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Abstract

We investigated patterns of cytonuclear disequilibrium between nuclear allozyme loci and partial mitochondrial COI and
COII restriction fragment length polymorphism patterns within a population of hybridizing chrysomelid beetles and assessed
to what degree the genotype frequencies of F1 hybrids were consistent with patterns of mate choice or endosymbiont in-
fection. We document that in this population, >50% of the heterospecific pairs at a given time are composed of Chrysochus
anratus females and Chrysochus cobaltinus males, suggesting that at least half of the F1 hybrids should possess the C. auratus
mitochondrial genotype. However, we found that the majority (89%) of F1 hybrids possessed C. cwbaltinus mtDNA (P <
0.001). The lack of evidence for Wolbachia infection in these highly promiscuous beetles, coupled with the fact that F1 hybrids
of both cross types do exist, indicates that endosymbionts are an unlikely explanation for the discrepancy between cytonuclear
genotype frequencies and behavior. We argue that cytonuclear disequilibrium at this focal Chrysochus hybrid site is likely due to
a strong directional bias in postmating prezygotic barriers in this system. The results presented here underscore the impor-
tance of combining both field and molecular data in studies of cytonuclear disequilibrium and point to the dangers inherent in

attributing patterns of cytonuclear disequilibrium to assortative mating.

Patterns of cytonuclear disequilibrium can facilitate the inves-
tigation of a diverse array of evolutionary forces and biolog-
ical processes in hybridizing taxa (Asmussen et al. 1987;
Arnold 1993; Asmussen and Basten 1994). Specifically, stud-
ies of cytonuclear disequilibrium (the nonrandom association
between nuclear and cytoplasmic genotypes) have examined
levels of gene flow (e.g., Sites et al. 1996; Dessauer et al. 2000;
Latta et al. 2001), directionality of hybridization (Lamb and
Avise 1986; Sites et al. 1996; Harrison and Bogdanowicz
1997; Perry et al. 2001), and the mechanisms of selection
on hybrids (Forbes and Allendorf 1991; Castro et al. 1999;
Dessauer et al. 2000; Perry et al. 2001). Additionally, studies
of cytonuclear disequilibrium have been used to elucidate
how hybrid zones have formed (e.g., Harrison and Bogdano-
wicz 1997), and it has been suggested that measures of cyto-
nuclear disequilibrium can be used to determine the age of
reproductive barriers between species (Fu and Arnold
1991; Arnold 1993). Furthermore, it is possible to gain insight
into intrinsic barriers to reproduction if patterns of cytonu-

clear disequilibrium are discordant with predictions based on
observations of mating behavior or natural history (e.g., phe-
nology of mating).

