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Genetic differentiation in Zeiraphera diniana
(Lepidoptera: Tortricidae, the larch
budmoth): polymorphism, host races or
sibling species?
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Eleven larch- and pine-feeding populations of the larch budmoth were studied in Western
Europe using 24 allozyme loci. Hierarchical F-statistics between larch and pine forms
(Fst=~0.065) were much greater than those between localities within larch (Fs7~0.002) and
within pine (Fsr=~0.026), even when sympatric host-associated populations were considered.
Analysis of Nei’s genetic distance produced similar results, and a urgma tree of all populations
consistently clustered samples from the same hosts together. Three loci, autosomal Pgm and
Mdh-s and sex-linked Idh-s, were the most important loci involved in differences between the
two forms. Previously considered to be conspecific, it is now clear that the larch and pine
biotypes of Z. diniana are either host races (sensu Diehl & Bush, 1984) or good sympatric
species which hybridize rarely. Regardless of taxonomic status, the distribution of larch and
pine in the Pleistocene, phenological differences between the two hosts, together with the great
vagility of Z. diniana, an outbreak pest, suggest that sympatric or parapatric differentiation is
at least as likely as allopatric divergence.
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Introduction

Whether sympatric speciation is common is one of
the more controversial issues in biology (Mayr, 1970;
Grant & Grant, 1979; Futuyma, 1983; Diehl & Bush,
1984; Bush, 1994). By sympatric speciation we mean
a process of genetic differentiation into species
occurring between populations that are within
normal dispersal distance of each other. The wide-
spread belief in the alternative, allopatric model is
so prevalent perhaps because it is simpler to think of
divergence in the absence of gene flow, rather than
because of any theoretical implausibility of diver-
gence in sympatry (Barton & Charlesworth, 1984).
‘Host races’ (sensu Diehl & Bush, 1984), where host-
associated differentiation of phytophagous or para-
sitic insects is maintained in the face of gene flow,
provide an important intermediate link between host
adaptation within panmictic populations and ‘good’

*Correspondence.

host-associated species which rarely, if ever, hybrid-
ize. Whether or not these host races initially evolved
in allopatry, the existence of hybridizing host races
implies that there can be a stable route for sympatric
speciation because gene flow is not able to swamp
genetic differentiation.

Host-associated forms have been found in many
insect species (Diehl & Bush, 1984); however, the
best-studied examples often either lack significant
genetic differentiation (Mitter & Futuyma, 1979;
Jaenike & Selander, 1980; Menken, 1981) or are
sibling species with no known gene exchange (Gutt-
man et al., 1981; Pashley, 1988). One of the few
cases that stands up to close examination is that of
the apple versus hawthorn races of Rhagoletis pomo-
nella (Feder et al., 1988, 1994, McPheron et al.,
1988; Smith, 1988; Bush et al., 1989). Overall, the
scarcity of ‘true’ host races, as defined above, casts
doubt on the idea that sympatric speciation is com-
mon. The lack of examples of true host races could,
however, be because few likely cases have been
studied in much detail. This is the first study to use
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genetic markers to investigate the host-associated
populations of Zeiraphera diniana.

The larch budmoth, Zeiraphera diniana Guenée is
a classic outbreak pest of coniferous forests across
the Palaearctic (Varley et al., 1973; Berryman, 1986).
The species consists of host-associated forms feeding
on larch (Larix), pine (Pinus) and spruce (Picea).
The population biology of the larch budmoth has
been studied in great detail for over 30 years by
Baltensweiler et al. (reviewed by Baltensweiler et al.,
1977; Baltensweiler, 1993). This moth has highly
cyclical population dynamics above 1000 m in larch
forests of the Alps: every 8-10 years there are out-
breaks during which populations peak at
100,000-fold greater densities than during the subse-
quent crash. Associated with this population fluctu-
ation is an apparent genetic cycle involving 5th
instar larval colour morphs; dark morphs predom-
inate during population build-up, whereas pale
morphs become commoner during the decline
phase. The differences between the dark and pale
forms of larvae on larch are similar to the differ-
ences between larvae on larch and pine; on larch,
larvae are predominately dark, on pine they are
pale. This suggests that host-associated differentia-
tion contributes to the cycles of genetic variation on
larch, and may even be involved in population regu-
lation (Baltensweiler, 1993).

