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The grasshopper Chorthippus parallelus (Cp) has two distinct subspecies which meet along the
Pyrenees forming a hybrid zone. As Cp is rarely found above 2000 m, the contact between the two
subspecies must occur through valleys crossing the Pyrenees perpendicularly or at both ends of the
mountain ridge. The contact zones in two valleys have already been studied in detail, Col de Porta-
let (Central Pyrenees) and Col de la Quillane (Eastern Pyrenees), and this paper analyses the struc-
ture of the contact zone at the western end of the Pyrenees. The study has been carried out using
different chromosome markers obtained by C-banding and silver staining, both related to the sex
chromosome. Although the structure of this contact zone, analysed using these two markers, is
similar to that of the contact zones occurring in other valleys, it is much wider and some remarkable
peculiarities in the shapes of the dines have been detected. Additionally, hybrid-related sex
chromosome markers detected in Portalet have not been found in the present sample.

Keywords: Chorthippus, evolution, hybrid zones, insect cytogenetics,Orthoptera, speciation.

Introduction

The hybrid zone

The meadow grasshopper Chorthippus parallelus
(Orthoptera: Acrididae) (Cp) is widely distributed
through Europe. The colour of the hind tibiae in parti-
cular allowed Faber (1958) to distinguish two sub-
species, Cp parallelus (Cpp) and Cp erythropus (Cpe).
Cpe is endemic in the Iberian Peninsula whereas Cpp is
the form that has been described in the rest of Europe.
During the last Ice Age the Pyrenees were covered by
ice and Cp retreated south into Spain, Italy and the
Balkans. At this stage, as in previous ice ages, isolated
refugial populations would have diverged in allopatry.
As the climate warmed in the postglacial period the
two races expanded northwards from their refugia and
made secondary contact along the Pyrenees. Both races
mated, hybridized, as indeed they still do, and thereby
formed a hybrid zone (HZ) (Hewitt, 1989).

*Correspondence.
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The two subspecies differ in the number of pegs in
the stridulatory row (Reynolds, 1980), in several other
morphological characters (Butlin & Hewitt, 198 5a), in
certain enzyme loci (Butlin & Hewitt, 1985a), in the
use and structure of acoustic signals (Butlin & Hewitt,
198 Sb), in their mating behaviour (Ritchie et al., 1989,
1992; Ritchie, 1990) and in some genome traits
(Gosálvez et al., 1988; Bella et al., 1990, 1992, 1993).
There are dines of all these characters across the HZ
(Hewitt eta!., 1988; Hewitt, 1993).

Cp is rarely found above 2000 m and so contact
between the two subspecies must occur through high
valleys crossing the ridge of the Pyrenees, or at both
ends of the mountain chain. Two such high cols, Col de
Portalet (Central Pyrenees) and Col de Ia Quillane
(Eastern Pyrenees), in which geographical features
reduce the habitable territory for these grasshoppers to
narrow corridors, have been studied in some detail (for
review see Hewitt, 1990, 1993). However, detailed
information on the contact zones at the west and east
ends of the Pyrenees has not been available up until
now. This paper reports a study of the HZ at its west-
ern end. For this purpose, 33 localities within an area
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some 15 000 km2 have been sampled for 2 consecutive
years.

Chromosome markers to study the hybrid zone

Both subspecies have a similar chromosome comple-
ment of three pairs of long submetacentric chromo-
somes (L1 —L3), three medium-sized acrocentric pairs
(M4—M6), two small acrocentric pairs (S7-S8) and the X
chromosome (female XX, male XO), which is as long
as the longest medium sized pair and is also acrocentric
(Gosálvez etal., 1988).

Using silver staining to locate active nucleolar
organising regions (NORs), it was found that Cpp has
three silver precipitates through the first meiotic
prophase. These active regions are located interstitially
and distally on the short arms of chromosomes L7 and
L3, respectively, and distally on the sex chromosome.
Cpe only shows the two autosomal NORs, thus lacking
that on the X chromosome. This difference provides a
clear chromosome marker to study the HZ (Gosálvez
etal., 1988). Distinct dines for this character have been
detected (Hewitt etal., 1988).

The sex chromosome shows a different C-banding
pattern in the two subspecies (Gosálvez ci a!., 1988).
The sex chromosome of Cpp has a positive C-band at
the centromere and another at the distal end. The sex
chromosome of Cpe also shows the centromeric band,
while the distal band present in Cpp is replaced by an
interstitial one.

