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Although the Galápagos Islands are recognized for their contribution to our understanding of evolutionary theory and have received the 
attention of scientists for over 185 years, our understanding of the native rodents there has been minimal relative to many other groups of 
organisms.  Much of what we knew through most of the 20th century was based solely on species descriptions.  Chromosome data has been 
limited to only Nesoryzomys narboroughi (2n = 32, FN (number of autosomal arms) = 50) and Aegialomys galapagoensis (2n = 56; FN = 58).  We 
present the karyotypes of the only remaining extant species in the genus, N. swarthi (2n = 56; FN = 54) and N. fernandinae (2n = 44; FN = 54).  
Chromosomal banding reveals that extensive rearrangement has occurred within Nesoryzomys, including Robertsonian fusion and tandem 
fusion events but these alone cannot account for the diverse diploid numbers found within the genus.  We propose that 1) N. swarthi repre-
sents the ancestral karyotype for the genus, similar to A. galapagoensis, 2) N. swarthi and N. fernandinae share the same fundamental number, 
suggesting divergence by Robertsonian fusions, and 3) N. narboroughi has the most derived karyotype, based on banding morphology and 
low diploid number. 

Aunque las Islas Galápagos son reconocidas por su contribución a nuestra comprensión de la teoría de la evolución y han recibido la aten-
ción de los científicos durante más de 185 años, nuestra comprensión de los roedores nativos de dichas islas, ha sido mínima en comparación 
con muchos otros grupos de organismos.  Gran parte del conocimiento obtenido durante la mayor parte del siglo XX se basó únicamente en 
descripciones de especies.  Los datos cromosómicos se han limitado solo a Nesoryzomys narboroughi (2n = 32, FN (número de brazos autosómi-
cos) = 50) y Aegialomys galapagoensis (2n = 56; FN = 58).  Presentamos los cariotipos de las únicas especies que quedan en el género, N. swarthi 
(2n = 56; FN = 54) y N. fernandinae (2n = 44; FN = 54).  El método de bandeo cromosómico revela que se ha producido un reordenamiento 
extenso dentro de Nesoryzomys, incluida la fusión robertsoniana y los eventos de fusión en tándem, pero estos por sí solos no pueden explicar 
los diversos números diploides que se encuentran dentro del género.  Proponemos que 1) N. swarthi representa el cariotipo ancestral del gé-
nero, similar a A. galapagoensis, 2) N. swarthi y N. fernandinae comparten el mismo número fundamental, lo que sugiere una divergencia por 
fusiones robertsonianas y 3) N. narboroughi tiene el cariotipo más derivado, basado en la morfología de bandas y en el bajo número diploide.
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Introduction
The Galápagos Islands have played a critical role in our 
understanding of evolution and have been the focus of 
thousands of studies dealing with the unique flora and 
fauna of this archipelago (Snell et al. 1996).  Despite this, 
the rodent fauna has been poorly represented in scientific 
research relative to many Galápagos vertebrates.  Until the 
late 20th century, original species descriptions were almost 
the only research published.  This taxonomy of the native 
rodents has had a circuitous history with name changes 
at both the genus and species levels.  Only a single study 
(Gardner and Patton 1976) has described cytogenetic data. 

Taxonomic history of Galápagos rodents.  Charles Darwin 
collected the first native rodents in the Galápagos Islands in 
1835 on the island of Chatham (now known as San Cristóbal; 
Figure 1).  The species, later described by Waterhouse (1839) 
as Mus galapagoensis (=Aegialomys galapagoensis), was 
never collected again on San Cristóbal (Clark 1984).  Allen 
(1892) described a second species, Oryzomys bauri from the 
island of Barrington (now Santa Fé), recognizing both bauri 
and galapagoensis as belonging to the genus Oryzomys.  In 
1899, Oldfield Thomas described the first rodent from the 

island of Indefatigable (now Santa Cruz) as Oryzomys inde-
fessus, and Heller (1904) later elevated this species to a sep-
arate genus, Nesoryzomys, on the basis of skull morphol-
ogy.  A second species within the genus, N. narboroughi, 
also was described by Heller (1904) on the westernmost 
island, Narborough (now Fernandina).  Osgood (1929) 
described a third, smaller species, N. darwini, from Santa 
Cruz and Orr (1938) described another large form, N. swar-
thi, from James Island (now Santiago).  A fifth species in the 
genus, N. fernandinae, was described in 1979 based on owl 
pellet remains from the island of Fernandina (Hutterer and 
Hirsch 1979) and was small in body size.

