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Abstract

Of the superfamily Muroidea (31 genera, 1578 species), the
Sigmodontinae (74 genera, 377 species) is the second largest
subfamily in number of species and represents a significant
radiation of rodent biodiversity. Only 2 of the 74 genera are
found in both North and South America (Sigmodon and Ory-
zomys) and the remainder are exclusively from South Amer-
ica. In recent molecular studies, the genus Sigmodon (Cri-
cetidae, Sigmodontinae) has been considered sister to many
other South American Sigmodontines [Steppan et al., 2004].
We examine the chromosomal evolution of 9 species of Sig-
modon utilizing chromosomal paints isolated from S. hispi-
dus, proposed to be similar to the ancestral karyotype [Elder,
1980]. Utilizing a phylogenetic hypothesis of a molecular
phylogeny of Sigmodon [Henson and Bradley, 2009], we
mapped shared chromosomal rearrangements of taxa on a
molecular tree to estimate the evolutionary position of each
rearrangement. For several species (S. hirsutus, S. leucotis,
S. ochrognathus, S. peruanus, and S. toltecus), the karyotype
accumulated few or no changes, but in three species (S. ari-
zonae, S. fulviventer,and S. mascotensis) numerous karyotype
rearrangements were observed. These rearrangements in-

volved heterochromatic additions, centric fusions, tandem
fusions, pericentric inversions, as well as the addition of
interstitial DNA not identified by chromosome paints or
C-banding. The hypothesis that the ancestral karyotype for
this complex had a diploid number of 52, a fundamental
number of 52, and a G-band pattern of which most, if not all
are similar to that present in modern day S. hispidus fails to
be rejected. This hypothesis remains viable as an explana-
tion of chromosomal evolution in Sigmodontine rodents.
Copyright © 2009 S. Karger AG, Basel

The definition of the primitive karyotype is critical to
establishing direction, nature, and phylogenetic position
of chromosomal change, such definition has been estab-
lished through chromosome painting for many New
World mammals including canids [Graphodatsky et al.,
2001; Nash et al., 2001], bats [Volleth et al., 1999; Pieczarka
et al., 2005], bears [Nash et al., 1998], anteaters and sloths
[Yang et al., 2006], marsupials [Rens et al., 2003], muste-
lids [Hameister et al., 1997; Nie et al., 2002], primates
[Richard et al., 1996; Stanyon et al., 2001; Garcia et al.,
2002], and New World rodents [Dawson et al., 1999; Stan-
yon et al., 2003; Li et al., 2004; Sitnikova et al., 2007; Hass
et al., 2008]. Yet, New World muroid rodents have been
poorly studied as Zoo-Fish is difficult to conduct on the
extensively rearranged karyotypes and the few that have
been conducted utilize paints isolated from closely related
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rodent species. As a paucity of comparative chromosome
painting exists in New World muroid rodents (family Cri-
cetidae), studies of their rearranged and conservative
karyotypes would be useful in eutherian comparative cy-
togenetics and reconstruction of ancestral karyotypes of
other groups. This study is designed to develop a hypoth-
esis of the primitive chromosomal condition for one of the
most specious muroid taxa, the Sigmodontinae.

Within muroid rodents, the second largest subfamily
is the Sigmodontinae (New World rats and mice) com-
posed of 377 species [Musser and Carleton, 2005]. This
subfamily is a tremendously successful radiation of ro-
dents that has been documented to be monophyletic, and
has many examples of chromosomal evolution. Of the 74
genera in this subfamily, the morphological, molecular,
and cytogenetic variation of the genus Sigmodon is well
studied. Phylogenetically, the genus Sigmodon is the bas-
al clade diverging from the common ancestor of this
complex [Steppan et al., 2004]. Determining the charac-
teristics of a primitive karyotype for Sigmodon will pro-
vide an hypothesis of the primitive karyotype condition
for this subfamily and provide a starting point for other
studies of chromosomal evolution within monophyletic
radiations of Sigmodontine rodents.

Cotton rats of the genus Sigmodon [Rodentia: Criceti-
dae, Sigmodontinae - Musser and Carleton, 2005] were
among the earliest rodent genera described in the Western
Hemisphere [Say and Ord, 1825]. Easily recognizable by
the ‘S-shaped’ cusp pattern on molar teeth, members of
the genus are distributed throughout the southwestern to
southeastern United States, Mexico, Central America, and
northern South America, typically in grassy habitats [Bai-
ley, 1902; Nelson and Goldman, 1933; Baker, 1969; Ander-
son, 1972; Voss, 1992; Carleton et al., 1999; Peppers et al.,
2002; Carroll et al., 2005]. Throughout their distribution,
cotton rats are often cyclical in population densities as a
response to climatic change and food availability. Al-
though one of the more commonly encountered rodents,
morphological similarities among species hindered taxo-
nomic identification of several species and establishment
of phylogenetic relationships among taxa lagged until the
advent of chromosomal and molecular sequence data
[Zimmerman, 1970; Peppers and Bradley, 2000; Peppers et
al., 2002; Carroll et al., 2005; Henson and Bradley, 2009].

