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Hybrid breakdown, or outbreeding depression, is the loss of fitness observed in crosses between genetically divergent populations.

The role of maternally inherited mitochondrial genomes in hybrid breakdown has not been widely examined. Using laboratory

crosses of the marine copepod Tigriopus californicus, we report that the low fitness of F3 hybrids is completely restored in the

offspring of maternal backcrosses, where parental mitochondrial and nuclear genomic combinations are reassembled. Paternal

backcrosses, which result in mismatched mitochondrial and nuclear genomes, fail to restore hybrid fitness. These results suggest

that fitness loss in T. californicus hybrids is completely attributable to nuclear-mitochondrial genomic interactions. Analyses of

ATP synthetic capacity in isolated mitochondria from hybrid and backcross animals found that reduced ATP synthesis in hybrids

was also largely restored in backcrosses, again with maternal backcrosses outperforming paternal backcrosses. The strong fitness

consequences of nuclear-mitochondrial interactions have important, and often overlooked, implications for evolutionary and

conservation biology.
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Evolution in isolated populations can result in genetic differentia-
tion that negatively impacts the fitness of interpopulation hybrids.
Although first generation hybrids are frequently characterized by
hybrid vigor, later generations often suffer dramatically reduced
fitness (Dobzhansky 1970; Armbruster et al. 1997; Galloway and
Fenster 1999; Hall and Willis 2005). This pattern of F, hybrid
breakdown can be regarded as an early stage of isolation be-
tween species and is most commonly attributed to negative in-
teractions between loci known as Dobzhansky—Muller incompat-
ibilities (Dobzhansky 1936; Muller 1942; Coyne and Orr 2004).
Although several genes involved in Dobzhansky—Muller incom-
patibilities have been identified via genetic mapping approaches
(Ting et al. 1998; Barbash et al. 2003; Presgraves et al. 2003;
Brideau et al. 2006), the specific interacting loci and physiological
processes driving hybrid breakdown remain largely unexplained.

To date, most genetic analyses of hybrid incompatibility
have focused on interactions between nuclear genes. However,

an increasing number of studies have suggested that nuclear—
mitochondrial gene interactions may be particularly suscepti-
ble to disruption by hybridization (Breeuwer and Werren 1995;
Edmands and Burton 1999; Sackton et al. 2003; Perrot-Minnot
et al. 2004; Zeyl et al. 2005). In fact, the often rapid rate of
mitochondrial DNA (mtDNA) evolution in animals combined
with the essential function of nuclear—-mitochondrial gene inter-
actions in cellular energy metabolism may predispose this system
to dysfunction in hybrids, where the mitochondrial genome in-
teracts with nuclear genes derived from a different population.
Rand and colleagues (2004) have suggested a model of nuclear—
mitochondrial interaction in which the accumulation of delete-
rious mutations in mtDNA within a population is tolerated due
to compensatory mutations in interacting nuclear genes. Under
this model, F; hybrids contain a full haploid complement of nu-
clear genes coadapted to the mtDNA and suffer no loss of fitness,
whereas recombination yields F, and later hybrids lacking the
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full set of compensatory mutations and, consequently, these later
generation hybrids exhibit reduced fitness.

Populations of the marine copepod Tigriopus californicus
exhibit high levels of mtDNA sequence divergence but retain the
ability to produce viable hybrid offspring (Burton 1986; Edmands
1999). Laboratory crosses between T. californicus populations
show a consistent pattern of F; hybrid vigor and F, hybrid break-
down for many metrics of physiological performance and fit-
ness (Burton 1986, 1990; Edmands 1999; Burton et al. 2006).
We hypothesize that the pervasive nature of hybrid breakdown in
T. californicus may result from the dysfunction of some fundamen-
tal cellular process resulting in broad pleiotropic effects. As dis-
cussed above, the interaction between nuclear and mitochondrial
genomes that underlies mitochondrial energy production (Burton
et al. 2006) is an intriguing candidate system for such dysfunction
in hybrids. The mitochondrial genome of 7. californicus has been
sequenced (Burton et al. 2007) and, like most animal mtDNA,
encodes 13 polypeptides, all of which are subunits of the enzyme
complexes comprising the mitochondrial electron transport sys-
tem (ETS). ETS activity requires functional interactions between
each of the mitochondrial-encoded components and multiple
nuclear-encoded ETS subunits. Specific functional interactions
between nuclear-encoded cytochrome ¢ and cytochrome c oxidase
(ETS Complex I'V) have demonstrated that T. californicus popula-
tions harbor coadapted sets of nuclear and mitochondrial loci and
that mismatches in hybrids can lead to disruption of physiological
processes and reduced fitness (Rawson and Burton 2002; Harrison
and Burton 2006). At the organellar level, mitochondrial energy
production is reduced in 7. californicus interpopulation hybrids, as
is the activity of those ETS enzyme complexes composed of both
nuclear and mitochondrial subunits (Ellison and Burton 2006).
Together, these studies suggest that mitochondrial energy produc-
tion plays an important role in hybrid breakdown, although it has
been difficult to assess the quantitative contribution of nuclear—
mitochondrial genomic interactions to reduced hybrid fitness.

