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structured clades, northeastern and southeastern with pair-
wise sequence divergences among specimens varying be-
tween 4.9 and 8.4%. Eight distinct karyomorphs are de-
scribed: (A) 2n = 52 (50A, XX), (B) 2n = 52 (48A, XY+2Bs), (C) 
2n = 45 (42A, XY+1B), (D) 2n = 43 (37A, XX+4Bs), (E) 2n = 37 
(34A, XY+1B), (F) 2n = 34 (32A, XX), (G) 2n = 31 (27A, XX+2Bs), 
(H) 2n = 28 (26A, XY), all with the same number of autosomal 
arms (FN A  = 50). Variation of 0–4 supernumerary chromo-
somes (Bs) presenting heterogeneity in morphology and dis-
tribution of interstitial telomeric sequences (ITSs) is report-
ed. ITSs are also found in some metacentric autosomes. The 
phylogeographic separation between 2 major lineages with 
high levels of genetic divergence, and the wide karyotypic 
diversity indicate that  B. breviceps  is a diverse group that war-
rants taxonomic re-evaluation. 

 Copyright © 2012 S. Karger AG, Basel 

 The Brazilian Atlantic Forest, one of the top biodiver-
sity hotspots on Earth [Myers et al., 2000; Laurance, 
2009] harbors an impressive fauna of sigmodontine ro-
dents. The radiation comprises 19 genera and 50 species, 
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 Abstract 

  Blarinomys breviceps  possesses cryptic and burrowing habits 
with poorly documented genetics and life history traits. Due 
to its rarity, only a few specimens and DNA sequences have 
been deposited in collections worldwide. Here, we present 
the most comprehensive cytogenetic and molecular charac-
terization of this rare genus. Phylogenetic analyses based on 
partial cytochrome b sequences were performed, attempt-
ing to establish the relationships among individuals with dis-
tinct karyotypes along the geographic distribution of the 
genus in the Atlantic Forest. Classical and molecular cytoge-
netics, using banding patterns and FISH of telomeric and 
whole chromosome X-specific painting probes (obtained 
from the Akodontini  Akodon cursor ) were used to character-
ize and compare the chromosomal complements. Molecular 
phylogenetic analyses recovered 2 main geographically 
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most of them arranged into 3 tribes (Oryzomyini, Thom-
asomyini, and Akodontini); but some genera still have 
uncertain phylogenetic affinities and are treated as  incer-
tae sedis  [Wilson and Reeder, 2005; D’Elía et al., 2007]. 
The monotypic genus  Blarinomys  Thomas, 1896 belongs 
to the tribe Akodontini, an assemblage of sigmodontine 
rodents with adaptations to terrestrial or fossorial habits 
[Smith and Patton, 1999].  Blarinomys breviceps  is endem-
ic to the Atlantic Forest and shows a set of adaptive mor-
phological traits, including a short conical head, very 
small eyes and ears, a short tail, and pronounced claws 
qualified for burrowing [Moojen, 1952; Matson and 
Abravaya, 1977].

  The current distribution of the species ranges from 
latitude 14°S at Buerarema in the state of Bahia, north-
eastern Brazil, to 26°S at Eldorado in the province of Mis-
iones, northeastern Argentina [Laemmert et al., 1946; 
Chebez and Massoia, 1996; Silva et al., 2003; Geise et al., 
2008], extending from sea level to 1,570 meters of eleva-
tion [Geise et al., 2008].

  Although the distribution of  B. breviceps  is currently 
restricted to the Atlantic Forest, its type locality is in the 
Cerrado (savanna-like) biome [Silva et al., 2003]. The spe-
cies has been recorded recently from a transitional zone 
between the Atlantic Forest and Cerrado in the state of 
Minas Gerais, southeastern Brazil [Paglia et al., 2005].

  Due to its cryptic and fossorial habits,  Blarinomys  is 
rarely collected, and it has been recorded from scattered 
localities in southeastern Brazil and Argentina [Silva et 
al., 2003; Geise et al., 2008]. There are a few specimens 
deposited in collections worldwide, and its life history 
traits are poorly known [Abravaya and Matson, 1975].

  Genetic data from  Blarinomys  are scarce in the litera-
ture. DNA sequences from a couple of specimens have 
been used in phylogenetic analyses of sigmodontine ro-
dents at the generic level [e.g. Smith and Patton, 1999; 
D’Elía et al., 2003] which turned  Blarinomys  out to be the 
sister-group to  Brucepattersonius  on the basis of sequenc-
es of the mitochondrial cytochrome b gene [Smith and 
Patton, 1999; D’Elía et al., 2003], or sister to a clade formed 
by  Brucepattersonius  and  Lenoxus , when sequences of the 
nuclear interphotoreceptor retinoid-binding protein 
 (IRBP)  gene were used in the analysis [D’Elía, 2003]. Its 
karyotype was described only in conventional staining 
based on the analysis of a single specimen from the state 
of Rio de Janeiro, showing 2n = 28 and FN A  = 50 (funda-
mental number of autosomes) [Geise et al., 2008]. Here, 
on the basis of new specimens obtained at several locali-
ties we present the most comprehensive molecular and 
cytogenetic characterization of this rare genus, using 

analyses of mitochondrial DNA sequences to address its 
phylogeographic structure and classical and molecular 
cytogenetics data to address the karyotypic diversity.

