
E-Mail karger@karger.com

 Original Article 

 Cytogenet Genome Res 2015;146:311–318 
 DOI: 10.1159/000441613 

 Organization and Chromosomal Distribution of 
Histone Genes and Transposable  Rex  Elements in 
the Genome of  Astyanax bockmanni  (Teleostei, 
Characiformes) 

 Sandro N. Daniel    a     Manolo Penitente    a     Duílio M.Z.A. Silva    b     
Diogo T. Hashimoto    c     Daniela C. Ferreira    d     Fausto Foresti    b     
Fábio Porto-Foresti    a   

  a    Departamento de Ciências Biológicas, Faculdade de Ciências, Universidade Estadual Paulista (UNESP),  Bauru , 
 b    Departamento de Morfologia, Instituto de Biociências, UNESP,  Botucatu ,  c    Centro de Aquicultura de Jaboticabal 
(CAUNESP), UNESP,  Jaboticabal , and  d    Instituto de Biociências, Universidade Federal de Mato Grosso (UFTM), 
 Cuiabá , Brazil 

tions. As for the other populations, a  Rex3  probe showed 
large blocks in more than 1 chromosome. Fish from Alambari 
and Campo Novo Stream have  Rex3  elements dispersed 
along most of the chromosomes. Additionally, the conspicu-
ous signals of  Rex1 ,  Rex3 , and  Rex6  were identified in the ac-
rocentric B microchromosome of  A. bockmanni  found only in 
individuals of the Alambari River. Thus, we believe that dif-
ferent mechanisms drive the spread of repetitive sequences 
among the populations analyzed, which appear to be orga-
nized differently in the genome of  A. bockmanni . The pres-
ence of transposable elements in the B chromosome also 
suggests that these sequences could play a role in the origin 
and maintenance of the supernumerary element in the ge-
nome of this species.  © 2015 S. Karger AG, Basel 

 

Eukaryotic organisms are characterized by carrying a 
large amount of repetitive DNAs [Bueno et al., 2013; Cha-
lopin et al., 2015] which are known to contain high vari-
ability in their nucleotide composition, number of copies, 
function, distribution, and organization patterns in the 
genome of the species [Charlesworth et al., 1994]. Ac-
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 Abstract 

 An important feature of eukaryotic organisms is the number 
of different repetitive DNA sequences in their genome, a fea-
ture not observed in prokaryotes. These sequences are con-
sidered to be important components for understanding evo-
lutionary mechanisms and the karyotypic differentiation 
processes. Thus, we aimed to physically map the histone 
genes and transposable elements of the  Rex  family in 6 fish 
populations of  Astyanax bockmanni . FISH results using a his-
tone H1 gene probe showed fluorescent clusters in 2 chro-
mosome pairs in all 6 samples analyzed. In contrast, FISH 
with a histone H3 probe showed conspicuous blocks in 4 
chromosomes in 5 of the 6 populations analyzed. The sixth 
population revealed 7 chromosomes marked with this 
probe. Probes for the transposable elements  Rex1  and  Rex6  
showed small sites dispersed on most chromosomes of the 
6 populations, and the  Rex3  element is located in a big block 
concentrated in only 1 acrocentric chromosome of 2 popula-
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cording to Nagoda et al. [2005], these DNA sequences are 
classified into 3 main classes: (1) tandem repeats, which 
include satellite, minisatellite, and microsatellite DNA se-
quences, (2) transposable elements, which include trans-
posable and retrotransposable elements, and (3) multi-
gene families, which can be represented by repetitive cod-
ing sequences such as histone and ribosomal genes.

  Studies on the organization and physical mapping of 
different repetitive DNA sequences allowed significant 
advances in the characterization of the biodiversity and 
evolution of ichthyofauna [Vicari et al., 2010] and a great-
er knowledge of the organization, diversification, evolu-
tion, and function of repetitive sequences in the genomes 
of different vertebrate groups [Gursel et al., 2003; Chalo-
pin et al., 2015]. However, most gene mapping studies 
have often targeted only the location of rDNA sequence 
sites, resulting in little information on other types of se-
quences, including the families of histones and  Rex  trans-
posons [Cioffi et al., 2010; Ferreira et al., 2011a, b; Valente 
et al., 2011; Yano et al., 2014].

