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Abstract Traditionally comparative cytogenetic studies
are based mainly on banding patterns. Nevertheless,
when dealing with species with highly rearranged
genomes, as in Akodon species, or with other highly
divergent species, cytogenetic comparisons of banding
patterns prove inadequate. Hence, comparative chromo-
some painting has become the method of choice for
genome comparisons at the cytogenetic level since it
allows complete chromosome probes of a species to be
hybridized in situ onto chromosomes of other species,
detecting homologous genomic regions between them.
In the present study, we have explored the highly
rearranged complements of the Akodon species using
reciprocal chromosome painting through species-
specific chromosome probes obtained by chromosome
sorting. The results revealed complete homology among
the complements of Akodon sp. n. (ASP), 2n=10;

Akodon cursor (ACU), 2n=15; Akodon montensis
(AMO), 2n=24; and Akodon paranaensis (APA),
2n=44, and extensive chromosome rearrangements
have been detected within the species with high
precision. Robertsonian and tandem rearrangements,
pericentric inversions and/or centromere repositioning,
paracentric inversion, translocations, insertions, and
breakpoints, where chromosomal rearrangements, seen
to be favorable, were observed. Chromosome painting
using the APA set of 21 autosomes plus X and Y
revealed eight syntenic segments that are shared with A.
montensis, A. cursor, and ASP, and one syntenic
segment shared by A. montensis and A. cursor plus five
exclusive chromosome associations for A. cursor and
six for ASP chromosome X, except for the hetero-
chromatin region of ASP X, and even chromosome Y
shared complete homology among the species. These
data indicate that all those closely related species have
experienced a recent extensive process of autosomal
rearrangement in which, except for ASP, there is still
complete conservation of sex chromosomes homologies.
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APA Akodon paranaensis
ASP Akodon sp. n.
DOP-PCR Degenerate oligonucleotide-primed PCR
FISH Fluorescent in situ hybridization
FN Fundamental number of autosomal arms
ITS Interstitial telomeric sequences
PCR Polymerase chain reaction

Introduction

Chromosome studies of the species belonging to the
rodent genus Akodon (Sigmodontinae, Akodontini)
have revealed a great range in diploid numbers among
the 29 described karyotypes so far, varying from 2n=
10 in Akodon sp. n. (ASP; Silva and Yonenaga-
Yassuda 1998) to 2n=46 in Akodon serrensis (Geise
et al. 1998). Species of Akodon from Central,
Northeastern, and Southeastern Brazil (Akodon sp. n.
(ASP), 2n=10; Akodon cursor (ACU), 2n=14–16;
Akodon montensis (AMO), 2n=24; Akodon azarae,
2n=38; Akodon lindberghi, 2n=42; Akodon para-
naensis (APA), 2n=44; and A. serrensis, 2n=46) have
been studied using classic cytogenetics by G banding
(Fagundes et al. 1997a,b; Geise et al. 1998; Silva and
Yonenaga-Yassuda 1998; Ventura et al. 2006; Silva et
al. 2006) and fluorescent in situ hybridization (FISH)
with telomeric (Fagundes et al. 1997a,b; Silva and
Yonenaga-Yassuda 1998; Vieira et al. 2004; Ventura
et al. 2006) and species-specific probes (Fagundes et
al. 1997b; Hass et al. 2008) aiming to identity
chromosome rearrangements responsible for chromo-
some divergence. The results show that, in this group
of species, complex rearrangements, including centric
fusion and fission, Robertsonian and tandem rear-
rangements, inversions, conservation, and amplifica-
tion of interstitial telomeric sequences (ITS) have
occurred during chromosome evolution.

The A. cursor complex is comprised of several
closely related species including A. paranaensis,
Akodon mystax, Akodon reigi, with 2n=44, and the
cryptic A. montensis, A. cursor, and Akodon sp. n.
(Silva et al. 2006; Smith and Patton 2007). In these
last three species, conventional cytogenetics using G
banding in conjunction with telomeric FISH were
used to identify and localize chromosomal sequences
involved in rearrangements. This has been an impor-
tant strategy for detecting some mechanisms of
chromosomal evolution.

