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Abstract

By definition, organisms of hybrid ancestry carry amalgamations of divergent genomes. Thus, exaggerated
effects of genomic interactions might be anticipated in hybrid populations, thereby magnifying the impact of
natural selection and making this and other evolutionary forces easier to document. Mating biases and other
gender-based asymmetries also frequently characterize hybrid populations. Thus, maternally inherited cytoplasmic
polymorphisms assayed jointly with those at biparentally inherited nuclear loci provide powerful genetic markers
to dissect ethological, ecological, and evolutionary processes in hybrid settings. Population-level topics that can be
addressed using cytonuclear markers include the frequency of hybridization and introgression in nature, behavioral
and ecological factors (such as mating preferences and hybrid fitnesses) influencing the genetic architectures
of hybrid zones, the degree of consistency in genetic outcomes across multiple hybrid contact regions, and
environmental impacts (including the introduction of alien species) on hybridization processes. Several empirical
studies on fish populations in hybrid settings illustrate the application of cytonuclear appraisals in such
contexts.

Introduction

The recent explosion of interest in cytoplasmically-
housed genomes, notably mitochondrial (mt) DNA
in animals and chloroplast (cp) DNA in plants, has

opened novel opportunities for assessing evolution-
ary forces that can shape associations between cyto-
plasmic and nuclear genotypes (Avise, 1994, 2000).
Many of these applications take advantage of the
fact that these cytoplasmic genomes usually (but
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not invariably) are maternally inherited and effec-
tively haploid, thus permitting examination of possible
gender-based differences in behavioral, selective, or
genetic phenomena that are undetectable in analyses
of biparentally inherited diploid (or polyploid) auto-
somal genes alone. Such phenomena often are ampli-
fied in hybrid settings. This report will briefly summa-
rize some recent findings and conclusions regarding
cytonuclear associations in hybrid settings primarily in
fishes, but the approaches are relevant to hybridizing
populations in other taxa as well.

The approach I wish to focus on in this report
involves the use of formal cytonuclear-disequilibrium
statistics, introduced by Clark (1984) and Asmussen
et al. (1987). Analogous to traditional meas-
ures of gametic-phase disequilibria for pairs of
diploid nuclear loci, cytonuclear disequilibria describe
statistical associations between allelic or genotypic
frequencies at a diploid autosomal gene vis-à-vis those
at a haploid cytoplasmic gene. Especially when integ-
rated with behavioral or ecological evidence on the
hybridization process in specific instances, particular
patterns of departure from random genetic associ-
ation (either in point estimates, or with respect to
temporal dynamics) can provide informative signa-
tures of evolutionary-shaping forces in a hybrid popu-
lation (Asmussen et al., 1989; Arnold, 1993).

For reasons of mathematical tractability, the usual
theoretical framework for examining the evolution-
ary behavior of cytonuclear disequilibria has been to
consider diallelic nuclear and cytoplasmic loci. Thus,
a three-by-two table (Table 1) conventionally is used to
compare cytonuclear genotypic frequencies in a popu-
lation sample to expected frequencies under random
association. This framework is ideal for empirical
studies of hybrid populations because, at marker loci,
even closely related fish species outside of a hybrid
zone often show distinct suites of alleles (e.g., Avise
and Smith, 1974; Avise, 1994) which therefore can be
pooled into dichotomous, species-specific sets.

I will begin by categorizing some qualitative cyto-
nuclear patterns theoretically possible in a hybrid
zone, and their ethological, ecological, or evolutionary
implications. Empirical examples of various categor-
ies of outcome will then be provided. This treatment
is meant to be illustrative rather than exhaustive. The
intent of summarizing these case studies is to exem-
plify how population-level cytonuclear analyses have
provided novel insights about hybridization and intro-
gression phenomena in nature. For shorthand, I will
often use the terms “species” and “hybrids”, but all

of the analyses can apply just as well to any pair
of interbreeding populations or subspecies for which
diagnostic genetic markers are available.

Cytonuclear signatures in hybrid populations:
Theory

Assume that a putative hybrid population has been
assayed at a nuclear gene and a cytoplasmic gene
that are otherwise diagnostic in allelic composition
for the two species in question. A three-by-two table
with six cells can then be constructed which compiles
the frequencies of each of the six possible cyto-
nuclear genotypes in the hybrid setting (Table 1).
Various patterns in such tables can provide inform-
ative cytonuclear signatures about the nature of the
hybridization process.

