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Abstract 
 

Mitochondria are responsible for the production of up to 90% of the energy our cells need to 

function. Since the relationship between the mitochondrial and nuclear genome coordinates 

metabolic energy production, there is potential for strong selection to shape this interaction. 

Several lines of evidence indicate that differences in mitochondrial DNA may result in 

differences in energy production and, therefore, in egg-to-adult development times. 

Assumingly, fast larval development in bean weevils should increase their fitness because the 

offspring develop in ephemeral habitats that are vulnerable to deterioration, destruction, or 

predation. Furthermore, recent work suggests that there may be an environmental component 

to the outcome of such fitness interactions, although the importance of this component in such 

interactions and the maintenance of mitochondrial polymorphism is unknown. Here I assess 

the influence of temperature and cyto-nuclear effects on egg-to-adult development time in 

seed beetles (Callosobruchus maculatus). In this study I employed an ‘across-population’ 

design where I sourced beetles from five separate populations and used introgressive 

backcrossing to generate 25 cyto-nuclear lines. I then tested whether or not there are 

differences in development times for beetles reared at two different temperature treatments. I 

found that interactions between cytoplasmic and nuclear genes affected development times, 

and I also found an effect of temperature. These results suggest that cytoplasms may have 

differential fitness according to the nuclear background in which they are expressed and also 

the temperature that they are exposed to. These results are consistent with the hypothesis that 

mitochondrial genes can adapt to the thermal environment through natural selection.   
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Introduction   
 

The mitochondrial DNA (mtDNA) is a small molecule with unique biology. There are many 

ways in which the biology of the mitochondria differs substantially from the nuclear genome, 

and these differences substantively affect the pattern and process of its evolution (reviewed in 

Ballard and Whitlock 2004, Rand et al. 2004, Gemmell et al. 2004). Energy production in 

eukaryotes requires the intimate coordination of both the mitochondrial and nuclear genomes, 

and consequently the interactions between these two genomes are elemental to life. 

 

One unusual property of most animal mitochondrial DNA is that it rarely undergoes 

recombination (Birky 2001) and this is why it was previously thought to be selectively neutral 

in adaptive evolution. It is surprising that despite an increasing interest among evolutionary 

biologists in the role of the mitochondrial genome in adaptive evolution; only a limited 

number of studies has tested the effect of mitochondrial polymorphism on life-history traits 

and fitness.  

 

Recent studies have provided evidence that the mtDNA it is not selectively neutral as 

previously thought and, furthermore, that it is involved in epistatic interactions with nuclear 

genes and that these interactions influence fitness at multiple levels both within (Rand et al. 

2001) and across populations (Clark 1985, Clark and Lyckegaard 1988, Nigro 1994, James 

and Ballard 2003). This is not surprising if we bear in mind that mitochondria are responsible 

for up to 90% of the metabolic energy production and that the phenotypes emerging from 

intergenomic interactions affect cellular processes central to energy metabolism and hence 

there is strong potential for natural selection to shape the nature of these interactions (Ballard 

and Rand 2005). 

 

Another property of the mitochondrial genotype is that mtDNA is a haploid genome that is 

usually only maternally inherited. One interesting consequence of its strict maternal 

inheritance is that mutations that accrue in the mtDNA genome that have deleterious effect on 

male fitness but neutral, or only slightly deleterious, effects on females will not be selected 

against (Frank and Hurst 1996). This is because selection on mtDNA operates only on the 

maternal line. Males are effectively a �dead end� for cytoplasmic genes (Zeh 2004). The 

possibility that genes may have differential effects when expressed in each sex is well 

established and such sex-specific or sexually-antagonistic selection on fitness-related traits 

appears to be very common (Chippindale et al. 2001, Arnqvist and Rowe 2002). Furthermore, 
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such sex-specific selection has also been shown to be an important force on phenotypes 

encoded by cytoplasmic genes (Rand et al. 2001). 

 

The fact that the mitochondrial genome displays considerable sequence divergence across 

populations of the same species, in combination with the observation that different mtDNA 

haplotypes can have a significant influence on the fitness of the organism (reviewed in Gerber 

et al. 2001, Ballard and Rand 2005), has motivated researchers to explore the underlying 

processes maintaining such polymorphisms.  

 

MacRae and Anderson (1988) presented empirical data in support of natural selection as a 

force acting upon the maintenance of mtDNA polymorphism. They manipulated and 

monitored haplotype frequencies in 12 experimental populations of Drosophila 

pseudoobscura. They concluded that both nuclear and mitochondrial genomes were involved 

in the dramatic mtDNA frequency changes they found in their experimental cages. 