Both NOR activity and sex chromosome C-bands
are very good markers for the analysis of the distribu-
tion of pure populations and the regions where both
subspecies meet and form hybrids. In this paper we
analyse the configuration of the contact zone at the
west end of the Pyrenees by using these two markers.

Materials and methods

Adult individuals of the meadow grasshopper Cp were
sampled at 33 localities in the western Pyrenees (Figs 2
and 4, Table 1). As one of the main purposes of this
investigation was to determinate the area of influence
of our markers, no specific transects were considered
and each population was randomly fixed on a map and
sampled. In any case, the relatively smooth orography
of this region (no peaks above 2000 m) gives rise to a
continuous distribution of populations in which pre-
determination of a transect is completely artificial.

Testes were removed fresh, fixed in 3:1 ethanol-
acetic acid and stored at 4°C. Two to three testicular
follicles were squashed in 45 per cent acetic acid solu-
tion and cover slips were removed with a razor blade
after freezing in liquid nitrogen. The slides were air-
dried for at least 8 h.

C-bands were obtained following Sumner (1972)
with some minor modifications. The slides were
treated with a 5 per cent solution of barium hydroxide
at 60°C for 30 mm. The slides were first washed with
tap water and then two to three drops of 45 per cent
acetic acid solution were added before a second wash-
ing in tap water. The slides were then steeped in 2 X SSC
at 60°C for 30 mm, then rinsed with tap water for
several minutes. Slides were stained with Giemsa (2 per
cent) for 3 mm and then mounted.

Silver staining was carried out according to Rufas &
Gosalvez (1982). Slides were incubated with a drop of
a 50 per cent AgNO3 solution (pH 3.5) for 5 mm at
60°C, washed with distilled water and counterstained
with I per cent solution of Giemsa before mounting.

Observations were carried out in a Zeiss Photo III
microscope and photographs were taken with Kodak
Plus X (in the case of silver staining) or Recordak (for
C-banding) film.

Results

C-bands

C-bands from pure individuals do not show any differ-
ences in our samples other than those already found in
populations from the Cols of Portalet and Quillane.
Those differences found on autosomes constitute a
polymorphic system involving both size and presence!
absence of distal heterochromatic supernumerary
segments and affect similarly individuals of all popula-
tions. On the other hand, those which affect the sex
chromosomes are diagnostic for pure individuals from
each subspecies and can be used as chromosomal
markers to study the structure of the contact zone, The
sex chromosome of Cpp shows two heterochromatic
bands, a centromeric one (C) and a distal one (P2) (Fig.
la). The sex chromosome of Cpe also has a centro-
meric band (C), which is indistinguishable from its
counterpart in Cpp using this technique, and an intersti-
tial band (E2) (Fig. lb). The sex chromosome of pure
Cpp individuals consistently shows an invariable CP2
pattern whereas that of Cpe has a CE2 pattern. A
population is considered to be pure, using these
chromosome markers, when all the individuals show
either CP2 or CE2 C-banding patterns. In addition to
these sex chromosomes, two other C-banding patterns
have been found. One of them shows only the centro-
meric band (C) and the other includes the three bands
(CE2P2) (Fig. ic, d).

Roughly, pure populations showing the CP2 C-band-
ing pattern were found to the north and the north-east
of the studied area whereas CE2 pure populations
occupy the south-west region (Fig. 2a). Between them,
a wide range of hybrid populations was found. Within
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Table 1 Localities sampled at the western end contact zone. The number of
individuals (N) studiedwith eachtechnique and the results obtained for the

