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Mitochondrial DNA variation and Haldane's
rule in the Papilio glaucus and P. troilus

species groups
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Variation in mitochondrial DNA (mtDNA) was surveyed, using restriction endonucleases, in all

species of the Papilio glaucus and P. troilus groups (Lepidoptera: Papilionidae). Phylogenetic and
distance relationships of mtDNA generally confirmed traditional species limits in the two species
groups and compared favourably with a prior survey of their allozymes. The most notable
exceptions were P. rutulus and P. euiymedon, which share their mtDNA, yet maintain numerous

morphological and ecological distinctions in sympatry. In organisms with heterogametic females,
like the Lepidoptera, the deficiencies of hybrid females that are expected on the basis of Haldane's
rule should lead to congruence of mtDNA variants with species boundaries. In the P. glaucus group,
the extent of mtDNA differences between species pairs generally coincided with the extent of the
Haldane effect, as well as with the presence of major species differences on sex chromosomes

(X effect).

Keywords: allozymes, introgression, phylogeny, sex linkage, speciation.

Introduction

Mitochondrial DNA (mtDNA) has become one of the

most commonly employed markers for determining
genetic relationships among individuals and species
(Avise et at. 1987; Harrison, 1991). Its generally
maternal inheritance, simple structure, small size, rapid
evolution and ease of isolation have made the molecule

particularly amenable to population genetic and
phylogenetic analysis (Avise, 1989, 1991). However, as
with any single cluster of tightly linked genes, the
phylogeny of mtDNA may not correspond to the aver-

age gene phylogeny of the organisms involved. It
remains important to establish the effectiveness of
mtDNA as a phylogenetic marker, and to investigate
conditions under which variation in the molecule may
fail to indicate species boundaries.

Since mitochondrial DNA is almost exclusively
maternally inherited (Avise, 1991; but see Zouros et
a!., 1992), elimination of hybrid females should lead to
congruence of species boundaries and the distribution
of mtDNA variants. Some animals, such as butterflies
and birds, show higher rates of sterility or inviability in
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F1 females than in F1 males and this phenomenon is
correlated with the fact that females are the hetero-

gametic sex in these organisms (Haldane, 1922; Coyne
& Orr, 1989; Coyne et at. 1991; but see Read & Nee,
1991). When the Haldane effect is strong (F1 females
are substantially less viable or fertile than males), and
other biological factors like selection are equal, the
distribution of different mtDNA haplotypes should
conform better to species boundaries in zones of
hybrid interactions than should most nuclear genes.

The X effect, which Coyne & Orr (1989) have
defined as a disproportionate tendency for genes that
are important to hybrid sterility or inviability to occur
on sex chromosomes, is correlated with the Haldane
effect. The mechanism leading to the Haldane efffect
or X effect remains uncertain (Coyne et at., 1991;
Frank, 1991). Both effects may relate to the fact that
sex-linked alleles are more exposed to selection,
causing differences to accumulate faster than for auto-

somal alleles (Charlesworth et aL, 1987; Coyne & Orr,
1989). If the Haldane effect and X effect are real and
associated with differential selection against individuals

of the heterogametic sex, then in species with hetero-
gametic females both effects should be correlated with
the presence of mtDNA differences between species.
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I investigated mtDNA variation in swallowtail
butterflies of the Papitio glaucus group (six species) and
Papilio troilus group (three species), all of which are
restricted to North America. Morphological compari-
Sons among members of the P. glaucus species group
were carried out by Brower (1959a), and Hagen et at.
(1992) have elevated P. canadensis to species status.

Allozymes of both species groups were analysed
phylogenetically by Hagen & Scriber (1991). In the
present study, a survey of restriction site variation in
mtDNA of the P. glaucus and P. troilus species groups
was used to address two questions: (i) do mtDNA
differences occur between species and are they corre-
lated with the Haldane effect or X effect? (ii) how well

does the mtDNA phylogeny coincide with prior phylo-

genetic hypotheses, particularly those of Hagen &
Scriber (1991)?