In the absence of hybridization between species 1
and species 2, such a three-by-two table of cytonuc-
lear genotypic frequencies displays four empty cells
– those for the heterospecific genotypic combinations
(Figure 1a). At the other end of the continuum of
possibilities is a well-mixed hybrid swarm (Figure 1b).
There, nuclear genotypic frequencies are in Hardy-
Weinberg equilibrium, and observed frequencies of
all six cytonuclear genotypes are in statistical agree-
ment (Asmussen et al., 1987; Asmussen and Basten,
1994) with expectations based on the products of the
marginal frequencies of the single-locus genotypes
(Table 1, Figure 1b). Furthermore, in a random-mating
hybrid swarm between two recently joined biotas,
any cytonuclear disequilibria present at the outset
(measured by the disequilibrium coefficient, D) decay
toward zero rapidly – by one-half per generation (the
same rate as for unlinked nuclear genes; Asmussen et
al., 1987).

In categories c and d of Figure 1, hybridization
is confined to the F1 generation. This might be due
to hybrid sterility, for example, or other mechanisms
of reproductive isolation. In the first instance (c), the
interspecific matings occur with equal likelihood in
either direction with respect to gender, whereas in
the latter situation (d), females of only one species
and males of the other tend to be involved. Cyto-
nuclear outcomes c or d also could arise, in prin-
ciple, if hybrid females alone were sterile, in which
case nuclear (but not cytoplasmic) genes could move
between species via male-mediated introgression. In
many taxa, hybrid individuals of one sex only (typic-
ally the heterogametic gender; Haldane, 1922) are
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Figure 1. Cytonuclear genetic signatures of reproductive behaviors in a hybrid population. On the left are three-by-two cytonuclear tables (as
in Table 1) showing observed (obs) genotypic counts in individual cells relative to expectations (exp) from the marginal frequencies of the
single-locus genotypes: plus signs, obs � exp; minus signs, obs � exp; zero, an absence of genotypes in that cell. The respective genotypic
and allelic cytonuclear disequilibria associated with each three-by-two table are shown in the middle column, and on the right are plausible
(although not always the only) biological explanations for each observed pattern.
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Table 1. Definition of cytonuclear disequilibrium statistics in the usual
context of a three-by-two array of genotypic frequencies

Nuclear genotype

Cytoplasm AA Aa aa Total

M u1 v1 w1 x

m u2 v2 w2 y

Total u v w 1.0

Genotypic disequilibria1 :

D1 = freq. (AA/M) – freq. (AA) freq. (M) = u1 – ux

D2 = freq. (Aa/M) – freq. (Aa) freq. (M) = v1 – vx

D3 = freq. (aa/M) – freq. (aa) freq. (M) = w1 – wx

(note: D1 + D2 + D3 = 0)

Allelic disequilibrium1 :

D = freq. (A/M) – freq. (A) freq. (M) = u1 + 1/2v1 – (u + 1/2v) x

(note: D = D1 + 1/2D2)

1Note that because of the inherent interrelationships among the three geno-
typic and one allelic disequilibrium statistics, knowledge of any two of
these measures permits calculation of all four.

sterile, and in some organismal groups (e.g., birds
and butterflies), that gender normally is the female. In
fishes, the particular genetic basis of sex determina-
tion is varied, and sometimes problematic in the sense
that many species fail to show clearly recognizable sex
chromosomes.

Categories e and f in Figure 1 portray cytonuclear
signatures that might be observed under constrained
hybridization with introgressive movement of genes
(via backcrossing, including that by hybrid females)
into both parental species. In case e, the original
interspecific matings occurred in both directions with
respect to gender, whereas in situation f, the inter-
specific matings were unidirectional by sex. Thus,
in the latter case, autosomal alleles introgress into
both species whereas maternally-inherited cytoplas-
mic alleles move in one direction only (because, in
the extreme, they are never present in F1 hybrids).
Dowling and Secor (1997) review evidence in which
“cytoplasmic capture” for this or other reasons related
to past hybridization events may have led in vari-
ous animal taxa to apparent discrepancies between
the phylogenies estimated for nuclear and cytoplasmic
genomes.

