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species and the microdissected DNA from two metacentric 
B chromosomes found in these same species. Intra- and 
inter-specific painting suggested that all B chromosomes 
that were assayed shared homologous DNA sequences 
among them, as well as with a variable number of A chro-
mosomes in each species. This finding would be consist-
ent with a common origin for all seven B chromosomes 
analyzed. By contrast, the physical mapping of repetitive 
DNA sequences failed to give support to this hypothesis, as 
no more than two B-types shared a given repetitive DNA. 
Finally, sequence analysis of the ITS regions suggested that 
at least some of the B chromosomes could have had a com-
mon origin.

Keywords  B chromosome · rDNA · Satellite DNA · 
Microsatellites · Chromosome painting

Introduction

In addition to the chromosomes of the standard (A) com-
plement, approximately 15 % of the eukaryotic organisms 
harbor supernumerary elements called B chromosomes. 
They are mainly composed of repetitive DNA sequences 
such as multigene families, satellite DNAs and mobile ele-
ments (Camacho 2005), although a few examples of pro-
tein coding genes have been described recently (see Mar-
tis et  al. 2012; Klemme et  al. 2013; Trifonov et  al. 2013; 
Valente et  al. 2014). B chromosomes may arise from the 
A chromosomes of their current host species (intraspecific 
origin) or else may result from hybridization processes 
(interspecific origin) (Perfectti and Werren 2001; Camacho 
2005; Houben et  al. 2013). It has been suggested that B 
chromosomes can intra-specifically originate in the ances-
tor of a species group and surpass cladogenetic events 
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(Moreira-Filho et  al. 2001). Conversely, B chromosomes 
can originate in a species and move to other closely relative 
species through introgression (Tosta et al. 2014). The latter 
was inferred from the scarce sequence variations found for 
a SCAR marker present in the B chromosomes of several 
bee species of the genus Partamona. This shows that the 
analysis of B chromosomes in several closely related spe-
cies can be very informative about B chromosome origins.

Astyanax Baird & Girard is a specious fish genus, cur-
rently composed of 154 valid species within the family 
Characidae (Eschmeyer 2015), with a distribution area 
ranging from the southern United States to central Argen-
tina (Ornelas-García et  al. 2008). The extensive chromo-
some diversity found between populations of A. fasciatus, 
A. scabripinnis, and A. altiparanae has led some authors 
to consider them as ‘species complexes’ (Moreira-Filho 
and Bertollo 1991; Artoni et  al. 2006; Castro et  al. 2015) 
because it is sometimes difficult to establish whether two 
populations of morphologically similar individuals actually 
share a common genic pool or whether they belong to dif-
ferent cryptic species (Pansonato-Alves et al. 2013; Castro 
et al. 2015). Consequently, several cytogenetic studies have 
shown a remarkable karyotype diversification in this group, 
including different diploid numbers, hybrid cytotypes 
and differential intra-genomic spread of repetitive DNAs 
(Moreira-Filho and Bertollo 1991; Mantovani et  al. 2005; 
Pazza et al. 2006; Vicari et al. 2008; Kavalco et al. 2012; 
Silva et al. 2013; Castro et al. 2014). Moreover, the occur-
rence of several types of B chromosomes differing in mor-
phology, size and banding patterns has also been reported 
(Moreira-Filho et  al. 2004; Fernandes and Martins-Santos 
2005; Carvalho et al. 2008; Hashimoto et al. 2008; Oliveira 
et al. 2009; Santos et al. 2013; Daniel et al. 2015).

The most frequent B-type in Astyanax is a large meta-
centric chromosome (Moreira-Filho et  al. 2004). In A. 
scabripinnis, it shows a symmetric location of a satellite 
DNA named As51 in both arms (here we will call it BsM). 
This fact, along with meiotic pairing of the two arms, con-
stitutes the main evidence for its isochromosome nature 
(Vicente et  al. 1996, Mestriner et  al. 2000, Vicari et  al. 
2011). Likewise, Silva et al. (2014) hypothesized the isoch-
romosome nature of another metacentric B macrochromo-
some found in A. paranae because of the symmetric loca-
tion of two repetitive DNAs (i.e., H1 histone genes and 
18S ribosomal DNA sites). Although achieving resolution, 
those studies were carried out in few, or unique, popula-
tions of a single species, but analyses concerning several 
B-types in different Astyanax species are scarce and based 
only on classical cytogenetic data (Hashimoto et al. 2011). 
Therefore, the use of more informative techniques, such as 
chromosome painting, the physical mapping of repetitive 
DNAs such as 18S rDNA, histone genes, satellite DNAs 
and microsatellites, and even sequence comparisons, is 

necessary to test the possibility that some of these B chro-
mosome variants might have had a common origin, as pre-
viously suggested (Moreira-Filho et al. 2001).

