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ABSTRACT  The observation of karyotypic uniformity in
most species has led to the widespread belief that selection
limits chromosomal change. We report an unprecedented
amount of chromosomal variation in a natural population of
the South American marsh rat Holochilus brasiliensis. This
variation consists of four distinct classes of chromosomal
rearrangements: whole-arm translocations, pericentric inver-
sions, variation in the amount of euchromatin, and variation in
number and kind of supernumerary (B) chromosomes. Twen-
ty-six karyotypes are present among 42 animals. Observations
of the natural population over a 7-year period and breeding
experiments with captive animals indicate that heterozygous
individuals suffer no detectable reduction in fitness. This is at
odds with a central assumption in current models of chromo-
somal speciation and provides a firm rejection of the view that
selection necessarily restricts chromosomal change.

A central goal of current evolutionary research is to under-
stand the genetic changes that accompany or cause the
formation of new species (1). Because most species differ in
their karyotypes, a number of investigators have proposed
that chromosomal mutations may be a basis for speciation
(2-6). All models of chromosomal speciation depend on
negative heterosis: they propose that reproductive isolation
can be maintained between two karyotypically distinct
groups due to the lowered fitness of chromosomally hetero-
zygous individuals.

The assumption of negative heterosis contained in these
models is well supported by two bodies of evidence. (i)
Chromosomal monomorphism is the rule for the vast majority
of vertebrate populations. This is the expected result if most
chromosomal mutations are deleterious and, therefore, elim-
inated by selection. Chromosomal polymorphisms are known
from a large number of vertebrate species (7), but in nearly
all cases the variation is restricted to a single class of
rearrangements (e.g., inversions and translocations) and of-
ten occurs in geographically narrow hybrid zones. (ii) De-
tailed meiotic studies, most notably on mice (8) and humans
(9), have shown that even single chromosomal changes can
greatly reduce fertility through increased malsegregation in
meiosis. These observations have led to the widely accepted
view that selection typically limits karyotypic change.

The alternative view, that chromosomal changes may be
either entirely neutral or at least not deleterious, has received
less attention. Two papers (10, 11) describing high levels of
chromosomal polymorphisms from single mammalian popu-
lations suggest that there are situations where new chromo-
somal mutations are not eliminated by selection. However,
there have been relatively few studies (12-14) on natural
vertebrate populations documenting whether chromosomal
polymorphisms reduce fitness in heterozygous individuals.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

An extreme example of chromosomal variation in a natural
population coupled with data showing that such variation
does not reduce fitness would provide an important perspec-
tive for a reassessment of the general assumption of negative
heterosis contained in chromosomal speciation models.

We describe here the karyotypic variation found within a
single interbreeding population of the South American marsh
rat (Holochilus brasiliensis) from central Paraguay. This
variation is unprecedented among mammals, both in the
degree of structural heterozygosity and in the number of
different classes of rearrangements found within one popu-
lation. We then present evidence from repeated observations
of the natural population over a 7-year period and from
breeding of captive animals in the laboratory that these
extreme changes cause no detectable reduction in fitness.
Finally, we discuss these results in light of current models of
chromosomal speciation.

MATERIALS AND METHODS

The South American marsh rat is a member of the subfamily
Sigmodontinae (family Muridae) that inhabits grassy marshes
from Venezuela to central Argentina. We trapped 11 indi-
viduals in 1979 and 31 individuals in 1986 at Finca La
Golondrina, in the eastern Chaco 25 km north-northwest of
Asuncion, Paraguay, within the floodplain of the Paraguay
River. All animals were caught within a single isolated marsh,
approximately 50 hectares in area.

Chromosomal preparations were obtained from bone mar-
row (15) from the 11 animals collected in 1979 and from
cultures of peripheral lymphocytes (16) from the 31 animals
collected in 1986. G- and C-banded prometaphase and meta-
phase preparations (17) were analyzed from all animals in the
1986 sample and from 3 animals in the 1979 sample. Homol-
ogous chromosome segments were identified by their G-
bands, and major autosome arms were numbered according
to decreasing length. Pairing of heterozygotes was studied in
diakinesis and metaphase I of meiosis (18) to confirm the
identity of some of the rearrangements as established by
banding.