In 1983, Patton and Hafner published the most com-
prehensive systematic treatise on Galápagos rodents to 
date, summarizing the systematic relationships based on 
cranial, stomach and male reproductive tract morphol-
ogy, pelage color, allozymes, and karyotypes.  Despite the 
number of data sets analyzed, their study was hampered 
because at the time the manuscript was written, only 2 
native species of rodents, Nesoryzomys narboroughi and 
Oryzomys bauri, were known to be extant.  Nesoryzomys 
swarthi was known from four specimens in the type series 
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collected in 1906 (Orr 1938) and a single skull collected 
in 1965 (Peterson 1966); however, the species was con-
sidered extinct by most (Patton and Hafner 1983; Clark 
1984).  Both N. indefessus on Santa Cruz and Baltra, and 
N. darwini on Santa Cruz had been considered extinct 
since the 1940’s (Brosset 1963; Clark 1984; Key and Muñoz 
1994).  Nesoryzomys fernandinae, described solely on 
skulls (Hutterer and Hirsch 1979), could not be included in 
the study by Patton and Hafner (1983) as the species had 
not yet been described at the time the manuscript was 
submitted.  The analysis of available data by Patton and 
Hafner (1983) suggested that the large-bodied Nesoryzo-
mys, represented by N. indefessus, N. narboroughi, and N. 
swarthi, were variants of a single species that should be 
recognized as N. indefessus and that Oryzomys bauri and 
O. galapagoensis should be synonymized with O. galapa-
goensis having priority.  Musser and Carleton (2005) con-
curred, placing narboroughi and indefessus in synonymy 
under N. indefessus, but recognizing N. swarthi as a valid 
taxon.  Most recently, in revisions of oryzomyines (Weksler 
2006; Weksler et al. 2006), Nesoryzomys was retained as a 
valid genus, but Oryzomys galapagoensis was placed with 
O. xanthaeolus in the genus Aegialomys (Prado and Perce-
quillo 2018).  Currently, the Galápagos native rodents are 
composed of A. galapagoensis, N. darwini, N. fernandinae, 
N. indefessus and N. swarthi, following Musser and Car-
leton (2005).  Nesoryzomys narboroughi was recognized as 
a fifth species of the genus by Dowler (2015).  Herein, we 
treat the genus Nesoryzomys as including five named spe-
cies.  Three additional undescribed species based on fossil 
remains are known from the islands of Rábida and Isabela 
(Steadman et al. 1991) but Moreira et al. (2020) reported 
only one from both of these islands.  In addition to these 
Galápagos species, fossil remains of giant rats, genus 
Megaoryzomys, are known from Santa Cruz and Isabela 
(Steadman and Ray 1982; Steadman et al. 1991).

Chromosomes of Galápagos rodents.  The only chromo-
somal data for native Galápagos rodents were published 
by Gardner and Patton (1976) for Nesoryzomys narboroughi 
and Aegialomys galapagoensis.  The karyotype of N. narbor-
oughi had a diploid number (2n) of 32 and a fundamental 
number (FN - number of autosomal arms) of 50 with mostly 
metacentric chromosomes.  Its karyotype was strikingly dif-
ferent from that of A. galapagoensis (2n = 56, FN = 58) with 
mostly acrocentric chromosomes.  The karyotype of A. gala-
pagoensis was reported to be essentially identical to that 
of A. xanthaeolus, a mainland from Peru and Ecuador.  Not 
only was the karyotype of N. narboroughi considerably dif-
ferent from A. galapagoensis and A. xanthaeolus, but it was 
unlike any known oryzomyines at the time.  On this basis, 
Gardner and Patton (1976) confirmed the generic status 
of Nesoryzomys first proposed by Heller (1904).  Additional 
data from Patton and Hafner (1983) further supported the 
generic status of Nesoryzomys separate from Oryzomys.  
Other researchers (Ellerman 1941) have recognized Nesory-
zomys as a subgenus of Oryzomys.

Field studies by Angelo State University researchers 
since 1995 have located living populations (Figure 1) of 
Nesoryzomys fernandinae on Fernandina (Dowler and Car-
roll 1996) previously known only from owl pellet material, 
and N. swarthi, previously considered extinct, on Santiago 
(Dowler et al. 2000).  These discoveries have allowed an 
analysis of diploid and fundamental numbers of these pre-
viously unkaryotyped species.  In addition, recent collec-
tions of all extant Galápagos species of rodents now permit 
the first comparison of chromosomal banding patterns to 
help elucidate the systematic relationships of these species.

Material and Methods
We surveyed the Galápagos rodent species on the islands 
of Fernandina, Santiago, and Santa Fé (Figure 1).  In addi-
tion, we conducted survey trips to the islands of Baltra, Isa-
bela, Rábida, San Cristóbal, and Santa Cruz that have had 
native rodent species historically or as recent fossils, but 
were unsuccessful in finding extant populations.  Speci-
mens were collected using Sherman live traps or small cage 
traps.  All specimens were prepared as study skins or fluid-
preserved specimens and deposited in the Angelo State 
Natural History Collections (ASNHC) of Angelo State Uni-
versity.  Specific localities of capture and voucher specimen 
numbers are given in Appendix 1.