Here we report the first direct test of the hypothesis that dis-
ruption of nuclear—mitochondrial gene interactions can account
for the reduced fitness of interpopulation hybrids. The experimen-
tal strategy is simple: hybrids with low fitness are backcrossed to
both maternal and paternal parental lines. Because mtDNA is ma-
ternally inherited, reciprocal backcrosses can be used to generate
hybrids that, in the absence of strong selection, have identical aver-
age nuclear gene composition, but different mtDNA. We hypoth-
esize that wild-type fitness requires the mtDNA and, at minimum,
a full haploid nuclear genome from the same population. This
hypothesis is rejected if both reciprocal backcrosses, or neither,
result in the recovery of wild-type fitness and gains support if fit-
ness recovery is observed only in the maternal backcross. Using
this approach, we can quantitatively assess the role of nuclear—
mitochondrial interactions in interpopulation hybrid breakdown.
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Methods

TIGRIOPUS CULTURE CONDITIONS

Tigriopus californicus populations were sampled at three loca-
tions: Santa Cruz, California, USA (SCN: 36°57'N, 123°03'W,
collected April 2006), Abalone Cove, Palos Verdes Peninsula,
California, USA (AB: 33°44'N, 118°22'W, collected May 2006),
and San Diego, California, USA (SD: 32°45'N, 117°15'W col-
lected June 2006). Stock cultures of each population were kept
in beakers containing 200 mL seawater at 20°C and fed dried
Spirulina algae. All experimental crosses were completed in
100 mm diameter petri dishes containing 0.1 mg ground Spir-
ulina per liter filtered seawater. Animals were transferred to fresh
dishes with each generation.

Mature male 7. californicus clasp virgin females with their
antennae until the females are reproductively mature; each fe-
male mates only once. Virgin females were separated from clasped
males using a fine needle, then mated with males from the required
population. Six interpopulation crosses were undertaken compris-
ing all pairwise comparisons of the three populations listed above
and their reciprocal crosses. For generations beginning with F;
hybrids, pairs were removed from culture and crossed with indi-
viduals in areplicate petri dish containing the same cross and same
generation. All crosses were sufficiently replicated to employ a
noninbreeding strategy through the F3 generation. Backcrosses
were performed by crossing virgin F3 hybrid females to males
from either the original maternal or paternal population.

LIFE HISTORY AND MITOCHONDRIAL
MEASUREMENTS

For each generation in this study (parental controls, F; hybrids,
F, hybrids, F3 hybrids, maternal backcrosses, and paternal back-
crosses), fecundity, survivorship, and metamorphosis data were
collected. Clasped pairs were placed in individual petri dishes
and the male was removed from the dish once the pair separated.
Fecundity was measured as the number of nauplii hatching from a
female’s first eggsac. These nauplii were transferred to a new dish
and observed again after 14 days; both the number of surviving in-
dividuals and the number of copepodids (juveniles) were counted.
Survivorship was calculated as the fraction of first clutch nauplii
surviving to 14 days and metamorphosis fraction was calculated
as the percentage of first clutch nauplii that had developed into
copepodids after 14 days. All data were collected for 10 replicate
clutches for each cross at each generation. Animals were cultured
under common garden conditions at 20°C.

