
Mitochondrial DNA Variation in Field Crickets 
across a Narrow Hybrid Zone’ 

Richard G. Harrison, David A4 Rand, and Ward C. Wheeler2 
Department of Biology, Yale University 

We have examined mitochondrial DNA (mtDNA) restriction-site variation within 
and between populations of fall-adult field crickets across a narrow hybrid zone in 
Connecticut. Our analysis reveals two distinct mtDNA lineages, each consisting of 
a single common genotype together with one or more rare genotypes. Outside the 
hybrid zone, the association between mtDNA genotype and species designation is 
nearly perfect. The A lineage corresponds to Gryllus pennsylvanicus and the B 
lineage to G. firmus. However, two G. firmus individuals from a coastal Connecticut 
population carry the A mtDNA genotype. Within the hybrid zone, the association 
between morphological characters, enzyme genotypes, and mtDNA genotypes 
breaks down to varying degrees. We compare patterns of introgression for these 
three types of markers. Previous authors have suggested that the behavior of mtDNA 
in hybrid zones may be different from that of nuclear-gene markers. We argue that 
differences in behavior are probably quantitative, not qualitative, and depend on 
the genetic architecture of speciation. We also document patterns of mtDNA length 
variation and associated heteroplasmy in both the A and B mtDNA lineages. The 
existence of identical size classes in both lineages suggests that the mutation rate 
for generating length variants is high. Therefore, genome size may not be a reliable 
marker of common ancestry. 

Introduction 

Mitochondrial DNA (mtDNA) is being used with increasing frequency as a genetic 
marker in studies of population structure and evolutionary relationships (see Avise 
and Lansman 1983; Brown 1983; Wilson et al. 1985; Avise 1986 for reviews). Its 
effective use in evolutionary biology depends on understanding both the dynamics of 
sequence divergence and the processes that determine patterns of association between 
mtDNA and nuclear-gene markers (specific alleles or entire genomes). The transmission 
rules for mitochondrial DNA are certainly different from those for nuclear genes. The 
most obvious difference is that in higher animals mtDNA is maternally inherited 
(Dawid 1972; Hutchinson et al. 1974; Lansman et al. 1983; Gyllensten et al. 1985). 
mtDNA genotype (as defined, for example, by a particular restriction-site map) can, 
therefore, be used as a marker to trace matriarchal phylogeny. mtDNA is also extra- 
chromosomal; the 15-20-kb circular DNA is not linked to any nuclear genes, and the 
absence of constraints arising from linkage might affect the behavior of mtDNA as a 
genetic marker. 
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Recent attention has focused on the behavior of mtDNA in hybrid zones and in 
other situations in which closely related, but clearly differentiated, taxa hybridize. In 
several early studies of mtDNA variation in hybridizing taxa, patterns based on mtDNA 
genotypes were not concordant with those defined either by nuclear genes (allozymes) 
or by standard morphological criteria (Ferris et al. 1983; Powell 1983; Spolsky and 
Uzzell 1984). These observations suggested that mtDNA variants may introgress more 
readily than alleles for nuclear genes. Subsequent studies have provided examples of 
hybrid zones in which patterns of variation are generally concordant (Avise et al. 1984; 
Szymura et al. 1985; Wilson et al. 1985). 

Here we examine the distribution of mtDNA genotypes across a narrow hybrid 
zone between two closely related species of field crickets (genus Gryllus). Gryllus penn- 
sylvanicus and G. Jirmus interact along an extensive hybrid zone in the eastern United 
States (Harrison and Arnold 1982). They are extremely similar morphologically and 
electrophoretically (Harrison 1979; Harrison and Arnold 1982). No fixed allelic dif- 
ferences have been found, but allopatric populations show large allele frequency dif- 
ferences (Harrison and Arnold 1982; Harrison 1986). Populations containing indi- 
viduals of apparent mixed ancestry occur at many sites along the 800-km hybrid zone, 
which extends from the Blue Ridge Mountains in Virginia to southern Connecticut 
(Harrison and Arnold 1982; R. G. Harrison, unpublished data). Laboratory hybrid- 
ization studies have shown that there is a distinct asymmetry in the outcome of the 
two reciprocal interspecific crosses (Harrison 1983). Viable and fertile hybrids are 
produced from crosses of G. Jirmus males and G. pennsylvanicus females, but no 
offspring at all result from the reciprocal cross. 