Up to four individuals were karyotyped from each of the 
three species of Nesoryzomys and A. xanthaeolus.  Meta-
phase chromosomes were obtained in vivo from bone mar-
row following Lee and Elder (1980).  Standard karyotypes 
were prepared and stained with conventional Giemsa and 
8-10 spreads were examined for each species.  Additional 
slides were prepared and counterstained with 4’6-Diami-
dine-2’-phenylindole dihydrochloride (DAPI) with anti-
fade mounting reagent for visualization of banded chro-
mosomes.  DAPI positive bands are indicative of A-T rich 
regions of heterochromatin.  These banding patterns cor-
respond to G-bands produced by trypsin digestion of chro-
mosomes, and subsequently will be referred to as G-bands 
(Heng and Tsui 1993).

All chromosomes were examined on an Olympus Vanox 
epifluorescent microscope (Olympus, Melville, NY, U.S.A.).  
G-bands were examined using a DAPI filter (excitation 350 
to 460 nm; emission, longpass, 520 nm).  Images were 
obtained using the SPOTÔ, CCD digital camera and Image 
Pro7 software package (Leeds Instruments, Irving, TX, 
USA).  DAPI bands were obtained by inversion of the fluo-
rescent image, creating banding patterns along the chro-
mosomes.  We examined karyotypes to determine phy-
logenetic relationships among species within the genus 
Nesoryzomys.  For the purpose of establishing polarity of 
karyotypic characters, we used Aegialomys as an outgroup 
as recent molecular analyses have placed Aegialomys sis-
ter to Nesoryzomys (Parada et al. 2015; Castañeda-Rico et 
al. 2019; Brito et al. 2020).
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Results
Standard Karyotypes.  The karyotype for Aegialomys gala-
pagoensis is as previously reported by Gardner and Pat-
ton (1976).  Aegialomys galapagoensis (2n = 56, FN = 58) is 
characterized by one distinctly large acrocentric pair and 
24 pairs of acrocentric chromosomes ranging from large- 
to medium-sized, and two small metacentric pairs.  The sex 
chromosomes, a medium-sized X and a small Y, are both 
acrocentric (Figure 2a). 

The karyotype of Nesoryzomys narboroughi (2n = 32, 
FN = 50) presented herein is as described by Gardner and 
Patton (1976).  It comprises eight metacentric pairs rang-
ing from large- to medium-sized chromosomes, two sub-
telocentric pairs of large- and medium-sized chromosomes, 
five acrocentric pairs with one large pair and the others 

small (Figure 2d).  The X and Y chromosomes are the same 
as previously described for the genus.

Karyotypic analysis for the previously undocumented 
extant species of Nesoryzomys revealed strikingly differ-
ent karyotypes from that of N. narboroughi.  Unlike the low 
diploid number found in N. narboroughi, N. swarthi (2n = 
56, FN = 54) has a karyotype composed completely of 27 
pairs of acrocentric chromosomes, with one large pair and 
26 pairs ranging from medium to small (Figure 2b).  The 
X chromosome is medium-sized and acrocentric, whereas 
the Y chromosome is small and acrocentric.  Nesoryzomys 
fernandinae (2n = 44, FN = 54) is characterized by six pairs of 
metacentric chromosomes ranging from large to medium-
sized, and one large pair and 14 small pairs of acrocentric 
chromosomes (Figure 2c).  The X chromosome is large and 
acrocentric and the Y is a small acrocentric chromosome.

Figure 1.  Map of Galápagos Islands, Ecuador with sampling localities of A. galapagoensis (diamond), N. narboroughi (closed circle, half circle), N. swarthi (square), and N. fernandinae 
(half circle) in the Galápagos Islands.
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Figure 2.  Representative standard karyotypes of the extant native Galápagos rodents.  a) Aegialaomys galapagoensis, 2n = 56, FN = 58, male.  b) Nesoryzomys swarthi, 2n = 56, FN = 54, 
male.  c) Nesoryzomys fernandinae, 2n = 44, FN = 54, female.  d) Nesoryzomys narboroughi Heller, 2n = 32, FN = 50, female. Chromosomes are numbered from longest to shortest, beginning 
with metacentrics and submetacentrics where present. 

Banded Karyotypes.  G-banded karyotypes (Figure 3) var-
ied in quality but were sufficient to draw some conclusions 
regarding karyotypic rearrangements responsible for the 
observed changes in diploid and fundamental numbers.  
The karyotypes of N. swarthi and N. fernandinae have iden-
tical fundamental numbers, suggesting Robertsonian rear-

rangement events leading to the reduction in chromosome 
number and the appearance of biarmed chromosomes.  
Both N. fernandinae and N. narboroughi are similar in hav-
ing biarmed chromosomes, but N. fernandinae has 15 pairs 
of acrocentric chromosomes while N. narboroughi has only 
five.  The differences in fundamental numbers suggest tan-
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Figure 3.  Representative DAPI karyotypes of the extant native Galápagos rodents.  a) Aegialaomys galapagoensis, male.  b) Nesoryzomys swarthi, female.  c) Nesoryzomys fernandinae, 
male.  d) Nesoryzomys narboroughi, female.  Chromosomes are numbered from longest to shortest, beginning with metacentrics and submetacentrics where present. 
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dem fusions/fissions, inversions, translocations, or whole-
arm heterochromatin additions or deletions.  Homologous 
chromosomes and portions of chromosomes are evident 
and a composite karyotype of the G-banded chromosomes 
for the four species was constructed using some of the 
larger chromosomes (Figure 4). 