To test for the possible presence of two or more cryptic
species within this population, electrophoretic and morpho-
logic analyses were done on all animals in the 1979 sample.
Tissues (liver and kidney) were used for horizontal starch-gel
electrophoresis (19) in which 28 presumptive loci encoding the
following 19 enzymes were surveyed: sorbitol dehydrogenase
(Sordh), malate dehydrogenase (Mdh-1, Mdh-2), glycerol-
3-phosphate dehydrogenase (Gpd), isocitrate dehydrogenase
(cd-1, Icd-2), malic enzyme (Me), superoxide dismutase
(Sod), glucose phosphate isomerase (Gpi), phosphoglucomu-
tase (Pgm-1, Pgm-2), mannose phosphate isomerase (Mpi-1,
Mpi-2), creatine kinase (Ck-1, Ck-2, Ck-3), alcohol dehydrog-
enase (Adh), xanthine dehydrogenase (Xdh), glutamate dehy-

Abbreviations: Rb, Robertsonian; B chromosome, supernumerary
chromosome.
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drogenase (Gd), albumin (Alb), protein-1 (Pt-1), aspartate
aminotransferase (Got-1, Got-2), peptidase (Pep-1, Pep-2),
lactate dehydrogenase (Ldh-1, Ldh-2), and aconitate hy-
dratase (Acon). Univariate and principal components analyses
were performed on 29 standard cranial measurements. All
specimens were prepared as skins and skulls, or fluid-
preserved, and deposited in the Museum of Zoology collec-
tions at the University of Michigan.

To test for reproductive incompatibility between animals
possessing different chromosomal rearrangements, all ani-
mals caught in 1986 were brought alive to the University of
Michigan and used to found a breeding colony. Animals were
paired without prior knowledge of karyotype. Males were
placed with females for 2 weeks and then removed, and litter
size was recorded.

RESULTS

The extraordinary variation in this population is shown in
Tables 1 and 2 and Fig. 1. The diploid number ranged from
48 to 52, and the number of chromosome arms varied from 58
to 60. Five to 9 large metacentric chromosomes were present,
as well as a small metacentric pair, autosome 23, that is
common throughout the subfamily (20). The remaining au-
tosomes and the X and Y chromosomes were acrocentric.
The X chromosome was close in size to autosome 6, and the
Y chromosome was close in size to autosome 16. A C-banded
karyotype is shown in Fig. 2. The Y chromosome was almost
entirely heterochromatic, the metacentric autosome 3/4 was
almost entirely euchromatic, and all other chromosomes
possessed only centromeric heterochromatin.

Twenty-six distinct karyotypes, stemming from four
classes of rearrangements, were present among these 42
animals. (/) Whole-arm (Rb) translocations involved chromo-
somes 3/4 and 6/7. Acrocentric autosomes 3 and 4 possessed
centromeric heterochromatin; however, their metacentric
homolog, chromosome 3/4, showed little or no centromeric
heterochromatin (Fig. 2A), suggesting that there may have
been loss of DN A accompanying the fusion process. Both the
metacentric, chromosome 6/7, and its acrocentric homologs,
chromosomes 6 and 7, possessed centromeric heterochro-
matin (Fig. 2A). Twenty-three animals (55%) were heterozy-
gous for a single Rb rearrangement, 2 animals (5%) were
heterozygous for two Rb rearrangements, and the remaining
17 animals (40%) had no structural heterozygosity for whole-
arm translocations. The frequencies of Rb homozygotes and
heterozygotes did not differ significantly from those expected

Table 1. Chromosomal polymorphisms among the 11 H.
brasiliensis in the 1979 sample

N Rb B
ID 3 ? 2n FN 34 67 1Ia Ib Ic II EaPi
a 1 48 59 ++ ++ 0 0 0 0 EaX
b 1 1 49 58 ++ +- 0 0 0 0
[ 1 49 58 +- ++ 0 0 0 0
d 1 49 60 ++ ++ 1 0 0 O
e 1 50 8 ++ -—- 0 0 0 O
f 1 50 8 —— ++ 0 0 0 O
g 1 50 60 +- ++ 1 0 0 O
h 1 50 60 ++ +- 0 1 0 0
i 1 51 60 ++ +- 0 0 0 2
j 1 52 606 +- -- 1 0 0 O

Each row represents a unique karyotype. ID, karyotype designa-
tion; N, number of individuals; 2n, diploid number; FN, fundamental
number of chromosome arms; Robertsonian rearrangements (Rb):
++, fusion homozygote; +—, fusion/fission heterozygote; ——,
fission homozygote; Bla, BIb, Blc, and BII, supernumerary chro-
mosomes; all other rearrangements here and in Table 2 occur as
heterozygotes (Ea-X, euchromatic addition to the X chromosome).
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Table 2. Chromosomal polymorphisms among the 31 H.
brasiliensis in the 1986 sample