To test this hypothesis, we performed intra- and inter-
specific chromosome painting with DNA probes obtained 
from four B chromosome variants from three species, as 
well as physical mapping of four types of repetitive DNA 
sequences; i.e., 18S rDNA, H1 histone genes, the As51 sat-
ellite DNA and the (AC)15 microsatellite. In addition, par-
tial ITS-rDNA nucleotide sequences comparisons between 
B-lacking genomic DNA and B chromosome microdis-
sected DNA was already performed.

Materials and methods

Origin of samples and karyotype analysis

Six distinct samples were analyzed, including three differ-
ent species (Table  1). From these, B chromosomes were 
already described in two samples, including A. bockmanni 
and A. paranae (Daniel et al. 2012; Silva et al. 2014), but 
not in the population of A. fasciatus from the Mogi-Guaçu 
river basin (Pazza et  al. 2008; Kavalco et  al. 2012). After 
analysis, specimens were deposited at the fish collection 
of the Laboratório de Biologia e Genética de Peixes (LBP) 
at UNESP, Botucatu, São Paulo, Brazil, under the vouch-
ers LBP15262 (A. bockmanni—Água da Madalena stream), 
LBP19574 (A. fasciatus—Água da Madalena stream), 
LBP19573 (A. fasciatus—Córrego da Araras stream) and 
LBP13340 (A. paranae—Água da Madalena stream). The 
specimens from the Alambari river (A. bockmanni and A. 
fasciatus) were deposited at the fish collection of the Labo-
ratório de Genética de Peixes at UNESP, Bauru, São Paulo, 
Brazil.

Sampling and mitotic chromosome collection

Mitotic chromosomes were obtained following the protocol 
established by Foresti et al. (1981). The nucleolus organizer 
regions (NORs) were detected with silver nitrate impreg-
nation (Howell and Black 1980). The chromosome mor-
phology was determined in accordance with the arm ratio 
(Levan et al. 1964), and the chromosomes were classified 
as metacentric (m), submetacentric (sm), subtelocentric (st) 
and acrocentric (a) and were arranged in the karyotype in 
decreasing order of size.

Chromosome microdissection

Microdissection was performed in an Eppendorf Transfer-
Man NK2 micromanipulator coupled to a Zeiss Axiovert 
100 microscope. About ten copies of each B chromosome 
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were microdissected from each sample. The following 
supernumeraries were microdissected and included: i) 
the large metacentric found in A. paranae from Capivara 
river (BpM); ii) the large metacentric found in A. fasciatus 
from Água da Madalena stream (BfMa); iii) the medium 
subtelocentric found in A. fasciatus from Alambari river 
(Bfst); and iv) the small acrocentric found in A. bockmanni 
from Alambari river (Bba). The microdissected DNAs 
were placed in 9  μl of DNase free ultrapure water and 
then amplified using the GenomePlex Single Cell Whole 
Genome Amplification Kit (WGA4-Sigma) (Gribble et al. 
2004). After the initial amplification, we generated DNA 
probes labeled with digoxigenin-11-dUTP (Roche Applied 
Science) using the GenomePlex Whole Genome Amplifi-
cation Reamplification Kit (WGA3-Sigma) following the 
manufacturer’s protocol.

DNA amplification, cloning and sequencing

For all gDNA extractions, we used the Wizard Genomic 
DNA Purification Kit (Promega) following manufactur-
er’s instructions. Partial ITS (Internal Transcribed Spacer 
of rDNA) sequences were obtained by PCR (Polymerase 
Chain Reaction) from A. paranae and A. fasciatus genomic 
DNA (gDNA), obtained from B-lacking individuals, using 
the primers SBR (5′-GTAGGTGAACCTGCAGAAGG-3′) 
and JM5 (5′-TACCGGCCTCACACCGTCC-3′) (Montoya-
Burgos 2003). The reactions were performed in 1 × PCR 
buffer, 1.5 mM of MgCl2, 200 mM of each dNTP (dATP, 
dCTP, dGTP, dTTP), 0.5 U of Taq polymerase (Invitrogen), 

0.1 mM of each primer and 50 ng of gDNA. The basic cycle 
to amplify these regions consisted of denaturation at 95 °C 
for 5′, followed by 30 cycles at 95 °C for 1′, 45″ at 54 °C, 
1′ at 72 °C and a final extension of 10′ at 72 °C. We also 
amplified ITS sequences on the DNA from microdissected 
B chromosomes of A. fasciatus (μBfMa). To isolate a rep-
resentative diversity of copies of these sequences present in 
the PCR reaction, we cloned the PCR obtained bands for 
these genes by linking them to a TOPO TA cloning vec-
tor and cloning them in One Shot TOP10 Competent Cells. 
A number of clones were chosen for DNA sequencing by 
the Sanger’s method. We then isolated the plasmid DNA 
with the Perfectprep Plasmid Mini kit (Eppendorff). For 
all DNA sequences, the PCR products were purified using 
the ExoSAP-IT kit (USB Corporation) and were sequenced 
with the Big Dye TM Terminator v 3.1 Cycle Sequenc-
ing Ready Reaction Kit (Applied Biosystems), following 
manufacturer’s instructions. We sequenced each plasmid in 
both directions using the M13F (5′-GTAAAACGACGGC-
CAG-3′) and M13R (5′-CAGGAAACAGCTATGAC-3′) 
primers.