Robertsonian translocations are evident in some cases 
across all four extant species of Galápagos rodents.  Chro-
mosome 9 in N. narboroughi (Figure 3d) is a large, subtelo-
centric chromosome explained by the fusion of a small 
acrocentric chromosome to the largest acrocentric chro-
mosome that is found to be homologous in all other spe-
cies (Figure 4g).  Chromosome 7 in N. narboroughi (Figure 
3d) is a medium-sized metacentric chromosome that cor-
responds to smaller, acrocentric chromosomes in A. galapa-
goensis, N. swarthi, and N. fernandinae (Figure 4f ).  Homolo-
gous metacentric chromosomes were identified between 
N. fernandinae and N. narboroughi for Chromosomes 6 and 
8 respectively, determined by the fusion of acrocentric 
chromosomes in A. galapagoensis and N. swarthi (Figure 
4e).  Chromosome 10 in N. narboroughi is a medium-sized 
subtelocentric chromosome (Figure 3d), its longer arm 
detected in both A. galapagoensis and N. swarthi but not N. 
fernandinae (Figure 4i).  Chromosome 11 is the largest acro-
centric chromosome in N. narboroughi (Figure 3d) and was 
identified in N. swarthi but could not be detected in other 
species (Figure 4j).

Chromosome 1 in both N. fernandinae and N. narbor-
oughi is large and metacentric and nearly identical between 

the species, with the exception of a small addition on the 
end of N. narboroughi (Figure 4a), indicated by an asterisk 
(*).  Although some homologous portions of these chro-
mosomes could be identified from both N. swarthi and A. 
galapagoensis, there are regions (*) that could not, either 
because of tandem fusions of smaller acrocentric chromo-
somes or insufficient staining quality.  Similar observations 
can be made for Chromosome 3 in both N. fernandinae and 
N. narboroughi (Figure 4c).

Many of the chromosomes in N. narboroughi (Figure 3d) 
were found to be unique with variations that could not be 
found in the other species.  It is possible that heterochro-
matic additions may play a role in these differences.  Chro-
mosome 4 in N. narboroughi is a metacentric chromosome 
with a homologous portion found in A. galapagoensis and 
N. swarthi but could not be identified in N. fernandinae.  The 
lighter portion indicated by an asterisk (*) in Figure 4h con-
tains an area considered to be a heterochromatic addition.  
Chromosome 5 in N. narboroughi could not be resolved 
with other species, but likely contains a heterochromatic 
addition as seen in Chromosome 4, based on banding pat-
tern.  All species within Nesoryzomys possess an X chromo-
some that is mostly identical to each other when compared 
to Aegialomys, but with N. narboroughi differing slightly by 
a possible heterochromatic addition (Figure 2d).

Discussion
This is the first study to include karyotypes for all extant 
endemic rodent species of the Galápagos Islands.  Our 

Figure 4.  Comparison of banded haploid complements of the endemic Galápagos rodents for Aegialaomys galapagoensis, Nesoryzomys swarthi, N. fernandinae, and N. narboroughi.  
Figures a-j are composites where chromosome numbers correspond to those assigned to karyotypes in Figure 2 and prefixes represent corresponding species: A = A. galapagoensis, S = N. 
swarthi, F = N.  fernandinae, N = N. narboroughi. Areas indicated by an asterisk (*) represent unique areas of chromosomes with unresolved homologies.
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karyotype for A. galapagoensis agrees with those reported 
by Gardner and Patton (1976) where they suggested that 
A. galapagoensis and A. xanthaeolus were identical in all 
aspects and perhaps were conspecific.  Moreira et al. (2020), 
however, pointed out that Prado and Percequillo (2016) 
determined that the same specimens karyotyped as A. xan-
thaeolus by Gardner and Patton (1976) were from Peru and 
in fact belong to A. baroni and A. ica.  Despite the fact that 
true A. xanthaeolus from Ecuador and northern Peru have 
yet to be karyotyped, the lack of apparent chromosomal 
variation among the three other species suggests that 
Aegialomys may be karyotypically monomorphic.  Prado 
and Percequillo (2018) found that A. galapagoensis was sis-
ter to the two southern mainland forms A. baroni and A. ica, 
concluding that it is a unique species and lineage. 

With respect to Nesoryzomys, surveys by our field teams 
and others over the last several decades suggest the two 
species from the island of Santa Cruz, N. darwini and N. inde-
fessus (also from Baltra) likely have been extinct since the 
1930s (Patton and Hafner 1983; Clark 1984; Dowler et al. 
2000).  In addition, three undescribed species occurred on 
the island of Rábida and Isabela but are extinct (Steadman 
et al. 1991).  Thus, our karyotypic knowledge of the known 
Nesoryzomys fauna of eight species is restricted to those 
reported here.  In contrast to the chromosomes of Aegialo-
mys, our study reveals striking intrageneric variation in the 
karyotype of Nesoryzomys.  Previously known only from N. 
narboroughi, its aberrant arrangement of mostly biarmed 
chromosomes was used to establish generic status (Gardner 
and Patton 1976; Patton and Hafner 1983; Suárez-Villota et 
al. 2013; Moreira et al. 2020).  We report two new additional, 
distinct karyotypes of the other Nesoryzomys that provide 
insight into the origin of such a unique arrangement and 
demonstrate a closer relationship with other oryzomyine 
sister taxa.

