotropheus trewavasae

Haplochromine

1 unidentified sex

Aquarium, Botucatu, SP, Brazil

Results

The SATA clone was used as a probe for chromosome
mapping, through FISH, in the chromosomes of O. niloticus, O. aureus, O. mossambicus, O. mortimeri, T. mariae,
T. rendalli, T. zillii, H. obliquidens and M. auratus (fig. 1).
The SATA satellite mapped in the centromeric areas of
the different species of African cichlids analyzed (fig. 1).
In O. niloticus, O. aureus, O. mossambicus, O. mortimeri,
T. rendalli and H. obliquidens the SATA sites were distributed in all centromeres (fig. 1a–c, e, f, h), whereas T. mariae, M. auratus and T. zillii showed some chromosomes
without SATA labeling in their centromeric areas (fig. 1d,
g, i). In T. zillii the SATA element occupied the centromeric area of only one homologous member of the largest
pair (fig. 1i).
The BAC-C4E09 probe was mapped in the chromosomes of O. niloticus, H. obliquidens, M. auratus and L.
trewavasae (fig. 2). In O. niloticus, BAC-C4E09 hybridized across the entire extent of chromosome pair 4 (the
316
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largest pair), except around its centromeric area (fig. 2a).
The chromosome signals generated after hybridization of
BAC-C4E09 allowed the identification of several chromosome elements in the karyotype of O. niloticus, including pairs 1–9, 11, 15–19, and 22. The largest chromosome pair of O. niloticus has been referred to as pair 1 in
other studies because the arrangement of the karyotype
was based on chromosome size [Oliveira and Wright,
1998; Ferreira and Martins, 2008; Ocalewicz et al., 2009;
Valente et al., 2009]. BAC-C4E09 showed strong signals
in the short arm of the largest m/sm chromosome pair
(pair 1) of the non-tilapiine species, in the telomeric region of the st/a chromosome pair 12 of H. obliquidens
(fig. 2b), in the centromeric/short arm regions of chromosome pairs 4, 5, 8, 11, 13 and 19 of M. auratus (fig. 2c), and
in an interstitial position of chromosome pair 11 of L.
trewavasae (fig. 2d). Scattered faint signals of BAC-C4E09
were also observed in the long arm of the largest chromosome (pair 1) of the non-tilapiines (fig. 2).
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Fig. 1. Chromosome mapping of SATA satellite DNA in Oreochromis niloticus (a), Oreochromis aureus (b), O. mossambicus (c), Tilapia mariae (d), Tilapia rendalli (e), Haplochromis obliquidens
(f), Melanochromis auratus (g), O. mortimeri (h) and Tilapia zillii
(i). a–g represent arranged karyotypes, and h, i metaphase spreads.

The ROn-1 transposable element was mapped by FISH
in the chromosomes of O. niloticus, A. burtoni, H. obliquidens, M. auratus and H. bimaculatus, and showed
only one interstitial cluster in the long arm of the largest
chromosome pair, being pair 4 in O. niloticus, and pair 1
in the non-tilapiines (fig. 3). In O. niloticus the ROn-1 signal is in the middle of the long arm of st/a chromosome
pair 4 (fig. 3a), whereas in the non-tilapiines the ROn-1
cluster is near the end of the chromosome (subtelomeric)
(fig. 3b–e).

Comparative Chromosome Mapping in
Cichlids

The chromosomal sites of the SATA satellite were labeled with
FITC (yellow) and the chromosomes were counterstained with
propidium iodide (red). The meta-submetacentric (m/sm) and the
subtelo-acrocentric (st/a) chromosomes are indicated. The arrows
indicate the first chromosome pair in i. Bar = 5 m.

