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Two parapatric subspecies of grasshopper with extensive karyotypic differences form a hybrid zone in which the
change-over of chromosomal characters occurs over a distance of 800 m. Asymmetrical introgression of restriction-
fragment markers of the nuclear ribosomal RNA genes, and mitochondrial DNA, and also of four enzyme
electromorphs is reported. These markers were found to have introgressed for varying distances (100—300 km) to the
north of the present-day hybrid zone. It is proposed that these markers are relicts of ancient hybridization between the
Moreton and Torresian subspecies in an area where only the Torresian form (as defined by karyotype) is now found,
and that the two taxa have maintained their chromosomal distinction despite prolonged hybridization and the
geographic displacement of the Moreton subspecies by the Torresian form.

INTRODUCTION

Studies of two karyotypically distinct and para-
patric subspecies of the Australian grasshopper
Caledia captiva ("Torresian" and "Moreton")
have demonstrated partial reproductive isolation,
manifest as total embryonic inviability of F2
hybrids, and an approximately 50% reduction in
backcross viability (Shaw and Wilkinson, 1980).
This pattern of hybrid breakdown appears to be
responsible for the maintenance of a narrow (ca.
800m) hybrid zone along the 200 km common
boundary of their ranges (Shaw eta!., 1980). Shaw
et a!. (1982) and Coates and Shaw (1982) found
the hybrid breakdown to be caused partially by
differences in centromere positions of homologous
chromosomes from the two taxa, which alter the
distribution of positions of crossing-over in
heterozygous meiosis; this crossing-over in turn is
presumed to disrupt physically integrated gene
complexes. The effect of the centromere position
differences has been estimated to account for 46
per cent of the inviability of Torresian/Moreton
F2 hybrids; Coates and Shaw (1984) suggested that
the remaining hybrid breakdown may be associ-
ated with "genic" differences between the taxa.

* Present address: Department of Biochemistry, Louisiana State
University, Baton Rouge, Louisiana, U.S.A.

Previously, allozyme differences (Moran et a!.,
1980; Daly eta!., 1981), restriction-fragment length
polymorphisms (RFLPs) of the ribosomal DNA
(rDNA) (Arnold et a!., 1987a) and mitochondrial
DNA (mtDNA) (Marchant, 1988), and variation
in the cytological distribution and associated DNA
sequences of heterochromatin (Shaw et a!., 1976;
Arnold and Shaw, 1985; Arnold, 1986) which dis-
tinguish Torresian from Moreton, have been
described. The distributions of these markers along
transects taken across the hybrid zone have been
studied (Moran, 1979; Shaw et a!., 1979; Shaw et
a!., 1985; Arnold et a!., 1987a; Marchant et a!., in
preparation; Moran and Shaw, 1977). These analy-
ses have found that the geographical change-over
from insects having Torresian allozyme, rDNA and
mtDNA markers, to those having Moreton
markers, corresponds nearly to the null points
shown by the frequencies of the chromosome struc-
tural markers (Shaw et a!., 1979; Shaw eta!., 1985).
No introgression of Moreton chromosomes has
ever been detected outside the narrow zone of
hybridization (Shaw et a!., 1987), but Moreton
rDNA, mtDNA and allozyme markers are present
in some Torresian populations (Arnold et a!.,
1987a; Marchant 1987, 1988; Marchant et a!., in
preparation).

In this paper, we present data from an analysis
of rDNA, mtDNA, allozyme and chromosomal
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characters of C. captiva populations from an area
outside the defined hybrid zone, in the previously
described geographical range of the Torresian sub-
species (Shaw et a!., 1980). Marchant (1988)
has already reported the presence of Moreton
mtDNA markers from a number of these popula-
tions; our present data, in conjunction with this,
provide evidence for an ancient hybridization
between the two subspecies in an area now
occupied exclusively by insects having Torresian
karyotypic markers. We argue that the data support
the idea of intra-, and possibly inter-chromosomal
coadaptation (see Shaw and Coates, 1983). We
also discuss the possible contributions of selection,
chance, and (in the case of rDNA) biased gene
conversion, to the process of introgression.