Other cytonuclear outcomes are possible as well.
For example, Figure 1g shows the expectation when
a gender-based directionality applies to the initial
hybridization events and the F1 hybrids backcross
primarily to the less discriminating species (Asmussen

et al., 1987). A related possibility involves extensive
hybridization such that a rare species is introgressively
swamped by a more abundant relative (Rhymer and
Simberloff, 1996). In such cases, few if any homospe-
cific genotypic combinations of the rarer species (i.e.,
the upper-left or the lower-right cell in a three-by-two
table) would be observed in the hybrid population. Of
course, outcomes intermediate to various of the situ-
ations pictured in Figure 1 are also possible in real
hybrid populations.

In all of these situations, an important empirical
consideration is whether observed cytonuclear signa-
tures are consistent in pattern across multiple nuclear
loci. If they are, then the governing evolutionary
factors almost certainly involve forces with genomic-
ally pervasive (as opposed to locus-specific) effects.
Primary factors that can shape genome-wide cyto-
nuclear outcomes are mating behaviors in the hybrid
setting, and certain forms of natural selection such
as hybrid sterility or inviability. All of the empirical
case studies of hybrid populations described in this
paper involved the assay of at least two nuclear marker
loci (in conjunction with mtDNA), and the cytonuclear
outcomes invariably were consistent across the nuclear
genes. To a first approximation, this suggests that the
monitored alleles were themselves neutral markers of
the hybridization phenomena under investigation.

In addition to evaluations of disequilibria at
particular pairs of loci (as in Table 1), additional
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genetic considerations can further refine inferences
about hybridization phenomena. For example, by
examining multiple nuclear loci jointly, it is often
possible to distinguish F1 hybrids from backcross
hybrids in either direction. First-generation hybrids
are invariably heterozygous at all autosomal marker
loci, whereas backcross specimens are usually hetero-
zygous at some marker loci and, at other nuclear
loci, consistently homozygous for diagnostic alleles
of just one of the parental species. This is true in
early as well as later-generation backcrosses (provided
that the backcrosses were consistently to the same
species), the only difference being that the expec-
ted proportion of heterozygous loci decreases by 50%
with each successive backcross generation. In later
generation mixed hybrids (such as F2s resulting from
crosses among F1s), an individual may be heterozyg-
ous at some nuclear loci and homozygous at other
loci for alleles stemming from either parental species.
In general, however, particular probabilities of mis-
assignment must be considered when using a finite
number of nuclear loci under Mendelian inheritance to
classify various categories of hybrid and non-hybrid
individuals (Lamb and Avise, 1987; Allendorf and
Leary, 1988; Epifanio and Philipp, 1997).

In any event, after the identity of a hybrid indi-
vidual is provisionally established by markers at
multiple nuclear genes, its maternal (and, by subtrac-
tion, paternal) ancestry can be deduced from its
mtDNA genotype.

Cytonuclear signatures in hybrid populations:
Empirical examples

The case histories that follow will illustrate how cyto-
nuclear analyses have revealed various categories of
outcome in hybrid populations of aquatic vertebrates.

Random-mating hybrid swarms

One apparent example of a genetically well-shuffled
hybrid population involves two subspecies of blue-
gill sunfish, Lepomis macrochirus macrochirus and
L. m. purpurescens (Avise et al., 1984). At each
of two nuclear loci otherwise diagnostic for regional
populations of these geographic races, genotypes in
151 fish sampled from Lake Oglethorpe in northern
Georgia (within the broad area of subspecies’ overlap)
displayed only weak associations with subspecies-
diagnostic mtDNA genotypes (Table 2). Thus, all

Table 2. Numbers of cytonuclear genotypes observed (and expec-
ted under a hybrid-swarm scenario) for bluegill sunfish in Lake
Oglethorpe. In the body of the table are joint data for mtDNA and
the autosomal gene Got-2. As shown below, near-random associ-
ations with mtDNA likewise were obtained for genotypes at another
subspecies-diagnostic nuclear gene, Es-3

Nuclear genotype

Cytoplasm AA Aa aa Total

M 16 51 13 80

(14.8) (45.8) (19.0)

m 12 36 23 71

(13.2) (41.2) (17.0)

Total 28 87 36 151

Cytonuclear disequilibria (only marginally significant)

with Got-2: D1 = 0.008; D2 = 0.033; D3 = –0.040; D = 0.024

with Es-3: D1 = –0.026; D2 = 0.050; D3 = –0.024; D = –0.001

cytonuclear disequilibria were small (albeit marginally
significant; Asmussen et al., 1987), and the cytonuc-
lear findings suggest that this population approximates
a “hybrid swarm” (Figure 1b).