Cytonuclear disequilibrium is expected to arise in hybrid
populations when there is nonrandom mating among the hy-
bridizing taxa, high levels of migration of individuals with
different cytonuclear genotypes from nearby populations, ep-
istatic interactions between the nuclear and cytoplasmic
genomes affecting hybrid fitness, or a postmating barrier
to reproduction (Asmussen et al. 1987). Nonrandom mating
may be due to assortative mating or differences in relative
abundance of species and/or sex over space or time. Addi-
tionally, bacterial endosymbionts (e.g., Wolbachia, Cardininn)
are known to cause a variety of reproductive anomalies
(Werren 1997; Hunter et al. 2003) including skewed sex ratio
(Fialho and Stevens 2000; Dyer and Jaenike 2005) that may
lead to cytonuclear disequilibrium. Fertility and cytoplasmic
compatibility can be affected by these infections if one animal
is infected and the other is not or if the animals are
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infected with different strains of bacteria. Although many
studies have used cytonuclear patterns to elucidate the fitness
of hybrids (Bernatchez et al. 1995; Wilson and Bernatchez
1998; Cianchi et al. 2003; Diniz et al. 2003; Won et al.
2003) and the occurrence of nonrandom mating (Avise
and Saunders 1984; Lamb and Avise 1986; Malmos et al.
2001), to our knowledge, few, if any, studies have attempted
to test predicted patterns of cytonuclear disequilibrium based
on known mating pair composition in a natural population
(but see Veen et al. 2001). For example, the classic study
of Lamb and Avise (1986) showed that patterns of cytonu-
clear disequilibrium in a frog (Fyla) hybrid zone were con-
sistent with predictions based on the stereotypical calling
locations of the males of each species. They thus argued
that the cytonuclear disequilibrium in this hybrid zone was
due to mating behaviors, but did not directly quantify
mate choices to confirm this explanation. However, because
multiple factors might produce a pattern of cytonuclear
disequilibrium, itis dangerous to infer a specific cause without
directsupport. Forexample, in the case of the Hylahybrid zone,
the cytonuclear disequilibrium might have been due to post-
mating prezygotic barriers (e.g., conspecific gamete prefer-
ence, Howard 1999), rather than mating behaviors. Here,
we document the hazards of inferring patterns of mate choice
from measures of cytonuclear disequilibrium, by demonstrat-
ing a discordance between patterns of mate choice and the
cytonuclear genotypes of F1 hybrids in a beetle hybrid zone.
Recent work in the hybrid zone involvingleaf beetles in the
genus Chrysochushas demonstrated that the 2 species, Chrysochus
anratus and Chrysochus cobaltinus, mate assortatively in the labo-
ratory and field (Peterson, Honchak, et al. 2005). Furthermore,
this same study documented that at a focal hybrid zone site,
most hybridizing pairs are composed of C. auratus females
and C. cobaltinus males. In this study, we assess the generality
of this pattern and test the predicted pattern of cytonuclear dis-
equilibrium expected based on field observations of mating
pair composition. In addition, we assess whether cytonuclear
disequilibrium might be explained by Wo/lbachia infection in ei-
ther or both species. Subsequently, we test our prediction of
mitochondrial and nuclear genotype associations by measuring
cytoplasmic disequilibrium within the same focal site.

The Chrysochus Hybrid Zone

Chrysochus anratus and C. cobaltinus are the only North Amer-
ican representatives of the chrysomelid genus (Arnett 1968;
Dobler and Farrell 1999). For most of their geographic
ranges, these sister species are allopatric, with C. auratus pres-
ent in eastern North America and C. cobaltinus restricted to
western North America (Arnett 1968; Dobler and Farrell
1999; Peterson et al. 2001). The 2 species are sympatric in
south-central Washington State where they form a 75-km-
wide hybrid zone (Peterson et al. 2001; Peterson, Monsen,
et al.2005). Dobler and Farrell (1999) have shown a 6.5% se-
quence divergence in mtDNA, and species-specific allozyme
alleles provide further evidence of the degree of divergence
between the 2 species (Peterson et al. 2001). High divergence
at both mitochondrial and nuclear loci in addition to differ-
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ences in diet breadth (Dobler and Farrell 1999) and morphol-
ogy (Peterson et al. 2001) suggests that this hybrid zone has
formed as the result of secondary contact. Although F1
hybrids often compose up to 15% of a given population,
there is strong evidence that they successfully reproduce only
rarely (Peterson, Monsen, et al. 2005), resulting in a bimodal
hybrid zone (sensu Jiggins and Mallet 2000) with parentals
and F1 hybrids but effectively no F2’s or backcross progeny.
Additionally, selection against hybridization may vary be-
tween the species and sexes, as suggested by a species-specific
pattern of the reproductive character displacement of male
mate preference (Peterson, Honchak, et al. 2005). Given that
selection pressures may be variable among sex and species,
determining if there are nonrandom associations between nu-
clear and mitochondrial markers will be useful in assessing
where potential batriers to reproduction may have evolved
or are expected to evolve. For example, the degree to which
females are able to employ conspecific sperm precedence
may influence the strength of selection against hybridization
faced by those females (Marshall et al. 2002).