Furthermore they suggested that the introductions of novel mtDNA variants from one 

population to another could be favoured by selection even if the introductions were sporadic. 

 

A number of experiments with laboratory populations have provided substantial evidence that 

the mitochondrial genotype may affect fitness (MacRae & Anderson 1988, Clark & 

Lyckegaard 1988, Fos et al. 1990, Hutter & Rand 1995, Kilpatrick & Rand 1995, Garcia-

Martinez et al. 1998, Rand et al. 2001, James & Ballard 2003, Christie et al. 2004).   

Clark and Lyckegaard (1988) analyzed the segregation of second chromosomes in each of 

several different cytoplasmic backgrounds to infer the influence of cytoplasmic variation in 

viability in Drosophila melanogaster. They found cytonuclear interactions to be significant 

only when the chromosomes and cytoplasms used were from different populations and no 

effect when taken from the same population. Thus they provided empirical data supporting 

the maintenance of mtDNA variability through cytonuclear interactions at a between 

population, but not within population level. 

 

James and Ballard (2003) in a between population study, examined whether specific known 

sequence differences in the mitochondrial genome of three distinct Drosophila simulans 

genotypes affected egg-to-adult development time, activity level and adult longevity, after 

controlling the nuclear genome. They found significant differences among flies carrying 

distinct mitochondrial genotypes for both development time and survival, and also found 

nucleo-mitochondrial interactions.  
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More recently, Christie et al. (2004) performed experiments on Drosophila subobscura to try 

finding differences in the two known haplotypes and detect the effect of selection. They 

measured egg-larva and larva-adult viabilities and developmental times, longevity, resistance 

to desiccation and optimal density of the two haplotypes when maintained in laboratory 

populations and found that as a general trend one of the haplotypes showed a higher net 

fitness than the other haplotype when reared in the laboratory.  

 

It was recently suggested that variation in mitochondrial genes among populations may be 

related to local climatic conditions, and that this genetic variation could represent local 

adaptation via natural selection to such conditions (Somero 2002, Ballard and Whitlock 

2004). It is theoretically established that spatial environmental heterogeneity can promote 

polymorphism in nuclear genes when there is limited migration between demes (Hedrick 

1986). Although there has been no theoretical investigation of such a possibility in 

mitochondrial genes, several studies have found cyto-nuclear effects on fitness when 

cytoplasms from a given population were expressed in nuclear backgrounds derived from 

distinct, reproductively isolated populations (Clark 1985, Clark and Lyckegaard 1988, Rand 

et al. 2001, James and Ballard 2003, Zeyl et al. 2005). Notably, some studies have reported 

that the disruption of coevolved cyto-nuclear gene complexes specific to particular 

populations results in fitness reductions (Nagao et al. 1998, Rawson and Burton 2002). These 

findings are consistent with the suggestion that the cyto-nuclear genotypes of particular 

populations have been shaped through natural selection and co-adaptation to the local 

environment. Disruption of these co-adapted genotypes may thus lead to functional 

incompatibilities and reductions in fitness. Thus, there is already empirical support for co-

adaptation of cyto-nuclear gene complexes within populations. 

 

Several mechanisms via which the adaptation of mitochondria to the thermal environment 

could take place have been proposed. For instance, given the essential role of mitochondrial 

genes in metabolism, we might expect that adaptation to a novel thermal environment may 

result in selection for mitochondrial gene products with different thermal stability. This seems 

to be more relevant in poikilotherms, given that the mitochondria of such organisms 

experience the external temperature and the relative fitness of different genotypes is likely to 

change as a result (Somero 2002). To date, some studies have already provided support for 

the idea that mtDNA can adapt to the thermal environment. For example, in a series of papers, 

Matsuura�s group examined the transmission rates of mtDNA haplotypes in flies made 
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heteroplasmic by microinjection (Matsuura et al. 1991, 1993, 1997, Doi et al. 1998). 

Heteroplasmy of mtDNA was induced by germ plasm transplantation from D. mauritiana, 

and then heteroplasmic lines were maintained at two different temperatures. The transmission 

of each mtDNA type was biased according to the specific temperature treatment. Moreover, 

this transmission depended on the nuclear genome used, indicating the importance of cyto-

nuclear interactions (Matsuura et al. 1997, Doi et al. 1998). 

 

Thus, some mtDNA haplotypes may be adaptive in one temperature condition but 

maladaptive in another. If so, then the fitness of individuals with distinct mtDNA haplotypes 

should vary according to the temperature at what they are expressed. However, to our 

knowledge this possibility has not been tested.  

