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The grasshopper Podisma pedestris contains two chromosomal races, which differ by a Robertsonian fusion between the
sex chromosome and an autosome, and which meet in a narrow hybrid zone in the Alpes Maritimes. DNA content
variation across this hybrid zone was investigated by optical densitometry of Feulgen stained spermatids. Spermatids
from males with the unfused sex chromosome stain more strongly than those from males with the fused chromosome.
The difference between the karyotypes is greater in the centre of the hybrid zone, suggesting that it is not a plelotropic
effect of the fusion itself, but is due instead to differences at closely linked loci.

INTRODUCTION

The grasshopper Podisma pedestris contains two
distinct karyotypes. Over most of its range, through
the Pyrenees, Appennines, and northern Alps, it
has an X0 sex determining system. However, in
the Alpes Maritimes in south-east France, a
Robertsonian fusion between the X chromosome
and an autosome has established a neo-XY system
(Hewitt and John, 1972; John and Hewitt, 1970).
These two chromosomal races meet in a narrow
band of hybridisation which runs for 100 km along
a high ridge of mountains near the French-Italian
border (Hewitt, 1975).

Although the races were first distinguished
through this chromosomal change, it is only a
minor component of the differences between them.
The chromosomal dine is much wider than the
dispersal range of these grasshoppers (800 m cf.
20 m), implying that it is maintained by weak
selection ('05 per cent; Barton and Hewitt,
1981a). However, Fl hybrids are substantially
less viable than their parental controls both as
embryos and as young nymphs. Grasshoppers
from the centre of the hybrid zone are even
less viable than the Fis. The region over which
viability is reduced is narrower than the chromo-
somal dine (350 m cf. 800 m), but is still much
wider than the dispersal range. This implies that

the inviability cannot result from strong selection
at a single locus, but is due instead to incom-
patibilities at many loci, each of which is only
weakly selected (Barton, 1980; Barton and
Hewitt, 1981b).

Despite this hybrid inviability, no differences
have been found at 21 enzyme loci investigated in
an electrophoretic survey (Halliday, Barton and
Hewitt, 1983). However, enzyme loci are not
necessarily representative of the whole genome,
and may not be important in evolutionary diver-
gence. As part of a survey of other characters,
therefore, we measured the DNA content of
individuals collected from around the hybrid zone,
by optical densitometry of Feulgen stained
spermatids.

Preliminary observations showed that X0 males
gave values 5 per cent higher than XY males
from the same population. This could be because
the X-autosome fusion involved the loss of some
material from the ends of the chromosomes invol-
ved, or, conversely, because the X0 race had
accumulated material on the X and/or the auto-
some. Any change concentrated at one point on
the chromosome should be detectable cytologi-
cally; the difference in staining between the karyo-
types is equivalent (judging by the length of the
chromosomes at metaphase) to 50 per cent of
the whole X chromosome.
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Giemsa staining does reveal differences
between the karyotypes of the sex chromosome
races (fig. 1). The metacentric XA chromosome has
an asymmetrical C-banding pattern, suggesting
loss of centromeric heterochromatin from the X
arm at or after the fusion event (fig. 2, and Wester-
man and Hewitt, 1985). The reduced C-band con-
tent of the chromosome race which carries the
fusion is thus consistent with the direction of the
staining difference observed. However, it is not
sufficient to explain the magnitude of that
difference.

Another possible explanation is that the two
races differ in DNA content at one or many loci,
and that the difference between the karyotypes is
due to linkage disequilibrium with these loci. Since
strong disequilibria are to be expected within
hybrid zones (Li and Nei, 1974; Barton, 1983),
and are in fact observed in many cases (e.g.,

Uroderma bilobatum, Baker, 1981; Greenbaum,
1981; Caledia captiva, Shaw eta!., 1981; Sceloporus
grammicus; Hall and Selander, 1973; Bombina
bombina, Szymura and Barton, 1986), and since
DNA content could, in principle, change at any
locus in the genome, this hypothesis is plausible.
Fortunately, there is a simple method by which
the action of linked loci can be distinguished from
the direct pleiotropic effect of the chromosomal
locus itself.