In a recent review, 13 species of cotton rats were recog-
nized by Musser and Carleton [2005]: S. alleni, S. alstoni,
S. arizonae, S. fulviventer, S. hirsutus, S. hispidus, S. inopi-
natus, S. leucotis, S. mascotensis, S. ochrognathus, S. pe-
ruanus, S. planifrons, and S. toltecus. They also recognized
S. zanjonensis which they concluded may or may not be
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specifically distinct [Carleton et al., 1999; Musser and
Carleton, 2005]. Of these 13 species, karyotypes for 9 (S.
alleni, S. arizonae, S. fulviventer, S. hirsutus, S. hispidus, S.
leucotis, S. mascotensis, S. ochragnathus, and S. toltecus)
[Hsu and Benirschke, 1968; Kiblisky, 1969; Lee and Zim-
merman, 1969; Zimmerman, 1970; Carroll et al., 2005]
have been described with non differentially stained chro-
mosomes, G- bands, and C-bands [Zimmerman, 1970; El-
der, 1980; Elder and Lee, 1985]. Diploid numbers ranged
from 22 to 82 and fundamental number (total number of
autosomal arms) ranged from 34 to 82; G-band data indi-
cate that S. hispidus, S. leucotis, S. alleni, S. ochragnathus,
S. arizonae, and S. mascotensis form a species group to the
exclusion of S. fulviventer which Elder and Lee [1985]
placed in its own species group. Incomplete chromosomal
data exists for S. alstoni [Reig, 1986; Voss, 1992; only dip-
loid number described] and no chromosomal data are
available for S. inopinatus, S. peruanus, and S. planifrons.

The karyotype of Sigmodon hispidus has been recog-
nized as very similar to the ancestral karyotype that gave
rise to the karyotype diversity within Sigmodon. Elder
[1980] using detectable G-band homologies proposed the
G-band karyotype of S. hispidus as primitive, and using
mostly fusions, reconstructed the karyotypes of S. arizo-
nae (2n = 22/24) and S. mascotensis (2n = 28). The type
of rearrangements detected was mostly tandem fusions
in S. arizonae and S. mascotensis, though many more re-
arrangements including pericentric and paracentric in-
versions, and centric fusions had occurred in S. arizonae
than S. masotensis. In addition, Elder [1980] concluded
that S. arizonae or S. mascotensis could not be directly
derived from the other species, as some of their chromo-
somal rearrangements involved different combinations
of ancestral S. hispidus chromosomes.

G-bands of rodent species with a diploid number of 48
to 52 from North and South America, Europe, Asia, and
Australia were compared to S. hispidus for shared G-
band patterns [Baker et al., 1983; Koop et. al., 1984]. The
species with the karyotype of 2n = 48 to 52 shared similar
G-band patterns in the largest 14 autosomes and the X.
Many of these G-band patterns were shared with S. his-
pidus and were proposed as primitive for the common
ancestor of this group.

The current study is designed to test the hypothesis
that the karyotype of S. hispidus (2n = 52, FN = 52) is
similar to the ancestral karyotype for Sigmodon. Evi-
dence to support this hypothesis is that the karyotype of
S. hispidus has a diploid number that is considered prim-
itive for cricetid and murid rodents, has G-band patterns
similar and often indistinguishable from those in other
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Table 1. The TK/TTU/CRD numbers, and locality information for the animals studied in this paper. Also included are the GenBank
Accession numbers and accompanying citation of the animals that have been sequenced (1: Peppers et al., 2002; 2: Carroll and Bradley,
2005; 3: Henson and Bradley, 2009). TK numbers represent the data set and tissues collected from the animal. TTU (Genetic Resource
Collection, Texas Tech University) and CRD (Centro Interdisciplinario de Investigacion para el Desarrollo Integral Regional Unidad
Durango) numbers represent the skin and/or skull of the museum voucher.

Species TK # TTU/CRD # Sex Locality GenBank Accession # Citation
S. arizonae 70927 CRD 2181 M Durango, Mexico

S. arizonae 70928 TTU 81699 F Durango, Mexico AF155423/AY459383/EU635699 1,2,3
S. fulviventer 72394 CRD 2153 M Durango, Mexico

S. hirsutus 136882 TTU 103971 M Colon, Honduras

S. hispidus 93765 M Texas, USA FJ232944

S. hispidus 93767 M Texas, USA FJ232945

S. hispidus 121529 TTU 108169 M Texas, USA

S. hispidus 137315 TTU 108155 M Tamaulipas, Mexico EU073177/EU652895/EU635708 3

S. leucotis 72389 TTU 81693 F Durango, Mexico EU652909/EU652897/EU635712 3

S. mascotensis 93075 TTU 82793 F Jalisco, Mexico AF425215/ AY459385/EU635715 2,3

S. mascotensis 150633 TTU 104775 M Michoacan, Mexico

S. ochrognathus 48608 TTU 75466 F Durango, Mexico

S. ochrognathus 83130 TTU 78696 F Texas, USA

S. peruanus 134776 TTU 103494 F Guayas, Ecuador EU073179/EU652901/EU635719 3

S. toltecus 136365 TTU 104421 M Cortes, Honduras

S. toltecus 136997 TTU 104086 M Colon, Honduras

rodent species where the primitive karyotype for each re-
spective genus has been proposed [Baker et al., 1983;
Koop etal., 1984], and has been regarded as similar to the
ancestral karyotype for Sigmodon through G-banding
[Elder, 1980]. For this paper, we isolated chromosome
paints from S. hispidus, used fluorescence in situ hybrid-
ization (FISH) for 9 species of Sigmodon, and mapped
chromosomal rearrangements onto a statistically sup-
ported phylogenetic tree [Henson and Bradley, 2009] to
determine the evolutionary position and direction of
change for karyotypes of Sigmodon species.