  Thus, the present study reports the mapping of repeti-
tive sequences of histone family components (H1 and 
H3) and transposable elements of the  Rex  family ( Rex1 , 
 Rex3 , and  Rex6 ) in 6 natural populations of  Astyanax 
bockmanni , a neotropical fish that occurs throughout 
Brazil and has a number of different polymorphism-re-
lated cytogenetic markers, including the presence of B 
chromosome morphotypes. Moreover, there is a lack of 
information at the population level, where a number of 
populations do not have karyotypic records. In this con-
text, we aim to contribute information about distribution 
patterns on chromosomes, homologies, and evolutionary 
relationships between these elements in the genome of 
 A. bockmanni .

  Materials and Methods 

 Sampling and Mitotic Chromosomes 
 A total of 169 individuals of the species  A. bockmanni  

were sampled from 6 natural populations (online suppl. table 1; 
see www.karger.com/doi/10.1159/000441613 for all online suppl. 
material) of 2 major hydrographic river basins, Tietê and Pa-
ranapanema, of the state of São Paulo, Brazil. Following morpho-
logical identification, the specimens were subjected to mitosis 
stimulation according to Oliveira et al. [1988]. The chromosome 
preparations and cytogenetic analysis were performed according 
to Foresti et al. [1993] based on direct preparations of kidney cell 
suspensions. The C-banding technique was applied according to 
Sumner [1972], with some adaptations. The chromosome mor-
phology was determined on the basis of the arm ratio according 
to Levan et al. [1964], and chromosomes were classified as meta-

centric (m), submetacentric (sm), subtelocentric (st), and acro-
centric (a) and arranged in descending order of size for the orga-
nization of the karyotype. After cytogenetic analysis of the speci-
mens, the top 8 preparations of each sampled site were used for 
FISH.

  Repetitive Probes and FISH Experiments 
 For the isolation and amplification of partial sequences of the 

histone H1 and H3 genes, degenerate primers H1 F (5 ′ -ATG-
GCAGAARYCGCMCCAGC-3 ′ ) and H1 R (5 ′ -TA CT TC TT CT-
TG GGSGCTGC-3 ′ ) [Hashimoto et al., 2011], and H3 F (5 ′ -ATG-
GCTCGTACCAAGCAGACVGC-3 ′ ) and H3 R (5 ′ -ATATCCT-
TRGGCATRGTGAC-3 ′ ) [Colgan et al., 1998] were used. The 
primers for the transposable elements were RTX1-F1 (5 ′ -TTCTC-
CAGTGCCTTCAACACC-3 ′ ) and RTX1-R1 (5 ′ -TTCCTTAAA-
AA ATAGAGTCTGCTC-3 ′ ) for  Rex1  [Volff et al.,   1999, 2000], 
RTX3-F1 (5 ′ -TACGGAGAAAACCCATTTCG-3 ′ ) and RTX3-R1 
(5 ′ -AAAGTTCCTCGGTGGCAAGG-3 ′ ) for  Rex3  [Volff et al.,  
 1999, 2000], and REX6-F (5 ′ -TAAAGCATACATGGAGCGC-
CAC-3 ′ ) and REX6-R (5 ′ -GGTCCTCTACCAGAGGCCTGGG-
3 ′ ) for  Rex6  [Volff et al., 2001].

  The hybridization conditions were the same for every specimen 
analyzed, and high stringency conditions were applied following 
the procedures described in Pinkel et al. [1986]. The probes were 
labeled with biotin-16-dUTP and digoxigenin-11-dUTP, and hy-
bridization signals were developed using avidin-FITC and anti-
digoxigenin-rhodamine. The images were captured by a digital 
camera attached to a fluorescence microscope (Olympus BX50). 
Approximately 20 metaphase spreads of each individual were ana-
lyzed to confirm the signals obtained. The assembly of karyotypes, 
maintenance, and the brightness and contrast of the images were 
characterized using Adobe Photoshop CS5 software.

  Results 

 All analyzed populations of  A. bockmanni  presented 
2n = 50 chromosomes and karyotype formulas consisting 
of 8m+8sm+18st+16a (Alambari Stream), 4m+7sm+
8st+6a (Véu de Noiva Waterfall), 6m+14sm+14st+18a 
(Batalha River), 6m+14sm+14st+16a (Campo Novo 
Stream), 6m+14sm+14st+16a (Barra Seca Stream), and 
8m+14sm+12st+16a (Capivara River), all previously de-
scribed by Daniel et al. [2015]. In individuals of the Alam-
bari Stream population, 0–2 supernumerary meta- and 
acrocentric microchromosomes were also identified in 
the genome, as previously described by Daniel et al. 
[2015].