ATP production by isolated mitochondria was determined for
each of the clutches according to the protocol of Ellison and Burton
(2006). Briefly, all adult individuals from a clutch were pooled 18
to 24 days after hatching. Intact, functional mitochondria were
extracted from these pooled animals and used to measure rate
of ATP production in a 5-min end point assay with exogenous
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ADP, pyruvate, and malate substrates (compared to a blank with
no added substrate). Data were normalized to protein content in
the mitochondrial preparation.

STATISTICAL ANALYSIS

All statistical analyses were completed using the SPSS 11.0 statis-
tics package. One-way analysis of variance (ANOVA) was used
for each comparison with a post hoc Bonferroni test using an alpha
value of 0.05 for five comparisons within each of the six interpop-
ulation hybrid classes for fecundity, survivorship, metamorphosis
fraction, and ATP production rate data: maternal population back-
cross versus F3 hybrid, paternal population backcross versus F3
hybrid, maternal population backcross versus paternal population
backcross, maternal population backcross versus maternal popu-
lation, and paternal population backcross versus maternal popu-
lation. Comparisons of backcrosses versus midparent values were
calculated, but were not qualitatively different than the maternal

population comparisons (Table 1) and are not reported. All mea-
sures were analyzed with the units described above. n = 10 for
each category of data (i.e., 10 replicates of each measure for each
cross in every generation). Equality of variance was tested using
Levene’s test of homogeneity of variances; no significant devia-
tions were found (alpha = 0.05) Normal distribution of data was
tested using a Kolmorogov—Smirnov test for goodness of fit with
Gaussian parameters; no significant deviations from normality
were found (alpha = 0.05).

Results

All six pairwise crosses were initiated among three natural popu-
lations of T. californicus. Fecundity, survivorship, and metamor-
phosis rate were recorded for each of these crosses at the Fy, F»,
and F; generations to determine fitness, then F; females were
backcrossed to both maternal and paternal parental populations

Table 1. Comparison of hybrid and hybrid backcross fitnesses and mitochondrial ATP production for six interpopulation crosses. Signifi-
cance values are given for ANOVA addressing five hypotheses: (1) does the maternal backcross outperform hybrid animals? (F3 hybrids
vs. maternal backcross, Bm), (2) does the paternal backcross outperform hybrid animals? (F3 hybrids vs. paternal back cross, Bp), (3) do
maternal and paternal backcrosses result in differential fitnesses? (Bm vs. Bp), (4) is fitness recovered to the level of the maternal parent in
the hybrid maternal backcrosses? (maternal backcross, Bm, vs. maternal parent P), and (5) is fitness recovered to the level of the maternal
parent in the hybrid paternal backcross? (paternal backcross, Bp, vs. maternal parent, P). n=10 for each category of data. An asterisk

denotes significance at alpha=0.05

Maternal parent: SD AB SD SCN AB SCN
Paternal parent: AB SD SCN SD SCN AB
Fecundity
F3 vs. Bm 0.0346* 0.0194* 0.0757 0.0124* 0.0054* 0.0375*
F3 vs. Bp 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Bm vs. Bp 0.0281* 0.0044* 0.0638 0.1482 0.0474* 0.0016*
Bm vs. P 1.0000 1.0000 1.0000 1.0000 0.6164 1.0000
Bp vs. P 0.0797 0.0909 0.0757 0.0050* 1.0000 0.0023*
Survivorship
F3 vs. Bm 0.0081* 0.0148* 0.2018 1.0000 <0.0001* 0.5759
F; vs. Bp 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Bm vs. Bp 0.0074* 0.0188* 0.0627 0.5296 0.0020* 0.1123
Bm vs. P 0.2282 1.0000 0.0820 1.0000 1.0000 1.0000
Bpvs. P <0.0001* 0.1473 <0.0001* 0.5849 0.0168* 0.0270*
Metamorphosis
F; vs. Bm 0.1408* 0.0824 0.6661 0.7253 <0.0001* 0.2961
F; vs. Bp 1.0000 1.0000 1.0000 1.0000 0.2260 1.0000
Bm vs. Bp 0.2255 0.1961 0.3702 0.8992 0.0361* 0.4835
Bmvs. P 1.0000 1.0000 1.0000 1.0000 0.9833 1.0000
Bpvs. P 0.248 1.0000 0.5137 1.0000 0.8572 0.6036
ATP production
F3 vs. Bm 0.0167* 0.0137* 0.0006* 0.1533 0.0002* 0.5677
F; vs. Bp 1.0000 1.0000 0.0721 1.0000 0.5031 1.0000
Bm vs. Bp 0.3035 0.2242 0.5581 1.0000 0.2086 1.0000
Bmvs. P 0.0521 1.0000 0.1717 0.0050* 0.3595 0.0001*
Bp vs. P 0.0002* 0.0401* 0.0018* 0.0002* 0.0012* <0.0001*
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Figure 1. Maternal backcrossing rescues fecundity. Fecundity
(mean + 1 SEM) for parental lineages, F, F,, and F3 hybrids, and
maternal and paternal backcrosses for three interpopulation hy-
bridizations and their reciprocals. Panel A = SD and AB hybrids,
panel B = SD and SCN hybrids, panel C = AB and SCN hybrids. n =
10 for each point.

