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Abstract

Akodon montensis is abundant and widely distributed in the Atlantic Forest, which southern limits extends to northern
Argentina, principally in the Misiones province. Chromosomal data from more centrally distributed populations in Brazil
showed significant chromosome diversity; however, data from its southern boundaries are scarce. To explore the chromo-
somal diversity of this species, we conducted conventional chromosome staining, C-banding, CMA;/DAPI fluorochromes,
and in situ hybridization with a telomere probe in samples from Argentina. Most specimens had the standard karyotype 2n
= 24, although numerical variations due to aneuploidies and supernumerary (B) chromosomes were detected. We registered
novel structural polymorphisms for pair 11 and sex chromosomes, and a rearrangement involving pairs 2 and 4, possibly
due to a spontaneous chromosomal mutation. Most A. montensis females are homogametic with XX sex chromosomes,
although XY and X0 females were observed. Most individuals carrying B chromosomes had 1 B and, to a lesser extent, 2
and 3 B. The chromosomal variability detected at the southern limit of A. montensis distribution is high and similar to other
geographically distant populations, despite the fact that it could be a region recently colonized. Some of these variations
are unique and could have originated independently in southern populations, while others are shared throughout the species
distribution and may have originated earlier.

Keywords Aneuploidy - chromosomal rearrangement - sex-chromosomes polymorphism - supernumerary chromosomes -
evolution - rodent

Introduction

Akodon is among the most specious of sigmodontine
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Akodon montensis is an abundant species with a wide distri-
bution that comprises Brazil, Paraguay, and Argentina (Patton
et al. 2015; Galliari and Pardifias 2020). In Argentina, this spe-
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its distribution is mainly restricted to the Misiones province (Di
Bitetti et al. 2003; Galindo-Leal and de Gusmao Camara 2003).
Phylogenetic studies place Akodon montensis within the A. cur-
sor species group (Braun et al. 2008; Jayat et al. 2010; Coyner
et al. 2013). The A. cursor species group is the most variable
of the genus, demonstrating a complex chromosome evolution
(Labaroni et al. in press). This group includes species with the
highest 2n of the genus (2n = 44 in A. paranaensis and A. reigi)
and the lowest 2n known for rodents (2n = 9-10 in A. aff. cur-
sor). Akodon montensis has a standard karyotype with 2n = 24
and FNa = 42 reported for all the localities studied (Yonenaga-
Yassuda et al. 1975; Kasahara and Yonenaga-Yassuda 1982;
Yonenaga-Yassuda et al. 1992; Fagundes et al. 2000; Ventura
et al. 2009; Malleret et al. 2016; Soares et al. 2018). However,
the cytogenetic study effort has been disproportionate for differ-
ent regions, being intense in some and almost absent in others.
For instance, cytogenetic studies in southern Brazil reported
significant variability regarding sex chromosomes, including
sex reversions (fertile XY females), aneuploidy (X0 females)
and polymorphisms for the morphology of the X chromosome.
Moreover, different B chromosomes types were also described
(Yonenaga-Yassuda et al. 1975; Kasahara and Yonenaga-Yas-
suda 1982; Yonenaga-Yassuda et al. 1992; Fagundes et al. 2000;
Ventura et al. 2009; Soares et al. 2018). Conversely, there are no
chromosomal data for populations of this species from central
Brazil or Paraguay. The available information for A. montensis
in Argentina is sparse and includes a small sampling size for
a few populations of Misiones province. Liascovich and Reig
(1989) studied four specimens from the Provincial Park "Islas
Malvinas" (at present Parque Provincial Urugua-i) and reported
a conserved standard karyotype. Later, Malleret et al. (2016)
studied 31 specimens from five localities and described chromo-
some variation due to a trisomy, B chromosomes, XY females,
and polymorphisms for the morphology of the X chromosome.

According to molecular evidence, the populations of A.
montensis from Argentina and eastern Paraguay would rep-
resent a lineage derived from a recent expansion event of
the Brazilian populations (Valdez and D'Elia 2013); how-
ever, the impact of this demographic event on the karyotypic
diversity of the species is still unknown.