Of the four major clades (Clades A-D) described in the 
monophyletic lineage of oryzomyines (Weksler 2006), 
Nesoryzomys falls within Clade D.  Within that group, Nesory-
zomys is placed in the Aegialomys-Megalomys-Melanomys-
Nesoryzomys-Oryzomys-Sigmodontomys-Tanyuromys clade 
(Pine et al. 2012; Salazar-Bravo et al. 2016; Timm et al. 2018) 
and most phylogenies agree that Nesoryzomys is sister to 
Aegialomys (Weksler 2003; Hanson and Bradley 2008; Pine 
et al. 2012; Machado et al. 2014; Parada et al. 2015; Steppan 
and Schenk 2017; Timm et al. 2018; Castañeda-Rico et al. 
2019; Brito et al. 2020).  Aegialomys galapagoensis shares 
the same 2n = 56 karyotype as the mainland forms A. ica 
and A. baroni (Gardner and Patton 1976; Prado and Perse-
quillo 2018), and N. swarthi but differs in fundamental num-
bers, FN = 58 in Aegialomys and FN = 54 in N. swarthi.  The 
karyotype of A. galapagoensis comprises mostly acrocentric 
autosomes but has two small metacentric chromosomes 
that are absent in the entirely acrocentric karyotype of N. 
swarthi.  No small metacentric chromosomes were found 
in any of the three species of Nesoryzomys that we exam-
ined, suggesting that these form a chromosomal group dis-

tinct from that of Aegialomys.  Homologies in N. swarthi are 
not apparent for the two small metacentric chromosomes 
in Aegialomys.  Some molecular phylogenies have found 
Nesoryzomys to be sister with Sigmodontomys and Mela-
nomys and these sister to A. xanthaeolus (Weksler 2003; 
Machado et al. 2014; Salazar-Bravo et al. 2016).  Based on 
chromosomal morphology, Melanomys (2n = 56, FN = 58) 
differs from N. swarthi by its two small metacentric auto-
somes and subtelocentric sex chromosomes (Gardner and 
Patton 1976). All sex chromosomes found within Nesoryzo-
mys are acrocentric.  The karyotype of N. swarthi is identical 
with Sigmodontomys alfari (2n = 56, FN = 54) as described 
by Gardner and Patton (1976).  Sigmodontomys aphrastus 
was elevated to generic status as Tanyuromys aphrastus by 
Pine et al. (2012), and S. alfari remained sister to Melano-
mys.  No known karyotype for Tanyuromys is available for 
comparison.  The relationship between Melanomys and Sig-
modontomys has been found to be paraphyletic and new 
species have been described (Timm et al. 2018; Pine et al. 
2012).  The identical karyotype shared between S. alfari and 
N. swarthi could be convergent; however, future compari-
son of chromosomal rearrangements between these two 
could provide valuable insight on the chromosomal evolu-
tion of Nesoryzomys. 

In considering Aegialomys as sister to Nesoryzomys, small 
metacentric chromosomes are absent in all karyotypes of 
Nesoryzomys and some small acrocentric chromosomes 
would likely be the result of a fission event that occurred 
sometime in the past.  Given that up to five other endemic 
species are now extinct, it is probable that one of these 
may have retained a chromosomal arrangement identical 
to Aegialomys.  These gaps will remain problematic in com-
pletely understanding the chromosomal evolution of the 
Galápagos endemic rodent fauna. With the available evi-
dence, we propose that the 2n = 56 karyotype is basal for 
the Nesoryzomys-Aegialomys clade (Figure 5). 

Patton and Hafner (1983) concluded that the three large 
forms of Nesoryzomys (N. indefessus, N. narboroughi, and N. 
swarthi) all allopatrically distributed on different islands 
were conspecific based on similarity of specimen morphol-
ogy.  Diploid and fundamental numbers for both N. swarthi 
and N. narboroughi differ significantly, leaving no question 
that they are distinct species, and this also has been sup-
ported in all molecular studies that included both of these 
species (Weksler 2003; Pine et al. 2012; Leite et al. 2014; 
Parada et al. 2015; Steppan and Schenk 2017; Castañeda-
Rico et al. 2019; Brito et al. 2020).  The question of whether 
N. indefessus is conspecific with N. narboroughi as proposed 
by Patton and Hafner (1983) and adopted by Musser and 
Carleton (2005) is yet to be answered.  Given that each spe-
cies in the genus thus far has had such uniquely distinct 
karyotypes, we believe that there is a strong likelihood that 
N. indefessus, endemic to Santa Cruz and Baltra, would dif-
fer from the other large Nesoryzomys and should be recog-
nized as such (Dowler 2015).  Future molecular analysis that 
includes N. indefessus may be able to settle this issue. 
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Both N. fernandinae and N. narboroughi on Isla Fernan-
dina also differ markedly in diploid and fundamental num-
ber.  The karyotype for N. fernandinae represents the only 
chromosomal data for the small body-size form in Nesory-
zomys, the other being the presumed extinct N. darwini.  
This is the only case of sympatry among extant forms and 
both the karyotypic and morphological differences rule out 
any likelihood of hybridization between the two. 