MATERIALS AND METHODS

Collection localities

The geographical distributions of the various C.
captiva taxa, including the Torresian and Moreton
subspecies, have been described previously (Shaw
et al., 1980). The populations examined in the
present study are shown in fig. 1 and table 1.

Allozyme analysis

Electrophoretic analysis of the enzymes glutamate
oxalate transaminase 2 (GOT-2), isocitrate de-
hydrogenase 1 (IDH-1), mannose phosphate
isomerase (MPI) and phosphoglucose isomerase
(PGI), on cellulose acetate, was performed using
buffers and staining reactions described by Moran
et a!. (1980) and Daly et aL (1981).

DNA isolation and RFLP analysis

Total nuclear and mtDNA was isolated from
individual grasshoppers using the DNA isolation
procedure described by Arnold et a!. (1987b).
RFLPs that are diagnostic for the Torresian and
Moreton rDNA and mtDNA have been previously
identified (Arnold et a!., 1987a; Marchant, 1988).
Cla I restriction digestion of total DNA followed
by gel electrophoresis, transfer of the restricted
DNA to Gene Screen (New England Nuclear) and
hybridization to a 32P nick-translated 08 kb rDNA
sequence (Arnold et al., 1987a) were used to
resolve the rDNA markers. The restriction endonu-
cleases Msp I, Hae III, Hind III and Xba I were
used to assay for mtDNA markers (as described

Figure 1 Populations sampled for rDNA, mtDNA and/or
allozyme frequency (see Table 1 for population designa-
tions). /// designates region possessing Torresian rDNA,
mtDNA and allozymes. \\\ designates region possessing
Torresian and Moreton rDNA. The stippled region con-
tains chromosomally Moreton insects. Populations 10 and
11 are within the region fixed for Moreton mtDNA

by Marchant, 1988). The mtDNA RFLPs were
identified by using probes synthesized from a set
of clones representing the entire mitochondrial
genome of C. captiva (Marchant, 1988).

Chromosome analysis

C-banded embryonic chromosome preparations
from each of five egg pods, laid by insects collected
from site 11 (fig. 1, table 1), were made using the
technique described by Shaw et a!. (1976). C-band
chromosome analysis of grasshoppers from other
sites within our study area has previously been
carried out by Coates and Shaw (1984; Shaw,
unpublished data).
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Table 1 Sample sizes, rDNA genotypes and mtDNA genotypes for 19 Caledia captiva populations

Site
No. Name

rDNA
N

Types present and frequencies
MtDNA
N

Type
present21 27 29 32

1 Yarrabah 2 10 *
2 Insulator Creekt 16 088 012

T3 Riordanvale 25 062 016 022 29
4 Flaggy Rock 4 075 025 4 T
5 Marlborough 4 045 055 4 1
6 Yeppoon 4 063 037 15 T
7
8

Mt. Morgan
Gladstone

4
4

052
011

048
089

4
15

T
(l4xT, lx M)

9 Biloela 4 028 072 4 T
10 Miriam Vale 2 10 *

11 Avondale 26 013 087 27 M
12
13

Washpool Creek
Bongmuller Creek

4
16

058
092

042
008

4
*

T

14
15
16

Scrubby Creek
Peregian
Neara Creek

16
16
9 083

10
10
017

*
*

17
18

Mary Smokes Creek
Esk

5
4 087

10
013

*
*

19 Bullock Head Creek 6 10 *

* Previously reported by Marchant (1987). Individuals for which the mtDNA type is reported in this paper are the same as those
used for rDNA analysis.

The 16 individuals from this site were the same as those which had Torresian mtDNA reported by Marchant (1988).

RESULTS

Distribution of rDNA RFLP variants

Arnold eta!. (1987a) have described rDNA RFLP
markers for the Moreton ("2.9" kb fragment) and
the Torresian ("2.1" kb fragment) subspecies.
These diagnostic RFLPs were shown to be present
only in animals from their respective taxa, except
near the hybrid zone between the two subspecies.
In this region, the Moreton marker was found in
high frequency in animals collected from popula-
tions on the Torresian side of the zone.

In addition to the 29 and 21 fragments, a
"32" kb variant has been reported in a Torresian
population located approximately 1200 km from
the contact zone (Arnold et a!., 1987a). In the
present analysis we have detected four variants;
these are the 21, 27, 29 and the 32 fragments
(fig. 2). The frequencies of these markers in the 19
populations illustrated in fig. 1 are listed in table 1.