A. cursor is characterized by an uncommon
variability in diploid number (2n=14–16) as well as
in the number of autosomal arms (FN=18–26).
Complex rearrangements (pericentric inversion fol-
lowed by centric fusion) that occur in homozygosis
(2n=14) or in heterozygosis (2n=15), involving the
autosomic pairs ACU 1 and ACU 3 from the 2n=16
form, giving rise to a large metacentric ACU 1+3
from the 2n=14 and 2n=15 forms, and polymor-
phisms due to pericentric inversions, giving rise to
acrocentric and submetacentric forms of pair ACU 2,
acrocentric and metacentric of pair ACU 4, and acro-
centric and submetacentric of pair ACU 6, are
responsible for the high karyotypic variability in this
species (Yonenaga 1972; Yonenaga et al. 1975;
Yonenaga-Yassuda 1979; Sbalqueiro and Nascimento
1996; Christoff 1997; Fagundes et al. 1997a;
Fagundes et al. 1998). The chromosome data and
cytochrome b sequences that recover two reciprocal
groups are the characters that separate this species
from A. montensis (2n=23–26; Kasahara and
Yonenaga-Yassuda 1984; Geise et al. 2001) since
they are morphologically indistinguishable. Both
species occur in sympatry in regions located in the
states of Rio de Janeiro, São Paulo, and Paraná, where
sterile hybrids were found (Yonenaga 1972; Yonenaga
et al. 1975; Yonenaga-Yassuda 1979; Sbalqueiro and
Nascimento 1996; Christoff 1997; Fagundes et al.
1997a). Fagundes et al. (1997a, b) proposed that
reduction of diploid number occurs in this species
complex. This process was demonstrated by compar-
ative cytogenetic analysis of G-banding patterns and
by the presence of an ITS on the rearranged
chromosome ACU 1+3, interpreted as a relic of the
fusion event. Chromosome painting using the probe
of chromosome 1 of 2n=16 (ACU 1) obtained by
microdissection confirmed the homology between
chromosome ACU 1 and the long arm of the
chromosome resulting from the fusion (ACU 1+3;
Fagundes et al. 1997b). The probe was also hybrid-
ized to the closely related species A. montensis and
showed that chromosome ACU 1 is homologous to
three different biarmed autosomes of A. montensis,
which was also suggested by previous analysis of
G-banding patterns.

Silva and Yonenaga-Yassuda (1998) described for
Akodon sp. n. the lowest diploid number for rodents.
The specimens presented 2n=9, 10 and FN=14–16,
with autosomal polymorphism due to pericentric
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inversion on pair ASP 3 and monosomy of the X
chromosome. Preliminary morphological studies sug-
gest that Akodon sp. n. is cryptic to A. cursor and A.
montensis (Christoff, personal communication) since
they are morphological indistinguishable. A compar-
ison between the karyotype of Akodon sp. n. and A.
cursor was made by Silva et al. (2006), but the
authors were unable to establish complete correspon-
dence between both complements since a distal part
of pair 3 of the former species did not show
homology to any chromosome pair of the latter using
G banding. After telomeric FISH, both homologs of
pairs ASP 1 and ASP 3 showed ITS, which did not
coincide with the presumed breakpoints involved in
the proposed chromosomal rearrangements. Accord-
ing to the authors, the ITS observed on the pericen-
tromeric region of ASP 1 is related to the repetitive
nature of the constitutive heterochromatin. The
G-banding comparison between the karyotypes with
2n=16 and 2n=14 of A. cursor and the karyotype
with 2n=10 of Akodon sp. n. indicated that fewer
steps and less complex rearrangements would be
involved in the differentiation between the 2n=16 and
the 2n=10 karyotypes than between 2n=14 and
2n=10, suggesting that a diploid number similar or
larger than the 2n=16 could be ancestral to the 2n=10
of Akodon sp. n.

Traditionally, comparative cytogenetic studies are
based mainly on banding patterns. Nevertheless, when
dealing with species with highly rearranged genomes,
as in Akodon species, or with other highly divergent
species, cytogenetic comparisons of banding patterns
prove inadequate (Chowdhary and Raudsepp 2001).
Hence, comparative chromosome painting has become
the method of choice for genome comparisons at the
cytogenetic level since it allows complete chromosome
probes of a species to be hybridized in situ onto
chromosomes of other species, detecting homologous
genomic regions between them. In the present study,
the complex Akodon cytogenetic model based on
reduction in diploid number (Fagundes et al. 1997a,
b; Geise et al. 1998; Silva et al. 2006) was explored
using reciprocal chromosome painting. The hybridiza-
tion of species-specific chromosome probes, obtained
by chromosome sorting, permitted the detection of
extensive chromosomal rearrangements with high
precision among the closely related species Akodon
sp. n., A. cursor, A. montensis, and A. paranaensis.
Chromosome paints from the latter species that

presents 2n=44, with most of the elements in
acrocentric form, were particularly useful in demon-
strating homologous regions with high resolution
among the karyotypes with lower diploid number.

Material and methods

Specific painting probes were generated from flow-
sorted chromosomes, in the Molecular Cytogenetics
Laboratory, Department of Veterinary Medicine,
University of Cambridge, UK, from chromosomes
obtained from primary fibroblast cell lines of Akodon
species: one from Akodon sp. n. (ASP, 2n=10), two
from A. cursor (ACU, 2n=15 and 2n=14), and one
from APA (2n=44) were each from male animals.
These cell lines were established in the Laboratório de
Citogenética de Vertebrados, Departamento de
Genética Biologia Evolutiva do Instituto de Biociên-
cias da Universidade de São Paulo, Brazil. Spread
metaphases of Akodon sp. n., A. cursor, and A.
paranaensis were obtained from cell cultures and used
to perform in situ hybridization. The A. montensis
metaphases were obtained from in vivo bone marrow
preparations following Ford and Hamerton (1956),
with modifications. The specimen karyotypes in
GTG-banding pattern are shown on Fig. 1.