If the difference in DNA content between the
karyotypes is due to disequilibria with linked loci,
rather than being an intrinsic feature of the
chromosomal fusion, then the difference should
be greater in the middle of the zone than at the
edges (fig. 3(a)). This is because at the edges, the
rarer karyotype will have passed right through the
hybrid zone, and so recombination will have had
longer to strip away associated differences than at

Figure 1 C banded karyotype of a heterozygous female (neo-X, X).
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Figure 2 Banding patterns in Podisma pedestris: (a) C-banded cell from neo-X, X female, (b) C-banded cell from XX female, (c)
Chromomycin A3 fluorescence of neo-X, X female (incomplete cell). Note asymmetry of fluorescence at centromere and bright
fluorescence at distal end of X arm of the neoX. (d) Chromomycin A3 fluorescence pattern of X0 male. Note large bright
fluorescent band at distal end of X (arrow). (Line = 10 pm).

the centre, where the two genotypes first meet.
Putting this mathematically, if there are a series of
loci (labelled i), each with effect E, and in disequili-
brium Di,. with the chromosomal locus (k), the
difference between the karyotypes is:

(where Pk is the karyotype frequency).

When recombination is loose,

02PP'k/7jk
(Here, o-2 is the dispersal rate, defined as
variance in distance between parent and

offspring),

(p— dp1/dx is the spatial gradient of allele
frequency at locus i, and rk is the rate of recombi-
nation between the chromosomal fusion and locus
i; Barton, 1983). For a smooth dine such as that
in Podisma, p' is proportional to pq. The disequili-
brium therefore falls away with (pq)2, rather than
with (pq) (see Barton, 1983, for a fuller discussion

of the effects of linkage disequilibria in dines).
Thus, we expect the difference between the karyo-
types to be proportional to (pq) if it is due to
disequilibrium with linked loci, but to be constant
if it is an inherent property of the chromosomal
change (fig. 3(b)).

In order to distinguish these hypotheses, we
designed an experiment to measure the difference
in DNA content between males carrying the two
different chromosome arrangements.

METHODS AND DESIGN

Samples were taken from the entire width of the
hybrid zone, ranging from those which were almost
entirely neo-XY to those which were almost
entirely XO. Most samples came from the eastern-
most 3 km of the zone, near Tende, but one popula-
tion (code 211) was taken from the western end,
100 km away near Seyne. In the statistical analysis,
the positions of the samples relative to the chromo-
somal dine are represented by the expected



224 M. WESTERMAN, N. H. BARTON AND G. W. HEWITT

XO<—HYBRIO ZONE >XY

Figure 3 Expected distribution of nuclear DNA content in
XO and XY individuals across the hybrid zone if the
difference in DNA content is due to (a) the effect of linked
loci, or (b) the direct pleiotropic effect of the chromosomal
fusion.

frequency of the fused chromosome (p). This was
estimated by finding the most likely dine, given
all available karyotype data (2727 males at Tende,
1500 at Seyne). Although this expected frequency
is subject to some sampling error, this error is
negligible compared with errors in measuring the
intensity of Feulgen staining. The standard error
of p varies from place to place, but is never more
than 006. Of the 23 samples, 9 (codes 401 to 457)
were collected during the summer of 1980. The
remainder came from earlier collections. All testes
had been fixed in 1:3 acetic acid: ethanol and then
stored at 4°C.

Every male in each sample was karyotyped to
establish its sex chromosome constitution, using
the methods described by Hewitt, 1975. Equal
numbers of X0 and neo-XY individuals were then
chosen for the DNA measurements. All measure-
ments were carried out using the same batches of
reagents. Prior to scoring each experiment, all
slides were coded and randomized so that measure-
ments were made without knowing the sex chromo-
some type of the individual.