The 21 fragment is present in populations 1—9,
11—13, 16, 18 and 19. Although each of these popu-
lations is within the geographic distribution of the
Torresian subspecies (see Shaw et a!., 1980), the
frequency of the Torresian marker fragment varies
enormously between populations (0.11-1.0., table
1). In addition, Torresian populations near the
present-day hybrid zone (13, 16 and 18), as well
as populations 5-12 located within a region north

of the hybrid zone, all possess the Moreton 29
variant (table 1). Fig. 3 illustrates the frequency
of the 29 and 21 variants in populations 5-19.
The Torresian samples proximal to the hybrid zone
demonstrate frequencies of the 29 Moreton RFLP
that range from 0—017. In contrast, the Torresian
populations 5-12 have much higher frequencies of
the 29 variant (0.37-1.0, fig. 3).

As stated previously, there were two additional
rDNA RFLPs (2.7 and 3.2) that have been assayed
in the present analysis. The 3 2 fragment was detec-
ted in three Torresian populations (samples 2-4)
while the 27 variant was detected only in popula-
tion 3. Although other fragments are present on
the autoradiographs derived from the digested
DNA, none of these have been found to be useful
markers for the two subspecies (Arnold el a!.,
1987a).

Figure 2 RFLPs of rDNA from Caledia captiva populations
surveyed.
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Distribution of mtDNA RFLPs

Only Moreton-type mtDNA was found in a sample
of 27 individuals from site 11 within the area in
which introgression of Moreton mtDNA has pre-

of a sample of 15 individuals from a site 60 km
north (site 8) of the northern-most Moreton
mtDNA-containing population reported pre-
viously been reported (Marchant, 1988). One
but Moreton mtDNA was not detected further
north than this (table 1). Moreton mtDNA was
also not detected in three sites west of the pre-
viously reported introgressed area (sites 7, 9 and
12), although the small sample sizes from these
sites do not allow us to preclude its presence at
low frequencies.

Allozyme variation

Table 2 shows the frequencies of alleles of the four
loci from the three sites analysed. Also shown are
frequencies of alleles from two Moreton popula-
tions and one Torresian population, reported by
Daly et a!., (1981), for comparison.

Chromosomal analysis

The karyotypes of all five embryos showed all acro-
or telocentric chromosomes, with centromeric, but
no interstitial, C-bands, exactly as has been repor-
ted for the Torresian subpecies (Shaw eta!., 1976;
Arnold and Shaw, 1985).

DISCUSSION

There are a number of lines of evidence that make
us believe that the "Moreton" markers found
in the Torresian taxon are present as a result of
introgression, rather than being due to primary
polymorphisms in the latter taxon. The overall
concordance between the distribution patterns of
allozymes, rDNA and mtDNA, with "Moreton"
markers of all types being found in some of the
populations, and "Moreton" markers being all
absent in several northern ones, is consistent with
introgression. "Moreton" mtDNA (Marchant
1988) and allozyme markers (Arnold et a!., 1987;
Wilkinson, unpublished) are also absent from Tor-
resian in the Northern Territory and Papua. Phy-
logenies based on allozymes group these areas
more closely to Queensland Torresian than any
Torresians are to Moreton, and a phylogeny of
mtDNA shows that the mtDNA from Northern
Territory and Papua has separated from the
Queensland Torresian lineages much more
recently than the separation of Torresian and
Moreton (Marchant, unpublished). These findings
indicate (for mtDNA, less convincingly for allo-
zymes, and by inference, for rDNA) that the
Torresian/Moreton interaction has come about
after secondary contact (see Thorpe 1984).

As with other studies (e.g. Powell, 1983; Bour-
sot et a!., 1984; Arnold et a!., 1987b; Tegelstrom
1987), the extent of introgression varies when cyto-
plasmic and nuclear elements are compared. Thus,
although Moreton rDNA, allozyme and mtDNA
markers are present in populations north of the
present-day hybrid zone, the rDNA markers occur
more than 200 km further north than the mtDNA.
Likewise, the Moreton allozymic markers occur at
least 100 km further north than the Moreton
mtDNA.