In this paper, we focus attention on the hybrid zone in Connecticut, for which 
we have detailed information on patterns of morphological and electrophoretic vari- 
ation (Harrison 1986). In Connecticut, G. jirmus is found only along the coast and 
G. pennsylvanicus is found inland. Within the hybrid zone individuals of mixed ancestry 
are common. 

Material and Methods 

To characterize variation in field cricket populations from Connecticut, we used 
three morphological characters (hind-wing length, tegmina color, and ovipositor length) 
and genotypes at three enzyme loci (Esterase, Peptidase-1, and Peptidase-3). Long 
ovipositor, long hind wings, and light tegmina characterize GryZZusJirmus. This species 
has high frequencies of the Est-lo, Pep1 loo, Pep370, and Pep3’*’ alleles (Harrison and 
Arnold 1982; Harrison 1986). GryZZus pennsylvanicus has shorter ovipositor and hind 
wings and dark tegmina; Est-lo, Pep370, and Pep3’*’ are rare (or absent), and PepllOo 
occurs at much lower frequency than in G. Jirmus. For each individual cricket, we 
determined a composite character-index score based on both morphological charac- 
teristics and enzyme genotypes. Possible character-index scores range from 0 to 18, 
with low scores typical for G. Jirmus and high scores characteristic of G. pennsylvanicus 
(see Harrison 1986 for details). The character-index score is a straightforward and 
convenient measure of the characteristics of an individual cricket. Three mean char- 
acter-index scores were calculated for each population: I, the mean for all individuals 
from the population, and I* and IB, the means for the A and B mtDNA lineages, 
respectively. 

Of the 25 populations previously sampled (Harrison 1986), 10 were chosen for 
use in this study. Data from one new collecting site along the coast have also been 
included (table 1). The samples represent populations deemed to be “pure” G. penn- 
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Table 1 
Frequencies of mtDNA Lineages and Mean Character-Index Scores 
for Connecticut Field Cricket Populations 

mtDNA 
LINEAGE CHARACTER-INDEX SCORES 

POPULATION (TOWN) A B T L L na 

SH 1 (Sharon) ........ 
WY (Waterbury) ..... 
CS (Cheshire) ........ 
DU (Durham) ....... 
WD2 (Wallingford) ... 
HN2 (Hamden) ...... 
GU5 (Guilford) ...... 
GU4 (Guilford) ...... 
GU3 (Guilford) ...... 
GU2 (Guilford) ...... 
OS (Old Saybrook) ... 

1 .oo 
I .oo 
1 .oo 
1 .oo 
0.41 
0.58 
0.37 
1 .oo 
0.39 
0.10 

. . . 14.4 

. . . 13.3 

. . . 13.8 

d.;s 16.0 7.7 
0.42 9.6 
0.63 9.9 
. . . 13.4 

0.61 5.6 
0.90 5.1 
1.00 . . . 

14.4 
13.3 
13.8 
16.0 
10.2 
12.7 
11.3 
13.4 
5.2 
5.0 

. . . 23 (20) 

. . . 8 (7) 

. . . 8 (8) 

. . . 2 (2) 
6.1 17 (15) 
5.4 26 (26) 
9.1 35 (32) 

;:S 18 8 (17) (8) 

5.1 20 (17) 
. . . 7 

NOTE.-All crickets carried either the AAAA or BBBB genotype, except for one BAAA individual in GU3, one ADAA 
individual in WY, two ABAA individuals in SH 1, and two BCBB individuals in HN2. These six individuals were assigned 
to the A or B lineage as described in the text. The first 10 populations listed above correspond to populations S, W, C, D, 
V, J, H, G, F, and E of Harrison (1986). 

’ No. of individuals from each population that were assayed for mtDNA genotype. The number in parentheses is the 
sample size used for calculating f. 

sylvanicus or “pure” G. jirmus, as well as a series of populations from within the 
hybrid zone. All crickets were collected as adults and stored at -70 C until used for 
DNA analysis and protein electrophoresis. 

Prior to preparing DNA from individual crickets, we removed male tegmina, 
recorded tegmina color, and measured hind-wing length in both sexes and ovipositor 
length in females. Femoral muscle was used to assay the three polymorphic-enzyme 
systems (Est, Pep-l, Pep-3). Techniques of horizontal starch-gel electrophoresis were 
similar to those described previously (Harrison 1979). 

