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Astyanax scabripinnis possesses a widespread polymorphism for metacentric B chromosomes as large

as the largest chromosome pair in the A complement. On the basis of C-banding pattern, it was

hypothesized that these B chromosomes are isochromosomes that have arisen by means of centromere

misdivision and chromatid nondisjunction. In the present paper we test this hypothesis by analysing

(i) the localization of a repetitive DNA sequence on both B chromosome arms, and (ii) synaptonemal

complex formation, in order to test the functional homology of both arms. Genomic DNA digested

with KpnI and analysed by gel electrophoresis showed fragments in a ladder-like pattern typical of

tandemly repetitive DNA. These fragments were cloned and their tandem organization in the genome

was con®rmed. A 51-bp long consensus sequence, which was AT-rich (59%) and contained a variable

region and two imperfect reverse sequences, was obtained. Fluorescence in situ hybridization (FISH)

localized this repetitive DNA into noncentromeric constitutive heterochromatin which encompasses

the terminal region of some acrocentric chromosomes, the NOR region, and interstitial polymorphic

heterochromatin in chromosome 24. Most remarkably, tandem repeats were almost symmetrically

placed in the two arms of the B chromosome, with the exception of two additional small clusters

proximally located on the slightly longer arm. Synaptonemal complex (SC) analysis showed 26

completely paired SCs in males with 1B. The ring con®guration of the B univalent persisting until

metaphase I suggests that the two arms formed chiasmata. All these data provided strong support for

the hypothesis that the B chromosome is an isochromosome.
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Introduction

B chromosomes, also referred to as supernumerary or

accessory chromosomes, are `additional dispensable

chromosomes that are present in some individuals from

some populations in some species, which have probably

arisen from the A chromosomes but that follow their

own evolutionary pathway' (Camacho & Parker, 1993).

The molecular analysis of B chromosomes has revealed

that they are mostly composed of satellite DNA, which is

consistent with their heterochromatic nature. Some of

these satellite DNAs are speci®c to Bs whereas others are

shared with the A chromosomes (reviewed in Beuke-

boom, 1994; Hackstein et al., 1996; Camacho et al., in

press). In some cases, satellite DNA has provided a useful

tool to ascertain the intraspeci®c (LoÂ pez-LeoÂ n et al.,

19943,4 ) or interspeci®c (Mcallister & Werren, 19973,4 ) origin

of B chromosomes (see also Camacho et al., 2000).

A metacentric macrochromosome B, with di�erent

amounts of C-heterochromatin, has been described in

some populations of the characid ®sh Astyanax scabri-

pinnis (for review, see Vicente et al., 1996). On the basis

of the roughly symmetrical pattern of C-banding res-

ponse of the two arms of this B, Vicente et al. (1996)

suggested that this B is an isochromosome that arose by

misdivision and nondisjunction of the centromere. This*Correspondence. E-mail: galettip@power.ufscar.br
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kind of B chromosome is relatively frequent in orthop-

teran insects, where chiasma formation between the two

arms has been shown to lead to the formation of ring B

univalents during the meiotic metaphase I (for review,

see Hewitt, 1979).

The available evidence on the existence of B isochro-

mosomes is mainly based on C-banding pattern and the

formation of ring B univalents. In the present paper, we

analyse the isochromosome nature of a metacentric B in

the ®sh A. scabripinnis by means of: (i) the molecular

analysis of a satellite DNA, including its isolation,

cloning and sequencing; (ii) FISH analysis of its chro-

mosome localization; (iii) synaptonemal complex forma-

tion; and (iv) meiotic con®guration of the B chromosome

at meiotic metaphase I. These approaches have permitted

us to test the hypothesis of Vicente et al. (1996) that this

B chromosome is an isochromosome, in terms of both

structural (approaches i and ii) and functional (approa-

ches iii and iv) homology between the two B arms.