Discussion

Chromosome Mapping of SATA Satellite DNA
The SATA satellite DNA is a family of tandem repeat
sequences with 3 size variants, type I (237 bp), type II (230
bp) and type III (209 bp), conserved in the genome of tilapiine and haplochromiine cichlid species and absent
from the genome of hemichromines [Franck et al., 1992,
1994]. In some Oreochromis species this sequence represents 1.6% of the haploid genome content, but the proportion is somewhat lower in haplochromine genomes. This
difference may indicate a major amplification of the
Cytogenet Genome Res 2010;129:314–322
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Fig. 2. Chromosome mapping of the clone BAC-C4E09 in Oreochromis niloticus (a), Haplochromis obliquidens (b), Melanochromis auratus (c) and Labeotropheus trewavasae (d). The chromosomal sites of the BAC-C4E09 were labeled with FITC (yellow)
and the chromosomes were counterstained with propidium iodide (red). The meta-submetacentric (m/sm) and the subtelo-acrocentric (st/a) chromosomes are indicated. Bar = 5 m.

Fig. 3. Chromosome physical mapping of ROn-1 transposon in
Oreochromis niloticus (a), Astatotilapia burtoni (b), Haplochromis
obliquidens (c), Melanochromis auratus (d) and Hemichromis bimaculatus (e). The meta-submetacentric (m/sm) and the subteloacrocentric (st/a) chromosomes are indicated. Bar = 5 m.

SATA array after the divergence of the tilapiines from the
haplochromine lineage [Franck et al., 1994].
The SATA satellite DNA was mapped in the centromeric area of the different species of African cichlids analyzed. In the biggest chromosome pair in T. zillii, the
SATA satellite DNA was observed in the centromeric area
of just one homologous member. Besides this, the hetero-

chromatin distribution analyses in T. zillii showed centromeric heterochromatin only in some chromosomes,
whereas 10 to 12 chromosomes did not have clear heterochromatic blocks [Majumdar and McAndrew, 1986]. The
chromosomal mapping of the centromeric SATA satellite
in T. zillii seems to be related to the heterochromatin distribution, suggesting that the centromeric heterochroma-

318

Cytogenet Genome Res 2010;129:314–322

Ferreira /Poletto /Kocher /Mota-Velasco /
Penman /Martins

tin of this species is not composed of SATA satellite DNA
only. The absence of SATA labeling in some chromosomes of M. auratus and T. mariae could be related to the
divergence of this sequence compared to the other cichlids analyzed. Indeed, T. mariae has a divergent karyotype structure compared to the other cichlids (discussed
later in this paper).
The tilapiines seem to be highly conservative in relation to karyotype evolution, with most of them showing
44 chromosomes, except for O. alcalicus with 48 chromosomes [reviewed in Feldberg et al., 2003; Poletto et al.,
2010] and O. karongae with 38 chromosomes [Harvey et
al., 2002]. The reduction of the chromosome number in
O. karongae is related to the presence of 3 pairs of medium-sized chromosomes not found in typical Oreochromis
species, which originated by chromosome fusion [Harvey
et al., 2002]. The mapping of the SATA satellite DNA in O.
karongae has shown signals in all centromeres and in an
interstitial position in the 3 medium-sized pairs [MotaVelasco et al., in press]. The interstitial SATA sites are interpreted as relics of ancient centromeres, demonstrating
that fusions occurred in the O. karongae chromosomes.
The chromosome number of T. mariae is also reduced,
2n = 40 (fig. 1d of present work) [Thompson, 1981]. This
reduction could be the result of 2 different chromosome
fusions giving rise to the m/sm chromosome pairs 1 and
2 observed in T. mariae that are not observed in the other Oreochromis and Tilapia species [Majumdar and
McAndrew, 1986; present work]. The SATA probe was
mapped in almost all centromeres of T. mariae, and
strongly in the 2 m/sm largest pairs, with no interstitial
signals, suggesting that the fusions occurred between 2
small st/a chromosomal pairs with the loss of their small
arms. The absence of SATA in some centromeric regions
in T. mariae and M. auratus could be related to differentiation in their genomes after the divergence of the other
groups.
Different species of eukaryotes have shown the presence of satellite DNAs in the centromere and pericentromeric regions, implying that these sequences play a fundamentally important functional role in these regions,
and also in the formation and maintenance of heterochromatin [Plohl et al., 2008]. The presence of SATA in
tilapiines and haplochromines evidenced its origin before the divergence of these 2 major groups from the
hemichromines. In the same way, SATA repeats seem to
have differentiated or even been lost in some particular
chromosomes of tilapiines and haplochromines during
evolution as a consequence of their intense evolutionary
dynamic.
Comparative Chromosome Mapping in
Cichlids