In each measurement, three or four follicles
were removed from each testis, hydrolysed in iN
HCI at 60°C for 10 minutes, rinsed and then stained
in Feulgen reagent (pH 3.6) for 1 hour. Squash
preparations were made in glycerol using a size 0
coverslip, sealed with rubber solution, and then
scanned under a Vickers M85 microdensitometer.
Spermatid nuclei which were just beginning the
transition into spermatozoa were used for measure-
ment. Ten such 1C nuclei per individual were

scanned at a wavelength of 565 nm, each nucleus
being scanned three times. The area of the nucleus
was also recorded. In all cases two or three follicles
from the testis of a single male locust (Schistocerca
gregaria) were used to act as an internal control.
This standardises the readings across experiments.
Taking the DNA content of S. gregaria to be 2C =
1742 pg (Wilmore and Brown, 1975), all measure-
ments can be expressed in picograms of DNA per
cell. The results are summarised in table 1.

RESULTS AND ANALYSIS

Variation between spermatids

Since the statistical analysis of the differences
between X0 and XY grasshoppers depends heavil;
on the degree of variation between the measure-
ments, we deal with this aspect of the data first.
There is no evidence of any variation between
individuals of the same karyotype within a popula-
tion, over and above that arising from variation
between spermatids within individuals. The
average variance between individuals with the
same karyotype and from the same population is
0786 (picograms)2, with 70 df. This may be com-
pared with an average variance between sper-
matids, within individuals, of 8617 (pg)2. with
1044 df. Since 10 measurements were taken on each
insect, the between individual variance is close to,
and in fact slightly less than, that expected from
sampling error (F104470 = (8.617/10)/ (0.786) =
109, n.s.). There is no significant difference in
between-spermatid variance between individuals
within sites: Bartlett's X3 = 11025, n.s., pooled
across all sites. In all subsequent analysis, there-
fore, we estimate the variance between spermatids
by pooling the data over all individuals of the same
karyotype, and from the same population.

Figure 4 shows this between-spermatid vari-
ance, plotted against the expected chromosomal
heterozygosity. In samples from the edge of the
chromosomal dine, the standard deviation
between spermatids is roughly 7 per cent of the
mean. Much of this variation must be due to segre-
gation of the X chromosome. Judging by chromo-
some lengths at diplotene, the X makes up about
10 per cent of the haploid genome; its segregation
will therefore contribute a standard deviation of

5 per cent.
Variance appears higher near the centre of the

hybrid zone. Dividing the populations into two
sets which contribute roughly equal numbers of
degrees of freedom to the variance estimate (2pq <
043; 566 df; 2pq > 043; 548 df), the ratio of the
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variance in the more central populations to the
variance of those nearer the edge is F548,566 =
1164/560 = 2O8, a highly significant value.
However, this test greatly exaggerates the sig-
nificance of the pattern, since there are highly
significant differences in variance between popula-
tions (Bartlett's test gives x = 9751 for the central
populations, and Xo= 59i3 for the marginal
populations). The unweighted regression of
between-spermatid variance against the expected
chromosomal heterozygosity is marginally sig-
nificant (F1,21 = 292, p = 5 per cent; we use a one-
tailed test here since the a priori expectation is that
hybrid populations will be more variable). Ken-
dall's rank correlation coefficient gives 'y =0211
(p =9 per cent on a one-tailed test). The data no
more than suggest an increased variability in
hybrid populations.

The results of the following analysis of mean
staining intensity depend on the assumptions made

about the variance in each sample: these variances
must be estimated in order to give appropriate
weight to information from these samples. We have
seen that there is no evidence of any variation
between individuals, above that due to variation
between spermatids. We can therefore estimate the
variance between spermatids by pooling all
measurements within each population and each
chromosomal class; these are the values given in
table 1. The variance of the value measured for
each individual is estimated as 1/10 of this value,
since it is based on 10 spermatids.