Materials and methods

Animals, chromosome preparation,

and C banding

Astyanax scabripinnis specimens were collected from the

`CoÂ rrego das Pedras' stream (Campos do JordaÄ o-SP,

Brazil), at 1720 m altitude; 29 animals (15 males and 14

females) were characterized cytogenetically. Chromo-

some preparations followed the procedure described by

Bertollo et al. (1978) and C-banding was performed

according to Sumner (1972). Ten animals (®ve males

and ®ve females) were chosen for further molecular

analysis. Conventional meiosis and synaptonemal com-

plex were visualized by means of the techniques

described in Bertollo & Mestriner (1998).

DNA cloning and sequencing

Genomic DNA was extracted from kidney as previously

described (Cortadas & Ruiz, 1988). Repetitive DNA

fragments produced by digesting genomic DNA with

KpnI were eluted from the agarose gel and cloned into

pGEM4 vector (Promega). Ligation products were used

to transform E. coli HB101. Nucleotide sequences of

selected clones were determined according to the dide-

oxy chain termination method (Sanger et al., 1977),

using [a-35S] dCTP 3000 Ci/mmol and the T7 DNA

sequencing kit (Pharmacia).

Southern blot analysis

Genomic DNA was digested and fractionated in agarose

gels. After depurination, denaturation and neutraliza-

tion, DNA was transferred to nylon membrane (South-

ern, 1975). The DNA probe was prepared by random

primer extention (Feinberg & Vogelstein, 19845 ), using

[a-32P] dCTP 3000 Ci/mmol and an oligolabelling sys-

tem (GibcoBRL). DNA was hybridized at 42°C over-

night (50% formamide; 5´ SSC; 50 mMM sodium

phosphate bu�er pH 6.8; 0.1% SDS; and 5´ Denhart's

solution). Filters were extensively washed (twice in 2´

SSPE; 0.1% SDS for 15 min at room temperature, and

twice in 0.1´ SSPE, 0.1% SDS for 30 min at 60°C) and

exposed to X-ray ®lm.

Fluorescence in situ hybridization Ð FISH

In situ hybridization was carried out with biotinylated

probe, prepared with a nick translation kit (Boehringer).

Chromosomal DNA was denatured in 70% formamide;

2´ SSC for 5 min, at 70°C. DNA was hybridized at

37°C overnight in a moist chamber (1 lg of denatured

probe; 50% formamide; 10 mg mL)1 dextran sulphate;

2´ SSC; 5 mg mL)1 salmon sperm DNA). Hybridized

probe was detected with avidin-FITC labelled (SIGMA)

after one round of ampli®cation with antiavidin biotin

conjugate (SIGMA). Slides were counterstained with

propidium iodide (0.5 lg mL)1 in 22.5% glycerol).

Results

Sample composition

Previous analysis of the A. scabripinnis population from

CoÂ rrego das Pedras had shown female-biased sex-ratio

distortion associated with the presence of the B chro-

mosome, which was much more frequent in females than

in males (Vicente et al., 1996). The present sample was

consistent in showing 13.3% of males with 1B and

92.8% of females with 1B or 2B. C-banding showed

the presence of faint paracentromeric C-bands on all

chromosomes, conspicuous C-bands distally located on

the long arm of several acrocentric A chromosomes, a

C-band distally located on the short arm of chromo-

some 10, which coincides with the location of a NOR,

and interstitial C-bands on the two arms of the B

chromosome (Fig. 1). This C-banding pattern does not

di�er from that previously reported for this population

(Vicente et al., 1996).

Cloning and characterization of satellite DNA

Genomic DNA from A. scabripinnis was digested with

di�erent restriction enzymes, and KpnI yielded repetitive

DNA bands in a ladder-like pattern (multimeric frag-

ments of 51 bp) after electrophoresis. Fragments corres-

ponding to the 51 bp-multimers were eluted from the
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gel, pooled, and cloned into pGEM4 vector. Fifteen

recombinant clones (pAs51-I up to pAs51-XV), repre-

senting a repetitive DNA family, hereafter named As51,

were recovered.

Genomic DNA digested with KpnI from all animals

was hybridized to one of the selected plasmids (pAs51-

II) in order to determine the organization of this

repetitive DNA family and compare band patterns

among ®sh with and without B chromosomes. This

Southern analysis revealed fragments in a ladder-like

pattern, as described above, con®rming their tandem

organization. Such organization was present in nine of

the 10 specimens analysed. The remaining one was a 0B

female. Additionally, fragments of high molecular size

were also detected in all animals, but no relationship

could be established between the bands and B chromo-

some presence (Fig. 2).