Knowledge of the chromosomal variability throughout the
distribution range of Akodon montensis is essential to understand
its complex evolution. This study analyzed specimens of this
species by different cytogenetic approaches from localities found
in Misiones Province, the southwest of its distribution.

Material and methods
Study area and samples

A total of 127 specimens of Akodon montensis were col-
lected and analyzed cytogenetically (65 males, 62 females),
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of which 31 were previously analyzed by Malleret et al.
(2016), (marked with an asterisk in supplementary material).
The sampling was performed in nine localities of Misiones,
Argentina (Fig. 1). Vouchers are housed in the mastozoo-
logical collection of the Instituto de Biologia Subtropical
(IBS-CONICET-UnaM, Misiones, Argentina) and Museo
Argentino de Ciencias Naturales (MACN, Buenos Aires,
Argentina). Catalogue numbers of studied specimens are
presented in the supplementary material.

Chromosome preparations

Chromosome preparations were obtained from bone
marrow and testes, following Ford and Hamerton (1956)
and Evans (1964), respectively. Slides were convention-
ally stained with 10% phosphate-buffered Giemsa (pH
6.8). The distribution of constitutive heterochromatin
(CH) was studied through C-bands, according to Sum-
ner (1972). In order to identify chromosome homology,
preparations were stained with the fluorochromes DAPI
(4,6-diamidino-2-phenylindole) and CMA; (Chromomi-
cine A;) (Schweizer 1976). Fluorescent in situ hybridi-
zation (FISH) was performed in six individuals carrying
Bs (B+) with a Cy3-conjugated PNA pantelomeric probe
(CCCTAA) obtained from PNA Bio (USA) according to
the protocol provided by the supplier.

Results

The standard karyotype of Akodon montensis consists of
2n = 24. Pairs 1 to 9 are large to medium, and pairs 10
and 11 are small; all chromosomes are bi-armed, except
pair 10, which is acrocentric (Fig. 2a). This species shows
a XX/XY sex chromosome determination system, where
chromosome X is medium and the Y small, both acro-
centric (Fig. 2a). We found a female with 2n = 24 from
Martinez Crovetto whose karyotype was heteromorphic
for pairs 2 and 4 (Fig. 2b). In this female, pair 2 consisted
of a bi-armed and an acrocentric chromosome, and pair 4
of two bi-armed chromosomes of different sizes (Fig. 4c).
We confirmed by fluorochrome staining (DAPI/CMA;)
that this variation resulted from a rearrangement involv-
ing chromosomes of both pairs. Moreover, we found a
polymorphism for the morphology of chromosomes of
pair 11, causing variation in the FNa between speci-
mens (FNa = 40 to 42). In most cases, pair 11 showed
the standard morphology of two bi-armed chromosomes
(Fig. 2e). In a less frequency, two acrocentrics or both
morphologies occurred together in a heterozygous condi-
tion (Fig. 2g).



Mammal Research (2023) 68:355-365

357

Fig. 1 a Distribution of Akodon
montensis (pink area). b Sam-
pling localities in the Misiones
Province: 1- Parque Nacional
Iguaz, 2- Parque Provincial
Urugua-i, 3- Puerto Esperanza,
4- Reserva Privada Forestal
Belga, 5- Parque Provincial
Pinalito, 6- Parque Ecoldgico y
Camping Municipal del Valle
del Cuiia Pira 7- Reserva Natu-
ral Osunund, 8- Campo San
Juan, 9- Parque Provincial de la
Sierra Ingeniero Ratl Martinez
Crovetto.The map was created
using SimpleMappr, an online
tool to produce publication-
quality point maps (https://
www.simplemappr.net/)

C-banding revealed heterochromatin in the pericentro-
meric regions of all chromosomes and the telomeric region
of pairs 3 and 10 (Fig. 3). The banding pattern obtained
with fluorochromes DAPI/CMA; allowed the establish-
ment of homologies between chromosomes. For instance,
pairs 3 and 4 had DAPI+ pericentromeric bands, while
pairs 1, 2 and 5 were DAPI-/CMA ;+. Moreover, pairs 1,
8, and 9 had conspicuous DAPI+ interstitial bands; and
pair 5 had a large DAPI+ distal band (Fig. 4a).