A second problem is associated with differences
in variance between populations. One possibility
would be to base the following analysis on the
average variance over the whole transect; this
would clearly be misleading, since there is con-
siderable heterogeneity between samples. Instead,
we will use the observed variance as an estimate
of the actual variance in each separate sample.

Table 1 Summary of data from 23 populations. Population code: all samples are from the eastern 2 km of the hybrid zone, near
Col de Tende, except for 211, which is from Seyne, 100 km to the west at the opposite end of the zone. Per cent XY: the
expected proportion of XY karyotypes, estimated by fitting a smooth dine to all available karyotype data. Sample size: the
numbers used in this analysis; equal numbers of X0 and XY were used, except for 101 (2X0, 1XY) and 123 (1 X0, 2XY).
Mean: the overall mean for each sample. All values are estimated 2C picograms of DNA, calibrated using S. gregaria
2C= 1742 pg. Dfference: the difference between the means of X0 and XY males. Variance: the variance in DNA content of
each spermatid about the mean for each separate karyotype in each population. (Units are (2C picograms DNA)2)t, df: one-tailed
r-tests for significance of the difference between karyotypes; these are based on the variance between spermatids given in the
preceding column

Population
code

Year
collected %XY

Sample
size Mean

Difference
(X0-XY) Variance I df

128 1977 0119 2 34'46 1'49 2'43 214 18*
31 1976 0l50 2 33'42 0'68 5'97 0'62 18
52 1977 0200 4 3381 109 l36 296 38**

131 1978 0223 4 3464 090 566 1'20 38
49 1977 0'243 4 3210 137 5'lO 192 38*

101 1978 0'254 3 3257 061 3'13 089 28
146 1978 0293 2 3379 119 458 l'24 18
418 1980 0460 8 35'45 233 2'48 662 78***
406 1980 0'627 10 3473 l'04 1195 150 98
403 1980 0'637 10 33O9 134 1729 161 98
405 1980 0'650 8 33.43 l99 1994 1'99 7*
211 1980 0'652 10 33'42 1'68 619 3'38 98***
404 1980 0676 10 34'28 l'23 1l79 l'79 98*
401 1980 0690 10 35O7 1'80 8'73 3•05 98**
126 1978 08l5 2 35'39 0'25 451 026 18
420 1980 0'821 4 33l0 120 4'55 l'78 38*
123 1978 0852 3 33.79 0'78 425 098 28
416 1980 0853 4 3179 178 2'69 3'43 38***
50 1977 0880 6 3478 031 711 0'45 58

133 1978 0880 2 3140 136 481 l'39 18
134 1978 0880 4 3536 0'74 6'83 0'90 38
132 1978 0924 2 3514 0'64 1308 040 18
457 1980 0926 2 3374 046 348 055 18
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Figure 4 The average variance between spermatids (calculated

by pooling over all individuals with the same karyotype,
and from the same population), plotted against the expec-
ted chromosomal heterozygosity (2pq) for each of 23 popu-
lations. The variance is given in (2C picograms DNA)2,
derived by calibration against S. gregaria (Wilmore and
Brown, 1975). The line shows the most likely regression
of variance against heterozygosity; each population was
given equal weight in calculating this regression.

Differences between karyotypes

The X0 males have more DNA than the XY's in
all 22 populations from Tende, and also in the one
sample taken from Seyne, 100 km along the hybrid
zone to the west. Of the 23 one-tailed t-tests calcu-
lated for each population, 10 are significant at the
5 per cent level, and of these 5 are significant at
the 1 per cent level (table 1). Crudely, the mean
2C value of X0 males is 348 pg, compared with
332 pg for XY males, a 47 per cent difference.
This could be an intrinsic effect of the chromo-
somal rearrangement, or it could be due to dis-
equilibrium with closely linked loci. As discussed
above, we can distinguish these possibilities by
plotting the difference between karyotypes against
expected chromosomal heterozygosity (fig. 5). The
difference does seem greater in the centre; the
regression line obtained by weighting each popula-
tion by the estimated variance runs from a 0-1 pg
difference at the edge up to a 18 pg difference in
the centre. If the variance accounted for by this fit
is compared with the residual variance, the result
is highly significant (F1,21 = 1516, p<0-i per cent
in a one-sided test). However, we should point out
that the residual variance is a good deal less than
would be expected from the variance between sper-
matids within each sample (Xi =10-97, p 5 per
cent). When the variance accounted for by the
regression is compared with the residual expected
from the between spermatid variance, it is still