N Rb B

ID 84 ¢ 2n FN 34 67 Ia Ib Ic II EaPi
k 6 2 48 S8 ++ ++ 0 0 o0 O

1 1 48 59 ++ ++ 0 0 0 0 Pi-X
b 2 1 49 58 ++ +- 0 0 0 O

c 1 2 49 58 +- ++ 0 0 0 O

m 1 49 58 +- ++ 0 0 O0 0 Eal7
n 1 49 59 ++ +- 0 0 0 0 Pi-11
[ 1 49 59 ++ +- 0 0 0 0 EaX
p 1 49 59 +- ++ 0 0 0 O0 EaX
q 1 49 60 ++ ++ 1 0 0 0

r 1 1 49 60 ++ ++ 0 1 0 O

s 1 49 60 ++ ++ O 0 0 1 Pi-ll
t 1 5 58 +- +- 0 0 0 O

u 1 5 59 +- ++ 0 0 0 1

v 1 50 60 ++ +- 0 1 o0 0

w 1 5 60 ++ +- 0 0 1 0

x 1 50 60 ++ +- 0 1 0 0 Eal7
g 1 O 60 +- ++ 1 0 0 O

y 1 50O 60 +- ++ 0 1 0 O

z 1 51 59 +- +- 0 0 o0 1

Pi-X, pericentric inversion on the X chromosome; Pi-11, pericen-
tric inversion on autosome 11; Ea-17, euchromatic addition to
autosome 17; other symbols and abbreviations are as in Table 1.

under Hardy-Weinberg equilibrium (for Rb3,4, x? goodness
of fit x> = 0.05 and 0.9 > P > 0.75; for Rb6,7, x> = 0.002 and
0.975 > P > 0.95). (ii) There was a complicated system of
supernumerary chromosomes (B chromosomes) involving
two distinct classes of elements. BI elements are large
metacentric or submetacentric chromosomes that are mostly
euchromatic and thus difficult to distinguish from autosomes.
When digested with trypsin and stained with giemsa, how-
ever, they revealed little banding pattern and appeared as
homogeneously stained regions. BI chromosomes contained
only centromeric heterochromatin, as revealed by C-bands of
both mitotic and meiotic figures, and contained only slightly
more C-positive material than the autosomes (Fig. 2B). BI
chromosomes are divided into three types, Bla, BIb, and
Blc, based on their size and morphology (Fig. 1B), and were
present in 12 animals (29%). In contrast, BII elements are
small acrocentric chromosomes that contain substantial cen-
tromeric heterochromatin in both mitosis and meiosis (Fig.
2B). They were present in one or two copies in 4 animals
(10%). (iii) Centromeric rearrangements were found in three
animals (7%) on either autosome 11 or the X chromosome.
Banding data indicate that these changes in centromere
position are most likely due to pericentric inversions rather
than centromeric shifts or activation/inactivation of existing
centromeres. (iv) Additions of euchromatic chromatin were
present in 5 animals (12%). Two animals had additions of
euchromatic (C-band-negative/G-band-positive) material ad-
jacent to the centromere on the major arm of autosome 17,
and 3 other animals had terminal euchromatic (but G-band
negative) additions to the short arm of the X chromosome
(Fig. 2B). Of the 42 animals sampled in this population, 32
(76%) exhibited some form of chromosomal heterozygosity.

A comparison of the 1979 sample (Table 1) with the 1986
sample (Table 2) revealed temporal stability in the total
amount of chromosomal variation present, in the identity of
the specific rearrangements, and in their relative abundance.
In the 1979 sample, 9 animals (82%) exhibited structural
heterozygosity, Rb variation was present in 7 animals (64%),
B chromosomes were present in 5 animals (45%), a euchro-
matic addition was present in 1 animal (9%), and inversions
were absent. In the 1986 sample, 23 animals (74%) exhibited
structural heterozygosity, 20 Rb heterozygotes were present
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FiG. 1. (A) G-banded homozygous karyotype of H. brasiliensis
(designated karyotype k in Table 2). Major autosome arms are
numbered according to decreasing length. The diploid number (2n) is
48, and the number of chromosome arms (FN) is 58. This individual
is homozygous for Robertsonian (Rb) fusions of chromosomes 3/4
and 6/7. Chromosomes 1/2 and 5/8 are fused in all individuals in the
population. No B chromosomes, pericentric inversions (Pi), or
euchromatic additions (Ea) are present in this individual. (B) Poly-
morphic rearrangements (defined in text) found in a single population
of H. brasiliensis. All rearrangements are shown in the heterozygous
state.