Chrysochus Mating Behavior

Both Chrysochus species are highly promiscuous in natural
populations, with adults of both sexes averaging approxi-
mately one mating per day (Dickinson 1995). Males of both
species practice postcopulatory mate guarding often for times
>1.5 h. Because of their promiscuous behavior combined
with postcopulatory mate guarding, 28-36% of a population
will be paired at any one time (Dickinson 1995), simplifying
field observations of mating behavior. Although patterns of
mate choice in the hybrid zone have been explored in both
the laboratory and the field (Peterson, Honchak, et al. 2005;
Peterson, Monsen, et al. 2005), mitochondrial markers have
not been used in prior genetic analyses of F1 hybrids in this
system (e.g., Peterson et al. 2001; Peterson, Monsen, et al.
2005). Thus, we have not previously assessed whether there
is a directional bias in the parentage of F1 hybrids.

Materials and Methods
Mating Pair Composition

Sex and species composition of heterospecific mating pairs
were documented within the focal site in the Chrysochus hy-
brid zone that has been described previously (Peterson, Hon-
chak, et al. 2005; Peterson, Monsen, et al. 2005). Following
methods described previously (Peterson, Honchak, et al.
2005), such surveys were performed on 4 separate dates
(1 July 2000, 9 July 2000, 24 June 2003, and 22 July 2004),
to determine if there is a directional bias in the composition
of mating pairs at this site, and if so, whether that bias is tem-
porally stable. The results of the 1 July 2000 survey have been
reported elsewhere (Peterson, Honchak, et al. 2005). Com-
pared with other nearby habitat patches, the focal site used
for these surveys features unusually high population sizes of
both parental species, with population sizes exceeding those
in nearby patches by 1-3 orders of magnitude (Peterson,



Honchak, et al. 2005). These higher population sizes are due
to the combined effects of a large host plant patch and high
densities of beetles. Although similarly high population sizes
occur in a few allopatric populations of both species in the
region, all of the other hybrid zone sites have either small
host plant patches, low beetle densities, or both (Peterson,
Honchak, et al. 2005).

Molecular Methods

We have previously shown species and hybrid identification
based on morphological characteristics to be extremely accu-
rate (Peterson, Monsen, etal. 2005). However, to verify species
identification, we screened 92 putative C. auratus (42 collected
in 1999 and 50 collected in 2000), 92 C: cobaltinus (42 collected in
1999 and 50 collected in 2000), and 141 putative F1 hybrids
(collected in 2000) from the focal site with 3 species-specific
allozyme loci (Peterson et al. 2001) and species-specific
mtDNA restriction fragment length polymorphism patterns
(Dobler and Farrell 1999) to verify species identification
and to test for cytonuclear disequilibrium in F1 hybrids.

Individuals used in the allozyme analysis were screened
for species-specific alleles for .AA7, IDH, and MDH follow-
ing the methods of Peterson et al. (2001). Additionally, total
genomic DNA was extracted from a single leg of each indi-
vidual used in the allozyme analysis using the QiaAmp Mini
DNA Kit (Qiagen, Valencia, CA). A 1154-bp fragment of
mtDNA was amplified from total genomic DNA using
primers C2-N-3661 (Simon et al. 1994) and MP1
(5'ATTAAAGTTTTTAGTTGACTAGCA3') based on the
partial sequence of C. cobaltinus COI and COII genes. Polymer-
ase chain reaction (PCR) amplifications were carried out in 2
separate 50 pl reactions using the following components and
conditions: ~100 ng of genomic DNA, 50 mM KCI, 10 mM
Tris—HCIpH 9, 0.1% Triton X-100, 1.5 mM MgCl,, 0.8 um of
both the forward and reverse primers, 0.2 mM dNTPs, 5 units
Taq polymerase, and water to a final volume of 50 pl. Ampli-
fication was cartried out in a Perkin—Elmer 9600 thermocycler
under the following conditions: 94° C for 3 min, followed by 30
cycles 0f 94° C for 455s,46° C for 30's,72° C for 30 s, and a final
extension at 72° C for 7 min. Both 50 pl reactions were pooled
for each individual to produce 100 pl of PCR product. It was
necessary to have two 50-pl reactions because 100 pl was too
large a reaction volume to run efficiently in the Perkin—Elmer
9600 thermocycler. PCR fragments were purified using the
QiaQuick PCR purification kit (Qiagen). Purified mtDNA
fragments were digested under standard conditions with 3
enzymes, Alul, Dral, and Hnfl, that collectively included 11
informative, species-specific restriction sites (Dobler and
Farrell 1999). Digests were run on 2% 1x Tris, acetic acid,
EDTA buffer (TAE) gels and stained with Sybr Gold (Molec-
ular Probes, Eugene, OR).