The chromosomes of A. paranaensis were arranged
in the karyotypes according to their position in the
flow karyotype; the chromosomes of A. cursor were
numbered as described by Fagundes et al. (1998) and
Akodon sp. n. and A. montensis following Silva and
Yonenaga-Yassuda (1998) and Fagundes et al.
(1997b), respectively. The chromosome pairs were
previously individually identified by G banding and
were represented by ideograms. On the hybridized
metaphases, the chromosomes were identified by 4′,6-
diamidino-2-phenylindole (DAPI) staining.

The whole chromosome-specific paints were made
by degenerate oligonucleotide-primed polymerase
chain reaction (DOP-PCR) on flow-sorted chromo-
somes (Telenius et al. 1992; Yang et al. 1995). The
paints from each peak obtained from flow sorting were
hybridized to metaphases of the same species to identify
the chromosomes in each peak of the flow karyotype.
Briefly, the chromosomes were prepared as described
and stained with Hoechst 33258 (2 μg/ml) and
chromomycin A3 (40 μg/ml) in the presence of
magnesium sulfate (2.5 mmol/l) for 2 h. Sodium sulfate

Comparative genomics on Akodon cursor complex 1065



(25 mmol/l) and sodium citrate (10 mmol/l) were added
15 min prior to flow sorting. Chromosome sorting was
performed using a dual-laser cell sorter (Mo-Flow
system). About 400 chromosomes were sorted from
each peak in the flow karyotypes. Chromosomes were
sorted directly into PCR tubes containing 30 μl of
distilled water. These samples were amplified by DOP-

PCR using the primer 6 MW (Telenius et al. 1992).
Primary PCR products were labeled either with biotin-
16-dUTP (Boehringer Mannheim), fluorescein isothio-
cyanate (FITC)-12- dUTP (Amersham), or Cy3-dUTP
by taking 1 μl of product to a second round of DOP-
PCR using the same primer. In situ hybridization of
painting probes was performed as previously described

Fig. 1 Akodon karyotypes
in GTG-banding pattern.
a A. paranaensis, 2n=44
(modified from Sbalqueiro
1989); b A. montensis
2n=24; c A. cursor,
2n=15 with complex
rearrangement involving
ACU 1, ACU 3, and
ACU 1+3, and heteromor-
phic ACU 2 d Akodon sp.
n., 2n=10 with heteromor-
phic ASP 3. Inset, sex
chromosomes from another
metaphase. Bars=10μm
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(Yang et al. 1995). Briefly, 14 ml of the hybridization
buffer and 1 μl of labeled PCR product were denatured
at 37°C for 30 min, dropped onto slides that were
denatured in 70% formamide/2× saline sodium citrate
(SSC) at 65°C for 2 min. The cross-species hybridiza-
tion was performed for 48–72 h at 37°C. Posthybrid-
ization washes included 2×5-min incubations in 50%
formamide/2× SSC at 42°C followed by 2×5-min
incubations in 2× SSC and submerged for 4 min in 4×
T (100 ml 20×SSC+400 ml H2O+250 μl Triton X-
100 Sigma-Aldrich). The biotinylated probes were
detected with avidin-Cy3 for single-color or avidin-
Cy5 for multicolor FISH whereas FITC-labeled
probes were visualized with rabbit anti-FITC,
followed by goat antirabbit antibody on both proce-
dures. All slides were counterstained with DAPI
diluted with Vectashield and analyzed under a Zeiss
Axiophot fluorescence microscope equipped with
software for image capture system (Isis karyotyping
system, MetaSystems).

Results

Flow sorting of A. paranaensis, 2n=44

The flow karyotype of A. paranaensis gave 19 peaks,
and single chromosome paints were obtained from 16
peaks: 14 autosomes, chromosome X, and chromosome
Y. Two peaks contain two autosomes (6 and 7; 18 and
19), and one peak contains three chromosomes (10, 11,
and 12) as shown in the flow karyotype (Fig. 2a).

Flow sorting of A. cursor, 2n=15 and 2n=14

The flow karyotype of A. cursor, 2n=15, gave nine
peaks, and single chromosome paints were obtained
from each one shown in the flow karyotype (Fig. 2b):
five autosome pairs, two single chromosomes (1 and
3), chromosome X, and chromosome Y. The largest
chromosome ACU 1+3 did not appear in this flow
karyotype, and for this reason, another cell line, with
2n=14, of A. cursor was used to obtain the ACU 1+3
autosome pair (Fig. 2c)

Flow sorting of Akodon sp. n., 2n=10

The flow karyotype of Akodon sp. n. gave six peaks,
and single chromosome paints were obtained from

each one shown in the flow karyotype (Fig. 2d): four
autosomes, chromosome X, and chromosome Y.