Methods and Materials

Animals

Cell suspensions archived at Texas Tech University (TTU)
were from the following specimens (table 1), and sequence data
obtained from the cytochrome b, IRBP, and beta fibrinogen genes
are available for some specimens (table 1).

Chromosome Banding

Karyotypes were prepared according to Baker et al. [2003]. To
establish a reference set of fluorescent G-banded chromosomes of
S. hispidus, some chromosome preparations were only DAPI
banded; whereas other chromosome preparations were DAPI
stained following fluorescence in situ hybridization. To produce
the reference set, blazed-dried chromosome preparations were
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treated according to the fluorescent G-band methods developed
by M.J. Hamilton as described in Bowers et al. [1998] under the
subheading ‘in situ hybridization and chromosome banding’. The
chromosome preparations were treated with RNase, digested
with pepsin, and dehydrated with a series of ethanol washes. This
was not followed by any further chromosomal denaturation. Af-
ter ethanol washes, slides were washed in 3 changes of 2Xx SSC
and incubated in Mcllvaine’s buffer (0.2 M Na,HPOy, 0.1 M citric
acid, pH 7.0) with 0.01 M MgCl, for 15 min at room temperature.
After draining the excess buffer from each slide we applied 100 .l
of chromomycin A; (100 pg/ml), covered slides with Parafilm®
and incubated for 15 min at room temperature. The slides were
then washed in 2 changes of Mcllvaine’s buffer for 2 min per wash,
rinsed with DI H,O and allowed to dry. Approximately 35 .l of
Vectashield® (Vector, Co) mounting medium with DAPI was add-
ed to each slide, and covered with a 24 X 60 coverslip to aid the
spread of DAPI throughout the slide.

C-banding followed the procedures of Schmid (1978). The
C-banded karyotypes of S. leucotis, S. hirsutus, S. peruanus, and
S. toltecus were compared to the distribution of the S. hispidus
paint in situ hybridization signal in each karyotype.

Cell Culture and Fluorescence in situ Hybridization

Fibroblast cultures were established from ear cartilage biop-
sies of a male S. hispidus (TTU 108168, TK 121545) following
standard tissue culture techniques.

Chromosomes of a male S. hispidus (TTU 108168, TK 121545)
were flow sorted, DOP-PCR amplified, and biotin labeled [Yang
et al,, 1995] into 22 individual probes at the Resource Center for
Comparative Genomics, University of Cambridge. Each probe
was individually in situ hybridized to S. hispidus following a mod-
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Table 2. The S. hispidus paints (H1-HX/Y) and the corresponding chromosome of S. arizonae, S. fulviventer, S. hirsutus, S. leucotis,
S. mascotensis, S. ochrognathus, S. peruanus, and S. toltecus that hybridized to each paint. Question marks indicate unknowns.

Paint S.hispidus S. ochrognathus  S. leucotis ~ S.hirsutus S. peruanus S. toltecus S. fulviventer S. mascotensis S. arizonae
H1 1 1 1 1 1 1 2 4 1
H2 2 1 2 2 1 1 4 1 4
H3 3 1 3 3 1 1 6 3 9
H4 4 ? 4 4 4 4 ? 2 3
H5 5 5 5 5 5 5 8 7 1
He6 6 6 6 6 6 6 3 5 3
H7 7 7 7 7 7 7 10 6 6
H8/9 8,9 8,9 8,9 8,9 8,9 8,9 3,9 1,9 59
H10 10 10 10 10 10 10 11 8 2
H7/11 7,11 7,11 7,11 7,11 7,11 7,11 10,13 6,12 6,2
H12/14 12,14 12,14 12,14 12,14 12,14 12,14 10,2 53 7,3
H13/22 13,22 13,22 13,22 13,22 13,22 13,22 12,8 8,9 3,8
H15 15 15 15 15 15 15 1 2 4
H16/20/22 16, 20,22 16, 20,22 16,20,22 16,20,22 16,20,22 16,20,22 7,12,8 10,12,9 10,8
H17 17 17 17 17 17 17 5 10 8
H18 18 18 18 18 18 18 1 11 5
H19/20/22 19, 20,22 19, 20,22 19,20,22 19,20,22 ? 19,20,22 1,12,8 11,12,9 8
H21 21 21 21 21 21 21 13 7 3
H23 23 23 23 23 23 23 1 9 4
H24 24 24 24 24 24 24 5 13 8
H25 25 25 24 25 25 25 14 2 1
HX/Y XY X X XY X XY X X X, 8
ified version of Yang et al. [2003] with probes being denatured at Results

70°C for 5 min and slides denatured in 50% formamide, 2X SSC
at 70°C for 2 min. Slides were counterstained with DAPI. Then
the S. hispidus probes were individually hybridized in situ to
S. arizonae, S. fulviventer, S. hirsutus, S. leucotis, S. mascotensis,
S. ochrognathus, S. peruanus, and S. toltecus.