Among the 15 recovered clones, two were related to

dimeric bands, 10 to trimeric bands, and three to

tetrameric bands (data not shown); two trimers and one

tetramer were considered for sequencing. Both trimers,

pAs51-II and VI, and the tetramer, pAs51-XV, exhib-

ited lengths of 153 bp, 154 bp, and 204 bp, respectively

(Fig. 3). The monomeric units (M1±M4) were 51-bp

long, but M1 from pAs51-VI showed an insertion at

position 27. All 10 units were aligned and the consensus

sequence, which is 59% AT-rich, was determined. By

such analysis the As51 repetitive DNA family could be

characterized by seven-point mutations (positions 1, 2,

4, 5, 12, 13 and 14) which recognized two kinds of

monomers: As51-A (represented by the M1 monomer

from all three clones) and As51-B (remaining mono-

mers). Thus, monomers As51-A and As51-B are inter-

spersed to each other and, perhaps, could represent two

subfamilies in this satellite DNA. One such mutation

(position 1) is responsible for the loss of the KpnI

restriction site. Mutations are less frequent between

positions 29 and 52, where only four substitutions were

Fig. 1 C-banding pattern of Astyanax

scabripinnis. M, metacentric; SM, sub-

metacentric; ST, subtelocentric and A,

acrocentric chromosomes. Bar: 5 lm.

Fig. 2 Genomic DNA from ®ve Astyanax scabripinnis, with

di�erent constitution for the B chromosome, completely

digested with KpnI and probed with pAs51-II. M, Molecular

weight markers expressed in bp; m, male; f, female.
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found among all monomers. Two imperfect reverse

sequences are present within this region (Fig. 3). The

consensus sequence appears in GenBank under the

accession number U87962.

Southern blot hybridization of the A. scabripinnis

satellite DNA on several ®sh species DNA did not show

any detectable cross-hybridization, except for an Astya-

nax species (A. fasciatus) among three studied thus far

(data not shown).

A search in the GenBank/EMBL Data Bank showed

58.8% DNA sequence similarity with a portion of the

Anopheles gambiae RT2 retroposon. Furthermore, this

sequence was translated into all six reading frames (both

strands) and a slight similarity was found with the

transposase gene of the TN4430 transposon of Bacillus

thuringiensis.

Localization of satellite DNA

Fluorescence in situ hybridization revealed that the

As51 repetitive DNA family was localized in a small

portion of the genome of Astyanax scabripinnis (Fig. 4).

Its distribution was noncentromeric, entailing all distal

C-bands on A chromosomes and the interstitial

C-bands on the B chromosome (compare Figs 1 and

4). It is thus contained in the distal region of the long

arm of some acrocentric A chromosomes, the short arm

of chromosome 10 (NOR region), and interstitially

along the two arms of the B chromosome. Furthermore,

interindividual variation in the number of acrocentric

chromosomes bearing As51 clusters was observed (0±4).

The hybridization pattern provided by the di�erent

chromosomes carrying As51 clusters could be clearly

distinguished in interphase cells. Observe in Fig. 4(b)

the close correspondence between metaphase and inter-

phase for the number and size of hybridization signals

in the acrocentrics, that are clearly distinguishable from

those in the NOR region and the B chromosome.

Another example is shown in Fig. 4(d), where the two

Fig. 3 Aligned sequences from the clones pAs51-II, VI and XV and compared to the consensus sequence (on the top). M1, M2, M3

and M4 are the monomers 1, 2, 3 and 4 from each clone. Dots represent the same nucleotide as that in the consensus sequence.

Arrows indicate the imperfect reverse sequences.