Repetitive DNA probes and FISH experiments

Partial 18S rDNA and H1 histone probes was obtained 
by PCR directly from the genome of A. bockmanni using 
primers described previously (Hashimoto et  al. 2011 and 
Utsunomia et  al. 2016). The reactions were performed in 
1X PCR buffer, 1.5 mM of MgCl2, 200 mM of each dNTP 
(dATP, dCTP, dGTP, and dTTP), 0.5 U of Taq polymerase 

Table 1   Collection sites, number of specimens, B chromosomes features and number of individuals with B chromosomes in Astyanax popula-
tions, where M metacentric, A acrocentric, ST subtelocentric

a  Daniel et al. (2012)
b  Silva et al. (2014)

Species Waterway River basin Coordinates Specimens B-type B name Female Male Undefined

0B 1B 0B 1B 0B 1B

A. bockmanni Água da 
Madalena 
stream

Paranapanema 22º59′23″S 
48º25′31″W

13 Large M BbM 8 3 2

Alambari  
rivera

22º27′6″S 
49º14′25″W

44 Small A Bba 19 2 18 5

A. fasciatus Água da 
Madalena 
stream

22º59′23″S 
48º25′31″W

23 Large M BfMa 1 2 12 6

Medium SM Bfsm 1 1

Alambari river 22º27′6″S 
49º14′25″W

12 Medium ST Bfst 6 2 2 2

Córrego das 
Araras  
stream

Mogi-Guaçu 22º22′43″S 
47º25′37″W

14 Large M BfMb 5 1 7 1

A. paranae Capivara  
riverb

Tietê 22º53′57″S 
48º23′11″W

50 Large M BpM 20 12 17 1
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(Invitrogen), 0.1 mM of each primer and 50 ng of gDNA. 
The basic cycle to amplify these regions consisted of dena-
turation at 95 °C for 5′, followed by 30 cycles at 95 °C for 
1′, 45″ at 54  °C, 1′ at 72  °C and a final extension of 10′ 
at 72  °C. H1 histone and 18S rDNA probes were labeled 
with biotin-16-dUTP by PCR. An oligonucleotide probe 
containing the As51 satellite sequence obtained in Gen-
bank database, U87962 (Mestriner et al. 2000) was labeled 
with digoxigenin-11-dUTP during synthesis by Sigma 
(St. Louis, MO, USA). Additionally, (AC)15 microsatel-
lite probes were also used and directly labeled with 6-Car-
boxytetramethyl Rhodamine (TAMRA) during synthesis by 
Sigma.

For FISH experiments, the chromosomes were treated 
according to the procedures described by Pinkel et  al. 
(1986) using high stringency conditions. The probes were 
labeled by PCR with biotin-16-dUTP (Roche Applied 
Science), and the signal was detected with avidin-FITC 
(Roche Applied Science) or else they were labeled with 
digoxigenin-11-dUTP (Roche Applied Science), and the 
signal was detected with anti-digoxigenin-rhodamine 
(Roche Applied Science). The slides with the microsatellite 
hybridization solution were washed two times in 2 × SSC 
for 5′ and in PBS 1× for 30″ at room temperature, and the 
chromosomes were counterstained with DAPI, following 
the protocol established in Cioffi et al. (2011). From each 
individual, a minimum of 20 cells was analyzed to confirm 
the FISH results.

Sequence analysis

In addition to the sequences obtained in the present study, 
we used the ITS sequences obtained by Silva et al. (2014) 
in Astyanax species, which are available in GenBank under 
accession numbers KJ129693-KJ129719 (ITS1 sequence) 
and KJ129729- KJ129755 (ITS2 sequence). All DNA 
sequences were initially analyzed with Geneious version 
Pro 4.8.5 created by Biomatters (http://www.geneious.
com/). Sequence alignments were performed with the 
online version of Mafft software (Katoh and Standley 
2013). DNA diversity analyses were performed with the 
DnaSP software (Librado and Rozas 2009). The Minimum 
Spanning Network (MSN) was performed in the PopART 
software (http://popart.otago.ac.nz).