Analysis

Each DAPIimage and painted chromosome image of the same
metaphase spread as well as the reference DAPI images from dif-
ferent metaphase spreads were photographed with an Applied
Imaging® camera. These images were captured using the Ge-
nus™ System 3.7 from Applied Imaging Systems (San Jose, CA).

DAPI images were inverted with Image Pro Plus 4.5.1 22 (Me-
dia Cybernetics, Inc, MD) so that areas staining brightly with
DAPI became the dark bands of classical G-bands. The G-bands
were then enhanced with the HiGauss filter of Image Pro Plus.
Banded chromosomes were arranged into a karyogram using the
Genus™ System 3.7 software and numerically classified accord-
ing to previous literature [Elder, 1980; Elder and Pathak, 1980;
Elder and Lee, 1985]. Chromosomes that were stained with DAPI
after FISH were compared to the reference set of fluorescent G-
banded chromosomes. The DAPI stained chromosomes (which
were identified from the same metaphase spread as the painted
chromosomes) were used to identify each painted chromosome
by comparison with the reference set of fluorescent G-banded
chromosomes. Rearrangements were then mapped upon a mo-
lecular tree [Henson and Bradley, 2009].

Patterns of Chromosomal Evolution in
Sigmodon

The S. hispidus paints (H1-H25 and HX/Y), the S. his-
pidus chromosomes that were contained in each paint
[following the numerical order of Elder, 1980], and the
chromosomes of S. arizonae, S. fulviventer, S. hirsutus,
S. leucotis, S. mascotensis, S. ochrognathus, S. peruanus,
and S. toltecus that were hybridized by each S. hispidus
paint are given in table 2. Further explanation of the ho-
mology of S. hispidus paints to the other 8 species of Sig-
modon is provided below.

The most conserved chromosomal element among the
species of Sigmodon was the X chromosome. The HX/Y
paint consistently hybridized to a chromosome with a
fluorescent G-banding pattern specific for the X chromo-
some in all 9 Sigmodon species (table 2). One rearrange-
ment of the X chromosome was found in S. arizonae with
the HX/Y chromosome paint hybridizing to both the X
and to chromosome 8. Further, a small portion of the Y,
possibly the pseudoautosomal region, hybridized with
the HX/Y paintin S. hispidus, S. hirsutus, and S. toltecus.
Hybridization of the HX/Y paint to the Y was not detect-
ed in S. fulviventer; and we did not have adequate chro-
mosomal preps from male individuals of S. arizonae, S.
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Fig. 1. A Metaphase spreads of S. ochrogna-
thus indicating the hybridization pattern
of paint H6. The arrows indicate regions
of nonhybridization on chromosome 6.
B The respective DAPI spread.

leucotis, S. mascotensis, S. ochrognathus, and S. peruanus
to test for cross hybridization to the Y.

Sigmodon hispidus (2n = 52; FN = 52)

Twenty-two whole chromosome paints of S. hispidus
were produced for this study. Fifteen hybridized to a sin-
gle chromosome in S. hispidus metaphases, whereas 7 hy-
bridized to multiple chromosomes. Of the 7 paints, the
combinations of multiple chromosomes are as follows:
X/Y; 7/11; 8/9; 13/22; 12/14; 16/20/22; and 19/20/22.

The number of rearrangements in each species of Sig-
modon was variable and ranged from zero to 16. In 5 spe-
cies (S. hirsutus, S. leucotis, S. ochrognathus, S. peruanus,
and S. toltecus) with a diploid number of 52, all paints
hybridized to a single chromosome each; the order of the
respective chromosomes were the same as found in S. his-
pidus. We concluded that no translocations have occurred
between the karyotype of S. hispidus and these 5 species.
In S. fulviventer, there were 11 rearrangements from
S. hispidus, in S. mascotensis there were 12 rearrange-
ments, and in S. arizonae there were 18 rearrangements.
The following species descriptions detail the rearrange-
ment combinations and hybridization patterns to S. his-
pidus starting with the least rearranged karyotypes to the
most rearranged karyotypes. Paints were labeled by their
corresponding S. hispidus chromosome following Elder
[1980], for example, H1 is the S. hispidus paint corre-
sponding to chromosome 1.

Sigmodon ochrognathus (2n = 52; FN = 66)

Twenty-one of the S. hispidus paints hybridized as ho-
mologous blocks to single chromosomes of S. ochrogna-
thus (table 2). The lack of hybridization of H4 was prob-
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ably due to the low concentration of the paint. Chromo-
somes 1, 5, 13-15, 19, 22, 24-25 completely hybridized to
the S. hispidus paints similar to the pattern of the S. his-
pidus paints to S. hispidus. Otherwise, the centromeric
heterochromatic regions of chromosomes 3, 6 (fig. 1), 7-
12,16-18, 20,21, 23, and the X did not display any hybrid-
ization signal to the S. hispidus paints. Other than the
heterochromatic short arms (which change the FN in this
species), no other rearrangements were detected.