in 18 animals (58%), B chromosomes were present in 11
animals (35%), euchromatic additions were present in 4
animals (13%), and inversions were present in 3 animals
(10%). The number of chromosomally heterozygous individ-
uals was not significantly different between these two sam-
ples (log-likelihood ratio G = 0.05 and 0.9 > P > 0.75), and
the frequencies of individual rearrangements also did not
differ significantly between 1979 and 1986 (for Rb3,4, G =
0.10and 0.9 > P > 0.75; for Rb6,7, G = 0.06 and 0.9 > P >
0.75; for B chromosomes, G = 0.34 and 0.75 > P > 0.5). In
addition, each of the specific rearrangements present in the
1979 sample was found again in the 1986 sample. The 1986
sample also contained three rearrangements (two pericentric
inversions, Pi-11 and Pi-X, and one euchromatic addition,
Ea-17) not found in the 1979 sample. These rearrangements
were rare in the 1986 sample and thus their absence in the
1979 sample, which was much smaller, may be due to
sampling bias.
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Fig. 2. (A) C-banded karyotype of a male H. brasiliensis (des-
ignated karyotype ¢ in Table 2), heterozygous for Rb 3/4. (B)
C-banded preparations of B chromosomes and of euchromatic ad-
ditions to autosome 17 and the X chromosome.

Analysis of chromosome pairing in diakinesis and meta-
phase I of meiosis provides additional support for the identity
of the rearrangements deduced from banding of mitotic
chromosomes. In 100 cells analyzed from three individuals,
both Rb3,4 and Rb6,7 were found to consistently form
trivalents. In 100 cells analyzed from four individuals con-
taining one B chromosome (identified from mitotic prepara-
tions), a single unpaired element was always observed in
metaphase I of meiosis. An alternative explanation for the
identity of the metacentric elements labeled as BI chromo-
somes is that they derive from Rb translocations of small
autosomes. Such an interpretation was favored by Vidal ez al.
(21) for similar metacentrics in an Argentine population;
however, their report did not include either banding data or
meiotic analysis. The hypothesis that these chromosomes
arise from Rb fusions does not account for the increase in
fundamental number that accompanies them. Further, anal-
ysis of 100 meiotic metaphase cells from animals possessing
these chromosomes revealed no trivalents other than those
identifiable as Rb3,4 or Rb6,7. For these reasons we favor the
interpretation that these elements are supernumerary chro-
mosomes, despite their typically autosomal C-band pattern.

Electrophoretic and morphologic data (from the 1979 sam-
ple) and breeding experiments (from the 1986 sample) support
the hypothesis that this population consists of a single
biological species. Twenty-one loci were fixed for the same
allele in all individuals. Seven loci were polymorphic: Gpd,
Icd-1, Me, Pgm-1, Pgm-2, Pt-1, Got-2. There was no corre-
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spondence between any of the chromosomal rearrangements
and particular alleles among these polymorphic loci. Since
even closely related species often have fixed allozymic
differences, a sample containing more than one species may
show an inflated level of polymorphism. However, the pro-
portion of polymorphic loci in this population (P = 0.25) was
typical or slightly low for rodent species in general (22).
Morphologic analyses of all single cranial measurements
showed continuous unimodal distributions, and graphs of
principal component scores of these measurements formed
single clusters. There was no correspondence between any of
the chromosomal rearrangements and any craniometric char-
acteristic. Laboratory matings indicated that animals pos-
sessing any of the rearrangements found in the population
were fertile (Table 3). Among wild-caught animals, 16 out of
19 matings (84.2%) produced litters (n = 67 offspring). The 3
unsuccessful matings were known to involve very old ani-
mals. This degree of mating success is typical for breeding
wild colonies of other sigmodontine species in our laboratory.
The Holochilus colony is in its fourth generation and off-
spring remain fertile.

DISCUSSION

We know of no species of mammal with the number and
variety of chromosomal polymorphisms that are present in
single populations of Holochilus. Chromosomal variation
stemming from a single class of rearrangements has been well
documented from many species in hybrid zones, such as the
house mouse (Mus musculus) (23) or the pocket gopher
(Thomomys bottae) (24), and from many fewer species out-
side of hybrid zones (7). Variation that involves multiple
classes of rearrangements, however, is known from only a
few cases (10, 11), and none are as extreme as Holochilus.