In order to confirm their identity, the sequences were 
used as queries for BLASTn (Altschul et al. 1990) searches 
against NCBI’s nr database (http://www.ncbi.nlm.nih.gov/
blast) and then were deposited in the GenBank with the fol-
lowing accession numbers: KU671238-KU671265 (ITS1 
sequence), KU671266- KU671293 (ITS2 sequence). All 
sequences contaminated with ambient bacterial DNA were 
carefully screened and discarded. Statistical comparisons 
were performed in a spreadsheet program. The Student t 

tests compared ITS1 and ITS2 nucleotide diversity values 
between μBfMa and A. fasciatus 0B-gDNA, A. paranae 
0B-gDNA and A. fasciatus 0B-gDNA, and μBpM and A. 
paranae 0B-gDNA.

Results

Chromosome analysis

We include here the analysis of seven different B chromo-
somes found in A. bockmanni (two B variants), A. fasciatus 
(four B variants) and A. paranae (a single B-type). Three of 
these B chromosomes were previously described by Daniel 
et al. (2012) and Silva et al. (2014), and the four remaining 
B chromosomes are reported here for the first time. Three 
A. bockmanni specimens from the Água da Madalena 
stream carried a large metacentric B chromosome (BbM), 
whereas seven individuals from the Alambari river carried 
a small acrocentric B chromosome (Bba). In A. fasciatus, 
eight specimens collected at the Água da Madalena stream 
carried a large metacentric B chromosome (BfMa), and two 
specimens carried a large submetacentric B chromosome 
(Bfsm). In this population, we found a variable number 
of A chromosomes: 2n = 45 + B (six individuals), 46 (11 
individuals), 46 + B (two individuals), 47 (two individuals) 
and 47 + B (two individuals). In addition, two A. fascia-
tus specimens collected at the Córrego das Araras stream 
carried large metacentric B chromosomes (BfMb), whereas 
four individuals from the Alambari river carried a medium 
sized subtelocentric B chromosome (Bfst). Finally, some A. 
paranae specimens carried a large metacentric (BpM) pre-
viously described by Silva et al. (2014).

Chromosome painting experiments were performed 
with DNA probes obtained by microdissection of four of 
these B chromosomes. Intra-specific experiments showed 
that all four B-derived probes (Bba, BfM, Bfst and 
BpM) painted the whole B chromosome length and some 
regions in several A chromosomes (Table 2 and Fig. 1). 
In addition, cross-species painting experiments revealed 
that all B chromosomes in the three species analyzed 
shared large amounts of DNA sequences and that the 
B-derived DNA sequences contained in the B-probes also 
hybridized at some A chromosome regions, especially in 
a metacentric pair of all three species. The number of A 
chromosomes painted was higher in intra- than interspe-
cific experiments (Fig.  1; Table  3). However, the BpM 
probe cross-painted more A chromosomes in the genome 
of A. fasciatus from the Água da Madalena stream (carry-
ing BfMa) than the intraspecific BfMa probe itself. Taken 
together, the chromosome painting experiments showed 
that all B chromosomes in these three species shared 
some DNA sequences. 

http://www.geneious.com/
http://www.geneious.com/
http://popart.otago.ac.nz
http://www.ncbi.nlm.nih.gov/blast
http://www.ncbi.nlm.nih.gov/blast
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We also performed physical mapping for several repeti-
tive DNA families, which showed that, of the seven B-types 
analyzed, only two metacentric B chromosomes carried 
18S rDNA on one (BfMa) or both (BpM) chromosome 
arms, the latter result being previously described by Silva 
et  al. (2014) (Fig.  2). Remarkably, rDNA showed rather 
different patterns of rDNA distribution on the A chromo-
somes of the two species harboring these two B chromo-
some variants (A. fasciatus and A. paranae; Fig. 3). Silver 

nitrate impregnation showed that the rRNA gene clusters 
in BfMa were active (Fig. 3), but those in BpM were not 
(Silva et al. 2014).

Likewise, FISH performed with the H1 histone gene 
probe showed its presence in only two of the seven B vari-
ants; i.e., on the short arm of the Bfst variant and pericen-
trically on both arms in the BpM type, the latter pattern 
being previously described by Silva et al. (2014) (Fig. 2). 
Even scarcer was the presence of the As51 satellite DNA 

Table 2   Cross-species 
chromosome painting 
experiments results with 
B-specific probes of different 
Astyanax species, indicating 
the regions painted of each B 
chromosome

The blank spaces indicate experiments not performed
a  Silva et al. (2014)

B chromosome B probe BbM Bba BfMa Bfst BfMb BpM

Bba Full

BfMa Full Proximal

Bfst Full Full

BpM Full Full Proximal Full Full a

Fig. 1   Karyotypes of Astyanax species after chromosome paint-
ing with probes manufactured from microdissected B chromosomes 
of Astyanax populations. In the left, the names in red indicate the B 

chromosome used as a probe. The individual of A. fasciatus from the 
Água da Madalena stream had a diploid number of 2n = 47 + B. Bar 
10 μm (color figure online)
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on B chromosomes because it was found only in the BfMa 
variant (Fig. 2). The reliability of this marker, however, was 
weakened by the extensive variation in chromosome distri-
bution found between species and also between populations 
within species (Fig. 3).