In addition to the obvious geographic barriers between 
island populations of organisms, chromosomal rearrange-
ments are known to serve as reproductive barriers and can 
become established over short periods of time (Searle 1993; 
Moreira et al. 2020).  Gardner and Patton (1976) established 
the foundation for understanding chromosomal evolution 
among the Sigmodontinae and suggested that the gen-
eral trend for chromosomal evolution was one of decrease 
in both diploid and fundamental numbers.  Moreira et al. 
(2020) concluded that chromosomal evolution of oryzo-
myines differ by a large variety of rearrangements and 
that diploid numbers both decrease and increase without 
any distinguishable pattern.  In the case of the Galápagos 
endemic rodent fauna, we propose that speciation on the 
archipelago has resulted in a decrease in both diploid and 
fundamental numbers resulting from potentially rapid 
divergence as colonists arrived on unoccupied islands.  
Some of these speciation events may have been facilitated 
by chromosomal rearrangements (King 1993; Britton-
Davidian et al. 2000; Wang and Lan 2000).

Of the 141 oryzomyine species for which karyotypic 
data exist, Moreira et al. (2020) reported that 55 included 
some chromosomal banding, but banded karyotypes only 

exist for members of Oryzomys outside the Galápagos 
rodent fauna (Haiduk et al. 1979) in the Aegialomys-Mega-
lomys-Melanomys-Nesoryzomys-Oryzomys-Sigmodontomys-
Tanyuromys clade (Pine et al. 2012; Salazar-Bravo et al. 2016; 
Timm et al. 2018).  This is the first study to include banded 
karyotypes for all extant endemic rodent species of the 
Galápagos Islands.  Banding revealed extensive chromo-
somal rearrangements in the Galápagos rodents, a pattern 
that is clear in many other oryzomyines (Suárez-Villota et 
al. 2013; Suárez et al. 2015; Pereira et al. 2016).  Despite the 
utility of chromosome banding as a tool in identifying and 
examining interspecies homologies (Damas et al. 2021), 
lack of banding data from those considered close relatives 
to the Galápagos rodents makes comparisons impossible 
at this time.

We identified numbers and types of chromosomal rear-
rangements using the largest chromosomes found in N. 
fernandinae and N. narboroughi (Figure 4) and demonstrate 
Robertsonian fusions, tandem fusions, other transloca-
tions, and some that could not be identified from banding 
sequences.  The banding patterns between N. fernandinae 
and N. narboroughi revealed at least three whole chromo-
some homologies, at least one whole arm translocation, 
and evidence of tandem fusions when compared to N. 
swarthi and A. galapagoensis (Figure 4).  Banding found in 
N. narboroughi revealed unique regions not found in any of 
the other Galápagos rodents with large heterochromatic 
additions.  The difference in 2n but not FN between N. swar-
thi and N. fernandinae also suggests Robertsonian fusions 
have occurred.  These rearrangements could be supported 
further with C-banding, but we were unable to obtain 

Figure 5.  Cladogram depicting phylogeny of the native Galápagos rodents and Aegialomys xanthaeolus with chromosomal diploid (2n) and fundamental numbers (FN) included.
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these data.  Castañeda-Rico et al. (2019) determined these 
two species to be sister to N. narboroughi based on mtDNA 
D-loop sequence data, as did Steppan and Schenk (2017) 
based on concatenated sequences of multiple genes.  In 
contrast, N. narboroughi has been placed with N. swarthi in 
other molecular phylogenies (Parada et al. 2015; Brito et al. 
2020), but with lower statistical support.  Other molecular 
studies only have included two of the three species in their 
molecular analyses. 