FISH experiments with the telomeric probe revealed
signals at the ends of all chromosomes (Fig. 6a-b).
Besides, in five specimens, interstitial telomeric sequences
(ITS) were observed in the pericentromeric regions of pair
3, and one had an additional ITS on both homologues of
pair 2 (Fig. 6a). Also, we observed one specimen with-
out ITS (Fig. 6b). Differences in the size and intensity of
ITS were detected, being those of pair 2 larger and more
intense (Fig. 6a).

The sex chromosomes were analyzed in 117 specimens (57
females and 60 males), and both X and Y showed variation.
Of all females analyzed, 48 were XX and 9 had heteromorphic
XY chromosomes. Two variants for the morphology of the
X were observed, acrocentric (Xa) and subtelocentric (Xs),

ATLANTIC
OCEAN

being present as XaXa (N = 38), XaXs (N =9) and XsXs (N
= 1). On the other hand, the Y chromosome showed an acro-
centric (Ya) or subtelocentric (Ys) morphology. In males, the
chromosomal constitutions were XaYa (N = 53), XaYs (N =
4) and XsYa (N = 3), and in XY females were XsYa (N =7),
XaYa (N =1)and XsYs (N =1).

All variants for X and Y had differences in their C-band-
ing pattern. Both X showed a small pericentromeric C band
(Fig. 3), although Xs also showed heterochromatin in the short
arm (Fig. 3b-c). On the other hand, the Ya was whole hetero-
chromatic, whereas the Ys had a C band restricted to the peri-
centromeric region (Fig. 3c-e). With fluorochromes, X variants
had CMA;+ pericentromeric heterochromatin (Fig. 4b) and
two interstitials DAPI+ bands (Fig. 4a). The short arm of the
Xs did not show differential staining either for DAPI or CMA,
(Fig. 5a). The Y chromosome was DAPI+, regardless of its
morphology (Fig. 4a; 5a, c).

Of the total specimens studied, 101 had a 2n = 24
(Fig. 2a) and 26 showed a variable number due to B chro-
mosomes (N = 24) or/and aneuploidy (N = 2). In the lat-
ter, we found a monosomic female of Martinez Crovetto
with 2n = 23 with one X chromosome (Fig. 2¢); and one
trisomic male of Campo San Juan with 2n = 25 + B with
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Fig.2 Conventional staining of mitotic chromosomes from A. mon-
tensis. a Karyotype of a male with the standard complement of 2n =
24. b Mitosis of a female with 2n = 24 and a chromosomal rearrange-
ment between pairs 2 and 4 indicated by black arrowheads. ¢ Meta-
phase of a female with 2n = 23 due to an X0 constitution. d Mitotic
chromosomes from a male with 2n = 24 + 1B. e Metaphase of a male
with 2n = 24 + 2B of different sizes. Pair 11 is indicated with arrow-
heads. f Metaphase of a male with 2n = 25 due to a trisomy in pair 11

Fig.3 C-banding of mitotic -

chromosomes of A. montensis. a . /Bss
a Metaphase of a female with Xa ' o

2n =24 + 1B. b Mitosis of a -~ '
female with 2n =24 + 1B. ¢ ® v
Metaphase of a male with 2n = Xas, 4"
24 + 1B. d Mitosis of a male ry ‘;/ « B
with 2n = 24 + 1B. e Meta- T L L
phase of a male with 2n = 24 + —
2B. f Chromosomal comple-

ment of a female with 2n = 24

+ 3B. Fine arrows indicate pair

11 with positive staining. Black d ./
lines indicate chromosome pairs s
3 and 10 with telomeric bands. Xa ",
B chromosomes were indicated . R