Wolbachia Screen

Reproductive tissues were dissected from 2 males and 2
females of both species from the focal site. Other recent
studies that have detected the presence of Walbachia infection
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have screened a similar number of individuals (Clatk et al.
2005; Haine and Cook 2005). Additionally, given the promis-
cuous mating behavior of both Chrysochus species, it is highly
likely that if Wolbachia were present, it would be present in
almost all individuals in a population. Additionally, because
both sexes of both species form heterospecific pairs, it is
likely that if one species were infected with Wolbachia, the
other species would become infected as well. DNA was
extracted from the reproductive tissues using the QiaAmp
Mini DNA Kit (Qiagen). The bacterial cell-cycle gene fi57.
was amplified using the primers ftsZF1 and ftsZR1 (Werren
et al. 1995) in 25 pl reactions under the same conditions as
desctibed above for mtDNA amplification using a 45° C
annealing temperature. Additionally, the polymerase used
for the Wolbachia screen was a combination of 2 polymerases
specifically designed for long PCR (Expand enzyme system,
Boeringer Mannheim, Indianapolis, IN). Long PCR is more
sensitive to the presence of Wolbachia DNA among insect ge-
nomic DNA than standard PCR (Jeyaprakash and Hoy 2000).
All Wolbachia screens were run with a positive control of
Nasonia pulex, known to be infected with Wolbachia. Positive
control DNA was extracted from the entire /V. pulex animal
and not the isolated reproductive tissues.

Statistical Analyses

To assess whether the composition of heterospecific pairs at
the focal site was asymmetric, we analyzed data from each
date separately, using binomial tests of the hypothesis that
the 2 directions of heterospecific crosses were equally likely.
Cytonuclear disequilibrium was assessed by examining
whether each mtDNA haplotype was represented in 50%
of F1 hybrids, again using a binomial test (SPSS 2003).
We did not use existing software that is specifically designed
to assess cytonuclear disequilibrium (Asmussen and Basten
1994), because that software is constrained to using a random
sample of parentals and hybrids, taken at the frequency with
which they occur in nature. We specifically over-sampled F1
hybrids at this location compared with their frequency be-
cause these individuals are most informative for assessing
the concordance between patterns of mate choice by paren-
tals and F1 cytonuclear genotype frequencies.

Results

All 92 C. cobaltinus and all 92 C. anratus genotyped with
species-specific nuclear and mitochondrial markers showed
the expected species-specific patterns. Additionally, all
putative 141 F1 hybrids screened were heterozygous at all
3 nuclear allozyme loci. Because our phenotype-based iden-
tifications were 100% accurate, we are confident in our iden-
tifications of the identities of mating individuals observed in
the field. During all observations at the focal hybrid zone site,
the composition of heterospecific pairs was either statistically
indistinguishable from symmetric or featured a biased over-
representation of female C. anratus paired with a male C. cobal-
tinus, compared with the opposite cross (Table 1). On 1 July
2000, 64.1% of the 39 heterospecific pairs (P = 0.078)
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Table I. Binomial test of asymmetry in heterospecific pair
composition at the focal site

No. of

heterospecific P
Date pairs observed AF x CM  CF x AM  value
1 July 2000 39 25 (0.641) 14 (0.369)  0.078
9 July 2000 81 50 (0.617) 31 (0.393) 0.034
24 June 2003 29 23 (0.793) 6 (0.217)  0.002
22 July 2004 4 2 (0.50) 2(0.50) 1.0

AF x CM represents the frequency of heterospecific pairs composed of
Chrysochus anratus females and Chrysochus cobaltinus males. CF X AM repre-
sents the frequency of heterospecific pairs composed of Chrysochus cobaltinus
females and Chrysochus auratus males.