Moreira et al. (2020) examined the karyotypic variation 
among all Oryzomyini rodents and found the majority of 
species are composed of acrocentric chromosomes with 
a diploid number between 48 and 64 with fundamental 
numbers ranging from 56 to 74.  We use this generality to 
examine the evolutionary history of the native rodent fauna 
of the Galápagos Islands.  Given that the chromosomal 
arrangements among the four extant species suggest a pro-
gressive reduction in the diploid number, the completely 
acrocentric karyotype of N. swarthi (2N = 56, FN = 54) should 
be regarded as the most representative of the ancestral 
form of the genus (Figure 5).  The karyotypes of N. fernan-
dinae (2n = 44, FN = 54) and N. narboroughi (2n = 32, FN = 
50) represent derived species with different chromosomal 
rearrangements resulting in both metacentric and sub-
telocentric chromosomes.  Based on banding patterns, it is 
plausible to infer that N. fernandinae represents an interme-
diate stage of the genus, with rearrangements that carried 
into N. narboroughi.  Garagna et al. (2014), when examining 
the Robertsonian phenomenon in the house mouse (Mus), 
stated that a high occurrence rate of Robertsonian fusions 
and whole arm translocations suggest that there are inher-
ent genomic traits in the centromeric region that promote 
these rearrangements.  The differences in sex chromosomes 
between Nesoryzomys and Aegialomys further support that 
the ancestral form for Nesoryzomys is unique relative to pres-
ent day Aegialomys occurring on the islands.  Searle (1993) 
suggested that mutations in chromosomal races that lead to 
metacentric chromosomes contribute to increasing repro-
ductive isolation and, in time, to speciation.  

 Colonization of oryzomyine rodents in the Galápagos 
Islands represents the greatest overwater dispersal distance 
for terrestrial mammals (Pine et al. 2012) and these rodents 
are the only terrestrial mammals that have naturally colo-
nized and diversified within the archipelago.  Nesoryzomys 
is known to occur on at least 6 of the 13 major islands (Har-
ris and Macdonald 2007), which date from up to 3.5 to 4 
mya to 60,000 ya (Geist et al. 2014).  Garagna et al. (2014) 
stated that the best place to search for extremes in chromo-
somal variation is in geographically isolated populations.  
Piálek et al. (2005), in examining chromosomal variation in 
European Mus, identified ‘islands’ of Mus occurring in the 
Swiss Alps.  The standard karyotype of Mus is an all telocen-
tric karyotype (2n = 40), but metacentric rearrangements 
occurred in these ‘island’ populations and these polymor-
phisms have the potential to become fixed.  In laboratory 
stocks of Mus domesticus, it was observed that once a Rob-

ertsonian fusion occurred, it acted as an ‘infectious agent’ 
and other fusions quickly followed, something that could 
occur in wild populations (Nachman and Searle 1995).  King 
(1993), in discussing the role of chromosome change and 
species evolution, stated that it is evident that the forma-
tion of Robertsonian fusion events leading to metacentric 
chromosomes arise and spread in populations, constituting 
one of the main sources for karyotype evolution in mam-
mals.  Centromeres and telomeres play a role in maintain-
ing genome stability and changes in chromosome number 
can result in centromere repositioning over time (Damas et 
al. 2021).  These can become fixed by selection when fusion 
events are associated with changes in gene expression or 
meiotic drive and act as a reproductive barrier and promote 
speciation.  A Robertsonian event may lead to a significant 
reduction in the DNA sequence that organizes the centro-
mere making it difficult to regenerate functional telocen-
tric chromosomes (Garagna et al. 1995).  This suggests a 
tendency of ancestral all-telocentric karyotypes moving 
toward accumulation of metacentric chromosomes but 
without reverse tendencies towards fission events that 
result in telocentric chromosomes, once a largely metacen-
tric karyotype has been established (Garagna et al. 2014).  
The chromosomes of the endemic Galápagos rodent fauna 
appear to follow these patterns. 

The colonization history of native rodents in the Galápa-
gos Islands and its timing continue to be uncertain.  Most 
have supported the idea of three separate colonization 
events from mainland South America or Central America 
for each of the rodent genera, with Megaoryzomys the old-
est, Nesoryzomys next and more recently, Aegialomys (Pat-
ton and Hafner 1983; Parent et al. 2008; Pine et al. 2012).  For 
the extant genera, Aegialomys and Nesoryzomys, molecular 
phylogenies suggest they diverged in the Pliocene about 
3.84 mya based on mtDNA D-loop sequences (Castañeda-
Rico et al. 2019), although others have estimated their 
divergence at about 2.8 mya (Parada et al. 2015) and in 
the Pleistocene from 1.49 mya (Machado et al. 2014) and 
2.4 mya (Parada et al. 2013).  Some of this discrepancy is a 
result of Castañeda-Rico et al. (2019) using an origin of the 
Galápagos in their calculations of 5 mya based on Geist et 
al. (2014) whereas Machado et al. (2014) used 4 mya based 
on Geist (1984).  Species divergences within Nesoryzomys 
occurred in the early Pleistocene about 2.23 mya between 
the clade represented by N. swarthi/N. fernandinae and N. 
narboroughi.  This was followed by the divergence of N. 
swarthi and N. fernandinae at 1.58 mya (Castañeda-Rico et 
al. 2019).  Most other studies that have attempted to date 
the divergence of oryzomyines also have placed the diver-
gence of Nesoryzomys species in the Pleistocene (Parada et 
al. 2013; Leite et al. 2014; Parada et al. 2015).