There is a variety of differences between the host-
associated populations of Z. diniana, apart from
larval colour pattern. (i) Size: larch and pine form
adults are not known to differ in structure, but larch
moths are on average larger (W. Baltensweiler,
unpublished data). (ii) Phenology: egg hatch of the
larch form is synchronized with the flush of larch
foliage, about 2-4 weeks earlier than the pine form
and its host shoots (Day, 1984). (iii) Host prefer-
ence: larch and pine forms tend to lay eggs on their
own hosts (Maksymov, 1959; Bovey & Maksymov,
1959). (iv) Host-associated larval survival: the larch
form does not normally survive either on pine or
spruce, whereas the pine form does well on all three
hosts (Day, 1984; W. Baltensweiler, unpublished

Table 1 Sex ratio in larch budmoth hybridst
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data). (v) Pheromones: larch and pine forms differ
in female pheromone blend (Guerin et al., 1984).

In spite of these differences, the two forms have
always been considered members of the same
species because: (i) they interbreed freely in the
laboratory, with no distortion of sex ratio in the
progeny (Table 1; Baltensweiler, 1977); (ii) studies
of variation in female pheromone blend, variable
response of males to these pheromones and the
intermediacy of F; hybrids suggests that introgres-
sion should be common in the wild (Priesner, 1979;
Day, 1984; Guerin et al., 1984; Baltensweiler &
Priesner, 1988); (iii) their populations fluctuate in
synchrony; and (iv) probable hybrid forms are often
found on larch (Baltensweiler e al., 1977; Baltens-
weiler, 1993).

We are currently engaged in an investigation of
genetic differences between larch and pine forms of
Z. diniana and the potential relationship between
genetics and population dynamics. In this paper, we
use allozymes to investigate genetic differences
between host-associated biotypes. Only one previous
study on the allozymes of Z. diniana exists, in which
only three loci were investigated and the differences
between host races were not studied (Verdon, 1978).

Materials and methods

A total of 300 larvae were collected during summer
1994 in 11 larch- or pine-feeding populations at nine
sites (Fig. 1 and Table 2). About 80 per cent of
these larvae were frozen in liquid N,. Others were
transported to the laboratory and reared to adult-
hood. These adults were used to test for the possible
effects of host plants, parasitoids or pathogens,
which might have affected larval electrophoretic
banding patterns. Adults could be sexed in the usual
way. We also found that males of later instar pine
form larvae could be detected because their dark
testes were visible through the semi-transparent cuti-
cle. Sexing was more difficult for last instar larch
form larvae, nearly all of which have a heavily pig-
mented cuticle.

Type of cross No. of pairs F, females F| males Females (%) P (test: no distortion)
LxL 23 621 628 49.7 >0.5
PxP 11 117 128 47.8 >0.5
LxP 5 211 198 51.6 >0.5
PxL 4 98 82 54.4 >0.1

+Broods are as mentioned in Baltensweiler (1993).
L: larch form; P: pine form.
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Fig. 1 Geographical locations of 11
samples of Zeiraphera diniana.
Abbreviated geographical names used
further in this paper (Table 2, Fig. 2)
are given in bold. BRITAIN: 1: North
Yorkshire (NY), two individuals from
two sites, Harwood Dale Forest (grid
ref. NZ960988) and Cropton Forest
(NZ810937), larvae on Japanese larch

W onlarch

P> onpine

v

Les Ayes2 BB LesAyes1

~

—————

(Larix leptolepis); 2: Brachour Forest
(Brac, DN090500), on Pinus contorta;
3: North Daichork Forest (Dal,

S NC550200), on P, contorta. FRANCE:
A 4: Méribel (Mér), 45°23'N 6°35’E, on

(‘:“1 o~ P cembra; 5: Bois Les Combes (LC),
EngadinVally” | | pear Briancon, 44°54'N 6°34’E, on L.
. .(:" decidua; 6, 7: Bois les Ayes sites 1

Al and 2 (LA1 and LA2), near Briancon,
L7 44°50'N 6°39'E and 44°51'N 6°41’E,
t ! »

) respectively, larvae on both P cembra

and L. decidua at each site; 8: Mont-
génevres (Mont), near Briancon,
44°56’ N 6°43'E, larvae on L.