By contrast, the (AC)15 microsatellite showed conspicu-
ous clusters in all seven B chromosome variants analyzed 
(Fig. 2). They were located in both terminal regions of the 
BpM, BbM, Bfst and BfMb variants and in the full length 
of the Bba chromosome (Fig.  2). However, in the BfMa 
and Bfsm chromosomes, (AC)15 microsatellite blocks were 
detected at interstitial locations in the long arm (co-located 
with the As51 satellite in the BfMa) and in a sub-terminal 

region on the short arm (Figs.  2, 4). This might point to 
a conceivable origin of Bfsm through partial deletions in 
both arms of the BfMa chromosome, one shortening the 
As51 lacking arm and the other leading to the loss of As51 
in the other arm. In the A chromosomes of all three spe-
cies, this microsatellite sequence was highly abundant as 
both conspicuous clusters and a spread pattern (Fig. S1). 
This genomic ubiquity of the (AC)15 microsatellite makes 
it a poor marker for analyzing B chromosome origin. Taken 
together, the FISH results showed limited coincidences 
between B variants for the repetitive DNAs analyzed 
(Fig. 4).

DNA sequence analysis

We amplified ITS sequences from 0B-gDNA of A. paranae 
and A. fasciatus and from μBfMa chromosome. For a more 
inclusive analysis, we also included the ITS sequences 
from μBpM reported by Silva et  al. (2014). In total, we 
analyzed 414 nt in the ITS1 region and 373 nt in the ITS2 
one.

Haplotype analysis showed that each sequence was 
actually unique, except two sequences from B-lacking A. 
paranae being identical, thus constituting a same haplo-
type and two sequences from the BpM chromosome con-
stituting another haplotype. A minimum spanning network 
(MSN), built with the 787 nt, showed three main groups of 
sequences (Fig.  5). One included all 10 DNA sequences 
coming from the BpM chromosome and 1 from the BfMa 
chromosome. At the other end of the MSN, a second group 

Table 3   Cross-species chromosome painting experiments with 
B-specific probes (Bba, BfMa, Bfst, BpM) of different Astyanax spe-
cies, indicating the number of marked A chromosomes by population

The blank spaces indicate experiments that were not performed

AM Água da Madalena stream, Al Alambari river, CA Córrego das 
Araras stream, Ca Capivara river
a  Extracted from Silva et al. (2014)

Species Population Bba BfMa Bfst BpM

A. bockmanni AM 0 2

Al 4

A. fasciatus AM 10 18

CA 14 8

Al 6 20 5

A. paranae Ca 11a

Fig. 2   Different B chromosome 
variants of Astyanax species 
after FISH with 18S rDNA, 
H1 histone, As51 satellite and 
(AC)15 microsatellite probes. 
*Illustration of a B chromosome 
described by Mestriner et al. 
(2000) and Vicari et al. (2011). 
AM Água da Madalena stream, 
Al Alambari river, CA Córrego 
das Araras stream, Ca Capivara 
river, CP Córrego das Pedras 
river. Bar 10 μm



1413Mol Genet Genomics (2016) 291:1407–1418	

1 3

included 8 DNA sequences from B-lacking A. fasciatus and 
1 from the BfMa chromosome. A third group included all 8 
sequences from B-lacking A. paranae and 3 from B-lack-
ing A. fasciatus, as well as 12 sequences from the BfMa 
chromosome. The latter group actually included a hetero-
geneous collection of ITS sequences being intermediate 
between the two other groups (Fig. 5).

Nucleotide diversity for the ITS1 sequences was simi-
lar for the 0B-gDNA of A. paranae and A.fasciatus and 
μBfMa-DNA, but it was about four times lower in the 
μBpM-DNA, suggesting higher homogenization for 
ITS1 sequences in the B chromosome from A. paranae. 
On the other hand, nucleotide diversity for the ITS2 
sequences was about four times lower in 0B-gDNA from 

Fig. 3   Karyotypes of A. paranae from the Capivara river and A. fas-
ciatus from the Água da Madalena stream and Córrego das Araras 
stream after FISH with the As51 satellite (red) and 18S rDNA (green) 
and karyotypes of A. fasciatus from the Alambari river and A. bock-
manni from the Água da Madalena stream and Alambari river after 