Total DNA was isolated from individual field-collected crickets using a method 
developed for Drosophila in the laboratory of David Hogness (S. Artavanis-Tsakonas, 
personal communication). Crickets (either the entire body or just head and thorax) 
were powdered in liquid nitrogen and homogenized in 2.5-5.0 ml of 0.1 M tris buffer, 
0.05 M ethylenediaminetetraacetate, 0.2 M sucrose, 0.5% sodium dodecyl sulfate, pH 
9.0, in the presence of lo-20 yl of diethylpyrocarbonate. The homogenate was in- 
cubated at 70 C for 30 min, 0.37-0.75 ml of 8 M potassium acetate was added, and 
the mixture was put on ice for 1 h. The resulting precipitate was spun down, and 2 
vol of ethanol was added to the decanted supernatant fluid to precipitate DNA. The 
DNA was centrifuged, and the precipitate was resuspended in TE buffer and RNase 
treated. The DNA was extracted once each with phenol, phenol:chloroform, and chlo- 
roform and was then ethanol precipitated. DNA isolated from a single cricket provided 
enough material for 50-200 digests. 

Digestion of DNA with restriction endonucleases followed established procedures 
(Maniatis et al. 1982). We initially surveyed fragment patterns by means of 15 restriction 
enzymes (ApaI, AvaI, BamHI, BglI, BglII, ClaI, EcoRI, HincII, HindIII, KpnI, PstI, 
PvuII, SacI, SacII, and XbaI). All of these enzymes recognize specific 6-base sequences, 
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except AvaI (GYCGRG) and HincII (GTYRAC). Digests of total DNA from individual 
crickets were run on 0.7% or 1.2% agarose gels and transferred to nitrocellulose filters 
(Maniatis et al. 1982). 

Pure mtDNA was prepared from an isofemale line of G. assimilis. Gryhs assimilis 
is a close relative of G. jrmus and G. pennsylvanicus and is a much more convenient 
source of mtDNA. Unlike G. jirmus and G. pennsylvanicus, G. assimilis has continuous 
generations in the laboratory, and single isofemale lines can be reared conveniently; 
also in contrast to G. jrmus and G. pennsylvanicus, it is a long-winged species with 
substantial flight muscles that are a particularly rich source of mitochondria. To obtain 
pure mtDNA, we homogenized thoracic muscle from 25-50 adult crickets and sep- 
arated mitochondria by differential centrifugation. After lysing mitochondria with 
sodium dodecyl sulfate, mtDNA was purified via equilibrium centrifugation in CsCl- 
propidium iodide. 

The purified mtDNA was nick translated (Rigby et al. 1977) to yield a 32P-labeled 
probe that could be hybridized to the nitrocellulose filters. mtDNA fragment patterns 
were then visualized via autoradiography. 

Results 
mtDNA Restriction-Site Variation 

Using 15 restriction enzymes, we initially surveyed two individuals from Con- 
necticut populations of both GryZZus pennsyZvanicus and G. firmus. We detected frag- 
ment-pattern differences between the two species in digests with ApaI, HincII, HindIII, 
and XbaI (fig. 1). Except for the effects of length variation (see below), digests with all 
other enzymes resulted in identical fragment patterns, not only in the four Connecticut 
crickets but also in two individuals of each species from Virginia. A restriction-site 
map (fig. 2), based on fragment patterns produced in double digests, shows that each 
of the four fragment-pattern differences between Connecticut G. pennsylvanicus and 
G. fzrmus is the result of the gain or loss of a single restriction site. To align the map, 
the single PvuII site was arbitrarily designated as the origin. 

We surveyed 172 crickets in 11 Connecticut populations, digesting the mtDNA 
of each cricket with five enzymes (ApaI, EcoRI, HincII, HindIII, and XbaI). DNAs 
from 73 of these crickets were also digested with AvaI, BgZII, and CZaI. Variation in 
fragment pattern resulting from site gain or loss was only observed in digests with the 
four enzymes that produced variable fragment patterns in the initial survey. Altogether, 
we found two patterns for ApaI, HindIII, and XbaI and four patterns for HincII. For 
each enzyme, fragment patterns were designated A, B, C, etc., in order of discovery. 
Thus, we can characterize each cricket by a four-letter composite mtDNA genotype 
(the four letters, denoting the fragment patterns for ApaI, HincII, HindIII, and XbaI, 
respectively). Nearly all crickets in Connecticut have either an AAAA or BBBB com- 
posite genotype. These are the two composite genotypes uncovered in our initial survey. 
Four rare composite genotypes (BAAA, ABAA, ADAA, and BCBB) also occur (all 
have frequencies ~0.02). BAAA presumably represents a parallel loss of the single 
ApaI site (derived from AAAA). ABAA, ADAA, and BCBB represent losses of HincII 
sites (if the first two are derived from AAAA and the last from BBBB). 