with arrows and identified as
in fig. 2. Sex chromosomes are
identified according to their
morphology, as in fig. 2. The
bar corresponds to 10 pm
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(identified by black lines) and a B chromosome. g Mitosis of a female
with 2n = 24 + 3B of different sizes and morphology. Pair 11 is indi-
cated with arrowheads. Sex chromosomes are identified according
to their morphology as Xa = acrocentric, Xs = subtelocentric, Ya =
acrocentric, Ys = subtelocentric. B chromosomes were indicated with
arrows as Bsm (medium submetacentric), Bss (small submetacentric)
and Bas (small acrocentric). The bar corresponds to 10 pm
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Fig.4 Chromosomes of A.
montensis stained with the spe-
cific base fluorochromes DAPI/
CMA;. a Karyotype of a male
with 2n = 24 + 1B stained with
DAPI. b Karyotype of a female
with 2n = 24 + 1B stained with
CMA;. ¢ Karyotype of a female
with 2n = 24. Brackets indicate
the chromosomal arm involved
in the rearrangement

three chromosomes 11 (described by Malleret et al., 2016,
Fig. 2f).

B chromosomes (Bs) were found in individuals from all
localities, including males and females, and they showed
different morphologies and sizes (Fig. 2d-g; Table 1). Of the
total of specimens, 22 had 1B (Fig. 2d), 2 had 2Bs (Fig. 2e),
and 1 had 3Bs (Fig. 2g; Table 1). Besides, a specimen car-
rying 1B was also trisomic for pair 11 (Fig. 2f; Table 1).

Based on B chromosome morphology and size, we
detected different types of Bs. A submetacentric and
medium B chromosome, similar in size to pair 9, called Bsm
(Fig. 2d-g), a submetacentric and small, similar to pair 10,
called Bss (Fig. 2e), and one acrocentric and smaller than
pair 11, called Bas (Fig. 2g). These Bs were found at differ-
ent frequencies in different populations, and different types
of Bs could be found in a specimen (Fig. 2e, g; Table 1).
The Bsm was found in 21 individuals (84%) and present in
all populations. The Bss was less frequent and found in 5
individuals (20%), alone in 4 individuals or with the Bsm in
one individual (Fig. 2e). The Bas chromosome was found in
a single specimen (4%) with 3Bs (Fig. 2g).

The different B types showed variations in the content of
heterochromatin. The Bsm presented two variants: one with
a large block of heterochromatin comprising the pericen-
tromeric region and a portion of the long arm (Fig. 3b, f),
whereas the other variant has a small block of heterochromatin
in the pericentromeric region (Fig. 3c, ). The Bss had a small
heterochromatic block in the pericentromeric region (Fig. 3a,

e). However, a single individual with 2n = 24 + 1Bss pre-
sented intraindividual variation for the C banding pattern. In
this case, we identify the pattern previously described above
for the Bss and a completely heterochromatic Bss (Fig. 3d).
The Bas chromosome was euchromatic (Fig. 3f).

Bsm and Bss chromosomes showed a similar banding
pattern with DAPI/CMA; fluorochromes (Fig. 5). The inter-
stitial region of the long arm had a DAPI+ band and the
pericentromeric region was DAPI neutral, visible only in
decondensed chromosomes (Fig. 5). With CMA; these Bs
did not have differential marks (Fig. 4b). Bas chromosome
was DAPI+ (Fig. 5d). On the other hand, telomeric probes
revealed signals only at both ends of the different types of
Bs (Fig. 6a-b).