 

In this study, I experimentally investigate this possibility by assessing the influence of 

temperature on egg-to-adult development time in 25 lines of seed beetles (Callosobruchus 

maculatus) fixed for distinct cytoplasmic and nuclear lineages. Each cytoplasmic and nuclear 

lineage is derived from a different geographic population, and thus each has evolved under a 

different set of environmental conditions. Egg-to-adult development time is considered a 

fitness-related trait in this species (Wasserman and Asami 1985, Fox and Dingle 1994), which 

seems a reasonable assumption since faster development times should increase fitness in 

species that develop in ephemeral environments prone to deterioration or attack by 

predators/parasites or destruction by humans (such as stored bean stocks that are destroyed 

when found to be infested).  
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Materials and Methods 
  

Study species  
 

The seed beetle Callosobruchus maculatus is a common pest of stored legumes in the tropical 

and subtropical regions of the world. In the absence of food and water, and at 30°C, 50% 

R.H., mated females oviposit and glue their eggs on seed surfaces over a period of about six 

days (Damian K. Dowling unpublished data, see Credland and Wright (1989) for similar data 

at 27°C and 70% R.H). Larvae hatch from these eggs and burrow directly into the seed and 

feed off of it. The entire larval development phase is completed within the seeds and the 

emerging adults are immediately ready to reproduce. It is worth mentioning that adults do not 

feed on stored products, but only used them for laying eggs on which future offspring will 

feed. 

 

Outbred stocks of five distinct C. maculatus wild-type populations were used for this 

experiment. Each of these stocks was originally collected from a distinct geographic area, and 

each has been maintained under controlled, laboratory conditions for over 20 years. These 

stocks are Brazil (BR), California, USA (CA), Yemen (YE) and two Nigerian stocks: Lossa 

(LO) and Oyo (OY). BR was obtained from Robert Smith at the University of Leicester and 

all other stocks from Peter Credland at the University of London. Since acquiring replicated 

populations of these strains in April 2002, each was cultured in large (1L) glass jars at 30°C, 

50% R.H. on a 12hrsL: 12hrsD light cycle and a 28-day discrete generation cycle for 

approximately 30 generations (egg-to-adult development time ranges from 20-28 days, 

Dawling, Chavez and Arnqvist unpublished data). For each strain, each generation was 

propagated by approximately 300 mated-individuals on 120g of black-eyed beans, Vigna 

unguiculata. 

 

Construction of cytonuclear introgression lines 

 

The introgression lines used in the experiment were constructed from 5 outbred base 

populations coming from 5 different geographical locations: Brazil, California (USA), 

Yemen, and Lossa and Oyo (Nigeria). Backcrossing was used to create the 25 introgressed 

lines (Table 1), consisting of five distinct mitochondrial haplotypes (one haplotype derived 

from each of the five populations) introgressed into five distinct nuclear backgrounds (the five 

stock populations).  
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Initially, a single virgin female from each of the five stock populations was mated to a male 

from her own population, and then placed with him in a glass jar containing 100g of black-

eyed beans, Vigna unguiculata. These five females were effectively mitochondrial �Eve�s�.  

Twenty to thirty full-sib daughters were collected from each of these matings and separated 

into five groups of 4-6 daughters. Each of these groups was then placed with six to ten males 

from one of the five stock populations in each of the 25 possible combinations. For each 

combination of matings, the resulting offspring had inherited 100% of their cytoplasmic genes 

from their mother, 50% of their nuclear genes from their mother and 50% from their father. 

These offspring were used to found 25 corresponding cytonuclear introgression lines. In each 

subsequent generation, 10 virgin daughters, from each of the 25 lines, were collected and 

backcrossed to 6-10 outbred males from the same stock population as their fathers (in jars 

with 120g beans). Inbreeding was avoided by backcrossing virgin females to outbred, stock 

males every generation. In this way, 15 successive generations of back-crossing were used to 

disassociate each of the sampled cytoplasmic genomes (each genome derived from one of the 

five strains) from the original nuclear genome that it was originally associated with, replacing 

it with a new complement of nuclear genes (derived from one of the five strains) (Table 1). In 

theory, after 15 generations of such back-crossing, 99.99% of the original nuclear genome of 

each mitochondrial haplotype line had been replaced, resulting in each of the original 

mitochondrial haplotypes being expressed in five distinct and controlled nuclear backgrounds.  

The lines were kept at 30°C and about 50% RH, at a 12:12 LD cycle. All lines were 

tetracycline treated prior to backcrossing to get rid of Wolbachia and other intracellular 

parasites. 

 
Table 1. Introgression lines � five mitochondrial (mt) haplotypes introgressed into five nuclear (n) backgrounds.  