The composite genotypes of most crickets from each population were determined 
using all four enzymes. DNA from a small number of individuals did not cut when 
digested with XbaI. The composite genotype of these individuals was assigned on the 
basis of fragment patterns for the other three enzymes. In what follows, we refer to 
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a I X h 

I I Aval 

I I EcoRl 

I 0 H~ncll 

1 I Hridlll 

I I Xbal 

4 8 12 16 L I I I 

FIG. %.-Composite restriction-site map for the mtDNA of Gryllus penns~~~vunicus and G. firmus. The 
approximate size of the “medium’‘-size class of mtDNA is 16.1 kb (see Harrison et al. 1985). The map is 
arranged with the “origin” (the PvuII site [p]) at the midpoint. Of the 15 restriction enzymes used in the 
initial survey, KpnI and BumHI did not cut the mtDNA of either cricket species. Sites for Sac1 and SucII, 
as well as two (of six) sites for HincII, have not been mapped. The four variable sites are shown below the 
bar. The ApuI and HincII sites are present in the A genotype and absent in the B genotype, whereas the 
Hind111 and XbaI sites are present in B and not in A. Below the map are shown the fragments that vary in 
length among individuals of different size classes. The site(s) of length variation must lie within the region 
of overlap of these fragments (shown crosshatched on the restriction map). The BglII sites within the variable- 
length region are known to be present from sequence data (D. M. Rand and R. G. Harrison, unpublished 
data). See text for further explanation. a = ApuI; v = AvuI; 1 = BglI; b = BglII; c = ClaI; e = EcoRI; 
i = HincII; h = HindIII; t = WI; p = PvuII; and x = XbuI. 

classes, with -220 bp difference between adjacent size classes. Overlap of the variable- 
length fragments produced by digestion with AvaI, EcoRI, HincII, HindIII, and XbaI 
allows us to map the size variation to a small region adjacent to the PvuII site (fig. 2). 

Surprisingly, BgZII digests do not reveal obvious fragment-pattern differences 
among individuals in different size classes. Furthermore, the sum of the fragment sizes 
in each BgZII digest is always - 1 kb less than that for other enzyme digests of the 
same individual. Sequence data from part of the variable-length region (D. M. Rand 
and R. G. Harrison, unpublished data) reveal the presence of a tandemly repeated 
sequence that contains a BgZII site. Therefore, BgZII digests of individuals in different 
size classes differ in the number of copies of the repeat (which corresponds to the 
smallest BgZII fragment seen on autoradiographs). 

Heteroplasmic individuals-crickets that carry two or more size classes of 
mtDNA-occur at a rate of lo%-20% (Harrison et al. 1985). This represents a min- 
imum estimate, since individuals with one size class in very low frequency will be 
scored as homoplasmic. Three size classes, as well as two types of heteroplasmic in- 
dividuals, occur in both the A and B composite genotypes (table 2). (Three additional 
size classes have now been found in other samples.) In both lineages, the “medium”- 
size class predominates. Genome size, unlike genotype based on restriction sites, is 
probably not a reliable marker of common ancestry (see Discussion). For this reason, 
in this paper we focus attention on fragment-pattern differences that are the result of 
gain or loss of restriction sites. 

Geographical Distribution of mtDNA Genotypes 

Figure 3 shows the distribution of the A and B mtDNA genotypes in the popu- 
lations that we have sampled. In populations with high mean character-index scores 
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Table 2 
Frequency of Length Variants and Heteroplasmic Individuals 
in the A and B mtDNA Lineages 

SIZE CLASS 

LINEAGE S M L S/M S/L M/L n 

A . . . . . 0.09 0.76 0.05 0.05 0.01 0.03 93 
B . . . . . 0.26 0.58 0.01 0.11 . . . 0.03 72 

NOTE.-S, M, and L refer to the small-, medium-, and large-size classes of mtDNA. S/M, S/L, and M/L are the three types 
of heteroplasmic individuals that occur in the populations sampled in this study (see Harrison et al. 1985 for further 
information). 