decidua. SWITZERLAND: 9: Enga-
din Valley (Eng), 46°26’ N 9°50'E, on

Larvae were cut in half and adults were also split
between the thorax and abdomen, after trimming
legs and wings. Posterior larval segments and thora-
ces of adults were kept for DNA extraction; anterior
larval sections and adult abdomens were homoge-
nized on ice in 25-35 pul. of extraction buffer con-
taining 0.01 per cent NADP, 0.1 per cent
p-mercaptoethanol and 0.1 per cent Triton X-100
detergent (Richardson et al., 1986) and centrifuged.
Chloroform (7-12 uL) was added to the homoge-
nate before centrifugation to remove excessive lipids
and lipoproteins. Reference aliquots (10 pL) were
taken from 20-30 gL of resulting supernatants.
Electrophoresis was performed on Helena cellulose
acetate plates supplied by Helena Laboratories. Two
buffer systems were used: TGB (0.3 per cent
Trizma, 1.4 per cent glycine, pH 8.6) and PB (0.36
per cent NaH,PQO,, 0.22 per cent Na,HPO,, pH 6.3).
At least two reference aliquots with known banding
patterns were loaded on each plate along with the
new samples. Each electrophoretic run was planned
so that wherever possible a variety of samples was
represented on each plate to avoid artefactual differ-
ences between populations generated by run-to-run
variation in resolution and staining. The plates were
run for 30 minutes in a cold room (+2°C) with 250
V at 4 mA. After completing the run, plates were
stained for particular enzymes as described else-

L. decidua.

where (Richardson et al., 1986; Mallet et al., 1993)
with minor modifications.

A total of 19 enzyme systems of 36 tested were
sufficiently scorable and active, and were selected
for further analysis (abbreviated name of enzyme,
EC no., and buffer system are shown in paren-
theses): glutamate-oxaloacetate transaminase (Got
2.6.1.1, TGB), phosphoglucose isomerase (Pgi
5.3.19, TGB), phosphoglucomutase (Pgm 2.7.5.1,
TGB), malic enzyme (Me 1.1.1.40, TGB), phe-pro
and leu-ala peptidases (Pp and La 3.4.11 or 13,
TGB), aconitate hydratase (Acon 4.2.1.3, PB), ester-
ase (Est 3.1.1.1, TGB), isocitrate dehydrogenase (Idh
1.1.1.42, TGB), fumarate hydratase (Fum 4.2.1.2,
PB), adenylate kinase (4k 2.7.4.3, PB), enolase
(Enol 42.1.11, PB), malate dehydrogenase (Mdh
1.1.1.37, PB), hexokinase (Hk 2.7.1.1, PB), glycer-
aldehyde-3-phosphate ~ dehydrogenase  (Gapdh
1.2.1.12, PB), glycerate dehydrogenase (Gldh
1.1.1.29, TGB), aldolase (Ald 4.1.2.13, PB), gluta-
thione reductase (Gr 1.6.4.2, PB), arginine kinase
(Argk 2.7.3.3, PB).

Allele and genotypic frequencies were calculated
separately for each sample. Genotypic frequencies
for each polymorphic locus in each sample were tes-
ted for fit to Hardy-Weinberg using y°goodness-of-
fit tests. Expected heterozygosity (H., unbiased) was
used as a measure of genetic variability and was
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calculated using Nei’s formula (1978). The genetic
divergence between populations was estimated by
making two separate analyses: (i) Wright’s Fgr
(Wright, 1978) was calculated and contingency
x’-tests were used to test whether interpopulation
genetic variation was different from that expected by
chance; and (ii) unbiased genetic distance (Dy) was
computed using Nei’s (1978) formula. Subsequent
UPGMA was used in a cluster analysis of Dy matrices.
All calculations were performed manually or using
BI0sYs-1 for the PC (Swofford & Selander, 1989).
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Results

A total of 24 loci from 19 enzyme systems were
scored. Electrophoretic variation was detected at 13
of these 24 loci. Me, Acon-s and La-s all have fre-
quencies of their most common allele >0.95 and did
not differ significantly between pine and larch lar-
vae. These three loci were therefore considered
monomorphic along with Got-f, Fum, Ak, Enol,
Mdh-f, Hk, Gldh, Gapdh, Ald, Gr and Argk which
showed no variation. Overall allele frequencies for