significant, though less so (x = 7-92. p 0-5. per
cent in a one-sided test).

Differences between the races

As well as looking for differences between karyo-
types within mixed populations, we can also look
for differences between populations on either side
of the dine. This is more difficult, for two reasons.
First, the experiment was designed to allow a con-
trolled comparison between samples from the same
population; measurement errors between popula-
tions scored on different days may be larger.
Second, the means given in table 1 are the means
of the insects actually measured, and are a biased
estimate of the population mean. This is because
equal numbers of insects of each karyotype were
chosen, whereas the populations, in fact, had
widely varying proportions of the karyotypes. The
values used in the following regression (fig. 6) have
therefore been corrected on the basis of the esti-
mated difference between karyotypes to give an
estimate of the true population mean. (A term
(PpopulationPsampie) was added, where p is the
frequency of the XY karyotype (estimated from
the fitted dine), and the difference in staining
between XY and X0 derived from the regression
in fig. 5. Each population has been weighted
according to the estimated between spermatid
variance, as before.

The difference between the races is estimated
as (X0-XY) = 1-4pg, with 95 per cent confidence
limits (—0-6 to +34pg) (fig.6) (Note that this
estimate must not be confused with the difference
between karyotypes within populations, estimated
above). The residual variation between popula-
tions is much greater than that expected from the
within-population variance (Xi =28636, p <0.1
per cent). Thus, the overall difference between the
insects on either side of the dine is of the same
order as that between karyotypes within the zone,
and is certainly not much greater. This suggests
that if linkage disequilibrium is responsible for the

1-8 pg difference between karyotypes within cen-
tral populations, then disequilibrium must be
strong: most of the effect must be due to loci closely
linked to the chromosomal fusion.

DISCUSSION

There is a large and consistent difference in mean
Feulgen staining between X0 and XY males taken
from within the same population. The mapping of
the difference across the hybrid zone shows that

226 M. WESTERMAN, N. H. BARTON AND G. W. HEWITT
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Figure S The average difference between X0 and XY
individuals (in 2C picograms DNA), plotted against the
expected chromosomal heterozygosity, for each of 23
populations. The line shows the most likely regression
between the two variables; each population is given weight
equal to the inverse of the sampling error expected to arise
from the variance between spermatids.

it is greater in central populations, (1.8 pg (53
per cent), compared with 01 pg (O.2 per cent)).
It is therefore more likely that it is caused by
linkage disequilibrium with one or more distinct
loci than that it is an intrinsic pleiotropic effect of
the Robertsonian fusion. The loci responsible for
the difference must recombine with the fusion at
a rate >O5 per cent. This figure is the estimated
selection pressure acting on the chromosomal
difference (Barton and Hewitt, 1981a), and gives
a limit to the resolution of our method: any loci
more closely linked than O'5 per cent will not be
distinguishable from a purely pleiotropic effect.
However, these loci (or this locus) must neverthe-
less be in quite strong disequilibrium with the
fusion, since the difference between the races on
either side of the dine was not much greater than
that difference between karyotypes (95 per cent
confidence limit <34 pg).