The meiosis of three B+ males was analyzed, one of them
with 1B and the remaining two with 2Bs (Fig. 7). A total
of 41 cells were studied, of which 11 corresponded to the
pachytene phase, 25 to diakinesis, and 5 to metaphase II. In
pachytene, a normal pairing of autosomes and sex chromo-
somes was observed in all individuals (Fig. 7a). In contrast,
Bs were always observed as univalent (Fig. 7a). In diakine-
sis, 12 bivalents were identified (Fig. 7b-d). In this phase, the
Bs were identified in 20 cells as univalent and without asso-
ciation with the chromosomes of the standard complement
(Fig. 7b, d). Only five cells, two Bs were observed forming
a bivalent in different individuals (Fig. 7¢). In metaphase
II, cells with 12, 13 and 14 chromosomes were observed

(Fig. 7e-f).
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Fig.5 a Chromosomal comple-
ment of a male with 2n = 24 +
1B. b Metaphase of a female
with 2n =24 + 1B. ¢ Meta-
phase of a male with 2n =24 +
2B. d Chromosomal comple-
ment of a female with 2n = 24
+ 3B. The inset shows the B
chromosomes with a neutral
band in the pericentromeric
region. B chromosomes were
indicated with arrows and iden-
tified as in fig. 2. Sex chromo-
somes are identified according
to their morphology, as in fig. 2.
The bar corresponds to 10 pm

Discussion
The standard karyotype of Akodon montensis

The regular karyotype of A. montensis is 2n = 24 (FNa =
42) with a sex chromosome system XX/XY. The general
C-banding pattern of the autosomes is also conserved for the
species, mainly restricted to centromeres and pericentromeric
regions (Kasahara and Yonenaga-Yassuda 1982; Ortiz et al.
1998; Lisanti et al. 2001; Malleret et al. 2016; this study).
Conversely, studies of an isolated population from southern
Brazil showed centromeric CH only in pairs 2 and 9 (Sao
Francisco do Sul Island, in Santa Catarina, Soares et al. 2018).
In addition, distal C bands were identified in up to four chro-
mosome pairs in Argentine populations (Malleret et al. 2016;
this study), while in Brazil their detection was variable, being
absent in some cases or present only in two pairs (Kasahara
and Yonenaga-Yassuda 1982; Soares et al. 2018). These data
suggest variation in the amount and distribution of heterochro-
matin between populations of A. montensis.

Since the patterns obtained by DAPI/CMA; fluorescent
banding are comparable to those obtained by G and R bands,
we identified homology between the karyotypes of specimens
from Brazil, previously studied with G-banding (Fagundes
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and Yonenaga-Yassuda 1998; Silva and Yonenaga-Yassuda
2004; Veyrunes et al. 2007), and the specimens from Argen-
tine populations, analyzed with DAPI/CMA; fluorochromes
(Malleret et al. 2016; this study). On the other hand, the FISH
experiments showed that the telomeric probe hybridized to
both ends of all chromosomes, which is consistent with pre-
vious studies in Brazilian populations of this species and
other rodent species (Lanzone et al. 2015; Soares et al. 2018;
Labaroni et al. in press). Besides, we observed interstitial
telomeric sequences (ITS) in two large chromosome pairs
that were not previously described for the species (Soares
et al. 2018). Interestingly, ITS were also reported in A. cur-
sor, a cryptic species that is closely phylogenetically related
to A. montensis (Fagundes et al. 1997). Within the genus,
A. cursor and A. montensis have karyotypes with reduced
chromosome numbers (Liascovich et al. 1989; Fagundez
et al. 1998; Malleret et al. 2016; Soares et al. 2018), gen-
erated by different chromosomal rearrangements (Ventura
et al. 2009). The presence of ITSs could reflect the ancient
chromosome changes that occurred in the evolutionary his-
tory of these species, such as Robertsonian rearrangements
(Slijepcevic 1998; Bolzan and Bianchi 2006; Ventura et al.
2006; Ruiz-Herrera et al. 2008); however, other mechanisms
could explain the origin of ITS, such as the amplification