  In situ hybridization with a histone H1 probe in popu-
lations of  A. bockmanni  showed 2 chromosome pairs 
marked with the predominance of a metacentric pair in 
the 6 populations reported ( fig. 1 ). The histone H3 gene 
is present in 2 pairs in Campo Novo, Barra Seca, Batalha, 
Capivara and Véu de Noiva populations ( fig. 2 b–f). Con-
versely, the Alambari population showed 7 hybridization 
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signals for histone H3 ( fig.  2 a). FISH with probes for 
transposons  Rex1  and  Rex6  showed small sites in most 
chromosomes of the 6 populations analyzed, with signal 
clusters almost completely covering most of the chromo-
somes ( figs. 3 ,  4 ). However, larger blocks of these mark-
ings were recorded in only some chromosomes of the 
Alambari and Campo Novo populations ( Rex1  in  fig. 3 a, 
b) and Alambari and Capivara populations ( Rex6  in 
 fig. 4 a, e).

  The transposon  Rex3  only presented a dispersed pat-
tern on the chromosomes of Alambari and Campo Novo 
populations (online suppl. fig. 1a, b). In the Capivara pop-
ulation the probe marked large blocks and small dis-
persed sites along the chromosomes (online suppl. fig. 
1e). In Véu de Noiva, Batalha and Barra Seca populations, 
large fluorescent blocks on specific sites were generally 
located in the terminal region of the chromosomes (on-
line suppl. fig. 1c, d, f). Interestingly, large blocks of  Rex3  
sequences were identified in the telomeric regions of only 
1 acrocentric chromosome pair from the Barra Seca pop-

ulation, while median-sized sites were observed in at least 
3 pairs of acrocentric chromosomes from the Batalha 
population (online suppl. fig. 1c, d).

  In addition to the signals found on autosomes, se-
quences of  Rex1 ,  Rex3 , and  Rex6  were also observed along 
the B chromosome of individuals collected from the 
Alambari population ( figs. 3 a,  4 a; online suppl. fig. 1a).

  Discussion 

 The 6 populations of  A. bockmanni  showed a diploid 
number of 2n = 50 chromosomes in all individuals ana-
lyzed, as previously observed for distinct populations of 
this species [Kavalco et al., 2009; Fernandes et al., 2010; 
Hashimoto and Porto-Foresti, 2010; Hashimoto et al., 
2011; Daniel et al., 2012, 2015; Silva et al., 2013]. Similar 
patterns were also observed in other species of the genus 
[Pansonato-Alves et al., 2013a; Silva et al., 2014]. Addi-
tionally, individuals of the Alambari population present-

a b c

d e f

  Fig. 1.  Somatic metaphases from individuals of 6 populations of  A. bockmanni  after in situ hybridization using 
the histone H1 gene probe.  a  Alambari Stream.  b  Campo Novo Stream.  c  Barra Seca Stream.  d  Batalha River. 
 e  Capivara River.  f  Véu de Noiva Waterfall. Green signals indicate the hybridization sites with the probe, and 
numbers indicate the chromosomes marked. Bar = 10 μm. 
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ed 0–2 partially or fully heterochromatic metacentric 
and/or acrocentric supernumerary microchromosomes 
in their genome, with a morphologic behavior that was 
previously observed by Hashimoto et al. [2011] and Dan-
iel et al. [2012, 2015].

  We observed the occurrence of only 4 chromosomes 
tagged with the probe for histone H1. This could indicate 
a conservative behavior of this sequence in the genome of 
the species, as observed by Hashimoto et al. [2011] and 
Silva et al. [2013]. Hashimoto et al. [2011] observed the 
recurrent labeling of histone H1 sites associated with the 
5S rDNA on a metacentric chromosome pair in  A. bock-
manni ,  A .  fasciatus,  and  A. altiparanae . Similar results 
were reported in other populations of  A. bockmanni  and 
 A .  fasciatus  [Silva et al., 2013; Pansonato-Alves et al., 
2013a], and according to Pansonato-Alves et al. [2013a], 
these features converge to a common ancestry and a con-
servative behavior. This hypothesis was already proposed 
by Hashimoto et al. [2011] and was subsequently corrob-
orated and strengthened by Silva et al. [2013, 2014] and 
Pansonato-Alves et al. [2013a]. The idea that these genes 

could evolve in concert was also reported and discussed 
for species in other fish groups [Hashimoto et al., 2012; 
Pansonato-Alves et al., 2013b; Utsunomia et al., 2014].