and fitness measures were repeated. In all six cases, fitnesses of
F, offspring were equal to or greater than that of either parental
lineage. In contrast, fitnesses declined significantly in the F, gen-
eration and showed no recovery in the F3 generation (Figs. 1-3).
T. californicus have 12 chromosomes and lack recombination in
females (Ar-Rushdi 1963; Burton et al. 1981), so the combined
effect of independent assortment and recombination effectively
ensured that none of the F3 offspring would have a full haploid
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Figure 2. Maternal backcrossing rescues survivorship. Survivor-
ship fractions (mean + 1 SEM) for parental lineages, F4, F,, and
F3 hybrids, and maternal and paternal backcrosses for three inter-
population hybridizations and their reciprocals. Panel A = SD and
AB hybrids, panel B = SD and SCN hybrids, panel C = AB and SCN
hybrids. n = 10 for each point.

complement of alleles from either parental population. Hybrid fe-
males (F3) were then backcrossed to males of either the maternal
or the paternal lineage. The pattern of fitness recovery in the back-
crossed animals was striking. Although no fitness recovery was
observed in any of the six paternal backcrosses, maternal back-
crosses resulted in nearly complete recovery to maternal parental
fitness in every case (Table 1, Figs. 1-3). The differential effect
of paternal versus maternal backcross was significant in all six
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Figure 3. Maternal backcrossing rescues metamorphosis rate.
Metamorphosis fraction (mean + 1 SEM) for parental lineages,
F1, F2, and F3 hybrids, and maternal and paternal backcrosses for
three interpopulation hybridizations and their reciprocals. Panel
A = SD and AB hybrids, panel B = SD and SCN hybrids, panel C =
AB and SCN hybrids. n = 10 for each point.

crosses for the fecundity measure and in 11 of 18 cases across
all fitness measures for all crosses (three fitness measures for six
crosses); maternal backcross hybrids always outperformed pater-
nal backcross hybrids (Figs. 1-3).

As a measure of overall mitochondrial function, we assayed
the rate of mitochondrial ATP production in intact mitochondria
isolated from parental lineages, F3 hybrids, and maternal and pa-
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Figure 4. Mitochondrial ATP production rate is partially rescued
in all backcrosses. Mitochondrial ATP production rate (mean + 1
SEM) for parental lineages, F3 hybrids, and maternal and pater-
nal backcrosses for three interpopulation hybridizations and their
reciprocals. Panel A = SD and AB hybrids, panel B = SD and SCN
hybrids, panel C = AB and SCN hybrids. n = 10 for each point.

ternal backcrosses. Consistent with previous results (Ellison and
Burton 2006), mitochondrial ATP production in F3 hybrids was
lower than that of the parental lineages. Rates of ATP production
by mitochondria isolated from paternal backcrosses tended to be
slightly higher, but not significantly different, than F5; hybrids,
whereas mitochondrial ATP production rate in maternal back-
crosses increased significantly relative to F3 hybrids in four of six
crosses (Fig. 4). Although the increased rate observed in maternal
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backcrosses was generally greater in magnitude than that in pa-
ternal backcrosses, this difference was not significant (Table 1),
likely due to the partial recovery of mitochondrial ATP production
rate in paternal backcross animals (Fig. 4). Importantly, although
both fitness and mitochondrial ATP synthetic capacity recovered
in maternal backcross hybrids, they show slightly different pat-
terns of recovery.