Sigmodon leucotis (2n = 52; FN = 52)

Twenty-one of the S. hispidus paints hybridized as ho-
mologous blocks to single chromosomes of S. leucotis (ta-
ble 2). The lack of hybridization of H4 was due to the low
concentration of the paint. Chromosomes 1-3, 5-16, 18—
23, 25 and the X completely hybridized to the S. hispidus
paints similar to the pattern of the S. hispidus paints to
S. hispidus. No rearrangements were detected and only a
portion of chromosome 17 and 24 did not hybridize to
the S. hispidus paints. The chromosomal preparations of
S. leucotis were too poor to make an adequate assessment
of C-banding.

Sigmodon hirsutus (2n = 52; FN = 52)

All 22 S. hispidus paints hybridized to the karyotype
of S. hirsutus. Twenty-one S. hispidus paints hybridized
as homologous blocks to single chromosomes of S. hirsu-
tus (table 2). Chromosomes 1-5, 9-16, 19-21, 25 and the
X completely hybridized to the S. hispidus paints similar
to the pattern of the S. hispidus paints to S. hispidus. The
distribution of constitutive heterochromatin in S. hirsu-
tus is concentrated in the centromeric regions. Other re-
gions of constitutive heterochromatin include one pair of
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Fig. 2. C-banded metaphase spreads of (A) S. hirsutus, (B) S. peruanus, and (C) S. toltecus. Centromeric regions

stain darkly.

small autosomes of S. hirsutus (fig. 2A). The regions of
chromosome 6, 7, 17, 18, 23, 24 and the Y in S. hirsutus
that did not hybridize to single copy paints of S. hispidus
correspond well with regions of constitutive heterochro-
matin. Chromosome 18, which displayed a low level of
hybridization to the S. hispidus paints, is most parsimo-
niously explained as corresponding to the small autoso-
mal pair that is darkly C-banded. Other than heterochro-
matic additions, no rearrangements were detected.

Sigmodon peruanus (2n = 52; FN = 50)

Twenty of the S. hispidus paints hybridized as homol-
ogous blocks to single chromosomes of S. peruanus (ta-
ble 2). We could not detect hybridization to paint H4 and
H19 probably due to the low concentration of these paints
and the lack of adequate chromosomal preparations of
S. peruanus. Chromosomes 5-7, 9, 11, 12, 14, 15, 18, 20,
21, and 24 completely hybridized to the S. hispidus paints
similar to the pattern of the S. hispidus paints to S. hispi-
dus. The distribution of constitutive heterochromatin in
S. peruanus is concentrated in the centromeric regions
(fig. 2B). These constitutive heterochromatin regions
corresponded well to the areas of chromosomes 1-3, 10,
13, 16, and 17 that did not hybridize to any S. hispidus
paints. Other than these heterochromatic additions, no
rearrangements were detected.

Sigmodon toltecus (2n = 52; FN = 52)
All 22 S. hispidus paints hybridized to the karyotype
of S. toltecus (table 2). All of these S. hispidus paints hy-

Patterns of Chromosomal Evolution in
Sigmodon

bridized as homologous blocks to single chromosomes of
S. toltecus. Chromosomes 1, 2, 4-6, 11-16, 18, 20, 22, 23,
and 25 completely hybridized to the S. hispidus paints
similar to the pattern of the S. hispidus paints to S. hispi-
dus. No euchromatic rearrangements were detected. The
distribution of constitutive heterochromatin in S. tolte-
cus is concentrated in the centromeric regions and the
smallest pair of autosomes (fig. 2C). The mid-sized and
smaller autosomes of S. toltecus stained darkly in the cen-
tromeric regions after C-banding, corresponding well
with the centromeric regions of 3, 7, 10, 17, 19, and 24 that
did not hybridize to paints from S. hispidus. The smallest
pair of autosomes that stained the darkest may be chro-
mosome pair 21 in S. toltecus. There was a low level of
hybridization of the S. hispidus paints to this chromo-
some as it may be mainly constitutive heterochromatin
such as repetitive elements. Rearrangements in S. toltecus
were restricted to heterochromatic additions as noted
above.

Sigmodon fulviventer (2n = 28 or 30; FN = 34)

Twenty-one of the S. hispidus paints hybridized to the
karyotype of S. fulviventer (table 2). All of these S. hispi-
dus paints hybridized as homologous blocks to single
chromosomes of S. fulviventer. The lack of hybridization
of H4 to S. fulviventer was probably due to the low con-
centration of the paint as its hybridization signal was
weak in all the Sigmodon species. Only by reducing the
stringency of the washes, was signal detected in some
species. Paints that completely hybridized to a single
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Fig. 3. An ideogram showing where the paints from S. hispidus, labeled H1-H25, hybridized to the karyotype
of S. fulviventer. Regions of chromosomes 1-5, 7 and 9 that did not hybridize to the paints are indicated by black
and white bands that correspond to G-positive and G-negative bands. A DAPI banded chromosome follows its

respective in situ chromosome.

chromosome in S. fulviventer were paint H2 to S. fulvi-
venter chromosome 4, paint H3 to S. fulviventer chromo-
some 6, paint H7 to S. fulviventer chromosome 10, paint
H10 to S. fulviventer chromosome 11, paint H25 to S. ful-
viventer chromosome 14, and HX/Y paint to the S. fulvi-
venter X. Ten fusions and 1 inversion were documented
in the S. fulviventer karyotype from the S. hispidus paints
(tig. 3). The S. hispidus chromosomes 23, 15, 19, and 18
fused together to form chromosome 1 in S. fulviventer;
H1 and H14 fused to form chromosome 2; H8 and H6
fused to form chromosome 3; H24 and H17 fused to form
chromosome 5; H16 and H12 to form chromosome 7; H5
and H22 to form chromosome 8; H13 and H20 to form
chromosome 12; and H11 and H21 to form chromosome
13.