Hybridization of A. paranaensis probes
on A. montensis, A. cursor, and Akodon sp. n.
genomes

A. montensis genome

The hybridization of the A. paranaensis (2n=44)
probes to the genome of A. montensis (2n=24)
revealed 23 homologous segments (Fig. 3a). Four
probes hybridized to whole chromosomes of A.
montensis: APA 19 (AMO 10), APA 21 (AMO 11),
APA X (AMO X), and APA Y (AMO Y; the last
three are shown on Fig. 4a, d, g); three probes (APA
1, APA 20, and APA 3) hybridized to AMO 1
(Fig. 5a–c). The remaining chromosome paints
hybridized to whole chromosomes arms of A.
montensis: as depicted on Fig. 3a. This hybridization
revealed that the 23 APA chromosomes are unbroken
in AMO and organized either in nine syntenic
segments: AMO 1 (APA 3/APA 20/APA 1), AMO
2 (APA 4/APA 2), AMO 3 (APA 7/APA 6), AMO 4
(APA 10/APA 5), AMO 5 (APA 9/APA 8), AMO 6
(APA 12/APA 11), AMO 7 (APA 16/APA 14), AMO
8 (APA 17/APA 15), and AMO 9 (APA 18/APA 13),
or kept as whole chromosomes like in AMO 10, 11,
X, and Y.

A. cursor genome

The hybridization of the A. paranaensis probes to the
genome of A. cursor (2n=15) revealed 24 homolo-
gous segments on the haploid set (Fig. 3b). Three
paints of A. paranaensis were hybridized to whole
chromosomes of A. cursor: APA 21 (ACU 7), APA X
(ACU X), and APA Y (ACU Y; Fig. 4b, e, h). Nine
probes (APA 1, APA 20, APA 3, APA 14, APA 16,
APA 13, APA 18, APA 15, and APA 17) hybridized
to ACU 1+3, with six corresponding to homologous
parts of ACU 1 and, three corresponding to the
homologous parts of ACU 3 (Fig. 5d–f), and APA 20
also exhibited a dot-like signal on proximal ACU (1+3)
q (Fig. 5e); ACU 2 was painted by four probes and
three probes (APA 9, APA 8, and APA 19) hybridized
to ACU 5 (Fig. 6). Two chromosomes of A. cursor,
ACU 4 and ACU 6, were hybridized by two probes.
These hybridizations revealed that 21 APA chromo-
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somes exist unbroken in ACU since APA 8 presents
either a pericentric inversion or centromere reposition-
ing as observed on ACU 5 (Fig. 6), and APA 20 is
divided into two segments in ACU 1+3 (Fig. 5e). The
same nine APA syntenic associations that were
observed on A. montensis are present as well as another
five associations that are specific for A. cursor: ACU 1q
(APA 16/APA 13 and APA 18/APA 15), ACU 1+3

(APA 20/APA 14), ACU 2 (APA 7/APA12), and ACU
5 (APA 8/APA19).

Akodon sp. n. genome

The hybridization of the A. paranaensis probes to the
genome of Akodon sp. n. (2n=10) revealed 26
homologous segments (Fig. 3c). Three paints of A.

Fig. 2 Flow karyotype of Akodon species. Chromosomes were
sorted for DNA content and AT to GC base pair ratios after
staining with Hoechst 33258 (vertical axis) and chromomycin-

A3 (horizontal axis). a A. paranaensis, 2n=44; b A. cursor, 2n=
15; c A. cursor, 2n=14; d Akodon sp. n., 2n=10. Chromosome
1+3 is omitted from b but shown in c
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paranaensis were hybridized to whole chromosomes
of Akodon sp. n.: APA 21 (ASP 4), APA X (ASP X),
and APA Y (ASP Y; Fig. 4c, f, i). Nine probes
hybridized to ASP 1, being five probes on ASP1p and
four probes on ASP1q; APA 19 hybridized two

segments on ASP1p, and APA 17 hybridized two
segments on ASP 1q. Five probes hybridized to ASP
2; and six probes hybridized to ASP 3; however, APA
8 hybridized to two segments on this chromosome.
These hybridizations revealed that Akodon sp. n.

Fig. 3 Ideograms of Akodon species karyotypes, based on G
banding patterns, with cross-species homologies indicated on
either side of each chromosome. APA on right side, ACU
and/or ASP on left side. a A. montensis 2n=24; b A. cursor,

2n=15; c Akodon sp. n., 2n=10. represent the nucleolar
organizer regions (NORs). H = ASP X heterochromatin.

✰ = ITS (yellow) and small insertions of ACU 7 (green) on
ASP 1
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possesses 19 unbroken APA chromosomes. The
rearranged chromosomes are as follows: APA 19 that
painted two segments on ASP 1p, APA 17 that
painted two segments on ASP 1q, APA 3 that presents

either a pericentric inversion or centromere reposi-
tioning, and APA 8 that also presents either a
pericentric inversion or centromere repositioning,
and it is represented by two segments of ASP 3q.

Fig. 4 Hybridization on A. montensis, 2n=24 (a, d, g); A.
cursor, 2n=15 (b, e, h); and Akodon sp. n., 2n=10 (c, f, i) using
paint APA 21 (a–c), APA X (d–f), and APA Y (g–i). The

probes used for FISH are indicated at each upper right corner,
and the painted chromosomes are shown in italics
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This species shares with A. montensis and with A.
cursor eight autosomal syntenic associations; the
syntenic association APA 16/APA 14, shared by
AMO and ACU, is not observed on ASP. Six specific
associations are observed on Akodon sp. n.: ASP 1p
(APA 18/APA 14/APA 19/APA 16/APA 19/APA 5),

ASP 1q (APA 10/APA 15 and APA 17/APA 15); ASP
2p (APA 4/APA 3), ASP 3q (APA 7/APA 8), and
(APA 8/APA12). There were no APA syntenic
associations shared exclusively by ASP and ACU.
ASP Y and ASP X were the only chromosomes that
presented whole homology to a single paint.