Methods

One or a small number of adult swallowtail butterflies
were collected for each species and kept frozen at
—80°C until use. Mitochondrial DNA restriction sites
were mapped on a total of 31 specimens representing

different localities or species (Table 1). Each haplotype

Table 1 Specimens examined, grouped by taxon.
(CA= California, FL= Florida, WA= Washington)

Taxon (n). Locality 1 (haplotype); Locality 2 (haplotype)

P. glaucus (4). Potomac, Maryland (Gi); Great Falls,

Maryland (Gi); Ocala State Forest, FL (Gi); Stone Co.,
Arkansas (G2)

P. alexiares garcia (1). Tamaulipas, Mexico (G3)
P. canadensis (5). Richford, New York (G4); Bragg Creek,

Alberta (G4); Fairbanks, Alaska (G5); Madison,
Wisconsin (G6); Black Hills, South Dakota (G7)

P. rutulus (6). Orcas Isl., WA (Ri); Alpine Co., CA (Ri);
Columbia R., Oregon (R2); Mono Co., CA (R2); Nevada
Co., CA (R2); San Francisco, CA (R3)

P. euiymedon (5). Alpine Co., CA (R4); Mono Co., CA (R5);
Orcas Island, WA (R6); Nevada Co., CA (R7); Los

Angeles Co., CA (R8)
P. multicaudatus (2). Black Hills, South Dakota (MU 1);

Okanogan Co., WA (MU2)
P. troilus ilioneus(2). Ocala State Forest, FL (Ti); Highland

St. Park, FL (Ti)

P. troilus troilus (2). Blue Ridge, Virginia (T2); Fayette Co.,
Tennessee (T2)

P. palamedes palamedes(2). Ocala State Forest, FL (PAl);

Highland State Park, FL (PA2)
P. palamedes leontis (1). Tamaulipas, Mexico (PA3)

P. pilumnus (i). Tamaulipas, Mexico (P1)

was designated with a separate code, to distinguish
mtDNAs from the species that contain them. Voucher
specimens of the wings and/or abdomen of each speci-
men are deposited as lot no. 1204 in the Entomology
Collection of Cornell University.

Total DNA was extracted from the thoraces of single
butterflies using the protocol of Harrison et at. (1987).

Small aliquots (generally 1 /100th of the original DNA
extracted) were digested separately with 17 restriction

endonucleases: BamHI, BclI, BgIII, BstBI, BstEII,
BstNII, CtaI, EcoRI, HaeIII, HindIII, MspI, PstI, PvuII,
ScaI, SstI, XbaI and XhoI. Fourteen of the enzymes

recognize sequences of 6 bp, HaeIII and MspI recog-
nize sequences of 4 bp and BstNI recognizes the
sequence CC(A/T )GG. DNA fragments were separ-
ated in 0.8 per cent agarose gels and transferred to
nylon filters with 0.4 N sodium hydroxide. Pure
mtDNA was separated from Papitio potyxenes total
DNA by differential centrifugation in a CsC1 gradient,
and then used to probe for mtDNA on the nylon filters.
P. polyxenes mtDNA was labelled with 32P by random

priming, hybridized to DNA fragments on nylon filters,
and visualized by autoradiography.

Fragment sizes were estimated by comparison to
lanes with a one kilobase size standard (New England
Biolabs) and the positions of sites were determined by

double digestions. Sequence divergence was estimated
with the iterative estimation technique of Nei & Tajima

(1983). Phylogenetic trees were obtained by analysing
presences and absences of restriction sites as
unordered characters using PAUP 3.Oq (Swofford,
1991).

Results

Haplotypes and genetic divergences

A total of 23 different haplotypes was found among the

32 maternal lineages surveyed. The seven most diver-
gent haplotypes are shown in Fig. 1 and minor haplo-
types are described in the figure legend. Except for P.
pilumnus, which had an insertion of 0.8 kilobases, all
haplotypes had a size of about 15.2 kilobases. No size
variation or site polymorphism was detected within
individuals. A total of 102 restriction sites was
detected, with a range of 42—50 per individual. The
mean number of sites was 46.6 per individual, which
represents about 1.7 per cent of the mtDNA genome.

In the P. gtaucus group, four groups of haplotypes
had divergences of 1 per cent or less. These corre-
sponded to the mtDNAs of: 1. P. gtaucus + P. alexiares;
2. P. canadensis; 3. P. rutulus + P. eurymedon; and 4. P.

mutticaudatus. One haplotype of P. rututus (R3) was
more similar to two mtDNAs of P. eurymedon (R4 and
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Fig. 1. Linearized mtDNA restriction
site maps of seven major haplotypes in

the P. glaucus and P. troilus species

groups. Haplotype designations are on
the left margin. Sites that are conserved

in all haplotypes are shown at the top of

the figure. Letter code for restriction
enzymes is as follows: a = BamHI,
b = BstBI, c Cia!, d Hindu!,
e = EcoR!, f = BclI, g = Bgill,
h =HaelII, k =Scal, m = Mspl,
n = BstNI, p = PstI, s =SstI, t =BstEH,
v = PvuII, x =XbaI, and no code for