Regions of chromosomes 1, 2, 3-5, 7, and 9 demon-
strated no hybridization to S. hispidus paints (fig. 3). In
all of the 8 species of Sigmodon examined, this is the
greatestamount of nonhybridization detected. The small-
est chromosome of S. hispidus (chromosome 25) corre-
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sponds to the smallest chromosome in S. fulviventer
(chromosome 14), the centromeric position in this chro-
mosome is now central, producing a metacentric result-
ing from an inversion.

Sigmodon mascotensis (2n = 28; FN = 28)

All 22 of the S. hispidus paints hybridized to blocks
within single chromosomes of S. mascotensis. Only 3
chromosomes of S. mascotensis completely hybridized to
a single paint: chromosome 4 by paint H1, chromosome
13 by paint H24, and X of S. mascotensis by the HX/Y
paint. A portion of chromosome 1 and chromosome 6 in
S. mascotensis did not hybridize to the S. hispidus paints
(fig. 4). Twelve fusions resulting from the combination of
2 acrocentric chromosomes to produce a larger acrocen-
tric were documented in the S. mascotensis karyotype
from the S. hispidus paints (fig. 4). The S. hispidus chro-
mosomes 2 and 8 fused to form chromosome 1 in S. mas-
cotensis; H15, H25, and H4 fused to form chromosome 2;
H14 and H3 fused to form chromosome 3; H12 and H6
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Fig. 4. An ideogram showing where the paints from S. hispidus, labeled HI-H25, hybridized to the karyotype
of S. mascotensis. Regions of chromosomes 1 and 6 that did not hybridize to the paints are indicated by black
and white bands that correspond to G-positive and G-negative bands. A DAPI banded chromosome follows its

respective in situ chromosome.

fused to form chromosome 5; H5 and H21 fused to form
chromosome 7; H13 and H10 fused to form chromosome
8; H23, H9, and H22 fused to form chromosome 9; H16
and H17 fused to form chromosome 10; H19 and H18
fused to form chromosome 11; and H20 and H11 fused to
form chromosome 12.

Sigmodon arizonae (2n = 22 or 24; FN = 38)

This species had the largest number of chromosomal
rearrangements as well as the greatest diversity of types
of rearrangements. All 22 of the S. hispidus paints hybrid-
ized to the karyotype of S. arizonae. Twenty-one of the
paints hybridized as homologous blocks to single chro-
mosomes of S. arizonae. The only paint that hybridized
to multiple chromosomes was the HX/Y paint. It hybrid-
ized to the X chromosome of S. arizonae as well as the
most distal region of chromosome 8 (fig. 5). Paints that
completely hybridized to a single chromosome in S. ari-
zonae were H7 to S. arizonae chromosome 6, H12 to S.
arizonae chromosome 7, H16 to S. arizonae chromosome
10, and the HX/Y paint to the X of S. arizonae.

Fifteen fusions, one partial arm translocation, and 2
inversions were documented in the S. arizonae karyotype
from the S. hispidus paints (fig. 6). The S. hispidus chro-
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mosomes 1, 5, and 25 fused to form chromosome 1 in
S. arizonae; H10 and H11 formed a portion of chromo-
some 2; H4, H6, H13, H21, and H14 fused to form chro-
mosome 3; H23, H15, and H2 fused to form chromosome
4; H18 and HS fused to form chromosome 5; inversions
were detected in chromosomes 6 and 7; the fusions of
H24, H19, H20, H22, and H17 plus the whole arm trans-
location of HX/Y formed chromosome 8; and H9 and H3
fused to form chromosome 9. Regions that did not hy-
bridize to the single-copy S. hispidus paints were found
on portions of chromosome 2, chromosome 4 and chro-
mosome 5 in S. arizonae (fig. 6).

Discussion

There is a high degree of karyotype conservation with-
in the 8 species of Sigmodon to the karyotype of S. hispi-
dus, the proposed ancestral karyotype of Sigmodon. Oth-
er than heterochromatic additions, no rearrangements
were detected in 5 of the species (S. hirsutus, S. leucotis,
S. ochrognathus, S. peruanus, and S. toltecus); and in 3
species with chromosomal rearrangements (S. arizonae,
S. fulviventer, and S. mascotensis), most of the chromo-
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Fig. 5. A Metaphase spreads of S. arizonae.
The HX/Y paint hybridized to the X and
to the distal end of chromosome 8 of S. ar-
izonae. B The respective DAPI spread.
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Fig. 6. An ideogram showing where the paints from S. hispidus, labeled HI-H25, hybridized to the karyotype
of S. arizonae. Regions of chromosomes 2, 4, and 5 that did not hybridize to the paints are indicated by black
and white bands that correspond to G-positive and G-negative bands. A DAPI banded chromosome follows its
respective in situ chromosome.
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somes were composites of whole arms present in the an-
cestral chromosomes. There are few studies to document
such chromosomal conservation in the radiation of a new
world rodent genus.