  Methods 

 The sample is composed of mtDNA sequences from 22 speci-
mens of  B. breviceps  from 17 localities along the Brazilian Atlantic 
coast. Eight of them, from 7 localities, were used for karyotype 
analysis ( table 1 ,  fig. 1 ).

  Taxon Sampling, DNA Extraction, Amplification, Sequencing 
and Phylogenetic Analysis 
 Phylogenetic analyses were conducted using sequences of the 

mitochondrial cytochrome b gene of all specimens of  B.   breviceps  
( table 1 ). We used 7 outgroups, 6 from GenBank (accession num-
bers in parenthesis), which were  Brucepattersonius iheringi 
 (AF108667),  B. soricinus  (AY277486),  Scapteromys aquaticus 
 (AY445550),  S. tumidus  (AY445552),  Oecomys bicolor  (AF108699), 
 Euryoryzomys russatus  (AF181272), and, additionally, a new se-
quence of  Brucepattersonius  sp. (CIT1343).

  Genomic DNA was obtained from liver or muscle following 
the protocol described by Fetzner [1999] or Bruford et al. [1992]. 
Upon extraction, an 801-bp fragment was amplified using prim-
ers MVZ05 for the light-strand and MVZ16 for the heavy-strand 
[Smith and Patton, 1993, 1999]. Amplifications were performed 
in a reaction mix consisting of a final volume of 25  � l containing 
2.5  � l of 10 !  PCR buffer (Invitrogen Inc., Grand Island, N.Y., 
USA), 4.0  � l of dNTPs (5 m M ), 2.5  � l of MgCl 2  (25 m M ), 2.0  � l of 
each primer (10  �  M ), 10.75  � l of milli-Q water, 0.25  � l of 5U  Taq  
DNA Polymerase, and 1  � l of DNA template (5–50 ng). The ther-
mal cycling conditions were as follows: an initial denaturation of 
94   °   C for 5 min, 40 cycles of 94   °   C for 30 s, 48   °   C for 45 s and 72   °   C 
for 1 min, and a final extension of 72   °   C for 10 min. PCR products 
were purified with the ExoSAP-IT TM  kit (USB Corporation, Cleve-
land, Ohio, USA) following the manufacturer’s instructions. Cy-
cle sequencing reactions were performed using ABI PRISM �  Big 
Dye TM  Terminators v 3.0 kit (Applied Biosystems, Foster City, 
 Calif., USA). Samples were sequenced in the automatic DNA se-
quencers ABI PRISM �  3700 DNA Analyzer (Applied Biosystems). 
Light and heavy strands were edited manually, and compared us-
ing Sequence Navigator TM  (Applied Biosystems). Automatic align-
ments were done with Clustal X. The reading frame of the ob-
tained sequences was inferred using MacClade.

  Phylogenetic analyses were carried out using maximum par-
simony (MP) and maximum likelihood (ML), executed in PAUP *  
4.0b10 [Swofford, 2003], and Bayesian inference (BI) was per-
formed using MrBayes 3.1.2 [Huelsenbeck and Ronquist, 2001]. 
The MP analysis was performed by heuristic search with stepwise 
addition, TBR (tree bisection and reconnection) branch-swap-
ping, and 10,000 replicates. ML analysis was conducted using the 
appropriate nucleotide substitution model selected in a jModelT-
est (version 0.1.1) [Guindon and Gascuel, 2003; Posada, 2008]: 
general time reversible [Rodríguez et al., 1990], taking into ac-
count the estimated proportion of invariable sites, and variable 
sites following a gamma distribution (GTR + I + G). ML heuristic 
searches started using TBR as branch-swapping algorithm. Con-
fidence in the recovered nodes in the MP and ML analyses was 
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accessed with a non-parametric bootstrap test [Felsenstein, 1985]. 
Bootstrap support (BS) values were obtained by data resampling 
with 1,000 (MP) and 1,000 (ML, using the fast stepwise-addition 
option in PAUP * ) pseudoreplicates. Bremer support indices (BSI) 
[Bremer, 1994] were also calculated in MP using TreeRot.v2 [So-
renson, 1999]. BI was also performed using the GTR + I + G mod-
el and 2 simultaneous, independent runs for 200,000 generations, 
until the standard deviation of split frequencies dropped below 
0.01 and the potential scale reduction factor was close to 1.0 for all 
parameters. Only groups with a Bayesian posterior probability 
(BPP) higher than 0.95 were considered significant. The mean 
pairwise genetic distances among haplotypes were calculated in 
PAUP *  4.0b10 [Swofford, 2003] using the Kimura 2-parameter 
model for comparison purposes among akodontine species.