Table 2 Allele frequencies at polymorphic loci in Zeiraphera diniana

Populationst
Loci Larch Pine
and Overall Overall
alleles Mont LAl  LA2 LC Eng NY larch LAl LA2  Mér Dal Brac  pine
Pgm
N 37 33 49 42 8 2 171 34 3 64 18 7 126
0.75 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.015 0000 0.000 0.000 0.000 0.005
0.87 0.000 0.000 0.031 0.000 0.000 0.000 0.021 0000 0.000 0.008 0.056 0.000 0.021
1.00 0.743 0.848 0.734 0.702 0.750 1.000 0.750 0647 0.667 0578 0.556 0.571 0594
L2 0257 0152 0235 0.286 0250 0.000 0228 0338 0333 0414 0388 0429 0380
128 0.000 0.000 0.000 0.012 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Idh-s (sexed males; assumes heterozygous ‘females’ are actually males)
N 1 NA 9 5 NA NA 15 NA NA 10 9 2 21
0.65 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000
1.00 1.000 0.500  0.600 0.567 0.400 0277 0500 0.357
2.40 0.000 0.500  0.400 0.433 0.600 0.723 0500 0.643
Idh-s (sexed females)
N 1 NA 9 3 NA NA 13 NA NA 40 3 2 45
0.65 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000
1.00 1.000 0.667 0.333 0.615 0.1s0 1.000 1.000 0.245
2.40 0.000 0.333  0.667 0.385 0.850 0.000 0.000 0.755
Idh-s (total, treated as though autosomal)
N 37 32 48 43 8 2 170 34 3 65 18 7 127
0.65 0.014 0000 0.000 0.000 0.000 0.000 0003 0000 0.000 0.000 0.000 0.643 0.000
1.00 0.621 0438 0583 0477 0687 0250 0538 0191 0.000 0208 0.500 0.000 0.264
2.40 0365 0562 0417 0.523 0313 0750 0459 0809 1.000 0.792 0500 0357 0.736
Madh-S
N 37 31 48 42 8 2 168 34 3 65 18 7 127
0.70 0.000 0000 0.031 0.012 0000 0.000 0012 0.000 0.000 0.000 0.000 0.000 0.000
1.00 0.865 0806 0.740 0.809 0812 1.000 0803 0.103 0333 0.015 0.056 0.000 0.051
3.00 0.000 0.000 0.000 0.012 0000 0.000 0.003 0.000 0.000 0.008 0.000 0.000 0.004
5.50 0.135 0194 0.229 0.167 0.188 0.000 0.182 0897 0.667 0977 0944 1.000 0.945
H.% 0.169 0162 0.178 0.184 0.178 0.087 0.183 0162 0.197 0152 0170 0.172 0.173

(0.052) (0.051) (0.051) (0.054) (0.049) (0.060) (0.054) (0.049) (0.060) (0.048) (0.054) (0.057) (0.053)

N: number of tested individuals; NA: not available.
+See Fig. 1 for the key to abbreviated names of populations.
tAveraged over all 24 loci. Standard error in parentheses.
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three polymorphic loci showing differences between
host-associated biotypes are given in Table 2. Thir-
teen cases of significant (P <0.05) deviation from
Hardy-Weinberg were found in 74 y*-tests across all
populations both of larch and pine form. This signi-
ficant deviation persisted when y* values were
summed over populations (summed y3 = 548.7,
P<0.05). The deviation mainly occurred at three
loci: Idh-s, Est and Pp-s (Table 3). The highly signifi-
cant deviation at Idh-s appears to be caused by
strong heterozygous deficit in females and suggests
sex-linkage: 18 of 34 sexed males were homozygous
at Idh-s whereas 58 of 60 sexed females were scored
as ‘homozygotes’ (i.e. hemizygotes, yi=31.89,
P <0.001; errors in sexing probably account for the
two exceptions). Sex linkage is, however, unlikely to
be a reason for Hardy—Weinberg deviations at Est
and Pp-s because there were no significant differ-
ences in heterozygosity between the sexes at these
loci. These distortions might be an artefact from a
breakdown of the y* continuity assumption with the
large numbers of genotypic classes (up to 28 at Pp-s
and 21 at Est) and too few individuals in each. We
grouped Pp-s and Est alleles into three classes: faster
than the common allele, common allele and slower
than the common allele; the test for the Pp-s locus
then became nonsignificant in all populations but
one (Méribel on pine) and significant deviation at

Est persisted only at Les Ayes site 2 on larch and
pine. Excluding the Idh-s locus from the calcula-
tions, and grouping Est and Pp-s alleles reduced the
overall deviation from Hardy-Weinberg to a non-
significant level (Table 3).