Fig. 4 Karyotypic distribution of the As51 repetitive DNA

family in Astyanax scabripinnis, revealed by ¯uorescence in situ

hybridization. (a) Mitotic metaphase cell from an individual

carrying 1B and one distal supernumerary segment on an

acrocentric chromosome (AC). FISH signals are observed

interstitially on the B chromosome, distally on the AC

chromosome and, slightly duller, on the NOR of chromosome

10 (arrow). (b) Metaphase and interphase cells from an

individual with 1B and four distal supernumerary segments,

two being larger (AC) than the other two (ac). In addition to

the observations in (a), notice the presence of the di�erent

FISH signals in the interphase cell (on the right) whose

characteristic size and appearance permits the interphase

localization of each of the chromosomes bearing the As51

probe. (c) Mitotic metaphase from a 2B individual carrying

one supernumerary segment (AC). (d) Interphase cells from

the same individual as in (b) to show that the di�erent FISH

signals permit the identi®cation of the As51-bearing chromo-

somes. Notice that the B chromosome seems to be composed

of two chromatids, which suggests that the interphase could be

in G2. (e) Selected B chromosomes from di�erent cells and/or

individuals showing the almost symmetrical pattern of distri-

bution of the As51 probe among the two arms. Notice in the B

on the right, which presumably is bent by the centromere, that

the two B arms are slightly unequal. Note in the remaining Bs

that the larger arm possesses two proximal signals that are

absent from the short arm, and this is the cause for the

inequality of the two arms. On the extreme right, panel (e)

shows that the interstitial C-band on chromosome 24, reported

by Vicente et al. (1996), contains the As51 repetitive DNA.

Bar� 5 lm.

c
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chromatids of the B can be distinguished in the lower

nucleus.

The 0B female shown in Fig. 2, that lacked the ladder-

like pattern in the Southern blot, showed only two

hybridization signals on the chromosome 10 NORs, and

it was the only one specimen in the analysed sample,

that lacked heterochromatin on the acrocentric chro-

mosomes (result not shown). This suggests that whereas

the heterochromatin located on the acrocentric A

chromosomes and the B chromosome is composed of

tandemly arrayed As51 repeats, that in the NOR might

have a di�erent organization. In addition, the less

intense hybridization signal on the NORs at chromo-

some 10, compared to those on the acrocentric chro-

mosomes or the B, suggests a lower density of As51

repeats in the NOR.

An animal carrying an interstitial heterochromatin

block in chromosome 24 was investigated separately,

because this chromosome, by being the only A chromo-

some carrying interstitial C-heterochromatin, was pro-

posed as the possible ancestor of the B (Vicente et al.,

1996). This C-block seems to be polymorphic in this

ISO-B-CHROMOSOMES IN FISH 5
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population as it was not detected in the present sample,

but we could use material from previous samples. The

FISH analysis showed that this interstitial C-band was

also composed of As51 repetitive DNA (Fig. 4e).

Although the B chromosome is referred to as meta-

centric (on the basis of Levan's criterion), it shows one

arm slightly larger than the other. Figure 4(e) shows a

collection of Bs from di�erent cells showing arm

inequality (in particular the one on the right) and the

presence of two additional small clusters of the As51

repetitive DNA in the long arm.

Synaptonemal complex analysis

Figure 5 shows surface-spread prophase I cells from 1B

males of A. scabripinnis. The presence of a high degree

of asynapsis in most autosomes as well as homologous

presynaptic alignment in some of them, indicated that

Fig. 5(a) is a zygotene cell where synapsis is incomplete.

However, there was a completely formed SC in the

periphery of the cell, which was not observed in

zygotene cells from 0B males, suggesting that this SC

corresponded to the B chromosome. This indicated that

the B chromosome pairs earlier in zygotene than the

A set does. By pachytene, 26 completely paired SCs were

observed in 1B males, 25 of which correspond to the

A bivalents and the remaining (but unidenti®able) one

should correspond to the autopaired B univalent.

Analysis of male and female meiosis

The conventional analysis of meiosis in both sexes is

shown in Fig. 6. In 1B females, the B univalent showed a

diplotene-like appearance in cells where the A bivalents

were at pachytene, even showing an interstitial chiasma

(Fig. 6a,b). This could be another sign of the precocious

meiotic behaviour of the B univalent compared to that

of A bivalents. The heteropycnosis of the B univalent

makes it clearly distinguishable from the A bivalents. In

1B males, the B chromosome was always observed as a

ring-univalent (Fig. 6c±e), which suggests the formation

of a distal chiasma between the two B arms.