different chromosome markers expressed in percentages are shown

Population N CF2 CE2 C CE2P2 P2 E2 N X-NOR

ROI 15 0 100 0 0 0 100 15 3.20
ARR 15 0 108 0 0 0 100 15 3.66

ULZ 16 0 100 0 0 0 100 16 13.95

VEL1 15 0 100 0 0 0 100 15 13,89

VEL2 15 0 40 20 40 40 80 17 10,16

BER 15 27 0 47 27 54 27 15 19.78

ORO 15 0 80 0 20 20 100 15 23.33

ART 18 0 8 28 72 72 72 18 17,74
ABO 15 73 0 27 0 73 0 15 30,29

ORB 16 81 0 0 19 100 19 16 48,89

LAA5 18 100 0 0 0 100 0 20 41,45

ERR 16 81 0 0 19 100 19 17 73,10

LAA4 15 20 20 40 20 40 40 18 19.92

IZP3 18 22 28 0 50 72 78 18 21,48

IZP4 16 69 0 31 0 69 0 16 11.26

LAM 16 100 0 0 0 100 0 15 42.50

IZP2 18 50 0 50 0 50 0 16 39.17

IZPJ 14 64 0 36 0 64 0 14 16.07

LAA2 15 66 0 0 33 100 33 16 34.93

LAR2 15 66 0 0 33 100 33 17 69.86
EST 17 100 0 0 0 100 0 15 71.36

MAK 15 47 27 27 0 47 27 15 31.21

LAR1 16 25 0 50 25 50 25 18 61,80

LIZ 15 60 0 0 40 100 40 16 85.98

APH 16 62 0 19 19 81 19 15 53.91

BEH 14 86 14 0 0 86 14 21 49.38

ERE 17 100 0 0 0 100 0 16 70.83

LAA1 16 100 0 0 0 100 0 18 93.02

ARZ 16 75 0 25 0 75 0 15 61.25

HOS 19 100 0 0 0 100 0 18 41.15
MAU 20 100 0 0 0 100 0 20 85.80
LOU 18 100 0 0 0 100 0 16 95,80

PRE 19 100 0 0 0 100 0 20 99.40

the HZ we may identify CP2 and CE2 sex chromo-
somes in addition to the expected recombinants, i.e. C
and CE2P2 (Fig. 1). Frequencies of each type are
summarized in Table 1. Although we know for certain
that C and CE2P2 are hybrid products of recombina-
tion, CP2 and CE2 may also harbour hybrid genome
conformations not detectable using these bands as
markers. For this reason E2 and P2 bands were
considered as independent markers, inespective of the
overall C-banding pattern observed on the sex
chromosomes. Frequencies are shown in Table 1.

The gradual transition from one pure set to the
other allows dines to be plotted for these two bands
(Fig. 2b). To reduce the two-dimensional data to a
linear transect, the Buño et a!. (unpublished) model for

multidirectional sampling was performed. This simple
model involves arranging the populations according to
their relative distances from a reference line. From
the infinite number of reference lines that can be
generated (differing from each other iii the angle they
form with a horizontal line) only one gives the best
arrangement of populations to obtain clear dines.
Maximum likelihood estimates of the parameters of a
tanh curve were obtained using the nonlinear regres-

sion facilities of GENSTAT (GENSTAT 5, 1987). The centre

and width estimates obtained for the different dines

are shown in Table 2 for both the complete data set and
the limited area of more intensive sampling marked in
Fig. 2(a).
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The two recombinant C-banding patterns (C and
CE2P2) appear only within the contact zone (Fig. 2c).
Populations at the edge of the contact zone show a low
frequency of these patterns whereas they are much
more common in the centre of the HZ (up to 75 per
cent).

NOR expression

NOR activity, as revealed by silver staining, was
studied in zygotene meiocytes from adult males
because at this stage previous rDNA activity can be
seen as well-organized nucleoli. Cpp shows two active
NORs on autosomes L2 and L3 and another on the sex
chromosome (2A+X type cells) (Fig. 3a). Cpe lacks
the X chromosome active NOR and so only shows the
two autosomal ones (2A type cells) (Fig. 3b). Pure
individuals have a low frequency (about 5 per cent) of
cells with variant NOR activity. The contact zone is
characterized by the coexistence of both types of
individuals within a single population. Moreover,
individuals are found which contain the two types of
nucleolar expression in cells from the same cysts (Fig.
3c).

Individuals belonging to populations from the north-
east of the zone studied were Cpp-like (2A+ X type
meiocytes) whereas those from the south-west were
Cpe-like (2A type meiocytes) (Fig. 4a). This nucleolar
variation could be quantified within each population as
the percentage of cells which express the NOR asso-
ciated with the sex chromosome. Frequencies and the
shape of the dine are given in Table 1 and Fig. 4(b),
respectively. Values for the width and centre of the

Fig. 1 X chromosome C-banding
patterns found in the contact zone at
the western end of the Pyrenees. Pure-
like patterns, Chorthippusparallelus
parallelus (a) and horthippuspara1-
leluserythropus (b). Recombinant
patterns found only within the contact
zone (c, d).

dine obtained using the GENSTAT nonlinear regression
model are shown in Table 2. Fitted values could not be
obtained for the limited sampling area (marked in Fig.
2a), as for the C-bands, because this area includes no
pure Cpp-like samples.