(see table l), all crickets are of the A mtDNA genotype. Crickets in the GU2 population, 
collected from a beach along the coast, have low character-index scores and are pri- 
marily of the B genotype. In four hybrid-zone populations (GU3, GU5, HN2, and 
WD2), the frequency of the A genotype ranges from 0.37 to 0.58. Thus, the A mtDNA 
lineage is found alone in G. pennsyhanicus populations (including the GU4 population, 
which is within the hybrid zone). The B mtDNA lineage occurs at very high frequency 
in GU2, the only “pure” G. Jirmus population for which we have complete data. Seven 
individuals from the coastal population in Old Saybrook all carry the B mtDNA 

mtDNA genotype 
FIG. 3.-Frequencies of the two major mtDNA lineages at 11 sites in Connecticut. At low resolution 

the transition from B to A parallels the change from Gryllus jrmus along the coast to G. pennsylvanicus 
inland. 
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genotype (fig. 3). Crickets at this site are morphologically like G. Jirmus; however, we 
do not have electrophoretic data for these individuals. 

Characteristics of the A and B mtDNA Lineages across the Hybrid Zone 

The characteristics of crickets in the A and B maternal lineages are summarized 
in figure 4, which shows the distributions (by lineage and by population) of individual 
character-index scores. Table 1 includes mean character-index scores calculated sep- 
arately for the two lineages in each population. In populations in which the A lineage 
occurs alone, I > 10 for most individuals (fig. 4) and IA = I > 13 (table 1). Within the 
hybrid zone, where both mtDNA lineages occur together, values of !A are lower (table 
1) and crickets with the A mtDNA genotype exhibit a broad range of individual char- 
acter-index scores (fig. 4). In GU2 and GU3, most crickets with the A mtDNA genotype 
have I I 6, and are, therefore, well within the range of “pure” G. jirmus. With few 
exceptions, crickets with the B mtDNA genotype have I < 10. Variation among pop- 
ulations is much less in the B than in the A mtDNA lineage. IB is consistently low, 
except in GU5, in which the absence of the Est-lo allele (table 3) causes a shift toward 
higher values. 

Within-population comparisons of the A and B mtDNA lineages reveal a number 
of different patterns. In GU3, distributions of individual character-index scores are 

05- SHI 

A mtDNA Ltneage 

a5* WY 
m 

a5. cs 

cn 

3 
B mtDNA Llneage 

0 as’ WD2 
6 
5 IIIrn 

Character Index score (I) Character index score (I) 

FIG. 4.-Distribution of individual character-index scores (I) for crickets from 10 localities. The variation 
among populations across the hybrid zone is much more marked in the A than in the B mtDNA lineage. 
Note that GU4 is a pocket of nearly “pure” Gryllus pennsylvanicus within the hybrid zone and only 5 km 
from GU3, a nearly “pure” population of G. jirmus. 
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not significantly different for crickets in the two mtDNA lineages (fig. 4). Independent 
of their mtDNA genotype, crickets at this locality are similar in morphology to G. 
jirmus. In addition, both mtDNA lineages in GU3 have allele frequencies similar to 
those in “pure” G. jrmus populations, except at the Est locus (table 3); at this locus, 
alleles characteristic of both parental types are found in each of the two mtDNA 
lineages. 

In contrast to the homogeneity across lineages in GU3, the A and B maternal 
lineages are significantly different in both morphology and allele frequencies in the 
HN2 population. This is clearly reflected in the difference between the mean character- 
index scores, &, and IB (see table 1; t = 5.82, df = 24, P < 0.00 1 ), and in the distributions 
of individual character-index scores (fig. 4). For both morphological characters and 
allele frequencies, the A lineage is more like G. pennsylvanicus, the B lineage more 
like G. Jirmus (table 3). The collection from WD2 shows an identical pattern, but 
because of the small sample size the difference between IA and & is not significant 
(t = 1.84, df = 13,O. 1 > P > 0.05). Even in HN2 and WD2, allele frequencies in the 
two lineages have converged to some extent. For example, the Est-lo allele is consid- 
erably reduced in frequency in the B lineage (compared to its frequency in the “pure” 
G. jrmus population in GU2), and the frequencies of Pep37o and Pep312’ are much 
higher in the A lineage in both HN2 and WD2 than in G. pennsylvanicus populations 
outside the hybrid zone. 