Discussion

Comparisons of reciprocal crosses show that fitness recovery in 7.
californicus hybrids was not achieved by restoring a full nuclear
genetic complement alone. The backcross experimental design
generates four unique nuclear and mitochondrial genotypes. Re-
ciprocal F3 hybrid pairs have, on average, identical nuclear genetic
composition prior to being backcrossed, but different maternally
derived mtDNA. Hence, the maternal backcross (hybrid female
x maternal population male) offspring of one interpopulation hy-
brid has, on average, the same nuclear genetic composition as the
paternal backcross (hybrid female x paternal population male)
offspring of the reciprocal interpopulation hybrid. The genetic dif-
ferences between the maternal and paternal backcrosses are then
restricted to cytoplasmic genetic elements such as the mtDNA.
Two caveats with this design are: (1) although the nuclear genetic
composition of reciprocals is expected to be identical; any strong
selection in the F; and F, generations may result in deviations from
this expectation, and (2) although identical in expected genetic
composition, gene expression in hybrids may be biased (Landry
etal. 2007; Ortiz-Barrientos et al. 2007). Despite identical nuclear
genetic composition, only the maternal backcross offspring were
found to have wild-type fitness. Remarkably, fitness recovery was
essentially complete in every maternal backcross, whereas fitness
recovery was absent in paternal backcrosses. Although previous
studies have shown that nuclear—mitochondrial interactions can
impact enzyme activities and the relative fitnesses of different
hybrid genotypes, the results presented here are the first clear
demonstration that nuclear—cytoplasmic interactions play a dom-
inant role in hybrid breakdown in 7. californicus.

Rates of ATP synthesis in isolated mitochondria were mea-
sured to assess how nuclear—cytoplasmic interactions were man-
ifested at the level of cellular physiology. Mitochondria isolated
from F3 hybrids showed significant reduction in ATP biosynthetic
capacity relative to parental lineages. Mitochondrial ATP produc-
tion was partially rescued in maternal backcrosses. However, in
contrast to fitness measures, recovery of ATP synthesis was not
complete in maternal backcrosses. Also contrasting with the fit-
ness measures, some recovery of ATP synthesis was observed in
paternal backcrosses. This pattern of recovery of mitochondrial
function is likely complicated by the presence of nuclear—nuclear
interactions in addition to nuclear—mitochondrial interactions. The
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mitochondrial ETS contains 13 mitochondrial-encoded and over
70 nuclear-encoded polypeptides (Sackton et al. 2003), so it is
reasonable to expect that some coadaptation of nuclear-encoded
subunits may evolve within populations. A recent study of ETS
complex Il interactions in 7. californicus hybrids, found evidence
for nuclear—-nuclear, but not nuclear—mitochondrial, interactions
among three components of complex III (Willett 2006). Although
our data strongly suggest that nuclear—mitochondrial interactions
are the primary component of interpopulation hybrid breakdown
in fitness, it seems likely that interpopulation hybridization also
results in disruption of nuclear—nuclear interactions within the
ETS.

Maternal backcross hybrids show recovery of mitochondrial
ETS function and concomitant recovery of fitness. ATP produc-
tion capacity might reasonably be expected to have beneficial
effects on fitness, and previous work (Burton et al. 2006; Ellison
and Burton 2006) has suggested that mitochondrial function may,
in fact, be positively correlated with fitness. These studies report
such findings in the context of inbred hybrid lines however, and the
high homozygosity harbored in such lines may exaggerate fitness
effects. In this study, partial recovery of mitochondrial function
in paternal backcross hybrids without a corresponding recovery
of fitness suggests that there is little correlation between mito-
chondrial ATP production rate and organismal fitness. This may
be a consequence of statistical power. Maternal backcrosses were
found to have fecundities approximately 20% greater than those of
either F, and F3 hybrids or paternal backcross hybrids across six
crosses. Although the fitness and ATP production rate recovery of
maternal backcross hybrids was far greater than that of paternal
backcross hybrids, the observed variance of our fitness measures
far exceeded that of our measurements of ATP production in iso-
lated mitochondria. Consequently, the resolution afforded by this
study may have been unable to detect a partial recovery of fitness
on the order of 5% to 10%, corresponding to the partial recovery
of mitochondrial ATP production rate in paternal backcross hy-
brids. Thus, apparent differences of recovery patterns in fitness
and mitochondrial ATP production do not necessarily preclude a
functional relationship between these parameters.