FISH with the As51 satellite (red) probe. The individual of A. fas-
ciatus from the Água da Madalena stream had a diploid number of 
2n = 47 + B. In the inset, the BfMa chromosome after silver nitrate 
staining. Bar 10 μm (color figure online)

Fig. 4   Ideogram showing the 
location of repetitive DNA 
sequences in the B chromo-
somes variants of Astyanax 
populations. *Mestriner et al. 
(2000)
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A. paranae than in 0B-gDNA from A. fasciatus. Like-
wise, ITS2 nucleotide diversity was about 1.3 times 
lower in the μBfMa-DNA than in the 0B-gDNA of A. 
fasciatus, and that in the μBpM-DNA was about 1.8 

times lower than that in 0B-gDNA of A. paranae, again 
suggesting higher homogenization of ITS2 sequences in 
the B chromosome from A. paranae than in that from A. 
fasciatus (Table 4).

Fig. 5   Minimum Spanning Network showing similarity relationship 
between partial DNA sequences for Internal Transcribed Spacer (ITS) 
obtained from the microdissected B chromosomes (BpM and BfMa), 
and from A chromosomes of A. paranae and A. fasciatus. (0B gDNA) 

The crossed lines in each connection indicate mutational steps (sub-
stitutions) and circle diameters for each haplotype are proportional to 
their abundance

Table 4   Nucleotide diversity 
(π) for the DNA sequences 
analyzed, and Student (t) tests 
comparing A chromosome 
(0B-gDNA) and microdissected 
B chromosome (μB) sequences

Significant tests are highlighted in italics

n number of sequences, S number of segregating sites, Hap number of haplotypes, SD standard deviation, 
df degrees of freedom, P probability
a  The Student t tests compared nucleotide diversity values between μBfMa and A. fasciatus 0B-gDNA
b  The Student t tests compared nucleotide diversity values between A. paranae 0B-gDNA and A. fasciatus 
0B-gDNA
c  The Student t tests compared nucleotide diversity values between μBpM and A. paranae 0B-gDNA

Gene Species Source n S Hap π SD t df P

ITS1 A. fasciatus 0B-gDNA 11 24 8 0.02284 0.00547

μBfMa 14 39 12 0.02452 0.00542  0.7662a 23 0.4513

A. paranae 0B-gDNA 8 21 7 0.02378 0.00493 0.3178b 20 0.7539

μBpM 10 10 8 0.00560 0.00115 11.3627c 16 0.0001

ITS2 A. fasciatus 0B-gDNA 11 24 9 0.02434 0.00485

μBfMa 14 29 10 0.01906 0.00433 2.8717a 23 0.0086

A. paranae 0B-gDNA 8 6 5 0.00600 0.00124 8.2606b 20 0.0001

μBpM 10 6 5 0.00333 0.00131 4.3981c 16 0.0004
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Discussion

The limits of chromosome painting

At first sight, our results on intra and cross-species chromo-
some painting might suggest the common origin of B chro-
mosomes in the three species analyzed because all six B 
chromosomes analyzed (Bfsm was not analyzed by paint-
ing) shared DNA sequences showing homology between 
them and also with some of the A chromosomes (Fig. 1). 
However, the anonymous nature of the DNA sequences 
contained in the painting probes makes the information pro-
vided by this technique be of very limited reach in respect 
to B chromosome origin. Every painting probe presumably 
contains a mixture of different DNA sequences. Even being 
generated by the same procedure, the A. paranae BpM 
probe painted more A chromosomes in A. fasciatus than the 
intra-specific BfMa probe, suggesting higher diversity for 
repetitive sequences in the BpM probe (Fig. 1).

All seven B variants analyzed here shared an abundant 
presence of the (AC)15 microsatellite, and this kind of repet-
itive sequence, if present in the B-probes, could give posi-
tive cross-species painting results even though they could 
have arisen independently. Likewise, transposable elements 
(TEs) are probably prevalent in the B probes, and their 
promiscuity within genomes makes them poor markers for 
evolutionary events unless their specific sequence is consid-
ered. A brilliant example of the use of transposon sequence 
for investigating the origin of a B chromosome was that of 
McAllister and Werren (1997). Chromosome painting only 
gives some indications about homology for a mixture of 
unknown repetitive DNA sequences. This implies that we 
can wrongly consider the two given painting signals as evi-
dence for homology. However, they could come into view 
by hybridization for different repetitive DNAs contained in 
the same probe or for repetitive sequences that, like micro-
satellites, could have an independent origin in each B chro-
mosome or for genomic elements, like TEs, which could 
have reached the B chromosomes after their origin. For this 
reason, the information provided by chromosome painting 
is rather limited, and it should be supplemented with infor-
mation yielded by other techniques.