There would appear to be two possible expla-
nations for the introgression of the Moreton
genetic material into the Torresian populations:
(a) the introduction of the Moreton variants could
have originated from or near the present-day
hybrid zone (now in the Mary River Heads region),
or, (b) the ancient distribution of the Moreton

Figure 3 Frequency of the rDNA RFLPs 29 (darkened sector)
and 21 (light sector) for populations 5—19. Note the high
frequency of the 29 variant in populations 5-12.
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subspecies may have included a region north of
its present distribution. The former explanation
would require the spread of Moreton rDNA,
allozymes and mtDNA markers for distances of
approximately 450 km, 350 km and 250 km, respec-
tively. This whole-scale asymmetrical introgression
of Moreton variants into the Torresian form would,
we believe, necessitate the invoking of quite strong
selection for each of the Moreton markers (which
have disparate biochemical functions). Although
selection may have played a role in determining
the frequency of some of the Moreton genetic
markers in the Torresian populations (see below),
we do not believe that this is the most likely cause
of the present distribution of these variants. The
most tenable argument would seem to be that the
initial introduction of the Moreton markers into
Torresian individuals was facilitated by the pres-
ence of the Moreton subspecies within this region.
We would also suggest that the same pattern of
asymmetrical introgression of the Moreton rDNA,
mtDNA and allozyme markers across the existing
hybrid zone (Arnold et a!., 1987 a; Marchant et al.,
in preparation) could be explained by the move-
ment of the zone in a predominantly easterly direc-
tion. Shaw et aL (1985) have discussed the lack of
any movement of the zone over a six year period.
However, this most recent data suggest that large-

scale movement does occur, albeit over a much
longer time scale.

Frequency of Moreton rONA, mtDNA and
allozyme markers in the Torresian subspecies

Theoretical work (Moran, 1981), and results from
computer modelling (Marchant, unpublished
data), have indicated that selectively neutral
genetic markers can indeed be left behind a moving
zone. Near to the hybrid zone, the Moreton
allozyme markers for the GOT-2 and IDH-1 loci
show a pattern of asymmetrical introgression into
the Torresian subspecies (Marchant et a!., in pre-
paration). By comparison, the Moreton PGI
marker does not demonstrate such a pattern. For
the two populations north of the Moreton distribu-
tion that show significant levels of Moreton
allozyme variants, population 11 possesses all
three markers at high frequencies while population
6 possesses only the Moreton PGI marker at sig-
nificant levels. This distribution of variants would,
we believe, be best explained by an assumption of
neutrality for the allozyme markers examined,
since no allozyme marker shows consistently ele-
vated frequencies in the introgressed regions (Daly
et a!., 1981; this study; Marchant, et a!. in prepar-
ation).
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Table 2 Frequencies of Moreton and Torresian diagnostic allozymes for three Torresian populations