Alternatively, differences in patterns of fitness recovery and
recovery of mitochondrial ATP biosynthetic capacity in back-
crosses may reflect disruption of other aspects of mitochondrial
function. Mitochondria are rightfully regarded as the powerhouses
of the cell due to their central role in cellular energy production in
the form of ATP. However, the performance of alternative mito-
chondrial functions may also contribute to hybrid fitness. At the or-
ganellar level, mitochondria perform DNA replication, transcrip-
tion, and translation and are involved in lipid metabolism in addi-
tion to the production of ATP (Scheffler 1999). Further, the func-
tion of mitochondria in the cell is known to extend well beyond
such metabolic and biosynthetic capacities to include metabolic
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regulation (Das 2006), apoptosis (Newmeyer and Ferguson-Miller
2003), antiviral response mechanisms (Seth et al. 2005), and con-
trol of development and the cell cycle (Mandal et al. 2005). Al-
though intuition may suggest that interaction between nuclear and
mitochondrial genomes must necessarily involve protein-coding
regions, and thus the mitochondrial ETS, the multifarious func-
tions of the mitochondria suggest that impacts on other processes
are also probable.

The evidence presented here strongly suggests that the inter-
action of nuclear and mitochondrial genomes from distinct pop-
ulations may have serious consequences for mitochondrial func-
tion and fitness of hybrids. Although previous studies have found
evidence of mitochondrial dysfunction in interspecific nucleocy-
toplasmic hybrids of both mammals (Schmidt et al. 2001) and am-
phibians (Liepins and Hennen 1977), here we found that similar
processes may act at the level of conspecific populations, as well.
This intraspecific break is a consequence of extremely high mito-
chondrial divergence among 7. californicus populations. It must
be noted, however, that high levels of mitochondrial DNA diver-
gence have been reported in a growing number of taxa, includ-
ing both invertebrates (e.g., the snail Cepaea nemoralis, Thomaz
et al. 1996) and vertebrates (e.g., the freshwater fish Galaxias
maculates, Waters and Burridge (1999), and the green python,
Morelia vidis (Rawlings and Donnellan 2003)). Our results have
important implications for conservation efforts in which anthro-
pogenic enhancement of depleted populations might introduce
nuclear and/or mitochondrial genomes that are incompatible with
resident genomes. Although the dilemma posed by inbreeding
depression is often a design consideration for conservation man-
agement plans, the parallel danger of outbreeding depression is
less frequently an explicit concern (Edmands 2007). Our results
demonstrate not only that such oversight could have marked con-
sequences for the long-term success of interpopulation hybrid in-
dividuals, but also that the role of the mitochondrial genome, often
overlooked with regard to outbreeding depression, cannot be ig-
nored.

The search for “speciation” or “barrier” genes has undergone
a recent resurgence (see Noor and Feder 2006 for a review of
several loci associated with reproductive incompatibility). How-
ever, pinpointing the ultimate origin of reproductive isolation be-
tween species can be a difficult undertaking, as many barriers
have arisen between most species pairs and those most readily
mapped may not represent the original causal barriers delineating
species (Coyne and Orr 2004). Interpopulation hybrid breakdown
represents an intermediate point between reproductively isolated
biological species and a single, panmictic population. As a result,
species with populations exhibiting hybrid breakdown, such as 7.
californicus, are uniquely suited to examine not only the process
of species formation, but also the underlying mechanisms that
drive it. Our data demonstrate that there is a significant cytoplas-

mic contribution to hybrid breakdown in T. calfornicus and that
possession of a complete haploid nuclear genome and the mito-
chondrial genome from the same parent is sufficient to restore
fitness in hybrids. Interestingly, the pattern of recovery of mito-
chondrial ATP production is not fully congruent with that of fit-
ness, possibly due to the presence of nuclear—nuclear interactions
or the action of alternative mitochondrial functions. We conclude
that interactions between nuclear and mitochondrial genomes rep-
resent an important, and often under appreciated, component of
hybrid breakdown and species formation with potential effects in
a variety of applications.
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