Numbers (1 to 5) refer to population number. Mitochondrial haplotype is inherited maternally and introgressed 

with nuclear DNA from males of the stock populations. 

 mt BR mt CA mt LO mt OY mt YE 
n BR BR × BR BR × CA BR × LO BR × OY BR × YE 
n CA CA × BR CA × CA CA × LO CA × OY CA × YE 
n LO LO × BR LO × CA LO × LO LO × OY LO × YE 
n OY OY × BR OY × CA OY × LO OY × OY OY × YE 
n YE YE × BR YE × CA YE × LO YE × OY YE × YE 
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Pilot Experiment 
 

I conducted a pilot experiment to determine the rate of egg-laying in the first 2 and 4 hours for 

recently-mated females of the different lines, and determine the approximate development 

time for eggs reared at 25°C and 30°C. Ten lines out of the 25 were chosen from which 10 

virgin females and 15 males were collected and mated for 2 hours. After 2 hours the males 

were discarded and the females transferred to petri dishes (5 females per petri dish; 2 petri 

dishes per line) with 20 fresh beans where they were left to lay eggs for 2 hours and then 

transferred to new dishes with 20 fresh beans for an additional 2 hours. After 4 hours of 

ovipositioning, the females were discarded. I placed 2 dishes per line in incubators at two 

different temperature treatments: 25°C and 30°C. Each of these two dishes corresponded to a 

different ovipositioning period.  

 

I determined that to avoid density-dependent effects in our results, I should provide groups of 

10 females with 150 beans per dish for the first 2 hours of ovipositioning and 100 beans/dish 

for the second 2 hours of ovipositioning.  I also determined that eggs reared at 30°C started 

hatching after 20 days from ovipositioning and the ones at 25°C after 30 days from 

ovipositioning. 

 

Experimental design  
 

The experiment was conducted in two blocks that were separated in time. Both blocks were 

carried out under the same conditions and following the same procedure outlined below. 

For each block, 50 beans (infested with larvae) per cyto-nuclear introgression line were 

isolated in virgin chambers at day 17 of their life-cycle. These chambers separate individual 

beans, which can then be checked regularly for emerging virgin adults. Adults began to 

emerge on day 20 of their life-cycle.  

 

On day 1 and 2 of the first block of the experiment, 20 virgin females and 30 males were 

collected from the beans isolated for each of the 25 introgression lines.  Most individuals 

collected in each line were collected on days 21 and 22 of the life-cycle. 

 

Matings took place on the following day (day 3). The females and males collected per line 

were divided into 2 groups (10 females and 15 males per group). The individuals from the 

same line were then mated for exactly 2 hours, after which the males were discarded, and the 
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females were retained. This was done in 4 minute increments (2 minutes per group × 2 groups 

per line), so that the individuals of each line were allowed to mate for exactly 2 hours. This 

incremental design allowed us to keep time exact over the 25 lines. 

 

After the matings, both groups of 10 females from each line (termed replicate: 2 replicates per 

line), were placed in separate petri dishes with 150 beans (based on the pilot experiment, this 

will be enough beans to prevent even slight density dependent effects - approx 1-2 eggs/bean) 

for 2 hours to lay eggs. After 2 hours, the females were transferred to new dishes with 100 

fresh beans. By transferring females to new dishes, I tracked information on the timing of 

oviposition. After these 4 hours of ovipositioning per line, the females were discarded and all 

beans retained (2 replicates × 2 time periods per replicate × 25 lines = 100 dishes). For each 

of the ovipositioning time periods (2 hr and 4 hr), one of the replicates per line was stored in 

incubators at a 30°C treatment, RH 50, and the other replicate per line at a 25°C treatment, 

RH 50. Both incubators were set at identical 12hrsL:12hrsD light cycles. Each dish was 

labelled with nDNA × mtDNA line, temperature treatment, date and time of ovipositioning.  

 

On day 2 after the matings (day 4 of the experiment), 50 beans with only 1 egg/bean per line 

were selected for each temperature treatment. When 2 eggs were found on a bean, the second 

egg was scraped off the beans with a razor. I was able to find enough beans with 1 or 2 eggs 

on them from the first 2 hour period of ovipositioning, and thus all the beans of the second 

ovipositining period (4 hour period) were discarded.  

 

Seventeen days after the ovipositioning (day 19 of the experiment), the 50 beans from the 

30°C treatment were transferred into virgin chambers (25 beans per chamber; 2 chambers per 

line). Each virgin chamber was labelled with nDNA × mtDNA line, rearing temperature, date 

and time of ovipositioning.  