Physical mapping of known repetitive DNA families

To date, several classes of repetitive DNAs have been 
physically mapped in different Astyanax species, provid-
ing important clues about karyotype diversification at intra 
and inter-specific levels (Kavalco and Moreira-Filho 2003; 
Kavalco et  al. 2011, 2012; Hashimoto et  al. 2011; Pan-
sonato-Alves et  al. 2013; Silva et  al. 2013; Tenório et  al. 
2013). For instance, the chromosomal location of 5S rDNA 
and H1 histone sites is remarkably conserved in different 

species (Mantovani et  al. 2005; Hashimoto et  al. 2011). 
Conversely, 18S rDNA and As51 satellite sites can be 
extremely variable, even within a single population (Jesus 
et  al. 2003; Kantek et  al. 2009; Silva et  al. 2013). This 
variation has been related to ectopic recombination (Vicari 
et al. 2008) and/or TEs (Silva et al. 2013). All these sites, 
except 5S rDNA, have been detected on different variants 
of B chromosomes in Astyanax (Mestriner et  al. 2000; 
Vicari et al. 2008; Silva et al. 2014) and are analyzed here 
in four new B variants in three species.

In Astyanax, the presence of 18S rRNA genes in B chro-
mosomes was first shown in the BpM chromosome of A. 
paranae, although they were inactive (Silva et  al. 2014). 
Here, we have shown the presence of 18S rRNA genes in 
the BfMa variant of A. fasciatus, and the Ag-NOR tech-
nique showed that these genes are active in this species (see 
Figs. 2, 3). In Teleostei, NOR activity in B chromosomes 
had only been shown previously in Moenkhausia sanctae-
filomenae (Hashimoto et al. 2012).

The metacentric B macro-chromosome is the most com-
mon B-type in natural populations of different species of 
Astyanax (Carvalho et  al. 2008). Based on their morpho-
logical similarity, Moreira-Filho et  al. (2001) suggested a 
common origin for these B chromosomes preceding the 
Astyanax species differentiation. Thus, the occurrence of 
other morphological variants (e.g., submetacentric, subtelo-
centric and small acrocentric) could be explained as a result 
of subsequent rearrangements (Néo et al. 2000; Mestriner 
et al. 2000; Moreira-Filho et al. 2004; Fernandes and Mar-
tins-Santos 2005). Based on the presence of 18S rDNA 
and H1 histone genes in the BpM chromosome, Silva et al. 
(2014) noted two A chromosomes (the metacentric no. 2 
and the acrocentric no. 23 chromosomes) carrying these 
repetitive DNAs as possible B chromosome ancestors in A. 
paranae. In fact, the cross-species chromosome painting 
presented here showed painting signals in several A chro-
mosomes that were similar in size and shape to these chro-
mosomes in the two other species (see Fig. 1).

However, the joint analysis of the four non-anonymous 
repetitive DNA sequences, which were found in the B chro-
mosomes analyzed here, were by no means common to all 
chromosomes (see Figs.  2, 4), thus failing to support the 
common origin hypothesis, except by invoking a complex 
series of gains and/or losses of several kinds of repetitive 
DNA families.

The presence of 18S rDNA in only two of the seven B 
chromosomes analyzed, found in two different species, 
along with the extensive variation shown by this repetitive 
DNA for A chromosome locations in Astyanax species (see 
Kavalco and Moreira-Filho 2003; Mantovani et  al. 2005), 
casts many doubts about the reliability of this marker for 
inferring B chromosome origin. According to the common 
origin hypothesis, the presence of 18S rDNA in the two B 
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chromosomes of Astyanax might be a remnant of the 18S 
rDNA present in the A chromosome ancestor, but it should 
have been lost from the four other B variants. This could 
have actually happened during subsequent B evolution, 
but the possibility that 18S rDNA, a repetitive DNA show-
ing high ability for intra-genomic movement (Cabrero and 
Camacho 2008), reached the BpM and the BfMa after the 
independent origin of these B chromosomes appears to be 
more parsimonious.

The second of the markers analyzed, the As51 satel-
lite DNA, was first isolated in A. scabripinnis, and it was 
present in the two chromosome arms of its metacentric B 
chromosome, thus indicating its isochromosome nature 
(Mestriner et  al. 2000). However, the As51 satellite DNA 
was present only in one of the seven B variants analyzed 
here (BfMa) and only in one of the two arms of this meta-
centric chromosome (see Fig. 2), suggesting that it is not an 
isochromosome, a conclusion also supported by the pres-
ence of 18S rDNA in only one arm and the asymmetrical 
distribution of the (AC)15 microsatellite between both B 
arms.