Within muroid rodents, many studies exist regarding
chromosomal evolution in old world muroids (Muridae)
due to the availability and utility of Mus musculus paints,
but only 3 chromosome painting studies have been con-
ducted to examine the chromosomal evolution of new
world muroid species. One study utilized both unique ro-
dent paints and Mus paints [Sitnikova et al., 2007 Micro-
tus]; and 2 other studies utilized just Mus paints [Dawson
etal., 1999 Peromyscus; Hass et al., 2008 Akodon and Oli-
goryzomys]. As human paints fail to hybridize to the ex-
tensively rearranged karyotypes of muroid rodents, Mus
paints are likely a resource for comparative cytogenetics.
Though, as murids and cricetids probably shared a com-
mon ancestor 31.1 mya [AdKkins et al., 2001], the hybrid-
ization of Mus paints to cricetids may not be as success-
ful, although more experiments are warranted.

In other mammalian taxa, especially canids, karyo-
type conservation has been reported within and between
Carnivore families [Wurster-Hill and Gray, 1975], and
similarly to the chromosome evolution in Sigmodon, the
ancestral arms were conserved with few inner-arm rear-
rangements [Fronicke et al., 1997]. Karyotype conserva-
tion can also be found within the fellow cricetid rodent,
Microtus. Similar to the karyotype repatterning in Sig-
modon species, all 21 autosomal paint probes and the X
probe of the higher diploid number species (Microtus
agrestis) hybridized to the lower diploid numbered spe-
cies (M. oeconomus), and 18 paints hybridized to single
chromosomal segments [Sitnikova et al., 2007]. Chromo-
some painting between distantly related cricetids Me-
socricetus auratus (golden hamster) to M. oeconomus
documented less karyotype conservation as only 8 paints
of M. auratus hybridized to single chromosomes of M.
oeconomus, whereas the other 13 paints hybridized to be-
tween 2 to 4 different chromosomes.

The chromosomal painting data provide no evidence
to reject the hypothesis that the 8 species of Sigmodon
evolved from a common ancestor with a 2n = 52 and the
ancestral chromosomal segments have been conserved
in each. Paracentric or pericentric inversions may have
caused the differences in the fundamental numbers in
these species, but the nature of any intrachromosomal
rearrangements is difficult to establish by whole chromo-
some paints. We propose that technical problems were
the reason that the H4 paint did not hybridize to chromo-
somes of S. leucotis, S. ochrognathus, and H4 and H19 to
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chromosomes of S. peruanus. Chromosomal change for
some of the species with a 2n = 52 karyotype was indi-
cated by the absence of signal in some interstitial regions
that did not hybridize to the paints. These are described
below.

Heterochromatin Additions in S. hirsutus,

S. ochrognathus, S. peruanus, and S. toltecus

Only the centromeric regions of S. ochrognathus did
not hybridize to the S. hispidus paints. These results sup-
port the conclusions of Elder and Lee [1985] based on G-
band data that the karyotype of S. ochrognathus and S.
hispidus are essentially indistinguishable in euchroma-
tin, the only difference being the greater amount of het-
erochromatin in S. ochrognathuslocated near the centro-
meric regions. This pattern also was present in the karyo-
types of S. hirsutus, S. peruanus, and S. toltecus. When
these species were C-banded, the regions of nonhybrid-
ization corresponded well to heterochromatin rich re-
gions. The lack of hybridization to heterochromatin rich
regions in S. hirsutus, S. leucotis, S. peruanus, and S. tolte-
cus suggests that these regions have unique tandem re-
peats in the heterochromatin that are not present in the
genome of S. hispidus.