 

Nineteen days after ovipositioning (day 21 of the experiment), I began hourly spot-checks of 

the virgin chambers of each line in the 30°C temperature treatment. These checks were 

conducted on the hour, in the same order each time, 24 hrs per day, for five consecutive days 

to detect emergence of offspring. When offspring began to emerge, I recorded the time and 

date of emergence for each beetle, the date of maternal ovipositioning and ovipositioning time 

period for the bean that the weevil developed in, the sex, and the number of weevils that were 

developing in that bean (termed �density� hereon). The first 10 males and 10 females that 

hatched from beans in which only one beetle was developing were collected and kept in 
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individual eppendorfs with 99% ethanol so that I could measure their size at a later date. All 

other beetles were removed after recording the relevant data. 

 

Twenty-eight days after ovipositioning (day 30 of the experiment), the beans from the 25°C 

temperature treatment were transferred into virgin chambers (25 beans per chamber; 2 

chambers per line). Each virgin chamber was labelled with nDNA × mtDNA line, rearing 

temperature, date and time of ovipositioning. The following day, I began hourly spot-checks 

of these beans which continued for nine consecutive days. These spot-checks followed the 

same protocol as that for the 30°C treatment. 

 

Determination of Development Time 
 

Egg-to-adult development time of each emerging offspring was calculated as the number of 

minutes between the midpoint of ovipositioning time-period (of the relevant line) and the time 

of emergence. Given that the original ovipositioning period was two hours and that I 

monitored offspring hatching using hourly spot-checks, I was thus able to estimate the egg-to-

adult development time of every hatching individual to within two hours of its true time. This 

value was then divided by 1440 to covert the minute measurements into days.  

 

Determination of Size 

 

From each one of the 25 introgressed lines, I collected the first 10 males and 10 females that 

hatched from beans bearing only one beetle. These beetles (500 in total) were kept in 

individual eppendorfs with 100% ethanol. In this subset of the data, I measured the elytra size 

using a digitizing tablet placed under a side-mounted camera lucida attached to a dissecting 

microscope. The size values were given in special units (not in centimeters) which were 

calculated from extracts of coordinate points from the digitizer.  

 

Statistical analysis  

 

GLMs were performed on two sets of data. The first set contained recorded data on 

development times of all of the 4416 individuals in the study. In this analysis, development 

time was the response variable, and mtDNA, nDNA, sex, temperature, block and larval 

density per bean were entered as fixed effects. The second dataset consisted of a subset of 500 

individuals out of the first dataset in which I had measured the size of the elytra of the first 10 
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males and 10 females hatching per line. The analysis of this dataset had the development size 

as the responsible variable while mtDNA, nDNA, sex, temperature, block and larval density 

per bean were entered as fixed effects. It included �size� as a fixed covariate.  
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Results  
 

I found significant differences in development time among seed beetles of distinct 

cytoplasmic lineages. These cytoplasmic effects were observed when tested alone and when 

tested as an interaction with the nuclear genome (Table 2). Some cytoplasmic lineages 

developed faster when expressed in certain nuclear backgrounds and slower when expressed 

in others. In almost all of the lines, with the exception of CAxCA, the matching of coevolved 

cytoplasmic and nuclear backgrounds resulted in longer development times, compared to the 

introgressed combinations (Fig 1). 

 

Furthermore, there was a cyto-nuclear × temperature interaction on development time (Table 

2), which indicates that the development time of a given cyto-nuclear genotype was in part 

dependent on the temperature at which this joint genotype was reared. In other words, some 

of the lines had higher relative fitness at 30°C than at 25°C and vice versa (Fig 2).  

The interactions cytoplasmic lineage × temperature (Fig 3) as well as nuclear lineage × 

temperature (Fig 4) had significant effects on development time (Table 2). I also found an 

interaction between nDNA and sex on development time, with the time difference in 

development times of each sex being larger in some nuclear lineages and smaller in others 

(Fig 5). Further temperature effects were observed when tested as interaction with nDNA and 

sex, with the time difference in development times between the sexes of some nuclear 

lineages being larger at 25°C and smaller at 30°C, and vice versa (Fig 6).  
 

Table 2. Output of GLM. NL indicates Nuclear Lineage and CL indicates Cytoplasmic Lineage. 

Source                  DF   Type III SS   Mean Square   F Value   Pr > F 
 
 
NL*Sex                   4        34.840         8.710       8.56    <.0001 

CL*Temperature           4        53.954        13.488      13.25    <.0001 

NL*Temperature           4       158.550        39.637      38.94    <.0001 

NL*CL                   16       156.477         9.779       9.61    <.0001 

NL*Temperature*Sex       5        11.670         2.334       2.29    0.0431 

NL*CL*Temperature       16        83.232         5.202       5.11    <.0001 

Block                    1        49.483        49.483      48.61    <.0001  

Sex                      1       149.959       149.959     147.33    <.0001 

Temperature              1     89004.703     89004.703   87441.60    <.0001 

Density                  2         6.142         3.071       3.02    0.0490 

CL                       4        66.554        16.638      16.35    <.0001 

NL                       4       892.627       223.156     219.24    <.0001 
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Discussion  

 

This study provides compelling evidence that egg-to-adult development times in seed beetles 

is determined by epistatic interactions between cytoplasmic and nuclear genes, and that these 

interactions are partially dependent on the environmental conditions in which the beetles 

develop. In particular, to our knowledge this is the first study to find differential cyto-nuclear 

fitness outcomes dependent on temperature, or any specific ecological factor. 