Xhol. Minor haplotypes are charac-
terized as follows:

G2 Gi + clO.85 —p2.90;
G3 G1 +h3.6 +d4.15;
G5 = G4 —x12,0;

G6=G4—f3.1 —m7.25;
G7 = G4 —e12.05 —m7.25 —ml1.15;
Ri =R4—b12.35;
R2 =R4 —b12.35 —

p2.05 +n4.4;
R3 =R4 + m6.9 — v4.65;

R5=R5+m5.3;
R6 =R4 + m7.05 —v4.65;

R7=R4+gll.05;
R8 R4—fl.55 —v4.65;
MUI =MU2+a2.1;
T2T1 +hlO.3+sl.6;
PA2 =PA1 +glO.4 — b12.35 + hlO.3;
PA3 =PAI —b12.35 +hlO.3 +h12.35-

+m12.4.

R6) than it was to the other haplotypes found in P.
rutulus (Ri and R2). All mtDNAs of these two species
showed divergences of 1 per cent or less. P. glaucus
and P. alexiares mtDNAs were also very similar
(0.4—0.8 per cent). Divergences between all other pairs
of species were more substantial(1.9—S.l per cent).

In the P. troilus group, mtDNAs of separate sub-
species were very similar (0.4% for P. troilus and
0.6—0.8 per cent for P. palamedes). Haplotypes of
different species of the P. troilus group showed much
greater divergences than within the P. glaucus group,
with divergences among the mtDNAs of P. troilus, P.
palamedes and P. pilumnus ranging from 7.2 to 9.6 per

cent.

Genetic network

When restriction sites were considered as unordered
characters for phylogenetic analyses, a single most
parsimonious network was found by a branch and
bound search of the full set of 23 haplotypes (Fig. 2).
The consistency index of this tree was 0.67, excluding

uninformative characters.
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The gene network supported the separation of
mtDNA haplotypes found in P. canadensis from a
dade including mtDNAs of P. glaucus and P. alexiares.

Within P. g. glaucus, the Florida populations are some-
times referred to as a separate subspecies, P. g. australis

(Scriber et al., 1991); however, the G1 haplotype was
found in both Maryland and Florida. Within P.
canadensis, Alaskan and Yukon populations are also

sometimes recognized as a separate subspecies, P. g.
arcticus. The phylogenetic relationship of the G5
haplotype, from Alaska, showed only a single restric—
tion site difference from the G4 haplotype, which was
found in Alberta and New York.

Each of the five P. euiymedon specimens had a
different haplotype, and the six P. rutulus specimens
had three haplotypes. Interestingly, the mtDNAs of P.

rutulus and P. ewymedon appeared to form a single
dade, but the mtDNAs of neither P. rutulus nor P.

eurymedon were monophyletic.

mtDNA versus al/ozymes

In order to facilitate comparison between my findings
and those of Hagen & Scriber (1991), the haplotype
dataset and allozyme dataset were condensed to 11
groups corresponding to taxonomic species or major
subspecies (Fig. 3). Genetic distance comparisons of
mtDNA were accomplished by averaging values within
the 11 taxonomic groups. In some cases these groups
did not correspond to monophyletic mtDNA lineages;
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Fig. 2. Parsimony network of mtDNA haplotypes. Codes in
circles refer to haplotypes of specimens surveyed (listed in
Table 1). Numbers or bars on branches indicate numbers of

restriction site changes (apomorphies). Branch lengths are
adjusted in proportion to numbers of site changes. Species

identifications of butterflies are indicated beside their haplo-

types.

the mtDNAs of P. glaucus, P. eurymedon, P. rutulus,

and P. p. palamedes were paraphyletic (Fig. 2). Parsi-
mony analysis using PAUP 3.Oq (Swofford, 1991) was
performed on all haplotypes in the P. glaucus and P.
troilus groups. Figure 3 includes a consensus tree
based on heuristic searches of 500 bootstrap resamp-
lings of the 23 haplotypes, with restriction sites con-
sidered as unordered characters. The consensus tree
was rooted at the midpoint between the two most
distant nodes.

The cladogram of allozyme data was redrawn from
Hagen & Scriber's (1991) figure, whereas the UPGMA
phenogram of Nei's distances was recalculated from
their table of Nei's genetic identities. The topology of
the P. glaucus group in the phenogram in Fig. 3 differs

from the branching pattern depicted in Hagen &

Fig. 3 Comparison of trees obtained from analysis of
mtDNA, on the left, versus allozymes, on the right. Clado-
grams (a) are at the top, with numbers along branches refer-

ring to percent bootstrap support for particular groupings.
UPOMA phenograms (b) are at bottom. The phenogram of

mtDNA genetic divergences is calculated as d of Nei &

Tajima (1983). The allozyme cladogram is redrawn from
Hagen & Scriber(1991) and the phenogram is recalculated
from their table of Nei's standard genetic identities.