  Cytogenetics 
 Metaphases were obtained from in vivo bone marrow and 

spleen preparations, and from fibroblast cultures of ear biopsies in 
DMEM supplied with 20% fetal calf serum. Diploid numbers (2n) 
and FN A  were obtained from conventionally stained metaphases. 
Differential chromosomal staining for constitutive heterochro-
matin (C-banding), G- and R-banding were performed following 
standard procedures. Cells were analyzed using Axiophot and Ax-
ioskop 40 Zeiss microscopes equipped with software for image 
capture (Ikaros Karyotyping System, MetaSystems, Altlußheim, 
Germany; and Axiovision Zeiss, Oberkochen, Ger many).

  FISH with telomeric probes ‘DAKO Telomere PNA FISH Kit/
Cy3 (K 5326) or FITC (K 5325)’ was employed following the man-
ufacturer’s protocol.

Table 1.  Specimens of  Blarinomys , with respective collecting localities, haplotypes from cytochrome b mtDNA sequences, karyotype 
description and field or museum identification number

C ollecting localities mtDNA 
haplotype

Karyomorphs Specimen 
identification 
numbermunicipality, state sitea geographic 

coordinates
altitude

Jussari, BA (1) RPPN Serra do Teimoso 15°08�S/39°31�W 300 m H1 2n = 52 (48A, XY+2Bs); FNA = 50 CIT1538
15°09�S/39°31�W 250 m H2 – RM189

Una, BA (2) Una 15°17�S/39°03�W 50 m H1 – MAS17b

15°10�S/39°04�W 15 m H3 – RM46

Camacan, BA (3) Serra Bonita 15°25�S/39°29�W 950 m H4 – MTR15858

Jequitinhonha, MG (4) Mata Escura 16°26�S/41°00�W 230 m H5 2n = 52 (50A, XX); FNA = 50 MT R17328

Trancoso, BA (5) Fazenda Nova Alegria 16°31�S/39°07�W 50 m H8 – MTR13511

Pinheiros, ES (6) REBIO Córrego do Veado 18°21�S/40°09�W 715 m H6 – UFES969

Linhares, ES (7) Linhares 19°39�S/40°07�W 30 m H7 – MTR12313

Catas Altas, MG (8) Estrada Mariana-Catas Altas 20°11�S/43°29�W 931 m H9 – RM316

Ouro Branco, MG (9) Serra do Ouro Branco 20°30�S/43°37�W 1,117 m H9 – 59M

Alto Caparaó, MG (10 ) PARNA Caparaó, Linha 2 20°25�S/41°50�W 1,350 m H10 – MTR10772
(11) Córrego do Calçado 20°28�S/41°44�W 1,350 m H11 – MTR11577

Cariacica, ES (12) REBIO Duas Bocas 20°17�S/40°31�W 550 m H12 2n = 4 5 (42A, XY+1B); FNA = 50 LPC1242
H13 – LPC1259

Valença, RJ (13) Serra da Concórdia 22°22�S/43°47�W 815 m H14 2n = 28  (26A, XY); FNA = 50 MN6888 2

Biritiba-Mirim, SP (14) Biritiba-Mirim 23°57�S/46°03�W 780 m H15 – CIT2139

Natividade da Serra, SP (15) PE Serra Mar 23°19�S/45°05�W 720 m H16 2n = 31 ( 27A, XX+2Bs); FNA = 50 ROD66

São Paulo, SP (16) PE Serra da Cantareira 23°70�S/46°63�W 780 m H17 2n = 43 (3 7A, XX+4Bs); FNA = 50 CIT1391

São Bernardo do 
Campo, SP

(17) São Bernardo do Campo 23°69�S/46°56�W 760 m H18 2n = 37 (34 A, XY+1B); FNA = 50 CIT1633

H19 2n = 34 (32A , XX); FNA = 50 CIT2259
H20 – M333

a Numbers 1–17 represent localities in fig. 1. b From GenBank (http://www.ncbi.nlm.nih.gov), accession number AF108668.
BA = Bahia; ES = Espírito Santo; MG = Minas Gerais; RJ = Rio de Janeiro; SP = São Paulo; REBIO = Reserva Biológica; RPPN = Reserva Particular 

do Patrimônio Natural; PARNA = Parque Nacional; PE = Parque Estadual; 2n = diploid number; FNA = fundamental number of autosomes (excluding 
sex chromosomes and Bs); A = autosomes; B = supernumerary chromosomes; XX and XY = sex chromosomes.
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  In order to identify the X chromosome precisely, we employed 
a whole chromosome X-specific painting probe obtained from the 
Akodontini species  Akodon cursor  (ACU) by degenerate oligo-
nucleotide primed PCR (DOP-PCR) on flow-sorted chromo-
somes [Telenius et al., 1992; Yang et al., 1995; Ventura et al., 2009]. 
FISH of the painting probe was performed according to Yang et 
al. [1995]. The cross species hybridization was performed for 48–
72 h at 37   °   C. Posthybridization washes included 2  !  5-min in-
cubations 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 H 2 O + 250  � l Triton X-100 by Sigma-
Aldrich, St. Louis, Mo., USA). The FITC-labeled probes were vi-
sualized with rabbit anti-FITC, followed by goat anti-rabbit anti-

body. The slides were counterstained with DAPI diluted with 
Vectashield. Images were analyzed under a Zeiss Axiophot fluo-
rescence microscope equipped with a software for image capture 
system (Isis karyotyping system; MetaSystems).