featured a C. auratus female and C. cobaltinus male (reported
previously in Peterson, Honchak, et al. 2005, without a statis-
tical test of directional bias). This combination represented
61.7% of 81 heterospecific pairs observed on 9 July 2000
(P = 0.034) and 79.3% of 29 such pairs on 24 June 2003
(P = 0.002) at the focal hybrid zone site. On 22 July
2004, only 4 heterospecific pairs were encountered, of which
2 featuted a C. anratus female paired with a C. cobaltinus male
(P = 1.0). Thus, in general, the composition of heterospecific
pairs would conservatively suggest that at least 50% of F1
hybrids should have C. auratus mothers.

There was a significant pattern of cytonuclear disequilib-
rium in F1 hybrids, such that 11% of F1 hybrids featured the
C. anratus mtDNA haplotype, whereas 89% had the C. cwbal-
tinus haplotype, a pattern discordant with expectations based
on random mating (P << 0.001). Given that one would expect
at least 50% of F1 hybrids to have the C. anratus mtDNA
haplotype, the binomial test is a conservative test for the pat-
tern of cytonuclear disequilibrium based on actual patterns of
mate choice. The skewed cytonuclear genotypes of F1
hybrids were apparently not attributable to patterns of Walk
bachia infection. The positive V. pulex control produced the
expected ~1054 bp fisZ. fragment, demonstrating that long
PCR was sensitive enough to amplify Wolbachia DNA in the
presence of insect genomic DNA. This positive control was
conservative because the DNA was extracted from the entire
N. pulex animal, not just the reproductive tissue. However,
this fragment did not amplify in any of the Chrysochus, indi-
cating that there is no apparent Wolbachia infection in either
species at the focal site.

Discussion

Through direct quantification of patterns of cytonuclear dis-
equilibrium and mate choice, our study illustrates the dangers
inherent in indirectly drawing inferences about mating behav-
iors from measurements of cytonuclear disequilibrium. Spe-
cifically, although the composition of heterospecific pairs in
the focal Chrysochus population suggested that most F1
hybrids should have the C. auratus mtDNA haplotype, most
hybrids actually had the C. cobaltinus haplotype. The relative
abundance of the 2 species at the focal hybrid zone site is
temporally stable (including 1999, the generation that pro-
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duced the hybrids screened in the present study; Peterson,
Honchak, et al. 2005). In addition, there is no evidence of
dramatic swings in the proportional composition of hetero-
specific pairs at this site. Therefore, it is unlikely that tempo-
ral variation in the composition of heterospecific pairs,
resulting from differences in the relative abundance of each
sex and species, explains the pattern of cytonuclear disequi-
librium observed here. Additionally, we have genotyped 17
F1 hybrids collected from the focal site in 1999, of which
95% possessed the C. cobaltinus mtDNA haplotype (Peterson
M, Tantalo L, Monsen K, Locke S, unpublished data), sug-
gesting that the pattern of cytonuclear disequilibrium docu-
mented herein is robust.

The discordance between mating behaviors and F1 hy-
brid cytonuclear genotypes is apparently not due to patterns
of endosymbiont infection (e.g., Werren 1997; Hunter et al.
2003). First, we found no evidence of Wolbachia infection in
either Chrysochus species. Second, endosymbiont-induced cy-
toplasmic incompatibility is not consistent with the observa-
tion that virgin females of both species of these highly
promiscuous beetles produce viable F1 offspring when
mated with heterospecific males (Peterson M, Monsen K,
Larson E, Brassil M, Buckingham K, unpublished data).
Third, male-killing endosymbionts (Fialho and Stevens
2000; Dyer and Jaenike 2005) are unlikely, given that the
sex ratio of F1 hybrids at the focal site is consistently
50:50 (Peterson M, Monsen K, unpublished data).