Site 11 c 77.5% e 825% c 850%
*d 200% 0g 125% *b 150%
a 25% c 25%

d 25%
Site 6 c 1000% e

*g
925%
50%

c 1000%

Site 3 c 1000% e 1000% c
0b

950%
50%

Site 18t b 70% c 20% b 110%
(Torr.) c

d
830%
110%

e

g
i

910%
40%
20%

C 890%

Site 17t c 20% e 110% b 970%
(Mor.) d 980% f

g
h

20%
770%
40%

c 30%

Fraser Islandt d 1000% e 480%
(Moreton) g 520%

20%
b 980%

b 1000% b 1000%

N=20 for sites 11, 6 and 3.
* indicates Moreton allele.
?uncertain whether this electromorph is the same as the e allele previously reported (Daly eta!., 1981) to be present in
the Daintree taxon.
t Daly et a!., 1981.
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The occurrence of the Moreton mtDNA in the
range of the Torresian subspecies has been pre-
viously reported (Marchant, 1988). The data pres-
ented here define the limits of mtDNA
introgression, and the larger sample sizes within
the introgressed area confirm that the foreign
mtDNA is fixed there. Although the presence of
these variants in the Torresian populations can be
best explained by hybrid zone movement and the
subsequent "trailing" of the mtDNA variants, the
apparent fixation of these mtDNA variants charac-
teristic of the Moreton subspecies within the Tor-
resian populations cannot be accounted for simply
by past movement of the zone. A stochastic process
such as a population bottleneck which led to the
fixation of the Moreton mtDNA in an introgressed
Torresian population and the expansion of this
population into the present-day area of
introgression might explain our findings (as has
recently been proposed by Gyllensten and Wilson,
1987 for the Mus mtDNAintrogression). However,
the presence of at least two mtDNA "clones",
which are also found in the Moreton and the more
southerly South East Australian taxon (Marchant,
1988) in these populations, would argue against
such a historical explanation (although it should
be recorded here that these two types differ by only
a single restriction site, which might have been
convergently lost or gained in one of them). It is
of interest to note that the random extinction (and
presumably the fixation) of mitochondrial mutants
can proceed at a much faster rate due to the unique
population genetics of these cytoplasmic elements
(Advise et al., 1984).

With respect to the mtDNA pattern of geo-
graphic variation, the Moreton rDNA shows a
similar frequency distribution in the Torresian
populations (Arnold et al., 1987a; Marchant,
1988; Marchant et a!., in preparation). Near the
present-day hybrid zone (sites 13, 16, 18, 19), the
Moreton rDNA variant is found at frequencies of
O-017, while in the Torresian populations north
of the zone the populational frequencies of the
Moreton type vary from O37-1O (e.g. see fig. 3).
As with the mtDNA, zone movement alone cannot
explain the elevated levels of the Moreton rDNA
variant in the populations north of the zone.
Arnold et a!. (1987a) have argued that there are
two possible explanations for the asymmetrical
introgression of the rDNA variants into the Tor-
resian populations proximal to the zone: (1) biased
gene conversion favouring the Moreton rDNA
variant and/or (2) natural selection for the
Moreton rDNA loci themselves or the Moreton
nucleolar organizing chromosomes. If, as we have

suggested, the presence of the Moreton rDNA
variants are mainly a result of movement of the
hybrid zone rather than penetration of a stationary
zone, then populations that are most distant from
the present-day contact zone would have possessed
the Moreton variants for the longest period of time.
Furthermore, if biased gene conversion and/or
natural selection have been major factors involved
in the frequency increase of the Moreton rDNA
variant in the Torresian populations, then the
longer a population has possessed the Moreton
variant the higher its frequency should be. Thus,
the pattern illustrated in fig. 3 is directly explicable
on the basis of the past introduction of the Moreton
variant into the Torresian subspecies, via zone
movement, followed by biased gene conversion
that favoured the Moreton variant. It is important
to note that the process of gene conversion has
been experimentally demonstrated in eukaryotes
(KJein, 1984; Hilliker et aL, 1987). Likewise, the
biased nature of some intragenic conversion events
has also been documented (Leblon, 1972). Further-
more, data from a recent study of C. captiva
individuals from Torresian populations near the
hybrid zone have indicated that gene conversion
is likely to have played a role in the introgression
and maintenance of the Moreton rDNA variant
within the Torresian populations (Arnold, et a!.,
1988).

Recent studies of the "non-transcribed" spacer
region of the rDNA locus of Xenopus have demon-
strated a functional role for this rDNA component:
repeated sequences within the spacer enhance tran-
scription (Moss, 1983). Thus, the greater the num-
ber of enhancer repeats adjacent to the rDNA
promoter sequence, the greater is the level of tran-
scription (Reeder, 1984). Furthermore, when two
genes containing different numbers of enhancer
elements are coinjected into oocytes, the gene with
the greatest number of these elements is always
transcribed preferentially (Moss, 1983; Reeder et
a!., 1983). In relation to the present findings, it is
conceivable that the Moreton spacer elements are
not only favoured in a biased gene conversion
process, but are also dominant in a transcriptional
sense. If this is found to be the case, then it is
plausible that under certain conditions individuals
carrying such a transcriptional unit might be
favoured by selection because of their ability to
modulate protein production more rapidly.
Experiments that will result in a measurement of
the levels of ribosomal RNA produced from the
Moreton and Torresian rDNA loci in F1 hybrids
will be facilitated by using DNA oligonucleotides
specific to the two rDNA types.
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Introgression of nuclear and cytoplasmic
elements and the concept of the
coadapted genome