Discussion

Our results provide strong support for the hypothesis

that the large metacentric B chromosome in the ®sh

A. scabripinnis is an isochromosome, because its two

arms have displayed both structural and functional

homology. The structural evidence came from the

largely symmetrical presence of the As51 repetitive

DNA in both B arms. The functional evidence came

from the meiotic behaviour of the B in both sexes. The

two arms of the B-univalent were the ®rst to complete

synaptonemal complex formation, suggesting that their

physical proximity conferred an advantage in the search

for homology. A similar observation has been reported

Fig. 5 Synaptonemal complex (SC) visualization in Astyanax

scabripinnis by means of surface spreading. (a) Zygotene cell

from a 1B individual showing the presence of a high degree of

asynapsis in most autosomes as well as homologous presy-

naptic alignment in some of them (arrow). The only completely

formed SC was localized at the periphery of the cell and was

not observed in equivalent cells from 0B individuals, which

indicates that it is the B chromosome. (b) Pachytene cell from a

1B individual showing 26 completely formed SCs, 25 of which

should correspond to the A bivalents and the remaining one

(but unidenti®able) should be the autopaired B univalent.

Bar� 5 lm.
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for the iso-Bs in the grasshoppers Euthystira brachyptera

and Myrmeleotettix maculatus (Fletcher & Hewitt,

1988). In plants, however, the iso-Bs hitherto analysed

by surface-spreading show a period of pairing which is

delayed relative to the A-set (Jones et al., 1989; Santos

et al., 1995). This seems to suggest important di�erences

in the relationship between physical proximity and

homology search between plants and animals, that

should merit future research. The precocity of iso-B

pairing determined a diplotene-like behaviour in pachy-

tene cells during female meiosis. The functional homol-

ogy of both B arms was clearly apparent from chiasma

formation in the B univalents and their persistence until

metaphase I giving rise to ring B con®gurations.

To our knowledge, we are providing here the most

complete evidence yet for the isochromosome nature of

a B chromosome. Until now, it had been deduced from

B chromosomes' ability to form ring univalents in

metaphase I (for review, see Hewitt, 1979) and/or the

existence of a symmetrical pattern of C-banding (Hen-

riques-Gil et al., 1984; LoÂ pez-LeoÂ n et al., 1993). In one

case, the plant Crepis capillaris, the symmetrical pres-

ence of ribosomal DNA in both B arms has been shown

(Maluszynska & Schweizer, 1989). In A. scabripinnis, the

two B arms share a speci®c DNA and behave as

completely homologous chromosome arms. The mech-

anism generating iso-B-chromosomes is centromere

misdivision and nondisjunction, each chromatid becom-

ing an arm of the metacentric B. Consequently, the two

arms should show complete homology, unless other

subsequent rearrangements have modi®ed the original

pattern. In A. scabripinnis, the slight arm inequality is

explained by a small pericentric inversion moving the

most proximal cluster of the As51 repetitive DNA from

the short to the long arm. This inversion should have

happened after the origin of a perfectly symmetrical

iso-B.

Most B chromosomes whose DNA composition has

hitherto been analysed have shown that they mainly

contain repetitive DNA (for review, see Beukeboom,

1994). As far as we know, the present paper is the ®rst

one to show the genetic composition of any part of the

repetitive DNA from a ®sh B chromosome. Most

repetitive DNAs that have been located chromosomally

by in situ hybridization have shown centromere local-

ization (Haaf et al., 1993; Garrido-Ramos et al., 1995).

In A. scabripinnis, however, the As51 repetitive DNA

showed a noncentromeric localization, which seems to

be rare in ®sh. It is almost restricted to supernumerary

heterochromatin, speci®cally the iso-B and the poly-

morphic distal heterochromatic blocks on some acro-

centric chromosomes. The only location on the standard

Fig. 6 Meiosis in both sexes of Astyanax scabripinnis. (a,b) Pachytene cells from 1B females showing a negatively heteropycnotic

autopaired B chromosome (arrow), with an interstitial chiasma between its two arms. (c,e) C-banded metaphase I cells from 1B

males showing the B positively C-banded and forming a ring univalent (arrow). Bar� 5 lm.
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A set was noted in the NORs of chromosome 10, where

it seems to show a lower density of repeats, as is

suggested by its less bright FISH signal. The intersper-

sion of the As51 repeat into the rDNA spacers could

explain such a lower density.