In addition, it is highly unlikely that the excess of F1
hybrids with C. cobaltinus mtDNA haplotypes is due to immi-
gration of I'1 hybrids from nearby populations in which most
heterospecific pairs feature C. cobaltinus females. The popu-
lation size at the focal hybrid zone site is 1-3 orders of mag-
nitude larger than at other nearby sites, and the relative
abundance of the 2 parental species is similar in those nearby
sites (Peterson, Honchak, et al. 2005). Furthermore, surveys
conducted in those sites in 2000 and 2004 revealed a total of
only 29 heterospecific pairs, of which 15 (51.7%) featured
a C. cobaltinus female (Peterson M, Monsen K, unpublished
data). Thus, based on the similar patterns of mate choice in
the surrounding sites, compared with our focal site, we
would expect a similar pattern of cytonuclear disequilibrium
in populations surrounding the focal site. Additionally,
dispersal capabilities in both species appear to be limited
(Williams 1992; Dickinson 1995; St Pierre et al. 2005;
Peterson M, Tantalo L, Holland J, unpublished data), sug-
gesting that immigrants would not be sufficiently nu-
merous to alter haplotype frequencies in F1 hybrids in the
focal site.

Strong selection against F1 hybrids with C. auratus mito-
chondrial DNA and C. cwbaltinus nuclear DNA could explain
the pattern of cytonuclear disequilibrium observed in this sys-
tem if offspring of this cross frequently fail to develop. Virgin
C. auratus females mated only to C. cobaltinus males produce
just as many first instar F1 hybrid larvae as do virgin C. cobal-
tinus females mated to only C. auratus males in laboratory
studies (Peterson M, Monsen K, Larson E, Brassil M,
Buckingham K, unpublished data). Thus, it is highly un-
likely that differential mortality during early development



explains the observed pattern of cytonuclear disequilibrium,
although it remains possible that differences in mortality
during subsequent larval instars could undetlie the pattern.

We argue that the most likely explanation for the cause of
cytonuclear disequilibrium in F1 Chrysochus hybrids is that
asymmetric postmating prezygotic barriers (e.g., conspecific
sperm precedence, Howard 1999) exist in this system. In-
deed, it has been suggested that bimodal hybrid zones (such
as the Chrysochus hybrid zone) often feature assortative mating
and/or assortative fertilization (Jiggins and Mallet 2000). Ad-
ditionally, some taxa that appear to mate randomly are known
to have assortative fertilization, suggesting that gamete rec-
ognition may evolve faster than mate recognition (Jiggins and
Mallet 2000 and references within). Finally, postmating pre-
zygotic barriers have proved to be asymmetric in many taxa
(Howard 1999).

There is ample opportunity for conspecific sperm prece-
dence in this system. Although males engage in postcopula-
tory mate guarding, females mate with multiple males
(Dickinson 1995). These females, which can store sperm
for extended periods (Peterson M, Monsen K, Larson E,
Brassil M, Buckingham K, unpublished data), derive substan-
tial fecundity benefits from mating with multiple males
(Schwartz and Peterson 20006). Given our evidence against
the other possible causes of cytonuclear disequilibrium in
Chrysochus hybrids, asymmetric postmating prezygotic bar-
riers appear to be the most plausible explanation for the
strong bias in F1 hybrid mtDNA haplotypes, although it
is premature to rule out asymmetries in hybrid viability during
larval and/or pupal development. Clearly, future studies of
the Chrysochus hybrid zone should focus on explicit tests
of the hypothesis that such barriers exist in this system,
and that they explain the pattern of cytonuclear disequilib-
rium documented in this papet.

Although we cannot yet definitively establish a cause for
the biased mtDNA haplotype frequencies in Chrysochus
hybrids documented in this paper, our results make the im-
portant point that one should not use patterns of cytonuclear
disequilibrium as the sole basis for inferences regarding repro-
ductive bartiers between species. Unfortunately, such inferen-
ces are common in the literature (e.g., Avise and Saunders
1984; Lamb and Avise 19806; Avise et al. 1997; Mallet et al.
1998; Malmos et al. 2001). However, if we are to understand
the cause of patterns of cytonuclear disequilibrium in hybrid
zones, itis critical that we directly and rigorously examine each
of the many factors that may produce such a pattern.
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