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Introduction

Hosts and their parasites are bound up in an intimate and

perpetual arms race. Hosts are under selection to develop

resistance towards costly parasite infections. A parasite’s

fitness in turn rests entirely on it being able to overcome

any such resistance to reproduce in its host and to be

transmitted to new hosts. Despite the strong selection for

hosts to become resistant to parasites and for parasites to

be universally infectious, which can lead to a reduction

in genetic variation, genetic variance for disease resis-

tance is widely found in nature (e.g. Carius et al., 2001;

Holub, 2001; Riehle et al., 2006). One explanation as to

why high genetic variation is so common is that, under

certain circumstances, coevolution between hosts and

parasites may itself be responsible for maintaining genetic

variation within populations.

Coevolution can maintain genetic variation in host

resistance because of parasites adapting to common

host genotypes, which can result in an advantage to rare

host genotypes and therefore negatively frequency-

dependent selection. Models of coevolution typically rely

on genotype–genotype interactions, where the outcome

of an infection is determined by specific genotypic

interactions and therefore the fitness of both players

depends on the particular combination of host and

parasite genotypes (Clay & Kover, 1996; Lively, 1996;

Schmid-Hempel & Ebert, 2003). Coevolution can main-

tain polymorphisms under a wide range of conditions

when the selective advantage of an allele declines as a

direct consequence of its own frequency increasing

(Tellier & Brown, 2007).

To predict whether host–parasite coevolution will lead

to the eventual fixation of alleles in selective sweeps or

whether genetic variation will be maintained as stable

polymorphisms, we need to understand the genetics of

both host resistance and parasite infectivity and trans-

mission (Grech et al., 2006). In many systems ranging

from plant R genes (Ellis et al., 2000) to the vertebrates’

MHC complex (Piertney & Oliver, 2006), the molecular

and evolutionary biology of host-resistance genes is well

understood. Yet although we have detailed knowledge of

genetic variation in the hosts, including in nonmodel

invertebrate systems (e.g. Timmann et al., 2007;

Vorburger et al., 2009), we lack this level of understand-

ing in the corresponding parasites (Salvaudon et al.,

2008). This is because studies of host–parasite interac-

tions either focus solely on the host (Kover, 2002; Tinsley

et al., 2006) or use few parasite isolates (e.g. Vale & Little,
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Abstract

Host–parasite coevolution is considered to be an important factor in

maintaining genetic variation in resistance to pathogens. Drosophila melanog-

aster is naturally infected by the sigma virus, a vertically transmitted and host-

specific pathogen. In fly populations, there is a large amount of genetic

variation in the transmission rate from parent to offspring, much of which is

caused by major-effect resistance polymorphisms. We have found that there

are similarly high levels of genetic variation in the rate of paternal

transmission among 95 different isolates of the virus as in the host. However,

when we examined a transmission-blocking gene in the host, we found that it

was effective across virus isolates. Therefore, the high levels of genetic

variation observed in this system do not appear to be maintained because of

coevolution resulting from interactions between this host gene and parasite

genes.
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2009). Here, we use a tractable host–parasite system to

study both sides of the interaction, by analysing genetic

variation in the parasite and by testing whether there is

an interaction between a known host-resistance gene

and the parasite.

The Drosophila melanogaster – sigma virus
interaction

The sigma virus (DmelSV) is a vertically transmitted

pathogen of D. melanogaster that on average infects about

4% of flies in natural populations (Carpenter et al.,

2007). The virus is transmitted exclusively from parent to

offspring via both eggs and sperm. Drosophila melanogaster

is expected to be under selection to evolve resistance and

reduce transmission from parent to offspring, as sigma

virus infection has been shown to be costly, reducing egg

viability (Fleuriet, 1981a) and increasing larval develop-

ment time (Seecof, 1964). Further evidence that the

sigma virus harms infected flies comes from population

level studies, that have found that sigma prevalence is

reduced under stressful conditions, such as overwinter-

ing (Fleuriet, 1981b) or resource competition (Yampolsky

et al., 1999).

As sigma is the only known naturally occurring and

species-specific pathogen of D. melanogaster, it is a prime

model for studies on host–parasite evolution. This system

is also particularly tractable. Transmission from parent to

offspring is under natural selection in both the host and

the parasite (Bangham et al., 2007; Fleuriet, 1980). By

measuring vertical transmission, we can therefore esti-

mate the genetic variance for the trait under selection in

both the host and parasite. Sigma infections can be easily

diagnosed as infected flies become permanently paraly-

sed when exposed to high doses of CO2 (Brun & Plus,

1980), which allows for large numbers of flies to be

assayed for their infection status, providing statistical

power for detailed quantitative genetic analyses. Finally,

there is no recombination between sigma viruses

(Carpenter et al., 2007), so from a population genetic

perspective, the entire genome can be viewed as a single

gene. This simplifies any attempt to distinguish between

alternative genetic models such as gene for gene and

matching allele models.