Fig. 5 a–c A. montensis,
2n=24, spread metaphases
and d–f A. cursor, 2n=15
(ACU 1+3 and ACU 3)
painted with APA 1
(a and d), APA 20 (b and e),
and APA 3 (c and f). The
probes used for FISH are
indicated at each upper
right corner, and the painted
chromosomes are shown
in italics
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Hybridization of A. cursor probes on A. montensis
and Akodon sp. n. genomes

A. montensis genome

The hybridization of A. cursor probes to the genome
of A. montensis revealed 13 homologous segments
(Fig. 3a). Six probes hybridized to whole chromo-
somes of A. montensis: ACU 3 (AMO 1), ACU 4
(AMO 2), ACU 6 (AMO 4), ACU 7 (AMO 11), ACU
X (AMO X), and ACU Y (AMO Y). ACU 1
hybridized to three chromosomes of A. montensis
(AMO 7, AMO 8, and AMO 9); ACU 2 hybridized to
two chromosomes, AMO 3 and AMO 6; ACU 5
hybridized to AMO 5 and AMO 10.

Akodon sp. n. genome

The hybridization of A. cursor probes using single-color
and multicolor FISH to the genome of Akodon sp. n.
revealed 18 homologous segments (Figs. 3c, 7, and 8).
Two probes hybridized to whole chromosomes of
Akodon sp. n.: ACU X (ASP X) and ACU Y (ASP Y).
Two probes hybridized to more than one chromosome
of Akodon sp. n.: ACU 5 exhibited four hybridization
signals, two being segments on ASP 1p, one segment
on ASP 3q, and one small distal segment on ASP 4p
(Fig. 8a, c, d); ACU 7 hybridized, besides chromosome
ASP 4, to two small segments on ASP 1, one on ASP
1p, and another on ASP 1q (Figs. 8b, c). ACU 6
hybridized to one segment on ASP 1. Paint ACU 1
painted four segments on ASP 1: three on ASP 1p and
one on ASP 1q. ACU 2 painted two segments on ASP
3. Two probes, ACU 4 and ACU 3, hybridized to ASP
2, the latter to part of the short arm and the latter to
proximal part of the short arm and to whole ASP 2q.

No APA or ACU probes used in this work
hybridized to the heterochromatic region of the X
chromosome of Akodon sp. n. The hybridization of
the ASP X to Akodon sp. n. revealed, besides whole
ASP X, signals on the heterochromatic pericentro-
meric regions of ASP 1 and ASP 2 (Fig. 9). Paint
ASP 4 (homologous to ACU 7) did not exhibit
additional signals on ASP 1.

Hybridization of Akodon sp. n. probes
on the A. montensis and A. cursor genomes

A. montensis genome

The hybridization ofAkodon sp. n. probes to the genome
of A. montensis revealed 13 homologous segments
(Fig. 3a). Three paints hybridized to single whole
chromosomes: ASP 4 (AMO 11), ASP X (AMO X),
and ASP Y (AMO Y). ASP 1 hybridized to five whole
chromosomes: AMO 4, AMO 7, AMO 8, AMO 9, and
AMO 10; ASP 2 hybridized to two whole chromo-
somes: AMO 1 and AMO 2; ASP 3 hybridized to three
whole chromosomes: AMO 3, AMO 5, and AMO 6.

A. cursor genome

The hybridization of Akodon sp. n. probes to the
genome of A. cursor (2n=15) revealed ten homologous
segments (Fig. 3b). Three paints hybridized to single
whole chromosomes of A. cursor: ASP 4 (ACU 7),
ASP X (ACU X), and ASP Y (ACU Y). ASP 1 painted
four segments: whole ACU 1 and ACU 6, ACU 1+3q,
and a distal segment on ACU 5q. The ASP 2 painted
three segments: whole ACU 4 and ACU 3 and ACU 1+
3p. ASP 3 painted whole chromosome ACU 2 plus
ACU 5p and the proximal part of ACU 5q.

Fig. 6 a–c Chromosome 5 of A. cursor (ACU 5) painted with:
a APA 9 that hybridized distal ACU 5p; b APA 8 hybridized
paracentromeric region and proximal ACU 5 p and q; c APA 19

hybridized distal ACU 5q. The probes used for FISH are
indicated at each upper right corner
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The figures numbered 10 and 11 will be used to
illustrate some points of the following discussion.

Discussion

Chromosome painting, using A. paranaensis (2n=44)
probes, established with great precision the homology
between the Akodon species studied herein and revealed
a large number of chromosome rearrangements
involved in chromosomal diversification among Akodon
sp. n., A. cursor, A. montensis, and A. paranaensis.