  Results 

 Molecular Phylogenetic Analyses 
 Twenty haplotypes were found among the 22 speci-

mens sampled ( table 1 ). The data matrix encompasses 756 

  Fig. 1.  Collecting localities of  Blarinomys breviceps . (1) Jussarí, 
BA; (2) Una, BA; (3) Camacan, BA; (4) Jequitinhonha, MG; (5) 
Trancoso, BA; (6) Pinheiros, ES; (7) Linhares, ES; (8) Catas Altas, 
MG; (9) Ouro Branco, MG; (10) and (11) Alto Caparaó, MG; (12) 
Cariacica, ES; (13) Valença, RJ; (14) Biritiba-Mirim, SP; (15) Na-

tividade da Serra, SP; (16) São Paulo, SP; (17) São Bernardo do 
Campo, SP. Blue lines delimit samples from the northeastern 
clade, and red lines correspond to samples from the southeastern 
clade according to fig. 2. 
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bp of cytochrome b sequence showing 511 constant sites, 
49 non-informative sites and 196 parsimony informative 
sites.

  All phylogenetic reconstructions (MP, ML and BI) in-
dicated  Blarinomys  as monophyletic and sister to  Bru-
cepattersonius . The topology of the BI tree is identical to 
the ML tree and nearly identical to the MP trees ( fig. 2 ).

  The MP analysis resulted in 2 equally most parsimoni-
ous trees (length = 488 steps; CI = 0.61; RI = 0.77) with 
minor differences among a few terminal branches. The 
strict consensus of these 2 trees ( fig. 2 ) clearly shows 2 

main groups, the northeastern and the southeastern 
clades. The northeastern clade (BSI = 5 and BS = 95%) 
includes specimens from the states of Bahia, Espírito San-
to and northern Minas Gerais, and it is geographically 
well-structured, with haplotypes showing a latitudinal 
pattern of phylogeographic affinities. The southeastern 
clade (BSI = 6 and BS = 97%), includes specimens from 
the states of Espírito Santo, Minas Gerais, Rio de Janeiro 
and São Paulo and is divided into 2 clades: one with spec-
imens from Minas Gerais and western Espírito Santo, 
and another one with samples from eastern Espírito San-

A B

  Fig. 2.  Phylogenetic reconstructions for 22 specimens of  B. brevi-
ceps , including 7 outgroups.  A  Strict consensus obtained from 2 
equally most parsimonious trees (length = 488 steps, CI = 0.61 and 
RI = 0.77). Numbers above branches represent bootstrap values; 
numbers below branches are BSI values. Available diploid num-
bers (2n) are also provided on terminal nodes.  B  Cladogram rep-
resenting the ML (-lnL = 3366.1) and Bayesian tree topologies. 

Numbers above branches represent likelihood bootstrap values; 
numbers below branches are BPPs above 0.95. Branch lengths cor-
respond to ML estimates. The northeastern clade is highlighted 
in blue and the southeastern clade in red. Terminal nodes are 
identified by specimen identification numbers (table 1), and num-
bers 1–17 after them correspond to collecting localities on the map 
(fig. 1). 
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to, Rio de Janeiro and São Paulo without a clear phylogeo-
graphic pattern on the haplotype tree ( fig. 2 A).

  In the ML analysis, the resulting tree topology (-lnL = 
3366.1;  fig. 2 B) is very similar to the MP analysis, with the 
same 2 main clades, but with lower BS in both clades: 74% 
in the northeastern and 80% in the southeastern ( fig. 2 B). 
The monophyly of the genus  Blarinomys  received an even 
lower BS of 67%. The BPPs, on the other hand, were high 
for both the monophyly of  Blarinomys  (0.99) and of the 
northeastern and southeastern clades (0.99 and 1.0, re-
spectively).

  Within the northeastern clade, localities north of the 
Pardo River (1–3) grouped together, as well as those hap-
lotypes from localities between the Mucuri and Doce riv-
ers (6, 7). In the southeastern clade, haplotypes from the 
Caparaó region (localities 10, 11), the southern Espinhaço 
Range (8, 9), and Reserva Biológica de Duas Bocas (local-
ity 12) are also closely related. The phylogeographic pat-
tern switches from a relatively strong, mostly latitudinal 
gradient in the northeastern clade, to a relatively weak 
gradient in the southeastern one, given the recovered 
polytomy.