  Similarly to histone H1, the histone H3 gene is located 
on 2 chromosome pairs in 5 of the 6 populations ana-
lyzed. However, individuals of the Alambari population 
exhibited 7 chromosomes marked with the H3 gene 
probe, contrasting with the pattern apparently observed 
in individuals of the other studied populations of this spe-
cies. Thus, the results in the population of  A. bockmanni  
show a pattern of markings in the form of blocks concen-
trated in a few well-defined chromosomes, usually in 
pairs. In the other species of fish, we observed markings 
across several chromosomes, including non-homologous 
ones, as observed for the Alambari population, in  Hypo-
stomus nigromaculatus  [Pansonato-Alves et al., 2013b], 
 Abracris flavolineata  [Bueno et al., 2013], and  Rhamma-
tocerus   brasiliensis  [Oliveira et al., 2011]. Cabrero et al. 
[2009] proposed that the conservation of histone H3 
genes found in species of grasshoppers of the genus  Acri-
didae  happened prior to evolutionary processes that led 

a b c

d e f

  Fig. 2.  Somatic metaphases from individuals of 6 populations of  A. bockmanni  after in situ hybridization using 
the histone H3 gene probe.  a  Alambari River.  b  Campo Novo Stream.  c  Barra Seca Stream.  d  Batalha River. 
 e  Capivara River.  f  Véu de Noiva Waterfall. Red signals indicate the hybridization sites with the probe, and 
 numbers indicate the chromosomes marked. Bar = 10 μm. 
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to the differentiation of these species. This is reinforced 
by the analysis of clusters of histone H3 performed in the 
locus of the family Proscopiidae [Cabral-de-Melo et al., 
2011a–c] and would be a plausible hypothesis for the pop-
ulations of  A. bockmanni,  where similar distribution pat-
terns were observed between populations but with the H3 
genes located on different chromosomes.

  Another intriguing class of repetitive DNA elements is 
represented by transposable elements, especially those 
comprising the  Rex  family. In fish, these sequences are 
found to be compartmentalized in heterochromatic re-
gions or dispersed throughout the genome [Ferreira et al., 
2011b; Utsunomia et al., 2014; Yano et al., 2014; Chalopin 
et al., 2015]. In  Hypostomus   nigromaculatus , Pansonato-
Alves et al. [2013b] observed fluorescence signals of trans-
posable elements concentrated as conspicuous blocks on 
only 3 chromosomes, with small markings dispersed 
along the remainder of the genome. Similarly, we ob-
served the transposons  Rex1  and  Rex6  spread on most 
chromosomes of the 6 populations of  A. bockmanni  ana-
lyzed. However, some chromosomes had tags in the form 

of large blocks or even smaller markings, which almost 
completely marked the chromosomes. Such a distribu-
tion reinforces the hypothesis that transposons are pref-
erentially located in the heterochromatic regions, possi-
bly because these heterochromatic regions are generally 
free of natural selection.

  Unlike  Rex1  and  Rex6  which have a similar distribu-
tion pattern,  Rex3  was distributed differently between 
the populations of  A. bockmanni , being dispersed on 
most chromosomes or concentrating as large blocks on 
some chromosomes. Such a distinct pattern of  Rex3  dis-
persion is also reported in the species of Hypoptopoma-
tinae [Ferreira et al., 2011a],  Erythrinus  [Cioffi et al., 
2010],  Astyanax  [Silva et al., 2013; Pansonato-Alves et al., 
2013a], species of the genus  Hypostomus  [Pansonato-
Alves et al., 2013b], cichlids [Fantinatti et al., 2012], Ant-
arctic fish [Ozouf-Costaz et al., 2004], and 32 other fish 
species [Ferreira et al., 2011b]. The fish genome presents 
a great plasticity and the ability to incorporate transpos-
able elements, attributes that have the potential to lead to 
intra- and interspecies polymorphisms and copy number 

a b c

d e f

  Fig. 3.  Mapping of the transposable element  Rex1  in somatic metaphases from individuals of 6 populations of  A. 
bockmanni  after in situ hybridization.  a  Alambari River.  b  Campo Novo Stream.  c  Barra Seca Stream.  d  Batalha 
River.  e  Capivara River.  f  Véu de Noiva Waterfall. Red and green signals indicate the hybridization sites. The ar-
rowhead points to the B chromosome in  a . Bar = 10 μm. 
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variability, thus resulting in large changes in the struc-
ture and gene expression [Capy, 1998; Ferreira et al., 
2011a].