Likewise, near-random associations were observed
between nuclear and mtDNA genotypes in hybrid
populations of cutthroat trout in Montana (Forbes and
Allendorf, 1991). The recognized subspecies Onco-
rhynchus clarki lewisi and O. c. bouvieri are normally
highly divergent genetically, but where they meet and
hybridize in these Montana locations, the genetic data
indicate that hybrid swarms are produced.

Hybridization confined to the F1 generation

Another study of sunfish in northern Georgia yielded a
cytonuclear signature of hybridization near the oppos-
ite end of the continuum of theoretical possibilities. In
multilocus-nuclear and mtDNA assays of five Lepomis
species (macrochirus, auritus, gulosus, cyanellus, and
microlophus), 14 F1 hybrids were identified among the
277 surveyed specimens (Avise and Saunders, 1984).
No backcross or later-generation hybrids were detec-
ted, despite the fact that F1 hybrid Lepomis elsewhere
are known to be partially fertile (e.g., Childers, 1967).
Too few hybrids were found to permit a statistical
distinction between categories c and d in Figure 1,
but in any event the cytonuclear pattern departed
only modestly from the “no hybridization” scenario
(Figure 1a).
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Table 3. Numbers of cytonuclear genotypes observed (and
expected under a random-association scenario) for a hybrid
population of Hyla treefrogs near Auburn, Alabama. In the
body of the table are joint data for mtDNA and the albumin
autosomal gene (Alb). As shown below, consistent patterns of
cytonuclear disequilibria were observed with respect to all five
nuclear marker loci

Nuclear genotype

Cytoplasm AA Aa aa Total

M 126 11 5 142

(68.1) (30.3) (43.8)

m 20 54 89 163

(78.0) (34.7) (50.2)

Total 146 65 94 305

Cytonuclear disequilibria (all statistically significant):

with Alb: D1 = 0.19; D2 = –0.06; D3 = –0.13; D = 0.16

with Pgi: D1 = 0.22; D2 = –0.07; D3 = –0.15; D = 0.19

with Ldh: D1 = 0.20; D2 = –0.05; D3 = –0.15; D = 0.18

with Pep: D1 = 0.21; D2 = –0.06; D3 = –0.15; D = 0.18

with Mdh: D1 = 0.21; D2 = –0.07; D3 = –0.14; D = 0.17

A similar example of hybridization confined
primarily to the F1 generation involved brook trout
(Salvelinus fontinalis) and bull trout (S. confluentis) in
Montana (Leary et al., 1993). As gauged by diagnostic
markers at 10 nuclear loci, only two of about 75
naturally occurring hybrids were not F1 individu-
als. A subset of hybrid specimens was assayed for
mtDNA. Some of these displayed brook trout and
others displayed bull trout markers, documenting that
the hybrid crosses had taken place in both reciprocal
directions (female bull trout x male brook trout, and
male bull trout x female brook trout). Although the
number of hybrids examined for cytonuclear compos-
ition was small, the results conform approximately to
category c in Figure 1.

Unidirectional hybridization with respect to gender

Our best example of a situation that approximates
cytonuclear category f (Figure 1) involves a population
of treefrogs in ponds near Auburn, Alabama. There, as
gauged by morphological evidence, Hyla cinerea and
H. gratiosa have hybridized for more than two decades
(Mecham, 1960), yet these species elsewhere usually
retain their separate identities and are highly distinct
genetically. Lamb and Avise (1986) assayed nuclear
genotypes (five diagnostic marker loci) and mtDNA

from 305 individuals from the Auburn site. Cytonuc-
lear disequilibria were highly significantly different
from zero (Table 3). Asmussen et al. (1989) and
Arnold (1993) obtained reasonably good fits to the
cytonuclear data in theoretical models that assume a
mechanism for the continued representation of genet-
ically pure parentals in high frequency: either a contin-
ued immigration of non-hybrid individuals into the
population, or a strong proclivity for homospecific
matings. Natural selection against hybrids also might
be involved, but was not modeled formally.