  Pairwise sequence divergences among specimens 
from the northeastern and southeastern clades were rela-
tively high, varying between 4.8 and 8.4% ( table 2 ). Ge-
netic variation was also high within these 2 clades, rang-
ing from 0.2 to 4.7% among specimens from the north-
eastern clade and from 0.1 to 5.5% within the southeastern 
clade. In the southeastern subclades the genetic variation 
ranges from 0.1 to 3.3% within the northernmost area 
grouping localities 8–12, and from 0.1 to 2.7% within the 
southernmost area grouping localities 13–17.

  Karyotype Analyses 
 Karyomorph A (2n = 52) was observed in a female 

from Reserva Biológica da Mata Escura (locality 4 in 
 fig. 1 , MTR17328 in  table 1 ) with 25 pairs of autosomes 
decreasing in size, all acrocentrics, and the X chromo-
somes were medium-sized acrocentrics ( fig.  3 A). FISH 
showed telomeric sequences present at the ends of all 
chromosomes.

  Karyomorph B (2n = 52) was found in 1 male from 
Serra do Teimoso (locality 1 in  fig. 1 , CIT1538 in  table 1 ) 
with 23 pairs of acrocentric autosomes, decreasing in size 
(pairs 1–3 and 5–24); 1 pair of large submetacentrics (pair 
4); 1 medium-sized acrocentric X and 1 small Y, as well 
as the presence of 2 distinctive small metacentric B chro-
mosomes (Bs;  fig. 3 B). C-banding revealed heterochro-
matic blocks at the pericentromeric regions of some au-
tososomes; both Bs had heterochromatic arms and the Y 

was totally heterochromatic (data not shown). All telo-
meres presented signals after FISH, and some pericentro-
meric regions showed signals larger than others, reflect-
ing colocalization of telomeric and heterochromatic re-
gions. The Bs presented slightly larger telomeric signals 
on the long arms ( fig. 3 C).

  Karyomorph C (2n = 45) was found in 1 male from 
Reserva Biológica de Duas Bocas (locality 12 in  fig. 1 , 
LPC1242 in  table 1 ) that showed 4 pairs of large sub-
metacentrics (pairs 1–4), 17 pairs of medium to small 
acrocentrics (pairs 5–21), 1 medium-sized acrocentric 
X, 1 small acrocentric Y, and 1 small metacentric B 
( fig. 3 D). Telomeric signals were strong on all telomeres 
including a conspicuous signal on the long arm of the B 
( fig. 3 E).

  Karyomorph D (2n = 43) was observed in 1 female 
from Parque Estadual da Serra da Cantareira (locality 16 
in  fig. 1 , CIT1391 in  table 1 ) with 6 pairs of biarmed chro-
mosomes (pairs 1–4, 6 and 7), 11 pairs of acrocentrics 
(pairs 8–18), 1 heterozygous Robertsonian rearrange-
ment (Rb) involving 2 acrocentrics differing in size (pair 
5), and the medium-sized acrocentric X. Four small 
metacentric Bs were detected. G-banding confirmed an 
Rb on pair 5 ( fig. 3 F) and R-banding revealed the late-
replicating X and Bs ( fig. 3 G). C-banding revealed het-
erochromatin at the pericentromeric region of some ac-
rocentrics, the X and 3 of the Bs (data not shown). All 
telomeres were positively hybridized after FISH and the 
small Bs presented a distinctive larger telomere. Intersti-
tial telomeric sequences (ITSs) were observed at the cen-
tromere of the metacentric pair 7 ( fig. 3 H). The biarmed 
chromosome of the heteromorphic pair 5 did not present 
an ITS.

  Karyomorph E (2n = 37) was found in 1 male from São 
Bernardo do Campo (locality 17 in  fig. 1 , CIT1633 in  ta-
ble 1 ) with 8 biarmed pairs and 9 acrocentric pairs of au-
tosomes, decreasing in size. The X is a medium-sized ac-
rocentric and the Y is a small acrocentric. One small 
metacentric B presented distal G-positive bands on both 
arms ( fig. 3 I). Pericentromeric heterochromatin was ob-
served exclusively on the X chromosome. The B was not 
heterochromatic (data not shown). Telomeres were con-
firmed by FISH on all chromosome ends and an ITS at 
the centromere of the small submetacentric pair 7 was 
detected. The B presented a distinctive telomeric signal 
( fig. 3 J).