 

Consistent with the findings of previous research (Clark 1985, Clark and Lyckegaard 1988, 

De Stordeur 1997, James and Ballard 2003), these results provide further support for the 

contention that mitochondrial genes are involved in epistatic interactions with nuclear genes 

and that these interactions influence fitness across populations. The fitness of any cytoplasmic 

lineage depended on the nuclear genetic background with which it was co-expressed. 

However, for four of our five line combinations the development time was longer in the 

original cyto-nuclear co-adapted genomes, while disruption of specific co-adapted cyto-

nuclear complexes by backcrossing caused an increase in fitness (decrease in development 

time). This finding could represent a nucleo-mitochondrial conflict of some sort, however 

further studies are needed to establish if this is a real trend. 

 

The development time of a cyto-nuclear genotypic combination was also partially dependent 

on the temperature treatment, as revealed by substantial crossing-over of cyto-nuclear fitness 

reaction norms across our two temperature treatments. This is consistent with the proposal 

that natural selection can promote adaptation of mtDNA to the thermal environment (Somero 

2002, Ballard and Whitlock 2004). Furthermore, cyto-nuclear fitness was also partially 

dependent upon the block in which the assay was conducted. Since the experimental protocol 

and environmental conditions were carefully controlled during the experiments, such a block 

effect probably represents unpredictable environmental heterogeneity across. The above 

results highlight the influence and potential importance of ecological factors such as 

temperature in cyto-nuclear fitness interactions and cyto-nuclear evolution. Our findings are 

congruent with Ballard & Whitlock�s (2004) suggestion that the fitness of a given 

mitochondrial haplotype can be context-dependent in the sense that it can depend on the 

environment that the organism finds itself in, and also on the nuclear genotype of the host.  

 

Moreover, the cyto-nuclear interactions found appeared to be sex-general. That is, I did not 

find any evidence suggesting that specific cyto-nuclear combinations encode fast 
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development in one sex, but slow development in the other. However, I did find nuclear 

genotype by sex interactions as well as nuclear genotype × sex × temperature interactions. In 

other words, some of the nuclear lines developed faster or slower depending on the 

temperature treatment and depending on whether they were female or male.  

 

Our findings are congruent with the suggestion that variation in mitochondrial genes among 

populations may be related to local climatic conditions (Somero 2002, Ballard and Whitlock 

2004). Two recent studies provided support for the idea of thermal adaptation of mtDNA in 

humans, although one did not (Kivisild et al. 2006). One such study was carried out by 

Mishmar et al. (2003) that revealed associations between the level of variability in protein-

coding mtDNA genes in human mitochondrial haplotypes across three climatic regions. 

Specifically, ATP6 was highly variable in mtDNAs from the arctic zone, whereas cytochrome 

b was particularly variable in temperate zones and cytochrome oxidase I was notably more 

variable in the tropics. This is surprising given that ATP6 is one of the more conserved 

mtDNA proteins between species. Moreover, this variation was apparently functionally 

significant, resulting in amino acid changes to the relevant proteins. In addition, Ruiz-Pesini 

et al. (2004) provided further support for the adaptation of mtDNA in humans in arctic 

populations. Both studies support the hypothesis that certain ancient mtDNA variants enabled 

humans to adapt to colder climates and that selection may have played a role in shaping 

human regional mtDNA variation with climate acting as one of the selective influences.  

 

Infections of cytoplasmically-transmited bacteria such as Wolbachia are known to confound 

the interpretation of studies such as this (Clark et al. 2005). However it is unlikely that our 

results were confounded by such bacteria since all lines were treated with the antibiotic 

tetracycline hydrochloride. Thus, it is likely that the cytoplasmic effects are actually 

mitochondrial effects. In conclusion, this study demonstrates that epistatic interactions 

between cytoplasmic and nuclear genes are important in determining egg-to-adult 

development times in seed beetles. Furthermore, the fitness of joint cyto-nuclear genotypes is 

in part contingent upon the temperature in which the beetles are raised. Such a nuclear 

genotype × cytoplasmic genotype × environment interaction reveals the complexity 

underlying expression of egg-to-adult development and other fitness traits. Specifically, the 

cyto-nuclear × temperature interaction is consistent with earlier suggestions that mitochondria 

can adapt to their thermal environment. Thus, our study supports the suggestion that 

mitochondrial genes are an important key in determining the phenotypes of many fitness-

related traits, and thus supports a large role for mitochondrial genes in adaptive evolution. 