However, the most interesting features of the cyto-
nuclear data involve obvious gender-based asymmet-
ries in the hybridization process, and this is most
apparent in analyses that characterize the genetic
status of each individual based on its multi-locus
assignment (Figure 2). All 20 F1 hybrids observed
in the Auburn sample (as deduced by joint exam-
ination of multiple nuclear loci) carried gratiosa-
type mtDNA, as did 52 of 53 individuals genetically
identified as backcross hybrids to H. gratiosa. By
contrast, the collection of 58 genetically identified
backcrosses to H. cinerea included high frequencies
of specimens with cinerea-type as well as gratiosa-
type mtDNA. Thus, those with cinerea-type mtDNA
almost certainly had F1 hybrid fathers, whereas those
with gratiosa-type mtDNA had F1 hybrid mothers.

These striking cytonuclear results generally are
consistent with behavioral differences between the
two Hyla species that likely shape the hybridiz-
ation process. During the mating season, males
of H. gratiosa issue calls from the pond surface
whereas male H. cinerea sing from positions along
the shoreline. To lay their eggs, females of both
species approach the pond from surrounding woods.
Thus, it is far more likely that H. gratiosa females
come into contact with (and are amplexed by) H.
cinerea males than that interspecific matings occur in
the opposite direction. Overall, the gender-asymmetric
nature of hybridization has left a pronounced signa-
ture on the cytonuclear architecture of this population,
yet this is an architecture that would be invisible to
any analyses of autosomal loci alone (or, apparently,
of most morphological characters; Lamb and Avise,
1987).

Introgressive swamping

Another study in which cytonuclear disequilibria were
consistent and statistically significant across multiple
nuclear loci (Table 4) involved a hybrid population
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Figure 2. Genetic categorization and provisional pedigree (the lines indicate putative crosses) for 305 treefrogs from the Auburn hybrid
population. Based on multilocus genotype (in parentheses) at five nuclear loci, each individual was classified provisionally as a pure parental, F1
hybrid, backcross in one direction or the other, or later-generation hybrid, and each individual’s maternal ancestry was determined by mtDNA
genotype (either c-type from H. cinerea, or g-type from H. gratiosa). Note how a multilocus characterization of individual specimens by nuclear
genotype (in conjunction with mtDNA) provides information beyond what is evident in the pairwise cytonuclear disequilibria alone (Table 3).
Note also the pronounced gender-related asymmetry deduced for the mating events.
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Table 4. Numbers of cytonuclear genotypes observed (and expected under a
random-association scenario) for a hybrid population of black bass in Lake
Chatuge. In the body of the table are joint data for mtDNA and the autosomal
gene sMDH-B. As shown below, similar patterns of cytonuclear disequilibria
were observed with respect to all three nuclear marker loci

Nuclear genotype

Cytoplasm AA Aa aa Total

M 198 25 1 224

(183.0) (36.4) (4.6)

m 3 15 4 22

(18.0) (3.6) (0.5)

Total 201 40 5 246

Cytonuclear disequilibria (all statistically significant):

with sMDH-B: D1 = 0.061; D2 = –0.046; D3 = –0.014; D = 0.037

with PGM-A: D1 = 0.057; D2 = –0.043; D3 = –0.015; D = 0.036

with EST-2: D1 = 0.057; D2 = –0.040; D3 = –0.017; D = 0.037

between spotted bass (Micropterus punctulatus) and
smallmouth bass (M. dolomieui) in a reservoir in
northern Georgia (Avise et al., 1997). Among nearly
250 fish sampled from Lake Chatuge, the great major-
ity of nuclear and cytoplasmic alleles were those
normally diagnostic for M. punctulatus, yet small
numbers of M. dolomieui alleles were present also,
most in heterospecific genotypic combinations.