Discussion

X chromosome variants

Four different X chromosome C-banding patterns have
been found in the samples analysed. Two of them (CP2
and CE2) are similar to those present in the pure sub-
species whereas the other two (C and CE2P2) are only
found within the contact zone. The origin of the latter
can be simply explained by recombination between the
two pure forms. In a recombination event between CP2
and CE2 chromosomes, any chiasma formed between
E2 and P2 bands gives rise to chromosomes containing
either only the centromeric C-band (C pattern) or the
three bands (CE2P2 pattern). This recombination
phenomenon seems to be common within the contact
zone analysed here; 24.3 per cent of the individuals
studied presented recombinant X-chromosomes
(Fig. 1).

An additional heterochromatic band has been found
on the X chromosome (E3) in another contact zone in
the Pyrenees, the Col de Portalet (L. Serrano et a!.,
unpublished data). This band could have originated
from unequal crossing-over events between two X
chromosomes containing the E2 band so that a sex
chromosome without interstitial bands and another
one with two such bands (E2 and E3) would be gener-

C-BANDS C-BAND FREQUENCY
PATTERN (%)C E2 P2: ii c2 58.2

b

C

I1 CE2 17.4

C 11.8

d IIJJ CE2P2 12.5
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Fig. 2 Distribution of X chromosome C-banding markers across the contact zone. (a) Map of the sampled zone. Pies show the
ratio of patterns in each sampling site. Centres of the dines for the P2 band (thin line) and theE2 band (thick line) are shown. The
best-sampled region of 14 populations is marked with a rectangle. (b) Clines for the P2 and E2 C-bands. Fitted dines were
obtained using the following function: y =(1 + tanh(2(x —centre)/width))/2. (c) Plots for the recombinant patterns CE2P2 and C.
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ated. This band has only been found in hybrid
populations of Col de Portalet and is absent from Col
de la Quillane, a transect in Col de Somport
(unpublished data) and the contact zone considered
here. As this band is very common in the Col de

Table 2 Centres and widths of the dines for the
chromosome markers analysed for the complete data set and
the best-sampled region marked in Fig. 2(a). Centres are
expressed in kilometres from the southernmost population
ROt (Roitegui, Navarra)

Centre Width

Complete data set
P2 66.06(1.44) 36.47(3.92)
E2 66.93 (1.31) 33.02 (3.45)
X-NOR 82.04(2.04) 55.82(11.08)

Best sampled region
P2 65.83 (4.82) 41.53 (1.57)
E2 62.55(4.05) 37.94(1.61)

Standard errors (see GENSTAT 5, 1987) are shown in
parentheses.

Portalet (27 per cent of individuals), it does not seem
that sampling error can be the reason for its absence in
our samples. The origin of E3 would appear to be a rare
event within the whole HZ along the Pyrenees. In fact,
only 98 of 4000 male individuals studied through the
HZ had such a band and all of these were from the Col
de Portalet contact zone. Furthermore, the data
obtained from the Col de Portalet populations indicate
that once this mutation has been integrated in a hybrid
genome, it can increase in frequency, probably because
mispairing between homologous chromosomes inhibits
chromosome recombination. This variant would then
be inherited unaltered from one generation to another.

The presence of chromosome variants, morphologi-
cal aberrations or the so-called 'rare alleles' within HZs
has been reported in several studies and their fre-
quencies can, in certain situations, be notably high
(Barton et a!., 1983; Woodruff, 1989). The present
results show that these mutations do not apply for all
the contact zones within a particular HZ, so their
presence might be dependent on random processes
that give the opportunity for establishment in a single
population and spread in subsequent generations. In
any case, the fact that pure-like and simple recombi-

Fig. 3 Silver- stained pachytene meio-
cytes showing NOR activity. (a) Chorth-
ippus parallelus parallelus has three
active NORs (arrowheads), two on
autosomes L2 and L3 and a third on the
X chromosome (open arrow). 2A+ X
type cells. (b) Chorthippusparallelus
eiythropus has only the two autosomal
active NORs. 2A type cells. (c) Hybrid
individuals show both types of cells.
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Fig. 4 X-NOR activity across the contact zone. (a) Map of the sampled zone. Pies show the ratio of cells with an active X-NOR
in each sampling site. The centre of the dine for the X-NOR activity (thin line) is shown. (b) Cline for the X-NOR activity. Fitted
dine was obtained as in Fig. 2(b).

nant forms appear in this region, in a similar fashion to
that reported in other cols, fits with the general
assumption of the origin of this HZ as a product of a
secondary contact occurring all along the Pyrenees.