Scriber's (1991) phenogram, and now shows a closer

correspondence to their cladogram.
The mtDNA and allozyme cladograms differed at

three points. The mtDNA phylogeny weakly supported
a sister group relationship for P. multicaudatus with P.
rutulus +P. eurymedon, rather than branching off
basally below the rest of the P. glaucus group. The
mtDNA phylogeny also weakly supported a sister
group relationship for P. pilumnus with P. palamedes,
rather than with both P. palaniedes and P. troilus.
There was strong support from mtDNA for the mono-

phyly of P. troilus, without any paraphyletic rela-
tionship with P. palamedes. Based on bootstrapping
analyses, the branching pattern of the mtDNA phylo-
geny was, in general, much better supported than was

the branching pattern of the allozyme phylogeny.
The UPGMA phenograms generated from pairwise

genetic distances also showed good correspondence.
The phenogram of mtDNA distances differed from the
mtDNA cladogram in that P. pilumnus was basal to
both the P. troilus and P. glaucus groups. The allozyme
phenogram showed better agreement with mtDNA
with respect to the distance relationships of P. troilus
and P. palamedes, but poor agreement within the P.

glaucus group.
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Discussion

mtDNA and species boundaries

Most traditional species in the P. glaucus and P. troilus
groups are characterized by discrete clusters of
mtDNA haplotypes. P. rutulus and P. euiymedon were
exceptions, even though there appears to be no quest-
ion that they are separate species. P. eurymedon adults
have a pale yellow coloration that distingishes them
from all other P. glaucus group species. This colour trait
reduces courtship of P. euiymedon females by males of
P. multicaudatus (Brower, 1959b). It is reasonable to
expect that the same is true of P. eurymedon and P.
rutulus, but the necessary studies have not yet been
done. P. eurymedon and P. rutulus also have different
male genitalia (Brower, 1959a) and their first instar
larvae differ in their survivorship on several host plants

(Scriber et al., 1991). The two species overlap across
virtually all of their range and viable hybrid adults of
both sexes can be produced by hand pairing (Scriber et
at., 1990), but very few natural hybrids have been
found (Wagner, 1978).

Relationships among the mtDNA haplotypes of P.
rutulus and P. eurymedon suggest that either: (i)
mtDNA polymorphism has been retained through the
speciation of P. rutulus and P. eurymedon; or (ii) at
least two mtDNA introgression events have occurred
between P. rutulus and P. euiymedon, followed by
elimination of the original mtDNAs in one species.
Allozyme differences between P. euiymedon and P.
rutulus are small (Fig. 3), and neither alternative can
easily be excluded.

P. glaucus and P. alexiares also have very similar
mtDNA. P. glaucus overlaps a substantial part of the
range of P. alexiares in northern Mexico but the extent
to which the species maintain their integrity along the
zone of contact seems uncertain (Beutelspacher &
Howe, 1984). In contrast, the extent of allozyme differ-
ences between them is greater than between P. glaucus

and P. canadensis (Fig. 3), indicating significant diver-
gence of nuclear genes.

A partial lack of correspondence between tradi-
tional species boundaries and mtDNA haplotype dis-
tributions has also been found in insects such as
Drosophila (Powell, 1983; Aubert & Solignac, 1990),
cicadas (Martin & Simon, 1990) and weevils (Boyce,
1990). These examples suggest that it will be interest-
ing to survey the mtDNA of P. euiymedon/P. rutulus

and P. glaucus/P. alexiares species pairs throughout
their range, to determine whether any older mtDNA
lineages can be found and under what conditions they

may have been preserved.

mtDNA and the Ha/dane effect

P. rutulus/P. eurymedon and P. glaucus/P. alexiares are

among the few pairs of closely related Papilio species
that do not show a Haldane effect (Ae, 1979; Table 2).
In contrast, deficiency of females is pronounced in
hybrids between P. glaucus and the three western
species — P. eurymedon, P. rutulus and P. multicauda-
tus. There is a smaller, but significant, Haldane effect
between P. glaucus and P. canadensis (Hagen &
Scriber, 1993).