We observed the presence of clusters of (AC)15 micros-
atellite sequences in all B-types studied here, especially in 
the BpM, BbM, BfMb and Bfsm chromosomes. The dis-
tal clusters of (AC)15 microsatellites on both arms of BpM, 
BbM and BfMb support their isochromosome nature. How-
ever, the high abundance of this microsatellite on many 
A chromosomes in all three species (see Fig. S1) makes 
it a poorly informative marker, as the B chromosome pat-
tern is a simple reflection of the general pattern observed 
on A chromosomes. Some microsatellites have been found 
to be associated with other repetitive sequences (Muñoz-
Pajares et al. 2011; Ruiz-Ruano et al. 2015). Accordingly, 
we observed that the (AC)15 microsatellite was frequently 
located in the terminal regions of B chromosomes, but only 
in two cases were they co-located with known repetitive 
DNA families: with 18S rDNA in the BpM chromosome 
and with As51 in the BfMa chromosome (see Fig. 2).

In high contrast with the three other repetitive non-anon-
ymous sequences analyzed here, the chromosome location 
of the H1 histone genes in the A chromosomes of Astyanax 
species is highly conservative (see Hashimoto et al. 2011). 
Therefore, it should actually be the most reliable marker 
for testing the common origin of B chromosomes in these 
species. However, only the BpM and the Bfst chromosomes 
carried H1 histone genes in a pattern that actually would 
suggest the possibility of common descent through misdivi-
sion, but their common origin in an ancestor species would 
require the loss of one of the variants in each species. Even 
at an intraspecific level, it is remarkable that the four B 
variants analyzed in A. fasciatus only shared the (AC)15 
microsatellite, whereas only BfMa carried 18S rDNA and 
AS51, and only Bfst carried H1 histone genes, with the two 

other variants (Bfsm and BfMb) lacking these markers. The 
common origin for different B chromosome variants can 
be best traced back on an intraspecific level, as shown in 
the grasshopper Eyprepocnemis plorans (López-León et al. 
1993; Bakkali et al. 1999). However, in Astyanax, even B 
chromosomes found in the same species showed few signs 
of common origin, as inferred from the scarce specific 
repetitive DNA families shared among them. However, the 
possibility that frequent differential loss of these families 
in B chromosomes is obscuring their evolutionary pattern 
cannot be ruled out and should be an interesting topic for 
future research.

Analysis of ITS‑rDNA sequences present in the BpM 
and BfMa chromosomes

The analyses of ITS-rDNA sequences present in the BpM 
and BfMa chromosomes from A. paranae and A. fasciatus, 
respectively, revealed that one sequence in BfMa showed 
high similarity with those in BpM, and that most remaining 
ITS sequences from BfMa showed intermediate character-
istics between those obtained from the B-lacking genomes 
in both species (see Fig. 5). The higher nucleotide diversity 
observed in BfMa (see Table  4) might suggest that BpM 
originated from BfMa, as this would be consistent with an 
ancestral condition for the heterogeneous BfMa sequences. 
The BpM chromosome is an isochromosome carrying 
distal 18S rDNA clusters in both arms (Silva et  al. 2014) 
and can undergo autopairing during meiosis in A. paranae 
(Silva et  al., in preparation), likewise in A. scabripinnis 
(Mestriner et al. 2000). This could promote rDNA homog-
enization through unequal crossovers in BpM, but not in 
BfMa, which carries rDNA only in one arm (see Fig.  2), 
and would explain the lower nucleotide diversity observed 
in BpM.

The similarity of all A chromosome ITS sequences in 
A. paranae (obtained from B-lacking individuals) and their 
similarity with some A chromosome sequences from A. 
fasciatus and most BfMa sequences would be consistent 
with hybridization events between these two species (see 
Fig. 5), and could be a consequence of their close phyloge-
netic relatedness (Rossini et  al. personal communication). 
Possible introgression of B chromosomes between closely 
related species has recently been reported in bees (Tosta 
et al. 2014). In the fish genus Characidium, however, Pan-
sonato-Alves et al. (2014) suggested a common and unique 
origin for sex chromosomes but independent origins for B 
chromosomes in three species, after phylogenetic and chro-
mosome painting analysis. Although a common origin for 
sex chromosomes in relative species is highly parsimoni-
ous, our present results indicate that conclusions based on 
chromosome painting should be tested at DNA sequence 
level.
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In conclusion, the seven B chromosome types analyzed 
in these three Astyanax species did not appear to have a 
common origin, as inferred from the physical mapping of 
known repetitive DNA sequences, thus contradicting the 
chromosome painting results. Therefore, we conclude that 
this latter technique is not reliable to analyze B chromo-
some origin and ancestry. Our analysis at sequence level 
suggests the possible common origin for two B chro-
mosome types in two species (BpM and BfMa) through 
hybridization. This is an interesting prospect for future 
research since, if such a hybridization ever occurred, other 
DNA sequences in the genome of these two species should 
show evidence of the resulting introgression.
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