If the difference in staining is due to differences
in DNA content, it is hard to see how such a large
effect could be concentrated into a restricted region
of the chromosome without causing a very much
larger difference in size and C banding than that
observed. An alternative possibility is that the
karyotypes differ in condensation of the chromatin,
rather than in actual DNA content. The pattern of
variances also bears on this distinction. No sig-
nificant variation in staining was found between
individuals, despite a substantial variance between
spermatids. The variance between spermatids can-

not therefore be passed on to generate variance
between individuals in the next generation. This
could be because there is very strong stabilising
selection on the sperm: one might investigate this
hypothesis by making measurements at various
stages from meiosis through the embryos and into
adult tissues. Alternatively, if the variance is due
to differing degrees of condensation, then it may
simply not be heritable. (It is unlikely that the
variance reflects measurement error, since there is
substantial heterogeneity in variance between sites,
and since the variance seems greater in hybrid
populations).

We may be able to distinguish these two inter-
pretations by considering the measurements of
spermatid area, as well as the total staining
intensity. There is a strong correlation between
total Feulgen staining, and the area of each sper-
matid (r=055, 115 df; p<Ol per cent). This
could be because differential condensation affects
the apparent total intensity or because differences
in total DNA content affect the apparent (or
actual) area. The area measurements show the
same pattern as the total Feulgen staining, but less
strongly: the ratio between the within-individual
variances in area for the six most hybrid popula-
tions, and the remainder, is only 127. This com-
pares with a ratio of 205 for Feulgen staining.
Similarly, the XO spermatids have only 27 per cent
greater area measure than the XY, as compared
with a 42 per cent difference for the total Feulgen
staining. (These figures differ slightly from those
in the rest of the analyis, since they are calculated
without weighting the populations differently).
This suggests, but does not prove, that the
difference between hybrid and non-hybrid, and

P

Figure 6 The mean DNA content for each population (in 2C
picograms DNA), after correction for the component
associated with the chromosomal fusion (see text), plotted
against the expected frequency of the fusion (p). The line
shows the regression of mean DNA content against p; each
population is given weight equal to the inverse of the
sampling error expected to arise from the variance between
spermatids.
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between X0 and XY, is due to a difference in DNA
content rather than in condensation.

There is a suggestion that the variance between
spermatids is greater at the centre of the hybrid
zone (fig. 4). Though marginally significant, this
pattern is analogous to other phenomena in
Podisma: there is a 5-fold increase in the frequency
of rare electrophoretic variants at two loci (Barton,
Halliday and Hewitt, 1983), and a 2-fold increase
in the frequency of chromosomal aberrations in
hybrid embryos (Barton, 1980) (though the overall
frequency of these latter aberrations is much too
low to account for the variation in Feulgen stain-
ing). Such phenomena are frequently found in
other hybrid zones (Barton and Hewitt, 1985).

The most important biological question raised
by these results is their relation to the 50 per cent
reduction in hatchability observed in hybrids (Bar-
ton, 1980; Barton and Hewitt, 1981b), and thus to
the development of isolation between the two
diverging taxa. The variance between spermatids
suggests that some of the reduction in hatchability
may be due to male sterility. However, three lines
of evidence indicate that the variation between
spermatids is unlikely to be responsible for all or
even most of the mortality. First, there is a reduced
hatch rate in Fl's from crosses between pure popu-
lations, and there is no consistent difference
between reciprocal crosses. Second, although the
proportion of haploid pre-diapause embryos is
somewhat increased in hybrids, it is still not high
(Barton, 1980), suggesting that failure of fertilisa-
tion does not cause much mortality. Third, there
is significant mortality in the first week of nymphal
life, as well as at all the preceding stages of embry-
onic development (Barton and Hewitt, 1981b, and
unpublished results). As for the effect of the
difference between karyotypes on fitness, we can
say that it must be slight (05 per cent), simply
because the chromosomal dine is wide compared
with the dispersal range of this grasshopper
(800 m cf. 20 m). On the assumption that the
difference is due to changes in DNA content of
5 per cent, this weak selection may seem surpris-
ing. However, the effects of similar changes in
DNA content in other organisms have been found
to be slight (e.g. Hewitt, 1973; Rees, 1982).
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