Chromosome Mapping of BAC Clone Enriched with
Repeated DNA Sequences
BACs containing repeated DNA sequences isolated
from the O. niloticus genome were previously mapped in
the chromosomes of this species, which showed a distribution in centromeric, telomeric and/or interstitial regions in almost all chromosomes of the complement [Ferreira and Martins, 2008]. The most outstanding characteristic was the enrichment of repetitive DNA distribution
in the large chromosome pair of O. niloticus (pair 4) [Ferreira and Martins, 2008]. The nucleotide sequencing of
subcloned DNA segments of BAC-C4E09 identified the
repeated DNA sequences CiLINE2 transposon and SATB
satellite that were previously mapped in the chromosomes of O. niloticus [Oliveira and Wright, 1998; Oliveira
et al., 1999; Harvey et al., 2003]. The CiLINE2 transposable element is distributed mainly in the largest chromosome pair of Nile tilapia and SATB satellite DNA showed
a strong signal near the telomere of a small pair [Oliveira
and Wright, 1998; Oliveira et al., 1999]. The mapping of
BAC-C4E09 in the telomeric region of the st/a chromosome pair of H. obliquidens, in the centromeric/short arm
regions of chromosome pairs of M. auratus, and in an
interstitial position of a chromosome pair of L. trewavasae could be related to the presence of these repetitive sequences, mainly the SATB satellite DNA, which has been
mapped in the short arm of small chromosomes in O. niloticus [Oliveira et al., 1999].
The presence of large blocks of hybridization of BACC4E09 in the largest chromosome pair of O. niloticus
(pair 4) and in the largest chromosome pair (pair 1) of all
the non-tilapiine species analyzed, suggests homology
between these chromosomes.
Chromosome Mapping of ROn-1 Transposable
Element
The ROn-1 repeated sequence is a SINE-like element
that was isolated from O. niloticus and represents a potential marker for evolutionary and phylogenetic studies
because variant forms are specific to a particular taxonomic unit [Bryden et al., 1998]. This element is 345 bp
long and the haploid genome of tilapia contains approximately 3,000 copies [Oliveira et al., 2003]. Southern blot
hybridization indicated the presence of ROn-1 in the genomes of the tilapiines Oreochromis, Sarotherodon and
Tilapia, several haplochromine species, and in Hemichromis and Pelvicachromis [Bryden et al., 1998].
Chromosome mapping of the ROn-1 transposable element in tilapiine and non-tilapiine species showed a conservation of this sequence in a cluster in the long arm of
Cytogenet Genome Res 2010;129:314–322
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the largest chromosome pair of the species analyzed. In
O. niloticus the ROn-1 signal is in the middle of the long
arm of the largest pair (pair 4). Although some previous
studies have detected dispersed ROn-1 signals in several
chromosomes of the complement of O. niloticus [Harvey
et al., 2003; Oliveira et al., 2003], this was not observed in
the present analysis. In the other cichlid species analyzed
in this work, this transposable element is clustered near
the terminal position in the long arm of the largest m/sm
pair (pair 1). These results indicate that the cluster containing the transposable element ROn-1 is conserved between cichlid species and that the st/a chromosome pair
4 of O. niloticus is homologous to the m/sm chromosome
pair 1 of the non-tilapiine species.
The major feature in the karyotype of tilapiine cichlids
is the presence of one large st/a chromosome pair, which
is significantly larger than all the others in the karyotype,
and it is not present in the non-tilapiine cichlid species
[Majumdar and McAndrew, 1986; Poletto et al., in preparation]. On the other hand, the haplochromine and hemichromine cichlids have shown 2 outstanding chromosome pairs, the m/sm pair 1 and the st/a pair 2 that are
larger than the rest of chromosomes in the karyotype
[Poletto et al., in preparation]. According to chromosome
in situ hybridization using telomeric probes, it has been
proposed that the larger chromosome pair of O. niloticus
originated by a centric fusion event of 3 other pairs of the
ancestral cichlid karyotype composed of 48 acrocentric
chromosomes [Chew et al., 2002]. Based on previous information, and in the results presented here, we propose
that a first chromosome fusion took place before the divergence of the main East African cichlid groups, and
reduced their karyotype from the ancestral 2n = 48 acrocentric pattern [Chew et al., 2002; Teixeira et al., 2009] to
generate the proto-large chromosome of O. niloticus and
the proto-pair 1 of the non-tilapiines (fig. 4). The second
event of chromosome fusion occurred independently in
the tilapiines and non-tilapiines. In the tilapiines, a new
chromosome was fused to the largest pair originating the
actual pair 4. In the non-tilapiines, the second fusion involved 2 other chromosomes giving the chromosome
pair 2 (fig. 4).
Distribution of Repetitive DNAs and Chromosome
Evolution in Cichlids
The cytogenetic mapping of repeated DNAs in cichlids provides evidence that specific patterns of chromosome rearrangements have occurred during their evolutionary history. The chromosome mapping of BACC4E09 and the ROn-1 transposable element in tilapiines
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Fig. 4. Schematic representation of possible fusions occurring