361

Mammal Research (2023) 68:355-365

Qourr01d SQUOISIIA JO YInos = () @ourao1d SQUOISIA JO 191ud0 = (D) ‘oouraold

SQUOISIA] JO 10U = (N)) ‘(S9[ewd) Jo Joquinu [210) 9Y) 03 30adsar yiim sa[eway onoweso1a)ay ur Kouanbaiy) odA) X = (%) A ‘(ss[ew Jo roquinu 2101 9y 03 103dsar yum ALouanbaxy) odKy X = (9)
X {(Ayeoor Jod suswiroads jJo roquunu [e103 23 03 30adsar yim Aouanbary) odA1 ¥ = (N) X Aieoo] Jod suswroads jo soquunu [e303 9y 03 30adsar yym +g suowroads Jo Aouanbary = (N) g ‘owos
-OWOIYD g JLNUII0IOR PIZIS-[[BWS SBq g OLNUIRIAWQNS PIZIS-[[BUWIS = SSE ‘QWOSOWOIYO ¢ ILNUIILISWIQNS PIZIS-WNIPIW = WISY ‘PozA[euR S[ENPIATPUL JO IqUInu = N ‘[erourroid oanbred = 44

(1) ex (ST°0)sX (s8'0)eX TI'0 (ssg+wsg) 21 (ssg wsg) PT 51 PLT ST &1 €€ (S) e11o1S B[ 9p dd

(1) ex (Dex 050 (wsg+Awosin)py (wsg) P1 2181 ¥ (S) uenf ueg odwe)

(TT0) SK (8L°0) X 010 sX (60)EX  0T0 (wsg) ¢ 28 &% SI (S) nununsQ

(LT'0) SX (€8°0) BX (90) SX (+6'0) EX 690 (wsg) 1 (ssd ‘wsg) PT 59 2¢ 51 ¢l (D) nid eUn)

(1) ex (1) ex (€c'0)sX (L90)eX 810 (seg + wsg) 51 (s 51 2L ET 1T (N) eS[eg [eisaIoq

(L9°0) SA (££°0) BA (€e'0) sX (L90)eX  €£0 (s 51 2T € (N) oveuld dd

(1) ex (ST0)SX (SL6'0) EX  $0°0 (wsg) P1 2Tl 561 8¢ (N) r-ensnin dd

(1) ex (929°0) sX (SLE0) eX  STO (wsg) ST o¢ ¥ (N ezuesadsg oong

(1'0) ex (1) ex (Tro)sx (880)eX €10 (wusg) e 29 &8 91 (N) nzen3]
(3 X (@)X NX (Ng q+6T ¢ + 1 ac +1¢ q+1C Yo €T

Kouonbaig Joquiny awosowoIry) N Aneoo

UOTBZIIS}ORIRYD [EWOSOWOIYd JIoy) pue suawrodds pazAeue ay) Jo Arewrwung | ajqe]

pringer

a's



362

Mammal Research (2023) 68:355-365

Fig.6 Fluorescent in situ
hybridization with pantelomeric
probe. a Metaphase of a female
with 2n =24 + 1B. Arrows
indicate interstitial telomeric
sequences in the pericentro-
meric region of chromosome
pairs 2 and 3. b Metaphase of
a female with 2n = 24 + 1B.
The inset shows two different B
chromosomes. B chromosomes
and sex chromosomes were
identified according to fig. 2

.¢~ ‘0;_': - O" \
» o .0 S
. '.. *a N 7
XY %. A .
Ky -~

Fig.7 Meiosis of A. montensis. a Pachytene of a specimen with 2n
= 24 + 2B where 12 bivalents and B as univalents are observed. b
Diakinesis of an individual with 2n = 24 + 1B where 12 bivalents
and one B univalent are observed. ¢ Diakinesis of a specimen with
2n = 24 + 2B where the B chromosomes are observed forming a
bivalent. d Diakinesis of a specimen with 2n = 24 + 2B where the

and transposition of telomeric sequences (Meyne et al. 1990;
Rovatsos et al. 2011). The apparent exclusivity of ITS in indi-
viduals of A. montensis from Argentine localities suggests
independent processes involving these sequences leading to
divergence between populations.