  Karyomorph F (2n = 34) was observed in a female 
from São Bernardo do Campo (locality 17 in  fig.  1 , 
CIT2259 in  table 1 ) with 8 pairs of biarmed chromosomes 
(pairs 1, 2, 4, 5, 7–10), 5 pairs of acrocentrics (pairs 11–15) 
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M

O  Fig. 3.  Classical and molecular cytogenetics in 
8 specimens of  B. breviceps .  A  Karyomorph A 
of a female with 2n = 52 (50A,XX) and FN A  = 
50 in conventional staining.  B ,  C  Karyomorph 
B of a male with 2n = 52 (48A,XY+2Bs) and 
FN A  = 50.  B  Karyotype in conventional stain-
ing. Note the submetacentric pair 4.  C  Meta-
phase after FISH with telomeric probe. Inset, 
small metacentrics from another metaphase 
with conspicuous telomeric signal. Asterisks 
indicate Bs.  D ,  E  Karyomorph C of a male with 
2n = 45 (42A,XY+1B) and FN A  = 50.  D  Karyo-
type with G-banding pattern.  E  Metaphase af-
ter FISH with telomeric probe.  F–H  Karyo-
morph D of a female with 2n = 43 (37A,XX+4Bs) 
and FN A  = 50.  F  Karyotype with G-banding 
pattern.  G  Metaphase with R-banding pattern 
after BrdU incorporation. Note the 4 late-rep-
licating small metacentric chromosomes (as-
terisks).  H  Metaphase after FISH with telo-
meric probe (asterisks: Bs). Inset: pair 7 with 
ITS from another metaphase.  I ,  J  Karyo -
 morph E of a male with 2n = 37 (34A,XY+1B) 
and FN A  = 50.  I  Karyotype with G-banding 
pattern.  J  Metaphase after FISH with telomer-
ic probe (asterisks: Bs). Inset: pair 7 with ITS 
from another metaphase.  K ,  L  Karyomorph F 
of a female with 2n = 34 (32A,XX) and FN A  = 
50.  K  Metaphase with G-banding pattern. 
 L  Metaphase after chromosome painting us-
ing ACUX paint. Note the acrocentric chro-
mosome X in green.  M ,  N  Karyomorph G of a 
female with 2n = 31 (27A,XX+2Bs) and FN A  = 
50.  M  Karyotype with G-banding pattern. 
 N  Metaphase after FISH with telomeric probe. 
Arrows indicate the 6 biarmed chromosomes 
with ITS signal.  O ,  P  Karyomorph H of a male 
with 2n = 28 (26A,XY) and FN A  = 50.  O  Meta-
phase with G-banding pattern.  P  Metaphase 
after FISH with telomeric probe. Arrows indi-
cate the 4 biarmed chromosomes with ITS sig-
nal. Inset: chromosomes of pair 5 with ITS 
from another metaphase. 
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and 6 elements involved in 2 heterozygous Rbs, repre-
sented by pairs 3 and 6. X chromosomes had the 2 G-
positive bands at the long arm ( fig. 3 K) and cross-species 
chromosome painting using ACUX confirmed the me-
dium acrocentric morphology for the X chromosome in 
 B.   breviceps  ( fig. 3 L).

  Karyomorph G (2n = 31) was observed in a female 
from Parque Estadual da Serra do Mar (locality 15 in 
 fig. 1 , ROD66 in  table 1 ) with 11 pairs of biarmed chro-
mosomes decreasing in size (pairs 1–6, 8–12), a heterozy-
gous Rb (pair 7), 1 pair of small acrocentrics (pair 13), and 
2 small metacentric Bs. The X chromosomes are medi-
um-sized acrocentrics ( fig. 3 M). Small heterochromatic 
blocks were seen in the pericentromeric region of some 
autosomes. The X showed heteromorphic heterochro-
matic blocks at the pericentromeric region and the Bs 
were not heterochromatic (data not shown). All the telo-
meres were identified by FISH, as well as ITSs at the cen-
tromeres of metacentric pair 6 and submetacentric pairs 
11 and 12 ( fig. 3 N).

  Karyomorph H (2n = 28) belongs to a male obtained 
at Serra da Concórdia (locality 13 in  fig. 1 , MN68882 in 
 table  1 ), and was previously reported by Geise et al. 
[2008]. The autosome set is composed of 12 pairs of bi-
armed chromosomes (pairs 1–12) and 1 small acrocen-
tric pair 13; the X is a medium-sized acrocentric and the 
Y is a small acrocentric ( fig. 3 O). Telomeres were present 
at the ends of all chromosomes. ITSs were observed at 
the pericentromeric region of 2 metacentric pairs 
( fig. 3 P).

  Comparison of G-bands between individuals revealed 
homology between some autosome pairs and the sex 
chromosomes. The pattern of G-bands did not permit a 
reliable comparison of all sets of chromosomes, although 
we can identify the autosomes of 4 distinct heterozygous 
pairs for Rbs: pair 5 of the 2n = 43 karyomorph, pair 6 of 
the 2n = 34 karyomorph and pair 7 of the 2n = 31 karyo-
morph (which are homeologous), and pair 3 of the 2n = 
34 karyomorph ( fig. 4 ).