In the sample from GU5, the value of !A is significantly greater than that of !B 
(t = 2.18, df = 30, P -c 0.05), but each lineage exhibits some characteristics of both 
parental species. Females with both the A and B mtDNA genotypes are morphologically 

Table 3 
Allele Frequencies in the A and B mtDNA Lineages of Hybrid-Zone Populations 

Est Pep1 Pep3 
POPULATION AND 

LINEAGE 70+35 -10 Other n’ 110 Other ng 100 70+ 120 np 

WD2: 
A . . . . . . . . 0.58 
B . . . . . . . . . . . 0.30 

HN2: 
A . . . . . . . . _ , 0.43 
B . . . . . . . . . . . 0.18 

GU5: 
A . . . . . . . . , . 0.57 
B . . . . . . . . . . . 0.68 

GU3: 
A . . . . . . . . . . 0.42 
B . . . . . . . . , . . 0.41 

SHl, Ab . . . . . . . 0.58 

GU2, Bb . . . . . . . 0.03 

0.17 0.25 12 0.58 0.42 12 0.67 0.33 12 
0.45 0.25 20 0.50 0.50 18 0.50 0.50 20 

0.17 0.40 30 0.67 0.33 30 0.77 0.23 30 
0.55 0.28 22 0.55 0.45 22 0.50 0.50 22 

0.04 0.40 28 0.62 0.38 24 0.69 0.31 26 
0.00 0.32 44 0.38 0.62 40 0.70 0.30 44 

0.42 0.17 12 0.25 0.75 12 0.58 0.42 12 
0.45 0.14 22 0.36 0.64 22 0.55 0.45 22 

0.07 0.35 40 0.60 0.40 40 0.95 0.05 40 

0.87 0.10 30 0.30 0.70 30 0.67 0.33 30 

’ Number of genomes sampled. 
b The frequencies provide values from essentially “pure” populations of the two cricket species. 
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like G. jrmus. However, in both mtDNA lineages Es&allele frequencies are charac- 
teristic of G. pennsylvanicus (the Est-lo allele is rare or absent). 

Discussion 

Analysis of mtDNA restriction-site differences reveals two distinct mtDNA lin- 
eages in Connecticut fall-adult field crickets. Each lineage consists of a very common, 
widely distributed genotype together with one or more rare genotypes. The latter differ 
from the common genotype by single restriction-site losses and in each case are confined 
to a single locality. Outside the hybrid zone, the association between mtDNA genotype 
and species designation is nearly perfect. The A lineage corresponds to Gr$Zus penn- 
sylvanicus, and the B lineage to G. jrmus. However, two individuals from coastal site 
GU2-which, on the basis of morphological and electrophoretic criteria, are G. Jir- 
mus-have the AAAA mtDNA genotype. Moreover, within the hybrid zone, the as- 
sociation between mtDNA genotype and character-index score breaks down to varying 
degrees (fig. 4). Near the coast, in GU3, crickets have character-index scores that are 
within the range of “pure” G. jirmus, but nearly 40% of these individuals belong to 
the A mtDNA lineage. 

Two classes of explanations have been proposed to account for an apparent lack 
of concordance between mtDNA variation and species boundaries defined by mor- 
phology or allozymes. In cases in which the taxa involved are known to hybridize, 
introgression of mtDNA has been invoked to explain the presence, in populations of 
one species, of an mtDNA genotype similar or identical to the mtDNA genotype 
found in a second species (Ferris et al. 1983; Powell 1983; Spolsky and Uzzell 1984). 
In cases in which there is no reason to suspect hybridization, it has been proposed 
that such a pattern can result simply from the random extinction of lineages in pop- 
ulations derived from a polymorphic ancestor (Avise et al. 1983; Avise 1986). 

For the field crickets examined in this study, there are good reasons for believing 
that the presence of the AAAA genotype in G. jrmus is a result of hybridization and 
introgression and that this genotype is not simply retained from the common ancestor. 
First, there is compelling evidence from analysis of morphological and electrophoretic 
characters that the two cricket species do hybridize (Harrison and Arnold 1982; Har- 
rison 1986). Patterns of variation in morphology and allozyme frequencies are not 
concordant across the hybrid zone. Although most crickets appear to retain the mor- 
phological characteristics of one or the other of the parental species, associations be- 
tween allozymes and morphology clearly break down. In particular, many individuals 
within the hybrid zone are similar to G. jirmus in morphology but carry G. pennsyl- 
vanicus alleles. With the exception of the population in GU2, the appearance of the 
A mtDNA genotype in crickets that are morphologically like G. jrmus is accompanied 
by the appearance of G. pennsylvanicus alleles (particularly at the Est locus). 

Second, any explanation of the association of the AAAA genotype with G. jrmus 
characters must account for its low frequency (or absence) along the coast and its 
much higher frequency among inland crickets with low character-index scores. This 
pattern is expected if introgression from inland G. pennsylvanicus is the explanation, 
but it is clearly not a prediction of a simple random lineage-extinction model. 