Differentiation between seven large samples of
Z. diniana, expressed in terms of Wright’s Fgr, is
shown in Table 4. As the overall Fsr (0.083) on its
own does not show what factor (association with a
particular host or geographical variation between
localities) contributes most to genetic divergence, we
calculated gene frequency variance at three hier-
archical levels: within host, between hosts and over-
all. Fsy within pine together with overall Fs; were
calculated in two different ways (with and without
British populations) to estimate the contribution of
the more than 1000 km separating the British and
Continental sites to the overall differentiation.

Within-host differentiation between populations
on larch is about 5 per cent of total and is about 30
per cent of total on pine (Fsy values: larch, 0.002;
pine, 0.026; overall, 0.083). Between-host variance is
clearly larger (Fsr=0.065) than that within hosts
and accounts for 78 per cent of the among-popula-
tion variance. Excluding British data (Dalchork)
from the pine populations causes a reduction of Fgy
within pine to 0.009, an increase in between-host Fgy
to 0.070 and a reduction in overall Fg; to 0.078;

Table 3 Test of fit to Hardy—Weinberg equilibrium for polymorphic loci in

Zeiraphera diniana

Larch Pine Sum
Loci Ve df. P Ve df. P Ve d.f. P
Got-s 15.526 12 NS 1.866 3 NS 17.392 15 NS
Pgi 0.155 6 NS 0.167 2 NS 0.322 8 NS
Pgm 6.270 8 NS 3.594 9 NS 9.864 17 NS
Pp-f 6.575 10 NS 2.967 5 NS 9.542 15 NS
Pp-st 13.226 12 NS 26.139 9 ** 39.365 21 *
La-f 20.151 24 NS 20595 18 NS 40.746 42 NS
Acon-f 21.658 18 NS 13251 18 NS 34.909 36 NS
Estt 29.170 12 ** 28.614 9 *x 57.784 2] R
Idh-s 31.700 6  xx* 33.442 3w 65.142 9 ¥k
Mdh-s 2.977 16 NS 1.509 5 NS 4.486 16 NS
Total 147408 124 NS 132144 81 *** 279552 205 ***
Total
excluding
Idh-s 1157708 118 NS 98702 78 NS 214410 196 NS

fCalculations for Pp-s and Est were made after grouping allele frequencies (see

Results).
*P<0.01, **P<0.005, ***P<0.001.
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Table 4 Fgr values for Zeiraphera diniana
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Fgr at various hierarchical levels of differentiation

Loci Within larcht Within pinet Between hosts Overall
Got-s 0.000 0.001 —0.003 —0.003
Pgi 0.000 0.000 -0.004 —0.003
Pgm 0.003 0.000 0.023*** 0.024**
Me — 0.000 -0.001 —0.001
Pp-f 0.002 0.001 0.000 0.001
Pp-s 0.000 0.016*** —0.003 0.007***
La-f 0.000 0.022** —0.004 0.009*
La-s 0.000 —_— 0.000 0.001
Acon-f 0.015** 0.016* —0.002 0.025***
Acon-s 0.000 0.000 —0.003 —0.003
Est 0.000 0.044*** —0.006 0.019***
Idh-st 0.003 0.085** 0.023*** 0.078***
Mdh-s 0.000 0.003 0.543*** 0.545***
Average 0.002 0.026*** 0.065*** 0.083***
overall

‘tPerformed separately, without hierarchy.

}As a conservative measure, all homozygotes at the sex-linked locus Idh-s were
treated as though female (hemizygous) for the purposes of this analysis.
Probability (null hypothesis is no differentiation): *P <0.05, **P<0.01,

***P<0.001.

between-host variance then accounts for 90 per cent
of total variance; thus the between-host variance is
not an artefact of including a British pine poplation.
Association with a particular host is the major factor
contributing to the overall genetic variance.