Nucleotide analysis of the As51 repeat has shown an

AT-rich consensus sequence, which seems to be a

common feature among ®sh repetitive DNAs hitherto

reported (reviewed in Haaf et al., 1993; Garrido-Ramos

et al., 1995).

The DNA sequence similarities, detected in the

GenBank/EMBL Data Bank, with a portion of the

Anopheles gambiae RT2 retroposon and, in a lesser

extent, with the transposase gene of the TN4430

transposon of Bacillus thuringiensis, suggest that As51

sequences could have arisen from a movable element.

A retrotransposable element (called NATE) is present

in the B chromosome of the parasitoid wasp Nasonia

vitripennis (McAllister 1995; McAllister & Werren,

1997), and a retrotransposon appears to have been

involved also with the transposition of chloroplast DNA

into the repeat element Bd49 of the B chromosomes of

Brachycome dichromosomatica (Franks et al., 1996).

Southern blot analysis has shown that As51 repetitive

DNA must have at least two di�erent organization

patterns within the A. scabripinnis genome. Whereas the

51-bp long monomers are arranged tandemly in the

supernumerary heterochromatin, the absence of a lad-

der-like pattern in a female lacking supernumerary

heterochromatin (see Fig. 2) suggests that, at the NORs,

they are interspersed with other sequences, presumably

scattered into the spacers. Retroposons have been

found inserted into the 28S RNA gene from some

rDNA units in di�erent insects. It has been shown that

these retrotransposons probably move apart from

rDNA in a sequence-speci®c manner and therefore

suggested that rDNA units constitute a favourable niche

for the invasion of sel®sh mobile elements (Xiong et al.,

1988).

A ®nal comment is merited on the origin of the

A. scabripinnis B chromosome. Two groups of hypothe-

ses explain B chromosome origin, one of them suggest-

ing that they are derived from a member of the A set and

the other that they are derived from a di�erent species

through interspeci®c hybridization (Green, 19906 ;

Beukeboom, 1994). The existence of DNA sequences

shared by the A and B chromosomes of a species

supports the intraspeci®c hypothesis; however, the

presence of DNA speci®c to the B chromosome that is

present in the A set of a related species, gives support to

the interspeci®c hypothesis. In A. scabripinnis, two

hypotheses have been suggested to explain the origin

of the large metacentric B chromosome, both based on

chromosome size and morphology and restricted to

intraspeci®c explanations. The ®rst argues that this B

chromosome originated from nondisjunction at meiosis

of the ®rst chromosome pair with subsequent hetero-

chromatinization of the extra chromosome (Salvador &

Moreira-Filho, 1992). In an alternative hypothesis, it

has been claimed that the metacentric B chromosome is

an isochromosome, probably originated from chromo-

some 24 of the A complement, the only one showing an

interstitial C band like the B (Vicente et al., 1996). As

discussed above, the present data give clear support to

the hypothesis that the B is an isochromosome. The

speci®c A chromosome from which the B was derived,

however, cannot be elucidated with the information

available. It is true that the chromosome 24 that Vicente

et al. (1996) found with an interstitial C-band is the only

one found with such a localization, but this chromosome

24 variant is actually rare, and the very dynamic nature

of this repetitive DNA, with its possible movable

properties,7 makes such con®rmation di�cult. Microdis-

section of this B chromosome will allow additional

molecular analysis. In addition, as B chromosomes with

similar characteristics have been found in di�erent

A. scabripinnis populations (Maistro et al., 1994;

Vicente et al., 1996) and also in other Astyanax species,

it will very interesting to investigate whether they have a

common origin and, even, whether they predate the

origin of some of these species. For this purpose, the

As51 repetitive DNA will undoubtedly constitute a

powerful tool.
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