In order to investigate the components of hybrid
inviability involved in the products of Moreton x
Torresian crosses, Coates and Shaw (1982)
examined the pattern of meiotic recombination in
F1 hybrids. This analysis demonstrated a major
perturbation in the positioning of chiasmata that
was directly attributable to the pericentric inver-
sion differences between these two taxa. Therefore,
it was concluded that a large proportion of the
total inviability of the F2 generation was due to
the aberrant meiotic recombination in the F1
hybrids (Coates and Shaw, 1982). Two additional
findings support this conclusion. Firstly, the surviv-
ing embryos generated from backcrosses of the F1
hybrids to either of the parental types do not
contain the expected proportion of recombined
chromosomes, given the known frequencies of
recombination in F1 meiosis (Shaw et a!., 1982).
The deviation from the expected frequencies was
entirely the result of intrachromosomal interac-
tions (Shaw et a!., 1982). Secondly, Coates and
Shaw (1984) carried out experimental crosses
involving the Torresian and Moreton chromo-
somal forms and a third chromosomal form named
the "Lakes Entrance" taxon. This latter taxon is
characterized by an acrocentric karyotype similar
to that of Torresian individuals, but it is allozymi-
cally indistinguishable from Moreton, and it con-
tains the numerous interstitial C-bands common
in the Moreton subspecies (Coates and Shaw,
1984). These authors found that crosses involving
either Moreton or Torresian individuals with the
Lakes Entrance form resulted in approximately 50
per cent F2 inviability. The disruption in the
positioning of chiasmata (in comparison to the
control crosses) was seen in the Moreton x Lakes
Entrance F1 hybrids, but not in the Torresian x
Lakes Entrance F1's. From these findings it was
concluded that the pericentric rearrangement
differences present between the Moreton versus
the Torresian and Lakes Entrance taxa result in
an approximately 50 per cent reduction in F2 viabil-
ity and it was suggested that the remaining reduc-
tion in F2 viability was associated with the "genic"
differentiation (as measured by allozyme analysis)
between the Torresian versus the Moreton and
Lakes Entrance taxa (Coates and Shaw, 1984).
These conclusions led to the suggestion that there
is strong selection against the disruption of
coadapted cis-acting gene complexes present
within the C. captiva chromosomal taxa (note that

coadaptation between chromosomes, maintained
by balancing selection, is not being proposed). In
the present analysis we have not detected any
Moreton chromosomal characters (i.e. pericentric
rearrangements or interstitial C-band hetero-
chromatin) in a population that possesses Moreton
rDNA, mtDNA and allozymic markers. Our
findings of no chromosomal introgression in this
region is in accordance with previous karyotypic
analyses (Shaw et a!., 1987 and unpublished data)
and is consistent with the conclusion that there is
strong selection against the disturbance of
"coadapted cis-acting gene complexes".

Our data would suggest that some genic corre-
lates of observable allozymic differences between
the Torresian and Moreton taxa do not contribute
to the lack of hybrid fitness. However, the differen-
ces in the amount and/or distribution of C-band
heterochromatin between the two taxa may very
well play a role in the overall reduction of hybrid
fitness. In this regard, Arnold et a!. (1986) and
Arnold and Shaw (1985) have shown that a major
component of the C-band heterochromatin present
in Moreton individuals consists of a 168 bp highly
repeated DNA sequence. This repeated sequence
is also found in the Torresian and the Lakes
Entrance taxa. Nucleotide sequence data from 49
individual repeats from this sequence family re-
sulted in the identification of a significantly long
stretch of conserved bases (Arnold et aL, 1986).
The conservation of this sequence along with the
presence of a unique structure (i.e. dyad symmetry)
within this region, led to the conclusion that at
least a portion of each "168 bp" repeat might be
under selective constraints (Arnold et a!., 1986).

Findings from previous analyses and the pres-
ent study support the action of selective constraints
that ensure the integrity of the internally coadapted
nature of the Moreton and Torresian genomes.
However, our analysis indicates that other genomic
components are not necessarily involved in this
coadaptation.
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