Significant gene frequency variation at different
hierarchical levels occurs at different sets of loci
(Table 4). Populations were significantly differen-
tiated at Acon-f on larch and at Pp-s, La-f, Acon-f,
Est and Idh-s on pine. In contrast, there is significant
variance at Pgm, Mdh-s and Idh-s between hosts; it is
notable that two of the loci differentiated between
hosts (Pgm, Mdh-s) do not show strong geographical
variation within hosts.

UPGMA analysis of the Nei’s Dy matrix, based on
the complete set of 24 loci in 11 populations, con-
firms the hierarchical analysis of Fsr. The resultant
tree divides the samples into two separate clusters, a
larch cluster and a pine cluster; the average Nei’s
Dy between them is 0.039 (Fig. 2a). Even popula-
tions with small sample sizes (Eng, NY, LAl pine
and Brac) clustered with other samples from the
same host plant. As already pointed out, the key loci
in detecting interhost differentiation are Pgm, Mdh-s
and Idh-s. Figure 2b represents seven populations
with sample sizes more than 30 genomes analysed
for 24 loci; average Dn between host biotypes is
0.036. When the Mdh-s and Idh-s loci are excluded

© The Genetical Society of Great Britain, Heredity, 75, 416-424.

from the calculations (Fig. 2c), average Dy drops
sharply to 0.005, and the Dalchork pine population
joins the larch cluster; the other two pine popula-
tions remain separated. Finally, exclusion of Pgm
causes the Dy of the longest branch to drop to
0.004; between-host differentiation then disappears
(Fig. 2d).

Discussion

The larch and pine forms of Z. diniana could be: (i)
subpopulations of a panmictic species; (ii) host races
which hybridize; or (iii) good species which do not
hybridize. Our results confirm that host-associated
biotypes of Z. diniana are genetically differentiated
(Fig. 2 and Table 4). The strong differences at Mdh-
s, Idh-s and Pgm throughout Western Europe indi-
cate that gene flow between larch and pine forms is
not sufficient to homogenize gene frequencies.
These results, coupled with the known biological dif-
ferences between host biotypes (larval colour, host-
related performance, mating behaviour, phero-
mones, phenology; see Introduction) firmly exclude
panmixia but do not distinguish whether the two
forms are good species or whether there is still gene
flow between them.

On the one hand, the absence of significant
genetic differences at most loci examined suggests
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Fig. 2 urgMma clustering based on Nei’s (1978) unbiased
genetic distance. (a) 11 samples, using all 24 loci. (b) 7
large samples with sample sizes more than 30 genomes, 24
loci. (c) 7 large samples, 22 loci (Mdh-s, Idh-s excluded);
(d) 7 large samples, 21 loci (Mdh-s, Idh-s, and Pgm exclu-
ded). The removal of the three differentiated loci between
B and D destroys the coherence of the larch- and pine-
associated clusters.

the possibility of strong gene flow which homoge-
nizes genetic variation between hosts. Most of the
genetic differentiation results from Mdh-s, coupled
with small differences at other loci. If the two host-
associated populations were separated, and are now
drifting apart, we can get a rough idea of how likely
a strongly divergent allele frequency like this would
be. The overall Fsr=~0.065 between hosts (Table 4)
gives for an allele with frequency 0.803 a standard
deviation of allele frequency of about 0.103. The
actual allele frequencies of the 1.00 allele at Mdh-s
are 0.803 on larch and 0.051 on pine, so its fre-
quency has changed 0.752 in total, about 7.4
standard deviations. Assuming that, for low levels of

genetic drift without fixation, allele frequencies are
approximately normally distributed around their
starting value, this has an extremely low probability
of <107'°, Tt is more likely (but still highly improb-
able) that both populations drifted from some inter-
mediate frequency, say [0.051+0.803)/2, giving a
standard deviation of 0.126 and drift of 3.0 standard
deviations in each direction, which has probability
(0.0027)*~7 x 10~°. Even though there are a num-
ber of alleles at other loci free to drift, it is therefore
virtually impossible to generate this much drift at
any locus from the observed overall Fgr. We can
therefore reject the idea that all of the allozyme loci
are drifting apart at an equal rate; it is much more
likely that Mdh-s is under strong disruptive selection
whereas other loci are maintained at similar fre-
quencies by gene flow.