Autosomal polymorphisms of A. cursor and Akodon
sp. n.

Autosomal polymorphism due to pericentric inver-
sions of ACU 2, ACU 4, and ACU 6, observed in

homozygous and heterozygous forms, and complex
rearrangements involving pericentric inversion fol-
lowed by centric fusion of ACU 1 and ACU 3 are
observed on A. cursor (2n=14–16 and FN=18–26)
from different Brazilian localities (Yonenaga 1972;
Yonenaga et al. 1975; Yonenaga-Yassuda 1979;
Sbalqueiro and Nascimento 1996; Fagundes et al.
1997a; Fagundes et al. 1998).

Akodon sp. n. (2n=10 and FN=14–16) presents
autosomal polymorphism of ASP 3 due to pericentric
inversion resulting either in acrocentric or submeta-
centric forms (Silva and Yonenaga-Yassuda 1998).

According to Fagundes et al. (1997a), the position
of an ITS on the short arms of the big metacentric
ACU 1+3 suggested the conservation of the whole
ACU 1 and the loss of centromeric and telomeric
segments of ACU 3. Our results, on the other hand,
reveal a dot-like segment on the pericentromeric ACU

Fig. 8 Akodon sp. n. metaphase painted with a ACU 5 and b
ACU 7. c ASP 1 on the left hybridized with telomeric
sequences and on the right with multicolour FISH; d ASP 3
on the left hybridized with telomeric sequences and on the right
with multicolour FISH. Multicolour FISH corresponds to: blue
ACU 1, green ACU 7, orange ACU 5, red ACU 6, and white

ACU 2. Note that the ITS in c corresponds to the ACU 5
(orange) and in d to the junction between ACU 2 (white) and
ACU 5 (orange). The red signals on ASP 1 b correspond to the
green signals on c. The probes used for FISH are indicated at
each upper right corner, and the painted chromosomes are
shown in italics

Fig. 7 Multicolour FISH of the A. cursor complement on the
four autosomes of Akodon sp. n. Homologies to ACU
complement are indicated on the right of each colored segment.

Asterisk indicates ACU chromosomes that presented more than
one homologous segment. The segments homologous to part of
ACU 7 on ASP 1p and q is not evident
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(1+3)q after hybridization of APA 20, confirming the
conservation of the whole ACU 3 after pericentric
inversion followed by centric fusion (Fig. 10).

The regions of ACU 2 and ASP 3, involved in
pericentric inversion in both A. cursor and Akodon
sp., are homologous and correspond in greater part to
APA 6, localized in A. montensis, A. cursor, and
Akodon sp. n., forming the syntenic association APA
6/APA 7.

The segments of ACU 4 and ACU 6, also involved
in the same kind of rearrangement, are homologous to
the syntenic associations APA 4/APA 2 and APA 10/
APA 5, respectively. The majority of the inverted
segment corresponds to APA 4 in ACU 4 and to APA
10 in ACU 6.

Chromosomal rearrangements among Akodon species
by chromosome painting

The following discussion is based on the reduction
of diploid number, from 2n=44 in A. paranaensis
to 2n=10 in Akodon sp. n., being the species that
accumulates the largest number of rearrangements
detected by chromosome painting. The eight syn-
tenic associations shared among A. montensis, A.
cursor, and Akodon sp. n., as well as the syntenic
association APA 16/APA 14 shared by AMO and
ACU and the specific associations of A. cursor and
Akodon sp. n., all established by APA specific
probes, are considered.

A. paranaensis, 2n=44, compared to A. montensis,
2n=24

Nine APA syntenic associations have been described in
the A. montensis complement. Eight of them are
exclusively related to Robertsonian rearrangements
since the association APA 3/APA 20/APA 1 (AMO
1) is related to one Robertsonian rearrangement
plus, as we can observe on AMO 1q, one tandem
rearrangement involving APA 1 and APA 20. This
rearrangement, or syntenic association (APA 1/APA
20), was previously described by Ventura et al. (2006)
by G-banding and telomeric FISH comparison for the
species A. lindberghi, 2n=42; A. boliviensis, 2n=40;
and A. azarae, 2n=38 and was conserved in all species
of Akodon reported so far with a diploid number lower
than 2n=44, including Akodon sp. n., A. cursor, and A.
montensis in the present report. A. azarae is the single
species that presents ITS coincident to the rearrange-
ment site (Vieira et al. 2004; Ventura et al. 2006).

A. montensis, 2n=24, compared to A. cursor, 2n=14
and 2n=16

The nine APA syntenic segments shared between
these species show that the differentiation between the

Fig. 10 a ACU 1+3 and ACU 1 chromosomes painted with
ACU 1 paint. Note that there is no homology between ACU 1
and pericentromeric region indicated by arrows. b ACU 1+3
and ACU 1 chromosomes painted with APA 20 paint. Note that
the dot-like signal on the pericentromeric region of ACU 1+3q
confirms the complete inclusion of whole ACU 3 after
inversion and centric fusion

Fig. 9 ASP X hybridized on Akodon sp. n. Note that, besides
the X, signals are present at the pericentromeric regions of ASP
1 and ASP 2
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A. montensis karyotype and the 2n=14 or 2n=16 A.
cursor karyotype, respectively, is due to at least five
pericentric inversions, four tandem rearrangements,
and one Robertsonian rearrangement, in the first
case, and due to three inversions and four tandem
rearrangements in the second case. Both cases present
a small pericentric inversion or centromere reposition-
ing involving AMO 5q and ACU 5 related to the APA
8 homologous segments (Fig. 3a).