  Discussion 

 Molecular Phylogeny 
 Molecular phylogenetic analyses corroborated the 

monophyly of the genus  Blarinomys , despite low support 
in the ML analysis. Molecular analyses showed 2 geo-
graphically distinct lineages in the Atlantic Rainforest, 
allowing the identification of 2 broad regions in this do-
main, whose limit occurs approximately at a latitude of 
20°S. Previous studies involving different groups of ver-
tebrates [Costa and Leite, 2012] also recognized 2 phylo-
geographic regions in the Atlantic Rainforest, separating 
the fauna in 2 sister-group components (northeastern 
and southeastern), as demonstrated for species of am-
phibians [Carnaval et al., 2009], lizards [Vanzolini, 1988; 
Pellegrino et al., 2005], birds [Bates et al., 1998; Cabanne 
et al., 2007], and non-volant small mammals [Costa et al., 
2000; Costa, 2003; Leite, 2003]. This regional pattern is 
attributed to the presence of the Rio Doce [Pellegrino et 
al., 2005].

  Carnaval et al. [2009] based on simultaneous Bayesian 
analyses of multi-species molecular data using  Hypsiboas  
compared alternative hypotheses of assemblage-scale re-
sponse to late Quaternary climate change. They demon-
strated that the southernmost Atlantic forest was climat-
ically unstable during late Pleistocene and reported low 
genetic diversity across this area for the species sampled. 
However, high levels of divergence and population struc-
ture were reported for the species sampled across the cen-
tral region of the Atlantic forest, which served as a large 
climatic refuge for neotropical species at that period, re-
vealing a hotspot within the Brazilian Atlantic forest.

  The processes uncovered by the amphibian data as 
postulated by Carnaval et al. [2009] may be generalized 
to and help to explain the patterns of diversity in the en-
demic Atlantic forest rodent  B. breviceps .

  Karyotypic Polymorphisms Caused by Supernumerary 
Chromosomes and Rbs 
 Different diploid numbers and the same fundamental 

numbers (FN A  = 50) were described for the  Blarinomys  
specimens analyzed. The variation in number of chromo-
somes found in the karyotypes is due to the presence of 
0–4 supernumerary chromosomes (Bs) and/or Rbs, lead-
ing to 8 karyomorphs: (A) 2n = 52 (50A, XX); (B) 2n = 52 
(48A, XY+2Bs); (C) 2n = 45 (42A, XY+1B); (D) 2n = 43 
(37A, XX+4Bs); (E) 2n = 37 (34A, XY+1B); (F) 2n = 34 (32A, 
XX); (G) 2n = 31 (27A, XX+2B); and (H) 2n = 28 (26A, XY).

  Karyotypes herein presented characterize the genus as 
possessing a variable diploid number due to Rbs, con-

A

B

C

  Fig. 4.  Three heterozygous pairs for Rbs in 
 B. breviceps.   A  Pair 5 of karyomorph D. 
 B  The homeologous pair 6 of karyomorph 
F and pair 7 of karyomorph G.  C  Pair 3 of 
karyomorph F which is homeologous to 
the homozygous pairs 4 of karyomorph C 
and 3 of karyomorph G.                                                                           



 Ventura et al. Cytogenet Genome Res10

stancy of fundamental number (FN A  = 50), as well as fac-
ultative presence of Bs. Support for the supernumerary 
nature of these small metacentric chromosomes was de-
termined by their late replication ( fig. 3 G), their variable 
number (0–4), the different nature of heterochromatin, 
and their telomeric signal variation.

  Supernumerary Bs 
 In  B. breviceps  different features can be attributed to 

supernumerary chromosomes as late replication (karyo-
morph D), presence or absence of constitutive hetero-
chromatin in the pericentromeric region or in 1 of the 
arms after applying C-banding, as well as intense signs of 
telomeric probe hybridizations or facultative presence of 
ITSs in 1 of the arms co-located with the constitutive het-
erochromatic region. The latter presents sequences that 
are similar to the telomeric repeats (karyomorph B).

  According to the review by Silva and Yonenaga-Yassu-
da [2004], Bs have been recorded in another 8 species of 
7 genera of Brazilian rodents:  A. montensis  (2n = 24+0–
2Bs),  Sooretamys angouya  (2n = 58+0 or 2Bs) (referred to 
as  Oryzomys angouya ),  Holochilus brasiliensis  (2n = 
56+0–2Bs),  Nectomys rattus  (2n = 52+0–3Bs) , N. squami-
pes  (2n = 56+0–3Bs),  Oligoryzomys flavescens  (2n = 64+0–
2Bs),  Proechimys  sp. 2 (2n = 26+0–1B) and  Trinomys  
 iheringi  (2n = 60+1–6Bs). In most cases, supernumerary 
chromosomes are heterochromatic, present late replica-
tion, are heterogeneous regarding their size, morphology, 
banding pattern and presence or absence of Ag-NORs or 
ITSs after telomeric FISH as observed in  B. breviceps .