Whereas this explanation is possible, the abun-
dance of biological traits associated with the genetic
differentiation (see Introduction) seems to preclude
panmictic gene flow over much of the genome.
Another reasonable possibility is that the host bio-
types are good species between which there is no
gene flow. The genetic similarities of the majority of
loci would then result from recency of separation,
with the strong differences at Mdh-s, Idh-s and in
biological traits being from stronger disruptive selec-
tion on some parts of the genome. While we do not
believe species should be defined on the basis of
genetic distance, it is worth noting that genetic dis-
tance between host biotypes (D = 0.04) falls on the
low end of typical genetic distances between sym-
patric species of Lepidoptera, and on the high end
of genetic distances between geographic races (Fig.
3); evidence from genetic distance is therefore
ambiguous. Field evidence of hybrid larvae (see
Introduction) rests entirely on colour patterns of lar-
vae and may also be unreliable. Studies in progress
on mating isolation and gene flow in the field should
resolve this issue. This work will be especially inter-
esting in view of the possibility that host-associated
differentiation contributes to the changes in morph
frequency during build-up and crash of the popula-
tions on larch (Baltensweiler, 1993).

Regardless of the taxonomic status of genetic dif-
ferentiation, another interesting question is whether
these host races or sibling species have evolved in
sympatry. Traditional dogma states that species-level
differentiation can evolve only in allopatry (Mayr,
1970). However, there have been unprecedented
challenges to this view recently (Bush, 1994). While
Pleistocene refugia containing only larch and only
pine could have been present, it is worth asking
whether this would be likely, or even necessary for
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Fig. 3 Genetic distance in Lepidoptera. 65 species, 26 genera, 9 families. 344 pairwise comparisons of congeneric species,
152 of conspecific populations and 21 of Z.diniana populations. Compiled from original and published data; references are

available from authors upon request.

the differentiation observed. In present-day Europe
and during the last 13000 years there have been
plenty of pine forests without larch, but wherever
larch is present, pine (particularly Pinus cembra) is
intermixed (Huntley & Birks, 1983). Therefore it
seems unlikely that there has ever been larch-only
refugia in Europe. Even if, in the past, areas existed
in which larch forms could develop in isolation, they
would need to be many hundreds of km from pine
populations as Z. diniana is well-known for mass-
migrations over these kinds of distances (Baltens-
weiler et al., 1977).

As an alternative to slow, allopatric speciation in
refugia, chance colonization of a refugium might
lead to rapid host-associated speciation via a foun-
der effect (Mayr, 1970). A founder event could thus
provide host adaptation resistant to subsequent gene
flow. However, this model is problematic; one of the
main arguments against founder effect speciation in
Hawaiian Drosophila, for example, has been the
complete absence of any genetic evidence for popu-
lation bottlenecks (Barton & Charlesworth, 1984).
The same is true for the species under study here:
the overall average heterozygosity of the larch form
is 0.183, that of the pine form is 0.173 (Table 2).
These values are similar to, although somewhat
higher than, those found generally in species of Lep-
idoptera (0.120-0.145; see Menken, 1982; Graur,
1985; Emelianov & Goncharenko, 1992), and sug-
gest that there has not been a bottleneck in the
formation of either host biotype (see Mallet et al.
(1993) for evidence of bottlenecks in other species).
This lack of reduction in heterozygosity might be
explained by hybridization after speciation occurred;
but, if this is so, our data show that the host-assoc-
iated forms can remain differentiated in sympatry in

© The Genetical Society of Great Britain, Heredity, 75, 416-424.

the face of gene flow.

In contrast, divergence could easily have been
sympatric. Pine shoots become acceptable to larvae
(and pine form larvae hatch) about a month after
larch acceptability (and hatch of larch form larvae)
(Day, 1984); adult emergences are similarly stag-
gered. This temporal difference ensures that larch-
feeding and pine-feeding populations mate to some
extent assortatively, leading to accumulations of
larch-adapted alleles in early populations and pine-
adapted alleles in late populations (see Butlin,
1990). In Zeiraphera, sympatric differentiation is at
least as easy to contemplate as allopatric differ-
entiation.
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