  Additionally, in relation to transposons, Volff et al. 
[2000, 2001] postulated that the absence or presence of 
these elements in fish may result from rapid divergence 
and that these elements degrade, leading to significant 
changes in their sequences. Additionally, the similarity in 
the distribution of  Rex -type transposons in the genomes 
of different fish and in the reported populations of  A. 
bockmanni  imply an origin by horizontal transfer of these 
elements to this species. Horizontal transfer is the move-
ment of genetic material between genomes of different 
species without always involving sexual transmission be-
tween related species [Loreto et al., 2008]. The literature 
reports several examples of horizontal transfer, with the 
most studied cases being in  Drosophilidade  [reviewed in 
Loreto et al., 2008] and  Drosophila melanogaster  [Kidwell 
et al., 1977; Fischer et al., 2004]. However, other examples 
are described in Diptera and Neuroptera [Robertson and 
Lampe, 1995], Coregoninae [Hamada et al., 1997],  Myotis 

lucifugus  [Pritham and Feschotte, 2007], ruminants and 
Squamata [Zupunski et al., 2001], and other vertebrates 
[Gentles et al., 2007]. Transposons are present in the ge-
nomes of most living beings, a factor that suggests a long 
existence, whereas other active forms of these elements 
could have existed and persisted in the genome of their 
hosts, potentially through horizontal transmission. Dif-
ferent authors have suggested that the insertion of trans-
posons may have occurred prior to the speciation process 
of each species [Aparício et al., 2002] and then evolved 
jointly [Ferreira et al., 2011a].

  According to Volff et al. [2000], the nucleotide se-
quences of  Rex1  retroelements would be associated with 
multiple ancestral lineages undergoing explosion pro-
cesses independent of retrotransposition and would then 
be inserted into the genomes of different fish. Therefore, 
the acquisition of elements of the  Rex  type in fish would 
probably be associated with horizontal transfer following 
a similar distribution pattern on the chromosomes of spe-
cies from phylogenetically related groups, suggesting a 
non-random mechanism of integration, maintenance, 

a b c

d e f

  Fig. 4.  Mapping of the transposable element  Rex6  in somatic metaphases from individuals of 6 populations of  A. 
bockmanni  after in situ hybridization.  a  Alambari River.  b  Campo Novo Stream.  c  Barra Seca Stream.  d  Batalha 
River.  e  Capivara River.  f  Véu de Noiva Waterfall. Red signals indicate the hybridization sites. The arrowhead 
points to the B chromosome in  a . Bar = 10 μm. 
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and evolution of these elements in the genomes of differ-
ent fish. Variations associated with small deletions, du-
plications, inversions, and translocations are common 
among elements of  Rex1 ,  Rex3 , and  Rex6  and can be cor-
related to the transposition process of these retrotranspo-
sons [Cordaux and Batzer, 2009].

  For the signals of transposons in B chromosomes of  A. 
bockmanni , the sites of  Rex1  and  Rex6  were previously 
identified in the B chromosomes of  Astatotilapia latifas-
ciata  [Fantinatti et al., 2012]. In  Alburnus alburnus ,   the 
transposon  Gypsy/Ty3  was found to be located exclusive-
ly on the B chromosome [Ziegler et al., 2003; Yano et al., 
2014]. Studies involving the sexual differentiation of 
transposable elements revealed that in  Chionodraco ha-
matus , the transposon  Rex3  accumulated on the long arm 
of the Y chromosome and, according to the authors, may 
play a key role in sexual differentiation [Ozouf-Costaz et 
al., 2004], thus serving an important function in the ge-
nome evolution of their hosts and actively collaborating 
with the biological diversity of these organisms. Similarly, 
Yano et al. [2014] observed a concentration of  Rex1 ,  Rex3 , 
and  Rex6  in the Y chromosome of this species. The pres-
ence of  Rex  transposons in the supernumerary chromo-
some of  A. bockmanni  could suggest their participation 

in differentiation and possibly in development of the ad-
ditional chromosome in this species.

  In conclusion, this study provides new information 
about the behavior of repetitive elements and transpos-
able sequences in the genome of fish. In the 6 populations 
of  A. bockmanni  examined certain conservative patterns 
were observed, and the genomic distributions and behav-
iors of the histone genes and the  Rex6  and  Rex1  transpo-
sons were also revealed. The  Rex3  transposon presented a 
particular dynamism, revealing various distribution pat-
terns among different populations of this species. There-
fore, this study contributes to the understanding of the 
physical location and organization of histone genes H1 
and H3 and the transposons  Rex1 ,  Rex3 , and  Rex6  in fish 
genomes, adding new information on the gene composi-
tion of the supernumerary chromosome in  A. bockmanni .
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