  The Rbs 
 The sample presents a wide range of diploid numbers 

(2n = 28–52) with the number of autosomes ranging from 
26, with all biarmed pairs except one, to 50, with exclu-
sively acrocentric chromosomes and polymorphisms in-
volving Rbs, including double heterozygotes and super-
numerary chromosomes. However, considering the ab-
sence of consistent data on complete comparative analysis 
of banding patterns and the currently very limited sam-
ple karyotyped, it is not possible to characterize all the Rb 
polymorphisms (except for those presented in  fig. 4 ) or to 
determine the frequency and distribution of individual 
Rbs and the presence/absence of monobrachial homoleo-
gies within and between populations. Consequently, the 
dynamics of chromosomal evolution in  Blarinomys  is ob-
scure given the observed diversity.

  Nevertheless, the chromosomal variability found in 
 Blarinomys  is among the greatest found among mam-
mals. It is comparable to the variability reported for the 

house mouse  Mus   musculus  (2n = 22–40) [Piálek et al., 
2005], the common shrew  Sorex araneus  (2n = 20–33) 
[Wojcik et al., 2003], the African rodent  Gerbillus nige-
riae  (2n = 60–74) [Hima et al., 2011] and also for some 
species of  Ellobius  [Lyapunova et al., 1980, 2010; Bak-
loushinskaya et al., 2010].

  According to Slijepcevic [1998], the mechanisms lead-
ing to Rbs are centric fusions that require the prior elim-
ination or inactivation of telomeric sequences sometimes 
leading to the presence (or not) of ITSs at the sites of the 
fusion event. However, Ruiz-Herrera et al. [2008] report-
ed that the telomeric sequences of ancestral chromo-
somes involved in centric fusions could be retained and 
amplified leading to the maturation of neo-telomeres/
neo-centromeres, allowing a later centric fission. In the 
phylogenetic framework presented here for  Blarinomys , it 
is not possible to evaluate whether the mechanism in-
volves centric fusion, fission or both rearrangements.

  The 2 main clades recovered in  B. breviceps  on the ba-
sis of molecular data, apparently present differences in 
karyotypic composition. The northeastern lineage in-
cludes 2 karyotyped specimens (CIT1538 and MTR17328) 
with a higher diploid number (2n = 52) composed main-
ly of acrocentric elements, while the southeastern lineage 
includes individuals with lower diploid numbers and 
metacentric chromosomes. We cannot speculate about 
the ancestral karyotype or the direction of the change 
(increasing or decreasing the diploid number) but we can 
affirm that the animals of the southeastern clade (ROD66 
(MN68882, CIT2139, CIT1391, CIT1633 (CIT2259, 
M333))) are experiencing a visible process of genomic re-
organization. This high chromosomal variability and the 
presence of heterozygous and double heterozygous indi-
viduals for Rbs could imply that we are dealing with in-
dividuals in a hybrid zone where different chromosomal 
variants segregate more or less randomly giving rise to a 
high number of different karyotypes. Alternatively, the 
chromosomal polymorphisms observed in the southeast-
ern clade could be due to the processes of transient poly-
morphism (i.e. before fixation of a new rearrangement).

  Conclusions 

 Genetic data from  B. breviceps  reveal that we are deal-
ing with a more diverse and complex group than previ-
ously thought. Its evolutionary history is compatible with 
the hypothesis that the Rio Doce acts as a barrier in the 
Atlantic Rainforest, causing a geographic separation be-
tween the 2 main lineages. Coincidentally, other river 
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drainages (e.g. Pardo/Jequitinhonha, Mucuri and Paraí-
ba do Sul rivers) in the region of the Rio Doce system ap-
pear as secondary markers of phylogeographic breaks 
( figs. 1  and  2 ). The forest lizards [Pellegrino et al., 2005; 
Carnaval and Moritz, 2008], amphibians [Carnaval et al., 
2009] and birds [Cabanne et al., 2008] also show high di-
versity in the central portion of the biome relative to 
southern areas, and provide additional evidence for pop-
ulation expansion in southern regions.

  Although present knowledge does not allow us to 
make further assumptions on the role of river systems on 
the evolutionary history of the small mammals occurring 
in the coastal rain forest, the cumulative evidence of lati-
tudinal phylogeographic breaks in this region, as the one 
presented here, reinforces the urgency and importance of 
continuing research in this biodiversity hotspot. The in-
vestigation of the repetitive patterns so far reported may 
lead us to a better understanding of the historical bioge-
ography of this region. The karyological high diversity, 
phylogeographic structure, and genetic divergence where 
Kimura 2-parameter values between haplotype pairs of 
both main clades in  Blarinomys , differing by 4.8–8.4%, 
represent large values that fall in the range observed be-
tween pairs of akodontine sister species [e.g. Pardiñas et 

al., 2005; D’Elía et al., 2008; Jayat et al., 2008]. These re-
sults indicate a complex evolutionary history and call at-
tention to the need for a taxonomic re-evaluation of this 
elusive taxon.
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