Chromosome Painting to the Chromosomes of

S. arizonae, S. fulviventer, and S. mascotensis

Though the karyotype of S. hispidus is likely con-
served in each of these 3 species, regions of nonhybridiza-
tion to the S. hispidus paints were documented, especial-
lyin S. fulviventer. Not as many rearrangements were de-
tected in S. fulviventer, compared to S. arizonae and S.
mascotensis. More autosomes of S. fulviventer hybridized
to a single S. hispidus paint than S. arizonae and S. mas-
cotensis (6 chromosomes in S. fulviventer, 3in S. arizonae,
3 in S. mascotensis) and more chromosomal areas of S.
fulviventer did not hybridize to the S. hispidus paints
(chromosomes 1-5, 7 and 9) compared to S. arizonae
(chromosomes 2, 4 and 5) and S. mascotensis (chromo-
somes 1 and 6). The centromeric regions of chromosomes
3,4,5,and 6 of S. arizonae did not hybridize to the paints
of S. hispidus but these regions correspond well to areas
rich in heterochromatin [see fig. 3b in Elder, 1980]. The
distribution of constitutive heterochromatin in S. fulvi-
venter corresponds to the centromeric regions and a few
interstitial bands in chromosomes 5 and 7 [Elder and Lee,
1985]. But regions of nonhybridization to the paints of S.
hispidus only match the heterochromatin distribution in
chromosome 4 and 5 of S. fulviventer. All other regions of
nonhybridization are located interstitially in the chro-
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Fig. 7. A neighbor-joining gene tree of cytochrome b, beta fibrin-
ogen, and IRBP sequences from Henson and Bradley [2009]. Let-
ters A—C represent the branches where the rearrangements oc-
curred in the common ancestor of respective species. Rearrange-
ments for A (S. arizonae) are: H5/H25/H1; H10/H11; H4/H6/H13/
H21/H14; H23/H15/H2; H18/H8; H24/H19/H20/H22/H17/HXY;
H3/H9. Rearrangements for B (S. mascotensis) are: H2/H8; H15/
H25/H4; H14/H3; H12/H6; H5/H21; H13/H10; H23/H9/H22;
H16/H17; H19/H18; H20/H11. Rearrangements for C (S. fulviven-
ter) are: H23/H15/H19/H18; H1/H14; H8/H6; H24/H17; H16/
H12; H5/H22; H13/H20; H11/H21. Rearrangement H23/H15
shared by S. arizonae and S. fulviventer and H19/H18 shared by
S. mascotensis and S. fulviventer are homoplastic in this interpre-
tation.

mosomes of S. fulviventer and may indicate the presence
of other unique types of repetitive elements.

The regions that did hybridize to the S. hispidus paints
in S. arizonae, S. fulviventer, and S. mascotensis were in-
dicative of fusions, either centric or tandem, which had
the effect of reducing the ancestral diploid number of 52
to 22, 30, and 28. In S. mascotensis, the most parsimoni-
ous explanation for most of the rearrangements is by tan-
dem fusions as whole ancestral chromosomes fused to-
gether to form these species specific chromosomes (fig. 4).
With chromosome painting data, this is the only type of
rearrangement that was detected in S. mascotensis using
the S. hispidus paints which confirms the conclusion of
Elder [1980] that mainly tandem fusions had occurred in
S. mascotensis. In S. fulviventer, the most parsimonious
explanation for the rearrangements is by centric fusions,
tandem fusions, and an inversion; Elder and Lee [1985]
also confirmed fusions and an inversion. In S. arizonae,
15 of the rearrangements are fusions (centric and/or tan-
dem), 2 are inversions, and one is a partial arm transloca-
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tion as a portion of the HX/Y paint was found to hybrid-
ize to chromosome 8 in S. arizonae. Most of these types
of rearrangements, with the exception of the partial arm
translocation also were documented by Elder [1980].

Phylogenetic Associations to Ancestral Karyotype

Other than centromeric and interstitial additions of
heterochromatin, the only rearrangements detected in the
8 species of Sigmodon examined in this study were in S.
arizonae, S. fulviventer, and S. mascotensis. Further, each
rearrangement only became established in the common
ancestor of a single species after they diverged from all
other members of the genus thus far studied (fig. 7). Oth-
er studies have documented a similar location to chromo-
somal rearrangements in other species. Baker et al. [1983]
studied the systematic relationships among 11 species of
Oryzomys. Of the 55 rearrangements that were document-
ed during the chromosomal evolution of this complex, 43
were present in a single species in the phylogenetic tree
(see their fig. 4, p. 412), although study of more species of
Oryzomys may find rearrangements shared by 2 or more
species. In the outgroup species (Nectomys squamipes and
Sigmodon hispidus), the majority of the rearrangements
also occurred recently in their evolutionary history.

The number of rearrangements that were found in
each species of Sigmodon were mapped on a phylogenetic
tree based on nuclear and mitochondrial genes [Henson
and Bradley, 2009] (fig. 7). Only one rearrangement was
shared between S. arizonae and S. fulviventer (23/15) and
only one between S. mascotensisand S. fulviventer (19/18),
but if these are truly shared from a single ancestral chro-
mosomal rearrangement, a loss of the rearrangement
would be required in some species if the Henson and
Bradley [2009] tree is the phylogeny. A more parsimoni-
ous explanation is that in each species these rearrange-
ments were acquired independently by convergent evolu-
tion. Convergence would require fewer events than the
reversal in the other species in the Henson and Bradley
[2009] tree. This would explain the lack of these rear-
rangements in the recent common ancestor to S. arizo-
nae, S. fulviventer, and/or S. mascotensis.

The phylogenetic arrangement of Henson and Bradley
[2009] based on the sequence data from nuclear and mito-
chondrial genes takes into account previous studies con-
ducted for this genus [Peppers and Bradley, 2000; Peppers
etal., 2002; Carroll and Bradley, 2005; Carroll et al., 2005].
Results from these DNA sequence-based studies were
used to elevate S. toltecus and S. hirsutus to species level,
although they are almost indistinguishable karyotypically
and morphologically from S. hispidus. In this study, the
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apparent conservation of the S. hispidus karyotype is re-
tained in S. toltecus, further illustrating the need for mul-
tiple datasets to determine phylogenetic associations.
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