An explanation of the sequence of colonization events 
that resulted in the seven known taxa of Nesoryzomys is 
likely impossible based on the geologic history of the Galá-
pagos Islands.  Recent studies by Ali and Aitchison (2014)
and Geist et al. (2014) proposed that this archipelago’s pat-
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tern of subsidence and sea level changes have resulted in 
multiple small and large previous islands that were avail-
able for further isolation of evolving taxa.  This phenom-
enon has alternated with sea level declines that allowed 
movement of populations across previous oceanic barriers 
between currently recognized islands.  Geist et al. (2014) 
proposed that for lava lizards (Microlophus), both dispersal 
and vicariant allopatric speciation occurred based on the 
subsidence and sea level changes that shifted the amount 
of land area in the Galápagos Islands.  For Nesoryzomys, a 
similar phenomenon may well have occurred.  Dispersal 
and allopatric speciation allowed the oryzomyines that first 
colonized the islands, potentially Sigmodontomys or related 
forms, to diverge from these previous mainland ancestors.  
Following that event, a series of speciation events occurred, 
some by further dispersal to newly arising islands and oth-
ers by vicariance.  As sea level first declined during glacial 
events to unite land masses, such as the uniting of the cen-
tral ‘core’ islands that included Santa Fé, Santiago, Isabela, 
and Fernandina, overland dispersal could occur for once 
isolated forms.  As sea level then rose during interglacial 
periods, these larger islands were once again divided, iso-
lating their flora and fauna.  Ali and Aitchison (2014) com-
pare patterns of distribution for most of the nonmamma-
lian vertebrates (reptiles and Darwin’s finches) and Scalasia 
land plants of the Galápagos.  The known endemic rodents 
in the genus Nesoryzomys all follow a distribution in the 
‘core’ area of the archipelago.  These patterns of recurring 
isolation followed by widespread dispersal could well have 
provided a sufficient mechanism for the origin of the exten-
sive chromosomal shuffling that is apparent in the three 
extant Nesoryzomys species and that likely occurred among 
all the existing forms of the genus.

Many oryzomyine rodents possess species-specific 
karyotypes (Gardner and Patton 1976; Suárez-Villota et al. 
2013; Di-Nizo et al. 2017; Moreira et al. 2020) and provide 
ample evidence that chromosomal rearrangements con-
tribute to the process of speciation (Damas et al. 2021).  
Thus, identification of chromosomal rearrangements con-
tributes to our understanding of chromosomal evolution 
within Nesoryzomys.  The role of chromosomal rearrange-
ments has been a point of discussion for over half a century 
and chromosomes remain a valuable tool in systematics as 
they combine both morphological and genetic character 
traits, and represent the elements of variation and heredity 
(Bakloushinskaya 2016).  Damas et al. (2021) suggested that 
chromosomal rearrangements are both a critical mecha-
nism of reproductive isolation and a source of genetic vari-
ation that contributes to novel and adaptive traits during 
and after speciation has occurred.  Adaptability applies not 
only to the organism as a whole but also to the genome, 
the structure of which changes under selection (Bakloush-
inskaya 2016).  Charles Darwin, in formulating his concept 
of natural selection that originated from observations 
made on the Galápagos Islands, knew that natural selection 
occurs because of variation in a population (Darwin 1859).  

Yet, the mechanisms for which chromosomal variation give 
way to speciation is still not clearly understood.  With few 
exceptions, both the 2n and FN are relatively constant in 
the known karyotypes found within the Aegialomys-Mega-
lomys-Melanomys-Nesoryzomys-Oryzomys-Sigmodontomys-
Tanyuromys clade, suggesting a stable karyotype that is not 
drastically changed by speciation events.  The lone excep-
tion from those taxa that have karyotypic data is the genus 
Nesoryzomys.  Based on what we understand of the chro-
mosomal variation in these endemic rodents of the Galá-
pagos Islands, chromosomal rearrangements either result 
from or play a key role in island speciation and adaptability 
of a population over time.  
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Appendix 1
Specimens examined.  Acronym for Angelo State Natural 
History Collections is ASNHC.

Aegialomys galapagoensis (3).  ECUADOR: Galápagos 
Islands, Santa Fé, -0° 48.21’S, -90° 2.45’ W (ASNHC 10613, 
ASNHC 10614, ASNHC 10615).

Nesoryzomys swarthi (4).  ECUADOR: Galápagos Islands, 
Santiago, La Bomba, -0° 11.21’ S, -90° 42.04’ W (ASNHC 
10597, ASNHC 10598, ASNHC 10599, ASNHC 10601).

Nesoryzomys fernandinae (4).  ECUADOR: Galápagos 
Islands, Fernandina, Cabo Douglas, -0° 18.24’ S, -91° 39.14’ 
W (ASNHC 10578, ASNHC 10579, ASNHC 10580, ASNHC 
10581).

Nesoryzomys narboroughi (4).  ECUADOR: Galápagos 
Islands, Fernandina, Punta Espinoza, -0° 15.96’ S, -91° 26.79’ 
W (ASNHC 10591, ASNHC 10594, ASNHC 10595); Galápagos 
Islands, Fernandina, Cabo Douglas, -0° 18.24’ S, -91° 39.14’ 
W (ASNHC 10587).
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