The tandem rearrangements gave rise to the A.
cursor-specific APA associations, APA 16/APA 13,
APA 18/APA 15, APA 7/APA 12, and APA 8/APA
19, and the Robertsonian rearrangement gave rise to
APA 3/APA 20/APA 14.

There is total homology maintenance between the
autosomes ACU 3 and AMO 1, ACU 4 and AMO 2,
ACU 6 and AMO 4, and ACU 7 and AMO 11.

A. cursor, 2n=16, compared to Akodon sp. n., 2n=10

Silva and Yonenaga-Yassuda (1998) compared GTG
bands of the 2n=10 and 2n=16 karyotypes and
demonstrated that fewer steps were involved in the
differentiation between these karyotypes than between
2n=10 and 2n=14. The analysis suggested that a
similar karyotype or a diploid number higher than
2n=16 gave rise to the lowest chromosome number of
Akodon sp. n. (2n=10). Because of this, the dis-
cussion is based on the chromosome painting com-
parison between the 2n=16 of A. cursor and the
2n=10 of Akodon sp. n.

The results of chromosome painting with A. cursor
paints on Akodon sp. n after single-color and
multicolor FISH indicated that: (1) tandem rearrange-
ments involving ACU 3 and ACU 4 (acrocentric
form) gave rise to ASP 2; (2) pericentric inversion or
centromere repositioning resulted in a change in
morphology of ACU 3p (when comparing ACU 3
and its homologous part on ASP 2); (3) chromosome
breakage of ACU 5 into three segments: the first
segment was translocated to ACU 6p (acrocentric
form), the second segment was inserted in ACU 2q,
giving rise to ASP 3, and the third segment was
translocated to ASP 4p. After that, break and insertion
of a small segment, homologous to ACU 5, occurred
on ASP 1p; (4) insertion of the ACU 5/ACU 6
segment on ACU 1 gave risen to ASP 1; (5) break of
ACU 7 and insertion of two small segments on ASP
1p and q.

However, when the larger number of chromosomes
paints from APA (a species with a higher diploid
number) was used for hybridization in both species, a
greater number of rearrangements between A. cursor
and Akodon sp. n. were much more evident. The
association APA 14/APA 16/APA 13/APA 18 is
observed on ACU 1. When these homologous seg-
ments are compared with Akodon sp. n., the association
APA 18/APA 14 is observed on ASP 1p. Chromosome
breaks that could allow the insertion of the segment
composed by APA 13/APA 18 in a distal position
relative to the segment APA 14/APA 16, explains the
association APA 18/APA 14 on Akodon sp. n.

Chromosome inversions or centromere reposition-
ing could explain the morphological change in the
homologous part of APA 3 on ACU 3 and on ASP 2
(Fig. 11).

It was also possible to identify that the part of
ACU 5 that is inserted into ASP 1p is homologous to
APA 19, and that the part inserted into ASP 3q is
homologous to APA 8/APA 9/APA 8. This presumes
an earlier pericentric inversion of the segment APA 8/
APA 9 in chromosome ACU 5, in which the distal
part is homologous to the whole APA 9 and two
proximal segments, including the centromere, that are
homologous to APA 8.

The segment of ACU 5, homologous to APA 19,
may have been originally translocated to the short arm
of ACU 6 (a segment that is homologous to APA 10),
although APA 19/APA 5 is the association observed
on the pericentromeric region of ASP 1. A paracentric
inversion involving the segment APA 10/APA 5 could
have occurred in ASP 1q, giving rise to the asso-
ciation APA 19/APA 5 now observed.

Fig. 11 Paint of acrocentric APA 3 hybridized on a A.
montensis AMO 1p; b A. cursor ACU 3p; c Akodon sp. n.
ASP 2. Note the pericentromeric inversion or centromere
reposition on ASP 2. Arrows indicate centromere positions
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It is noticed that the breakage of ACU 1, where the
segment ACU 5/ACU 6 was inserted giving rise to
ASP 1, has occurred between the segments homolo-
gous to APA 15 and APA 18. After this process, the
functional centromere of ASP 1 is the one kept by the
segment ACU 5/ACU 6 and inserted in ACU 1.

Chromosome break and insertion of a part of the
segment homologous to chromosome APA 17 could
explain the two hybridization signals produced by
APA 17 probe on the distal portion of ASP 1, and the
same rearrangement could explain the small intersti-
tial segment of ACU 5 (APA 19) on ASP1p (Fig. 8c).

Sex chromosomes

The reciprocal chromosome painting revealed total
homology between the X chromosomes of A. para-
naensis, A. montensis, and A. cursor.