Third, the A mtDNA lineage within hybrid-zone populations GU5, HN2, and 
WD2 is highly variable, and many crickets exhibit a mixture of G. pennsylvanicus and 
G. jirmus characteristics. Despite their accumulation of some G. jrmus characteristics, 
crickets in the A lineage at these sites have significantly higher character-index scores 
than do sympatric crickets in the B lineage. This again suggests hybridization and 
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introgression -rather than random extinction-as an explanation for the association 
of mtDNA genotype and nuclear-gene complement. 

Because of the asymmetric outcome of the two reciprocal hybrid crosses, we 
expect a parallel asymmetry in the direction of mtDNA introgression. Hybrids are 
produced from crosses involving G. pennsylvanicus females (which carry A mtDNA) 
and G. Jirmus males. Therefore, an AAAA mtDNA lineage (a maternal lineage de- 
scended from a G. pennsylvanicus female) can easily accumulate G. jirmus characters. 
The nature of this process is diagrammed in figure 5. A hybridization event, followed 
by several generations of backcrossing to G. firmus males, will result in an individual 
with a high proportion of G. jirmus alleles but carrying the A mtDNA genotype. In 
contrast, a G. jirmus female with the B mtDNA genotype will not produce offspring 
when inseminated by a G. pennsylvanicus male (Harrison 1983). Moreover, few or 
no offspring result from crosses between Fl males and G. Jirmus females (R. G. Har- 
rison, unpublished data). Therefore, the accumulation of G. pennsylvanicus characters 
by crickets in the B mtDNA lineage should be far less common than the accumulation 
of G. Jirmus characters by crickets in the A mtDNA lineage. This is the pattern that 
we see in the field. 

tih ti+ tic 

tic ti+ 

FIG. 5.-A female of species 1 (open circles), carrying mtDNA genotype A, enters a population of 
species 2 (black circles), which is initially fixed for the B mtDNA genotype. Hybridization and backcrossing 
necessarily lead to the A mtDNA lineage (all descendants of the original species 1 female) accumulating the 
characteristics of species 2. Males carrying species 1 alleles may mate with species 2 females, perhaps leading 
to some accumulation of species 1 characteristics by the B mtDNA lineage. If species 1 is GrVrrus pennsylvanicus 
and species 2 is G. jirmus, the diagram represents the situation described in the text. Each offspring in this 
diagram represents an “average” offspring. Clearly, the A lineage can accumulate species 2 characteristics 
very quickly, if the hybrid female contributes only species 2 alleles when backcrossed. This appears to be 
the case in the hybridogenetic frog, Rana esculenta (see text). Selection may affect both the rate at which 
these processes go on and the balance of species 1 and species 2 alleles in the two mtDNA lineages. 
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mtDNA and the Concept of the Species Boundary 

Our data suggest that differences in extent of introgression between mtDNA and 
nuclear-gene markers are quantitative, not qualitative. In the cricket hybrid zone, 
there is substantial introgression of alleles at loci coding for soluble enzymes (partic- 
ularly Est) but little introgression of morphological characters (Harrison 1986). This 
result appears to be true for many hybrid-zone interactions (e.g., Hunt and Selander 
1973; Patton et al. 1979). As mtDNA may cross species boundaries, so may alleles at 
genes coded in the nucleus. 

Linkage relationships can influence the magnitude of gene flow across a hybrid 
zone (Barton 1979, 1983; Barton and Hewitt 198 1). If hybrid zones involve reduced 
fitness of hybrids, the extent of introgression depends directly on the relative fitness 
of hybrids and exponentially on the harmonic-mean recombination rate between the 
marker locus and the loci contributing to hybrid unfitness (Barton and Jones 1983). 
Since mtDNA is unlinked to any nuclear genes, it may be able to flow across a hybrid 
zone more rapidly than nuclear markers, which will be retarded to the extent that 
they are linked to loci under selection (Barton and Jones 1983). Similar arguments 
can be applied to linkage of marker loci to genes that cause positive assortative mating. 
Clearly, the extent of introgression of nuclear markers will depend on the nature and 
magnitude of selection and on the genetic architecture of differences between the 
hybridizing taxa (the number and distribution of loci contributing to barriers to gene 
exchange). If hybrid fitness is not significantly lower than that of parental types and/ 
or if few genes contribute to genetic isolation, then many nuclear-gene markers may 
be able to introgress as rapidly as mtDNA. Nuclear-gene markers no doubt form a 
continuum in terms of the extent of introgression, and mtDNA may fall at one end 
of that continuum. For hybridizing taxa, species boundaries are, in fact, “semi-per- 
meable” (Key 1968), the permeability varying according to the genetic marker used. 