 1616

Acknowledgments  

 

This manuscript has greatly benefited from the comments of Damian Dowling, to whom I am 

especially grateful for his constant direction, assistance and advice throughout the project. 

Many thanks to the department for the funding and to Göran Arnqvist for providing me with a 

lab assistant and with valuable advice and suggestions that enriched the project. To Candice 

Slevinsky, Agnetha Säfsten and Claudia Fricke my sincere gratitude for all the help and good 

moments. And last but not least I want to thank my family for always being there for me. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 1717

References 

 

Arnqvist G. and Rowe L (2002) Antagonistic coevolution between the sexes in a group of 

insects. Nature, 415: 787-789. 

 

Ballard JWO and Whitlock MC (2004) The incomplete natural history of mitochondria. 

Molecular Ecology, 13: 729-744. 

 

Ballard JWO and Rand DM (2005) The population biology of mitochondrial DNA 

         and its phylogenetic implications. Ann. Rev. Ecol. Evol. Sys., 36: 621�42. 

 

Birky CW (2001) The inheritance of genes in mitochondria and chloroplasts: laws, 

mechanisms and models. Annual Review of Genetics, 35: 125-148. 

 

Chippindale AK et al. (2001) Negative genetic correlation for adult fitness between sexes 

reveals ontogenetic conflict in Drosophila. Proc. Natl Acad. Sci. USA, 98: 1671-1675. 

 

Christie JS et al. (2004) Fitness and life-history traits of the two major mitochondrial DNA 

haplotypes of Drosophila subobscura. Heredity, 93: 371-378. 

 

Clark AG (1985) Natural Selection with Nuclear and Cytoplasmic transmission. II. Tests with 

Drosophila from diverse populations. Genetics, 111: 97-112. 

 

Clark AG and Lyckegaard EM (1988) Natural Selection with Nuclear and Cytoplasmic 

Transmission. III. Joint Analysis of Segregation and mtDNA in Drosophila 

melanogaster. Genetics, 118: 471-481.  

 

Credland PF and Wright AW, (1989). Factors affecting female fecundity in the cowpea seed 

beetle, Callosobruchus maculatus (Coleoptera: Bruchidae). J. Stored Prod. Res., 25: 

125-136.  

 

De Stordeur E (1997) Nonrandom partition of mitochondria in heteroplasmic Drosophila. 

Heredity, 79: 615-623. 

 



 1818

Doi et al. (1999) Genetic analysis of temperature-dependent transmission of mitochondrial 

DNA in Drosophila. Heredity, 82: 555-560. 

 

Fos M et al. (1990) Mitochondrial DNA evolution in experimental populations of Drosophila 

subobscura. Proc. Natl. Acad Sci USA, 87: 4198-4201.  

 

Fox CW and Dingle H (1994) Dietary mediation of maternal age effects on offspring 

performance in a seed beetle (Coleoptera: Bruchidae). Functional Ecology, 8: 600-606. 

 

Frank SA and Hurst LD (1996) Mitochondria and male disease. Nature, 383: 224-224. 

 

Garcia-Martínez J et al. (1998) Mitochondrial DNA Haplotype Frequencies in Natural and 

Experimental Populations of Drosophila subobscura. Genetics, 149: 1377-1382.  

 

Gemmell  NJV et al. (2004) Mother�s curse: the effect of mtDNA on individual fitness and 

population viability. Trends Ecol. Evol., 19: 238-244. 

 

Gerber AS et al. (2001) Does nonneutral evolution shape observed patterns of DNA variation 

in animal mitochondrial genomes? Ann.Rev. Genet., 35: 539�566. 

 

Hutter CM and Rand DM (1995) Competition between Mitochondrial Haplotypes in Distinct 

Nuclear Genetic Environments: Drosophila pseudoobscura vs. D. persimilis. Genetics, 

140: 537-548.  

 

James AC and Ballard JWO (2003) Mitochondrial genotype affects fitness in Drosophila 

simulans. Genetics, 164: 187-194.  

 

Kilpatrick ST and Rand DM (1995) Condiional hitchhiking of mitochondrial DNA: frequency 

shifts of Drosophila melanogaster mtDNA variants depend on nuclar genetic 

background. Genetics, 141: 1113-1124. 

 

Kivisild et al. (2006) The role of selection in the evolution of human mitochindrial genomes. 