The most striking aspect of this study relates to
the fact that smallmouth bass are native to the Lake
Chatuge drainage and spotted bass presumably were
absent before the late 1970s. Following an unauthor-
ized introduction of spotted bass from a nearby water-
shed, annual surveys by State wildlife officials indicate
that within a few years a rapid faunal turnover took
place in Lake Chatuge. The cytonuclear data confirm
these morphology-based conclusions, and document
that more than 99% of the current population in Lake
Chatuge consists of spotted bass or products of inter-
specific hybridization. A swamping of the former
smallmouth gene pool by the larger spotted bass popu-
lation is evidenced by the fact that more than 95% of
the remaining smallmouth bass alleles at nuclear loci
and mtDNA are present in individuals of hybrid ances-
try. Furthermore, the genetic data indicate that small-
mouth bass mothers (and, hence, spotted bass fathers)
contributed disproportionately to the hybrid gene pool.
All of these findings have evident lessons for fish-
eries management regarding the potential dangers of
artificial introductions of alien species.

Repeatability in the temporal dynamics of
hybridization

Two genetically distinctive species native to the south-
eastern United States (Gambusia holbrooki and G.
affinis) meet and hybridize naturally across broad
sections primarily of Alabama and Georgia (Scribner
and Avise, 1993a). To monitor the temporal course
of genetic changes (at mtDNA and five diagnostic
allozyme loci) in more controlled settings, Scrib-
ner and Avise (1994a) initiated experimental popula-
tions by introducing equal numbers of adults of both
mosquitofish species into a replicated series of kiddy
pools and small cement ponds at a study site in South
Carolina. Samples taken periodically for cytonculear
genetic analysis during the subsequent two years
revealed a dynamic course of hybridization, intro-
gression, and faunal turnover in each closed popula-
tion. The most impressive finding was a remarkable
consonance of genetic outcomes across the replic-
ate experimental regimes (Figure 3). Furthermore, in
similar observations on two experimental populations
introduced into Biosphere 2 in Arizona (Scribner and
Avise, 1994b), a nearly identical cytonuclear outcome
also emerged after two years.

Based on the genetic findings, each population
experienced an initial flush of interspecific hybridiz-
ation, followed by backcrossing and a rapid decline
in the frequencies of nuclear and cytoplasmic alleles
stemming from G. affinis (Figure 3). The cytonuclear
dynamics and their interpretation in terms of behavi-
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Figure 3. Histograms showing temporal changes in the frequencies of individuals classified as pure parentals, probable F1’s, backcrosses, and
later-generation hybrids in each of four experimental Gambusia populations monitored over two years. For the SREL (Savannah River Ecology
Laboratory) populations, each depicted frequency represents a mean of two replicate experiments (ponds) or sets of experiments (pools) in
these respective environments. No data are available for interim time periods (e.g., panel b) in the populations in Biosphere 2. Numbers above
histogram bars are frequencies (× 100) of specimens with mtDNA stemming from G. holbrooki.



262

oral, demographic, and life-history factors are detailed
elsewhere in this volume (Scribner, 2000; see also
Scribner and Avise, 1993b), but basically the results
document both extensive introgressive hybridization
and strong directional selection promoting rapid and
consistent evolutionary changes favoring G. holbrooki
genotypes in the hybrid populations (Figure 3).

Conclusions

Several salient points about hybridization phenomena
have emerged from the cytonuclear studies summar-
ized herein, and others like them. First, the extent
of hybridization and introgression can span the full
gamut of theoretical possibilities – from the occasional
production of F1 hybrids only (as between Lepomis
sunfish or Salvelinus trout species in certain study
populations), to extensive introgression leading to a
merger of gene pools (as between two genetic races
of bluegill sunfish in Lake Oglethorpe, or of cutthroat
trout in Montana). Second, as in the Hyla treefrog
population described, sex-based mating asymmetries
can influence the cytonuclear architectures of hybrid
populations profoundly. Third, genetic changes in
hybrid settings can be astonishingly rapid, as illus-
trated by Micropterus basses in Lake Chatuge where
within a few years following the introduction of a
foreign species, a faunal turnover accompanied by
introgressive swamping took place. Finally, natural
selection in hybrid settings can be intense and surpris-
ingly consistent, as evidenced by the consonant cyto-
nuclear changes observed following multiple inde-
pendent contacts between experimental populations of
hybridizing Gambusia mosquitofish.

The molecular tools are now available for fine-
grain dissections of hybridization and introgression
phenomena in any taxa. Such approaches can reveal
much about organismal ecology and natural history
in particular hybrid settings, and they also offer the
promise of exposing the selective forces that can shape
the architectures of divergent, interacting genomes.
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