In hybrids between P. glaucus and P. canadensis, or
between P. glaucus and the western species, ecologi-
cally important differences like diapause and female
mimetic wing coloration are located on the sex
chromosomes (Hagen & Scriber, 1989). In contrast,
one of the most important genetic differences between
P. eurymedon and P. rutulus appears not to be con-
trolled by X-linked genes, since female F1 hybrids from
both crosses between P. glaucus and P. ewymedon
have a wing color that is nearly as yellow as that of P.

glaucus (West & Clarke, 1988). The correlation
between mtDNA differences and Haldane effect
supports the expectation that differential elimination of
females will lead to conformance of mtDNA differ-
ences with species boundaries. The correspondence of
both factors with the X effect suggests the possibility
that interactions between cytoplasmic factors and
X-linked genes are involved in the maintenance of
species boundaries in these species (see Virdee &
Hewitt, 1992, for an example in grasshoppers). How-
ever, mtDNA differences may also be due to selection
against combinations of autosomal genes and cytoplas-
mic traits.

P. multicaudatus is a case that counters the correla-
tion of mtDNA differences with the Haldane effect.
Possible natural hybrids between P. rutulus and P.
multicaudatus have been reported (Brqwer, 1959a;
Garth & Tilden, 1986) and preliminary evidence
suggests that there is no Haldane effect in crosses

Table 2 Correspondence between mtDNA differences,
Haldane effect and X effect in species pairs of the P. glaucus

group(West & Clarke, 1988; Scriber et aL, 1990; Hagen &

Scriber, 1993)

mtDNA Haldane X
differences effect effect

P. glaucus x canadensis Yes Yes Yes

P. glaucus x rutu./eu,y./mult. Yes Yes Yes

P. glaucus X alexiares No No ?

P. rutulus X eurymedon No No No?

P. multicaudatus X rutu. /euy. Yes No ?
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between P. inulticaudatus and either P. rutulus or P.
eurymedon (Scriber et al., 1990). Yet the mtDNA of
the two specimens of P. multicaudatus examined in this
study was very distinct. I suggest that both allozymes
and mtDNA indicate genetic divergences are so exten-
sive that a large number of genes now contribute to

genetic barriers to introgression, obscuring any early
contribution that might have been due to genes on sex
chromosomes.

To date, mtDNA differences, Haldane effect and X
effect have been studied in only two other species

groups of Lepidoptera, including the Papilio machaon
group (Ae, 1979; Thompson, 1988; Sperling, 1993)
and the Choristoneura fumiferana group (Harvey,
1985; Sperling & Hickey, unpublished). Both cases
show correspondence between all three phenomena. A
correlation between distinct mtDNA and the Haldane
effect or X effect should hold for other closely related
species of organisms in which females are the hetero-

gametic sex, including a variety of vertebrates, inverte-
brates and even plants (Bull, 1983; Tegelström &
Gelter, 1990).

mtDNA and species phylogenies

Unlike mtDNA, allozymes survey a number of parts of
the nuclear genome. Hence they can be expected to
give a more representative picture of genetic diver-
gence among populations. However, as Buth (1984)
has stated, 'there has been no consensus on the appro-
priate treatment of electrophoretic data in phylogenetic

studies, and problems have persisted at a variety of
levels'. Hagen & Scriber (1991) encountered some of
these problems in their survey of Papilio allozymes,
including incomplete resolution of alleles and the need
for arbitrary cutoffs for converting frequency differ-
ences into discrete character states.

In contrast, the abundant, clearly resolved variation
in mtDNA, together with the absence of recombina-
tion, makes the molecule ideal for phylogenetic analy-

sis. The mtDNA survey distinguished 102 restriction
sites, each of which was treated as one character with
two states. In comparison, the 26 loci in the allozyme
survey were each treated as one character, with 1—10
allelic character states per locus. Bootstrap support
was higher for the mtDNA phylogeny than the allo-
zyme phylogeny. However, the fact that mtDNA may
not be respresentative of the rest of the genome is well
illustrated by P. rutulus and P. eutymedon, which
appear to share their mtDNA in spite of clear morpho-

logical, behavioural and allozyme differences. None-
theless, the paraphyletic relationship indicated by
allozymes for the P. troilus subspecies, in spite of
strong support for monophyly on the basis of both

morphology and mtDNA, indicates that allozymes may
also fail to elucidate relationships at this level.

The question remains: is it more informative to have
an unclear picture of a large part of the genome, or a
clear picture of a small part of the genome? Judging
from a comparison of allozymes and mtDNA against
the classical species delineations in the P. glaucus and
P. troilus groups, analysis of mtDNA variation is
approximately as effective for determining species
limits and relationships as is analysis of a battery of
allozyme loci.
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