The hybridization using APA X and ACU X
probes painted the long arm of ASP X. The X
chromosome of Akodon sp. n. bears a pericentromeric
block of heterochromatin (Silva and Yonenaga-
Yassuda 1998) that is unique to this species and does
not share homology with any other paint. This
heterochromatin is specific and presents homology
to the heterochromatin existent on pericentromeric
region of ASP 1 and ASP 2, as shown by hybridiza-
tion of ASP X. This result highlights the complexity
concerning the chromosome rearrangements of the
Akodon sp. n. karyotype.

The Y chromosome preserves total homology
among the species, indicating that these four Akodon
species are closely related. Usually, among more
distantly related species, this degree of Y chromo-
some homology is lost (Glas et al. 1999; Muller et al.
1999; Yang et al. 2003; Tian et al. 2004; Li et al.
2004).

Final considerations

Breakpoints, where chromosome rearrangements seen
to be favorable, were noticed:

1. The tandem fusion point of AMO 9 and AMO
8 observed on ACU 1, delineated by the
hybridization of APA 18 and APA 15, is related
to the occurrence of five chromosome breaks.
This is the same site involved on the process of
break and insertion, related to segment ACU

5/ACU 6, as noticed on ASP 1, and it is also the
site of insertion of two segments of ACU 7:
between the syntenic associations APA 13/APA
18 and APA 14/APA 16 on ASP 1p and between
the syntenic associations APA 5/APA 10 and
APA 15/APA 17 on ASP 1q. The site of insertion
of ACU 7 is coincident with the point of insertion
of the segment APA 13/APA 18 in a distal
position on ASP 1p and with the point of
insertion of small portion of the segment APA
17 on ASP 1q.

2. The tandem fusion point of AMO 10 and AMO 5
observed on ACU 5 is delineated by the hybrid-
ization of APA 8 and APA 19. This is the same
site involved on break and translocation of part of
ACU 5 (APA 19) to the short arm of ACU 6 as
observed on ASP 1.

3. The tandem fusion point of AMO 3 and AMO 6
observed on ACU 2 is delineated by the
hybridization of APA 7 and APA 12. This is the
same site involved on the process of break
followed by insertion of part of ACU 5 as
observed on ASP 3.

The ITS described by Silva and Yonenaga-Yassuda
(1998) at ASP 3q seems to be located at the junction
between the breakpoint of ACU 2q and the inserted
ACU 5 (Figs. 3c and 8d), and another on ASP 1p is
near to the homologous APA 19 (ACU 5) interstitial
segment (Fig. 3c and 8c). Besides, ITS colocalized
with heterochromatin was detected in the pericen-
tromeric region of ASP 1. Although extremely
rearranged, only three ITS were detected using
conventional commercial telomeric probes. Further
experiments using a more sensitive FISH analysis
with a longer synthetic (TTAGGG)n probe, might
show previously undetected patterns of ITS [see
Ruiz-Herrera et al. (2008), for review on telomeric
repeats].

The chromosome painting using the APA set of 21
autosomes plus X and Y exhibited eight syntenic
associations that are shared with A. montensis, A.
cursor, and Akodon sp. n. and one syntenic associa-
tion (APA 16/APA 14) that is shared exclusively by
A. montensis and A. cursor, plus five exclusive
syntenic associations for A. cursor and six for Akodon
sp. n.

Hass et al. (2008) established chromosome homol-
ogy maps between Mus musculus and five rodent
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species, among them A. cursor, A. montensis, and A.
paranaensis, by chromosome painting using mouse-
chromosome-specific probes. The grouping of AMO +
ACU as recovered by the authors is also supported by
the present data on Akodon species. Regarding Akodon
sp. n., Silva et al. (2006) recovered this species as a
sister group to A. cursor, and their relationship with A.
montensis was unresolved. The present data also appear
to place ASP closer to AMO and ACU than to APA.

Reciprocal chromosome painting revealed com-
plete homology among the Akodon sp. n., 2n=10; A.
cursor, 2n=15; A. montensis, 2n=24; and A. para-
naensis, 2n=44, and a large number of chromosomal
rearrangements have been highlighted among the four
complements, including Robertsonian and tandem
rearrangements, pericentric inversions and/or centro-
mere repositioning, translocations, and insertions, and
the occurrence of breakpoints which were observed
where chromosome rearrangements seem to be
favored. It was possible to demonstrate that the X
chromosomes, except for the heterochromatin region
of ASP X that is specific and presents rearrangements
involving the heterochromatic pericentric regions of
ASP 1 and ASP 2, and even chromosome Y are
conserved among the species.

The probe set obtained from the complement of A.
paranaensis, 2n=44, composed in the majority by
acrocentric elements, was useful as chromosome
markers, especially regarding the large chromosomes
of Akodon sp. n., and enabled the detection of
intrachromosomal rearrangements that have occurred
during the process of diploid number reduction.

The Y chromosome homology shared among these
species, despite the extremely rearranged complements,
indicates that these are closely related species that have
experienced a recent, rapid, and intensive process of
autosomal rearrangement, in which there is still com-
plete genome conservation of the Y chromosome.
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