Position and width of the dines

The analysis of the shape of a dine may yield informa-
tion about the role of the characters involved. For
instance, the width of a dine (measured as w =
where w and mm are the width and maximum slope of
the dine, respectively (Bazykin, 1969)), is determined
by dispersal and selection and so can give information

on the intensity of selection acting on the character
(w=(8a2/s)'12, where w, a and s are estimates of
width, dispersal and selection, respectively) (Barton &
Hewitt, 1989). Within a HZ under particular dispersal
conditions a neutral character would have a wider dine
whereas a narrower dine indicates that there is selec-
tion against the character involved. A dine may be
centred within the contact zone or may be displaced
towards either pure side. Selection by the environment
or the background genome may also influence the posi-
tion of a character dine. An advantageous allele or
block of alleles may spread and replace a disadvan-
taged one so that its dine is displaced towards the
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other race's range. Clines of the same width are said to
he concordant and dines centred at the same point are
said to be coincident (Hewitt, 1988).

Variation among localities in the width of dines is a
common feature in hybrid zones (Butlin et al., 1991).
This variation has been found in hybrid zones of
Bombina (Szymura & Barton, 1986), Caledia
(Marchant et a!., 1988), He!iconius (Mallet & Barton,
1989), Mus (Vanlerberghe et al., 1988), Podisma
(Nichols & Hewitt, 1986) and Chorthippus (Hewitt,
1990). The width of the dines at the contact zone
studied here is larger than for comparable characters
from other Pyrenean contact zones such as the Cols de
Portalet and la Quillane (Fig. 5) which themselves show
differences in the width of their dines. Comparisons of
width and selection within a contact zone can easily be
made. However, comparisons between different
contact zones are more difficult because factors such as
interdigitation may be modulating the widths differen-
tially. The most likely cause of wider dines in the
western end contact zone is the physical geography and
habitat structure. The mountain ridge in the western
end contact zone is lower and smoother than at the
Cols de Portalet and Quillane and should permit
greater dispersal of the grasshoppers. This will result in
a higher rate of immigration of alleles from both sides
in this contact zone and that would make the dines
wider. The interdigitation of valleys and ridges may
also be the cause of the higher deviance of the points
from the fitted dines at the western end of the Pyrenees
compared with those at the cols.

Interdigitation during the process of colonization
following the last glaciation could have generated
dines that are wider than can be explained purely by

diffusion of neutral alleles (Nichols & Hewitt, 1994). In
the case of Cp, where dispersal in an occupied habitat
is in the region of 30 m per generation (Virdee &
Hewitt, 1990), a diffusion process suggests a dine
width of 2—3 km given some 9000 generations since
contact (Endler, 1977). This is insufficient to account
for the dine widths seen at the Col de Portalet, let alone
the wider dines observed in these data. However,
spread into unoccupied territory must involve longer-
distance dispersal (Hewitt, 1989) and the possibility of
broad intermingling where two expanding populations
meet. The broad distribution of suitable habitat in the
western Pyrenees may have allowed this process to

COL DE PORTALET

WESTERN PYRENEES

15 30 45 60
Width of the CIines (Km)

I—I PortaIet
[West En!j

Fig. 5 Comparisons of dine widths for the different markers
studied between the Col de Portalet and the western
Pyrenees contact zones.

KmO Km160
SPAIN FRANCE

Fig. 6 Clines for the characters analysed from the contact
zones at the western end of the Pyrenees and at Col de
Portalet. Note the considerable difference in width as well as
some differences in the features of the dines between both
contact zones.
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operate more freely than in the narrow valleys of the
Portalet area, producing wider dines. In these circum-
stances, precise coincidence of dine centres would not
be expected.

It has been suggested (Hewitt, 1989; Nichols &
Hewitt, 1994), on the basis of dine widths in other
localities, that the NOR expression differences
between subspecies are likely to result in selection
against hybrids. The wide NOR dines observed here
do not support this point of view. The P2 band also
offers a contrast between localities. It shows a narrow
dine, potentially indicative of selection, at Col de
Portalet but a wide dine in these samples. The situation
here is complicated by the presence of the E3 band at
Portalet. The distribution of this band appears to be
related to a displacement of the P2 dine to the south as
well as to the steepening of its dine (Fig. 6).

Clearly, further sampling would provide better esti-
mates of the positions and widths of the dines in the
western Pyrenees. More localities would provide better
information than larger samples (the reason for the
relatively small individual sample sizes here). However,
the data available here are sufficient to say that the
dine centres approximate to the watershed as expected
and that the dines are substantially different in width
from those at other localities. These conclusions hold
whether the whole data set is analysed or attention is
restricted to the best-sampled central area (Table 2).
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