Comparisons of the extent of introgression of mtDNA and nuclear-gene markers 
(allozymes) in other hybrid zones reveal a variety of patterns. In the well-studied 
hybrid zone between two species of house mice (Mus) on the Jutland Peninsula in 
Denmark, there is evidence for introgression of M. domesticus mtDNA into M. mus- 
CUZUS (Ferris et al. 1983) and also evidence for introgression of alleles at a number of 
enzyme loci (Hunt and Selander 1973). The latter show the same pattern of asymmetric 
introgression (i.e., M. domesticus alleles introgressing into M. musculus), but the extent 
of introgression is much less for allozymes than for mtDNA. The issue here is not 
how M. domesticus mtDNA crossed the species boundary but why M. musculus pop- 
ulations adjacent to the hybrid zone have become fixed for this variant. Differential 
introgression of mtDNA is apparently not observed in the central European part of 
the Mus hybrid zone. Wilson et al. (1985) suggest that examples of differential in- 
trogression are the result of founder events combined with random lineage extinction. 
Takahata and Slatkin ( 1984) argue that continuous input of females of one species 
into populations of a second species can also lead to apparent differential introgression. 

In hybrid zones for subspecies of sunfish in the southeastern United States (Avise 
and Smith 1974; Avise et al. 1984) and for species of frogs in eastern Europe (Syzmura 
et al. 1985), patterns of variation for mtDNA and nuclear-gene markers are generally 
concordant (although the sunfish provide a possible example of mtDNA introgression 
well beyond the hybrid zone). In the water frogs Rana ridibunda and R. Zessonae, 
Spolsky and Uzzell ( 1984) have documented introgression of mtDNA in the absence 
of introgression of nuclear-gene markers. In this case, hybridization results in a hy- 
bridogenetic frog (R. esculenta), which passes on the ridibunda genome essentially 
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intact. Since there is no recombination, R. Zessonae mtDNA can get into R. ridibunda 
without any introgression of nuclear-gene markers (see fig. 5). This is obviously a 
special case, one in which all nuclear-gene markers are completely linked. 

Characteristics of the A and B mtDNA Lineages within the Hybrid Zone 

Within the cricket hybrid zone, the extent of differentiation between the A and 
B mtDNA lineages varies considerably among populations. The amount of differen- 
tiation between the two lineages at any site reflects the time since initial hybridization 
and/or the nature of barriers to gene exchange (if any). Harrison (1986) has suggested 
that new habitat patches may continue to appear within the hybrid zone and that 
these patches are colonized by crickets from surrounding areas. The four hybrid-zone 
populations may then represent samples taken at different times following contact of 
the two species (lineages) at sites within the hybrid zone. Thus, allele frequency dif- 
ferences between mtDNA lineages in I-IN2 could be explained by recent colonization 
by one or both species. In this case we know that there is strong positive assortative 
mating in HN2, arising from either habitat isolation or behavioral differences (Harrison 
1986). This may prevent or delay the two mtDNA lineages from becoming homo- 
geneous for nuclear-gene characters. 

Length Variants as Genetic Markers 

Throughout this discussion we have purposely ignored the fact that each mtDNA 
lineage based on restriction sites is a group of distinct lineages, distinguished by the 
size class(es) of mtDNA represented. A high mutation rate for length variation can 
explain both the independent origin of size classes within the A and B lineages and 
the high frequency of heteroplasmic individuals (Harrison et al. 1985). Size variation 
and associated heteroplasmy have now been documented in a variety of taxa. For 
example, Densmore et al. ( 1985) have provided evidence for a high frequency of both 
length variation and heteroplasmy in lizard mtDNA. If there is, in fact, a high rate of 
insertion/deletion, then two individuals of an apparently same size class do not nec- 
essarily share a more recent common ancestor than individuals in different size classes. 
This poses obvious difficulties for using length variation as a genetic marker in evo- 
lutionary studies. The utility of length variants as markers for short-term studies of 
population structure depends on knowing both mutation rates and the transmission 
rules for mtDNA. Within heteroplasmic lineages, the relative frequencies of the size 
classes will change from one animal generation to the next because of forces acting 
within populations of mtDNA molecules in the series of cell generations leading to 
germ cells (Birky 1983; Solignac et al. 1984; Harrison et al. 1985; Rand and Harrison 
1986). Until these forces (or at least their consequences) are understood in detail, great 
caution must be used in inferring population structure from the distribution of indi- 
viduals homoplasmic or heteroplasmic for length variants. 
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