Evidence that these polymorphisms do not substantially
reduce fitness comes from three sources. (i) Neither the
amount of chromosomal variability nor the frequencies of
individual rearrangements differ significantly between the
1979 and 1986 samples. Although the small size of the first
sample precludes detection of small frequency differences, it
is noteworthy that the relative abundance of the different
rearrangements remained unchanged between the samples
and that the actual numbers are very similar. Field observa-
tions indicate that Holochilus breed throughout the year in
central Paraguay, and laboratory studies show that the gen-

Table 3. Representative laboratory crosses of wild-caught H.
brasiliensis with different karyotypes and number of
offspring produced

Crosses
Karyotype Karyotype Chromosomal
of female of male polymorphisms Number of
parent parent between parents offspring
1 k Pi-X 3
c k Rb3,4 5
u c Rb3,4; BII 4
q b Rb6,7; Bla 3
k n Rb6,7; Pi-11 4
c m Rb3,4; Ea-17 4
b s Rb6,7; BII; Pi-11 4
p b Rb3,4; Rb6,7; Ea-X 4
w X Rb6,7; BIb; Bic; Ea-17 4
w g Rb3,4; Rb6,7; Bla; Blc 3

Karyotypes of parents refer to designations given in Tables 1 and
2. Crosses are listed in order of increasing structural differences
between parents. Abbreviations indicate the rearrangements that are
polymorphic between mated individuals and are defined in Table 1.
Crosses shown here were chosen to illustrate maximum variation of
chromosomal differences.
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eration time is less than 3 months. Thus, a conservative
estimate indicates that at least 20 generations elapsed in 7
years. Wright (25) and subsequent investigators (26, 27) have
shown that in the absence of a high mutation rate, new
chromosomal variants that reduce fitness in the heterozygous
condition will be rapidly eliminated or rarely fixed. Thus, the
persistence at similar frequencies of the same rearrangements
in our two samples taken more than 20 generations apart is
consistent with the hypothesis that these rearrangements are
not negatively heterotic. (ij) We have continued to breed
animals for four generations (n = 115 offspring) and have
detected no combination of chromosomal rearrangements
that results in infertility or reduced litter size (mean litter size
= 4.4). All offspring have been karyotyped and none show
any degree of aneuploidy. This suggests that polymorphisms
in this population are not strongly underdominant; however,
these data do not preclude the possibility of weak selection
acting against heterozygotes. Measuring small selection co-
efficients (e.g., <10%) requires very large sample sizes,
either to detect deviations from Hardy-Weinberg proportions
in nature or to measure fitness differences in the laboratory.
Further, we caution against interpreting laboratory breeding
experiments as a way to discriminate subtle differences in
fitness that may be biologically much more significant in a
natural population. (iii) The kind of variation (but not the
specific rearrangements) we have described for this popula-
tion of Holochilus characterizes the species over a wide
geographic area. Earlier studies in Argentina (21, 28, 29),
Brazil (30, 31), and elsewhere in Paraguay (P.M., unpub-
lished data) suggested that Holochilus might have extensive
variation in Rb rearrangements, number of B chromosomes,
and pericentric inversions, although banding data were not
available in most cases and the samples from single popula-
tions were small. The widespread occurrence of these poly-
morphisms would be unlikely if substantial costs were asso-
ciated with them.

These results have important implications for current mod-
els of chromosomal speciation. These models, which have
served as examples of how new species might be formed in
the absence of geographic separation, propose that chromo-
somal changes can lead to reproductive isolation due to the
decreased fertility of heterozygotes (2-5) or the decreased
viability of their progeny (6). The breeding data for Ho-
lochilus and the large number, temporal stability, and wide-
spread nature of chromosomal rearrangements in Holochilus
do not support such a view and argue instead that chromo-
somal polymorphisms, though extreme, do not reduce fitness
substantially in this species. Although the data presented
here are insufficient to detect weak selective pressures, they
are inconsistent with the presence of strong negative hetero-
sis that is required by most models of chromosomal specia-
tion, and these data are entirely consistent with the hypoth-
esis that no selection is acting against heterozygotes. A
comparison of this study of Holochilus with chromosomal
studies of the house mouse (Mus musculus) (12), the common
shrew (Sorex araneus) (13), and the domestic sheep (Ovis
aries) (32) demonstrates that the same kind of chromosomal
rearrangement can have extremely different effects on fitness
in different species. Therefore, no single model will account
for the evolution of chromosomes in all species, and models
of chromosomal speciation should only be applied to situa-
tions where selection against heterozygotes has been verified
(33-35). The data presented here show that the usually held
assumption of strong chromosomal underdominance is not
always valid. In situations such as this, chromosomal muta-
tions may accompany but probably do not cause speciation.
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