Chromosomal variations in the karyotype of A.
montensis

Different variations at the chromosomal level have been
recorded for A. montensis. Some of these variants are widely

@ Springer

B chromosomes are observed as univalent. e Metaphase II with 13
chromosomes from a specimen with 2n = 24 + 2B. f Metaphase 11
with 14 chromosomes from an individual with 2n = 24 + 2B. Arrows
indicate Bs chromosomes. Sex chromosomes are indicated as XY.
The bar corresponds to 10 pm

distributed, including most of the populations, while others
are restricted to specific localities (Yonenaga-Yassuda et al.
1975; Kasahara and Yonenaga-Yassuda 1982; Yonenaga-
Yassuda et al. 1992; Fagundes et al. 2000; Ventura et al.
2009; Malleret et al. 2016; Soares et al. 2018; this study).
We describe for this species a novel polymorphism for the
standard bi-armed pair 11, possibly caused by a pericen-
tric inversion observed only in Argentine populations. In
Akodon, the A. cursor group shows marked reductions in
2n, which could be explained by cycles of chromosomal
inversions and fusions. Ventura et al. (2009) recorded these
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rearrangements by chromosome painting in four Akodon
species, which can explain the group's evolution of the low-
est diploid number.

A single male specimen of Akodon montensis from
Argentina was trisomic for pair 11 (Malleret et al. 2016;
this study), a chromosome mutation rare in Akodon that was
previously recorded in A. cursor (Fagundes et al. 1998). On
the other hand, one female had a complex karyotype regard-
ing chromosome pairs 2 and 4. The chromosome rearrange-
ments involved in such variation are unknown. However, it is
tempting to propose that it could result from the spontaneous
fission of the short arm of one chromosome of pair 2 fol-
lowed by a tandem translocation to pair 4. So far, this type
of rearrangement has not been reported in the genus.

The sex chromosomes of A. montensis are polymorphic,
both X and Y chromosomes showed two variants. The acro-
centric X and Y (Xa and Ya) were recorded in previous
studies and are the most frequent polymorphisms in Bra-
zil and Argentina (Kasahara and Yonenaga-Yassuda 1982;
Malleret et al. 2016; this study). Other Akodon species that
are closely related to A. montensis also share acrocentrics X
and Y, suggesting that this morphology would represent the
plesiomorphic condition of the group (Silva and Yonenaga-
Yassuda 1998; Fagundes et al. 1997; Gonzalez et al. 1998;
Christoff et al. 2000; Malleret et al. 2016; Soares et al. 2018;
this study).

The Xs shows a short heterochromatic arm in the speci-
mens of Argentina (Malleret et al. 2016; this study) that
was not detected in specimens from Brazil (Kasahara and
Yonenaga-Yassuda 1982). Similar variation is also observed
for the Y chromosome, where its heterochromatin pattern is
variable throughout the distribution of the species (Kasa-
hara and Yonenaga-Yassuda 1982; Fagundes et al. 2000; this
study). The subtelocentric Ys chromosome is restricted to
Argentina. The differentiation of the X and Y and the low
frequencies of some variants in Argentine populations sug-
gest a recent origin in this region related to the heterochro-
matin addition-elimination process (John 1988; Steinemann
and Steinemann 2000; Waters et al. 2007).

Supernumerary or B chromosomes are among the pri-
mary causes of karyotypic variability in A. montensis and
are found in most populations. We found differences in the
number of Bs per individual and populational prevalence.
Most specimens B+ of this species show only one B (Kasa-
hara and Yonenaga-Yassuda et al. 1982; Yonenaga-Yassuda
et al. 1992; Malleret et al. 2016; Soares et al. 2018; this
study). However, we registered specimens with 2 and 3 B for
the first time in Argentina. In rodents and other vertebrates,
variation in the frequency of Bs between population is a
feature commonly observed (Silva and Yonenaga-Yassuda
2004; Vujosevi¢ et al. 2018). Notably, in A. montensis, the
frequencies of specimens with Bs do not exceed 30% in
almost all populations studied; however, two populations

were identified with a high frequency of Bs. Soares et al.
(2018) found a frequency of 75% of specimens with Bs in an
island population in Santa Catarina. Similarly, in this study,
B+ specimens represent almost 70% of the sample from
Cuia Pird (Misiones Province, Argentina). The different
frequency of B chromosomes observed between population
of A. montensis could be attributed to different factors that
are currently unknown, such as ecological or historical fac-
tors, or even due to differences in the intrinsic characteristics
of Bs between different localities, such as their transmission
(Beukeboom, 1994; Camacho et al. 2000; Camacho 2005).