during the chromosomal diversification of African cichlids.

and non-tilapiines detected homology between the largest chromosome pair of the tilapiines (pair 4 in O. niloticus) and the largest m/sm chromosome pair (pair 1) of
the non-tilapiine species. It seems that 2 chromosomal
fusions, the first one occurring before the divergence of
the main groups of East African cichlids, and the second
one occurring independently in tilapiines and non-tilapiines (fig. 4) have also occurred in the diversification of
African cichlid karyotypes. Additional chromosome fusions occurred independently in Oreochromis and Tilapia genera, giving the reduced chromosome number detected in O. karongae and T. mariae (fig. 5). Besides the
homology between the largest chromosome pair of tilapiines and non-tilapiine species, it seems clear that intrachromosomal inversions have occurred giving the differences in the morphology between these chromosomal
elements.
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Neotropical cichlids
Labeotropheus trewavasae
Melanochromis sp.
Haplochromis sp.
Astatotilapia burtoni
Tilapia mariae
Tilapia sp.
Oreochromis karongae
Oreochromis niloticus
Hemichromis bimaculatus
Heterochromis multidens

Fig. 5. Relationships of African cichlids

based on the phylogenies proposed by Albertson et al. [1999] and Farias et al. [1999]
showing the repeated sequences mapped
in the chromosomes (colored indications).
Possible chromosome fusions (/) and diploid chromosome numbers are indicated.

2n=44
2n=44
2n=44
2n=40
2n=40
2n=44
2n=38
2n=44
2n=44

African cichlids

Malagasy/India cichlids
SATA satellite DNA
ROn-1 transposable element

Synaptonemal complex analysis indicated that the
biggest chromosome pair of O. niloticus represents the
sex chromosomes [Foresti et al., 1993; Carrasco et al.,
1999]. However, Cnaani et al. [2008] proposed that this
larger chromosome pair in Nile tilapia may reflect prior
evolutionary history of this pair as differentiated sex
chromosomes, and that the sex determination locus is
now on a small chromosome. Several repetitive sequences are distributed along the large chromosome pair of O.
niloticus [Ferreira and Martins, 2008; Valente et al., 2009,
and references cited therein] with different patterns of
hybridization, due the difference in the copy number of
this repetitive sequence between the supposed X and
Y chromosomes [Harvey et al., 2003; Ocalewicz et al.,
2009]. The presence of ROn-1 and the repeated sequences inserted in the BAC-C4E09 clone in the largest chromosome of African cichlids suggest that the accumulation and variable copy number of these repeated
sequences in this region were integral to the early
differentiation of the homologous sex chromosome. Fur-

ther comparative analyses of the chromosomes of other
non-tilapiines and South American cichlid species may
be able to clarify other chromosomal rearrangements
that were involved in karyotype diversification in cichlids. The application of BACs containing single copy
markers or genes as chromosomal probes represents a
promising approach to clarify the events of chromosome
rearrangements that took place during the evolutionary
history of cichlids.
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