Genetics, 172: 373-387. 

 



 1919

MacRae AF and Anderson WW (1988) Evidence for Non-Neutrality of Mitochondrial DNA 

Haplotypes in Drosophila pseudoobscura. Genetics, 120: 485-494.  

 

Matsuura ET et al. (1991) Mitochondrial DNA heteroplasmy maintained in natural 

populations of  Drosophila simulans in Reunion. Genetic Research, 57: 123-126. 

 

Matsuura ET et al. (1993) Temperature-dependent selection in the transmition of 

mitochondrial DNA in Drosophila. Japanese Journal of Genetics, 68: 127-135. 

 

Matsuura ET et al. (1997) Effects of the nuclear genome on selective transmission of 

mitochondrial DNA in Drosophila. Genes Genet. Syst., 72:119-23. 

 

Mishmar et al. (2003) Natural selection shaped regional mtDNA variation in humans. PNAS, 

100(1): 171-176. 

 

Nagao et al. (1998) Decreased physical performance on congenic mice with mismatch 

between the nuclear and the mitochondrial genome. Genes Genet. Syst., 73: 21-27. 

 

Nigro L (1994) Nuclear background affects frequency dinamics of mitochondrial DNA in 

Drosophila simulans. Heredity, 72: 582-586. 

 

Rand DM et al. (2001) Sexually Antagonistic Cytonuclear Fitness Interactions in Drosophila 

melanogaster. Genetics, 159: 173-187. 

 

Rand DM (2001) The Units of Selection on Mitochondrial DNA. Annu. Rev. Ecol. Syst., 32: 

415-448. 

 

Rawson PD and Burton RS (2002) Functional coadaptation between cytochrome c and 

cytochrome c oxidasa within allopatric populations of a marine copepod. PNAS, 99(20): 

12955-12958. 

 

Ruiz-Pesini et al. (2004) Effects of Purifying and Adaptive Selection on Regional Variation in 

Human mtDNA. Science, 303: 223-226. 

 



 2020

Somero GN (2002) Thermal physiology and vertical zonation of intertidal animals: optima, 

limits, and costs of living. Integrative and Comparative Biology, 42: 780-789.  

 

Wasserman SS and Asami T (1985) The effect of maternal age upon fitness of progeny in the 

southern cowpea weevil Callosobruchus maculatus. Oikos, 45: 191-196. 

 

Zeh J (2004) Sexy sons: a dead end for cytoplasmic genes. Proc. R. Soc. Lond., B 272: 306-

309. 

Zeyl CB et al. (2005) Nuclear-mitochondrial epistasis for fitness in Saccharomyces 

cerevisiae. Evolution, 59: 910-914. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2121

Appendices 

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

BR CA LO OY YE

nDNA background

R
es

id
ua

ld
ev

el
op

m
en

t t
im

e

BR
CA
LO
OY
YE

 
Fig. 1. Interaction plot illustrating mean development times (controlled for block, temperature and sex by taking 

residuals of a GLM) of each cytoplasmic lineage expressed in each nuclear background.  denotes BR 

mtDNA haplotype,  CA haplotype,  LO haplotype,  OY haplotype and  YE haplotype. 

The strong cyto-nuclear interaction for development times (GLM, p<0.0001; see text) is indicated by the 

crossing-over of reaction norms of a substantial number of the cytoplasmic lineages in different nuclear 

backgrounds. Co-evolved cyto-nuclear genotypes are circled. 
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Fig. 2. Interaction plot illustrating mean development times (controlled for block and sex by taking residuals of a 

GLM, then values of each temperature treatment were standardized separately with mean=0, S.D.=1) of each 

cyto-nuclear line (25 lines) at the 25°C and 30°C rearing temperatures. The strong cytoplasmic lineage × nuclear 

lineage × temperature interaction for development times (GLM, p<0.0001; see text) is indicated by the crossing-

over of reaction norms of a substantial number of the cyto-nuclear lines between temperature treatments. 
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Fig. 3. Interaction plot of mean development times (controlled for block, sex and nuclear lineage by taking 

residuals of a GLM, then values of each temperature treatment were standardized separately with mean=0, 

S.D.=1) for each cytoplasmic lineage at each temperature.  denotes BR nuclear background,  CA 

background,  LO background,  OY background and  YE background.  
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Fig. 4. Interaction plot of mean development times (controlled for block, sex and cytoplasmic lineage by taking 

residuals of a GLM, then values of each temperature treatment were standardized separately with mean=0, 

S.D.=1) for each nuclear lineage at each temperature.  denotes BR nuclear background,  CA 

background,  LO background,  OY background and  YE background.  

 

 
 
 
 
 