The morphology, size, and amounts of heterochromatin in
the B chromosomes of A. montensis are variable. We found
two submetacentric Bs, a medium and a small sized (Bsm and
Bss, respectively), and a small acrocentric (Bas). In Misiones,
the Bsm is the most frequent and widely distributed type of
supernumerary, according to what is observed in other popu-
lations from Brazil (Kasahara and Yonenaga-Yassuda et al.
1982; Yonenaga-Yassuda et al. 1992). Soares et al. (2018)
described four types of Bs for Sao Francisco do Sul Island
(Santa Catarina, eastern Brazil); two of them would corre-
spond to the Bsm and Bss detected in this study (Kasahara and
Yonenaga-Yassuda et al. 1982; Yonenaga-Yassuda et al. 1992;
Malleret et al. 2016; this work). The other two are apparently
restricted to Sdo Francisco do Sul Island. Moreover, the Bas
reported in our study for Martinez Crovetto (Misiones, north-
ern Argentina) corresponds to a novel morphological variant
not previously observed in the species.

The characteristics in the heterochromatin composition of
Bs are also shared between Argentine and Brazilian popula-
tions. Bs can be euchromatic with pericentromeric hetero-
chromatin (Silva and Yonenaga-Yassuda 2004; Soares et al.
2018; this study) or, less frequently, heterochromatic (Kasa-
hara 2009; this study); conversely, the Bas is the only morph
that lacks heterochromatin. The particular characteristics of
the Bas (morphology and chromatin pattern) differentiate
this element from others suggesting that this variant would
be restricted to southern Misiones populations in Argentina.

Soares et al. (2018) analyzed all B-variants studied by
microdissection and chromosome painting, proposing a
common origin for the Bs. The discovery of new variants in
A. montensis through differentiation is a feature reported in
other mammal species (VujoSevic et al. 2018). Bs in Akodon
would share a common origin with subsequent modifica-
tions. However, based on the reported variability and the
lack of molecular studies to test homology between other
studied populations, we cannot propose a conclusive hypoth-
esis for Bs origin in this species.

Valdez and D' Elia (2013) presented a phylogeographic
study of A. montensis in the Atlantic Forest. These authors
based their work on the refuge hypothesis during Quater-
nary climatic fluctuations proposed by Carnaval and Moritz
(2008). According to this, during the Last Glacial Maximum,
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forested areas of the Atlantic Forest were restricted to iso-
lated refuges in central Brazil and later expanded to their
current distribution. Valdez and D' Elia (2013) concluded
that Argentine and northeast Paraguayan populations of A.
montensis came from a recent expansion from a refuge in
Brazil (Sao Paulo). Despite the recent colonization proposed
for this region, in this study, we found an impressive chro-
mosomal diversity for A. montensis, which corresponds to
the southernmost range of the species (Misiones, Argentina).
The variability found is comparable to that described for
central Brazil, suggesting that chromosomal diversity does
not decrease at the species boundaries. Besides, localities
from Argentina show variations that are apparently restricted
to southern localities. Interestingly, despite being a species
that recently colonized Argentinian Atlantic Forest, A. mon-
tensis is the most abundant of this assemblage (Galliari and
Pardifias 2020).

The lack of knowledge about the genomic evolution of
A. montensis should be overcome through high-throughput
DNA sequencing technologies, for example, by studying
individuals with different chromosome constitutions. Moreo-
ver, it would be interesting to study Paraguayan populations,
for which cytogenetic information is still absent, to know
if this part of the expansion replicates the same chromo-
some diversity pattern found in Argentina and Brazil and
Argentina.
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