The genetic variation – the raw material for adapta-

tion – controlling sigma virus transmission in the host

D. melanogaster is well understood. Variation for trans-

mission through eggs is bimodal, with a polymorphism

in the resistance gene ref(2)p explaining all of the

phenotypic variation (Contamine et al., 1989; Bangham

et al., 2008a). Paternal transmission through sperm on

the other hand exhibits high quantitative genetic var-

iation (Bangham et al., 2008a). Some of this variation is

caused by a major effect quantitative trait locus (QTL)

on the second chromosome that causes a �50% reduc-

tion in the proportion of infected offspring in lines

carrying the homozygous resistant allele (Bangham

et al., 2008b).

In this paper, we estimate the genetic variance in the

rate of paternal transmission in populations of the sigma

virus, and ask whether there is a genetic interaction

between host and parasite genes. We show that the

genetic variation is high in both host and pathogen. This

variation is unlikely to be maintained by the coevolution

of interacting host and parasite genes, as a major-effect

gene blocking transmission in the host is effective across

viral isolates.

Materials and methods

Virus isolates

Wild isolates of sigma were collected from 10 individual

populations across Europe and the United States in 2005

and 2007 (Table 1; the samples from 2005 have been

previously described by Carpenter et al., 2007). Each

population was sampled from multiple fruit baits placed

in one site no larger than 1 km across. We collected

individual females and allowed them to lay eggs on

yeasted standard Drosophila medium or instant Drosophila

medium (Carolina Biological Supplies Co., Burlington,

NC, USA). Additionally, we collected virus isolates from

wild males from Athens, Greece. The protocol was

identical as for the females, but we allowed individual

field-collected males to mate with uninfected lab-reared

sympatric virgin females. As we found no significant

difference in paternal transmission for viruses isolated

from males and females, we have pooled the data in

all further analyses. In the laboratory, we assayed the

offspring of field-collected flies for sigma after having

allowed them to lay eggs on fresh standard medium. Flies

were exposed to CO2 at 12 �C for 15 min. Uninfected

flies quickly recover from this anaesthesia, but flies

carrying sigma remain paralysed and die (Brun & Plus,

1980). Flies were scored for recovery 2 h post-treatment

and uninfected lines were discarded.

Table 1 Virus isolates.

Population

Collected in

2007

Collected in 2005

(Carpenter et al., 2007)

Germany – Tubingen 4 –

Germany – Fichtelgebirge 7 –

Greece – Athens 55 (21)* 5

Spain – Galicia – 2

Sweden – Uppsala 4 –

UK – Derby 1 –

UK – Essex 9 5

UK – Kent 1 –

USA – North Carolina 1 –

USA – Florida – 1

*no. of isolates collected from males.
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The sigma virus’ only mode of transmission is vertical,

so to measure genetic variation among virus isolates we

crossed all virus isolates into the same fly genetic

background. Using the double balancer line SM2 ⁄ Pm;

TM3 ⁄ Sb; spaPol, which has an isogenic IS4 X chromosome,

we substituted the 2nd and 3rd wildtype chromosomes

with the isogenic line w1118 (described by Parks et al.,

2004). For the first cross, sigma-infected wildtype females

were crossed to double balancer males. From this cross,

we collected infected females that carried the balancer

chromosomes (SM2 ⁄ +; TM3 ⁄ +) and crossed them to

homozygous w1118 males. We backcrossed infected

females (SM2 ⁄ w1118; TM3 ⁄ w1118) from this cross to w1118

males. We then performed an additional round of

backcrossing to w1118 males and selected for white-eyed

females. This should have reduced the wildtype and

balancer background on the X-chromosome to �12.5%.

We ignored the 4th chromosome, as it contains only

�1% of the genome (Adams et al., 2000). Through this

crossing scheme, the genetic background that virus

isolates are maintained in is expected to be > 95% from

the w1118 stock. In the generation in which genetic

variation for paternal transmission was measured, the

virus isolates are expected to be in �99% isogenic

backgrounds because of an additional cross to an

isogenic line. In a separate experiment, we sequenced a

region of the viral genome from all these isolates

(L. Wilfert, unpublished data). Three isolates were

heteroplasmic (more than one sequence was present),

and these isolates were removed from the experiment

(AT029, B43, J028).

Measuring viral transmission

The paternal transmission rate of sigma is affected by a

codominant QTL on the 2nd chromosome of D. melanog-

aster (Bangham et al., 2008b). We measured the paternal

transmission rate of our viral isolates in two fly lines that

carried either the susceptible or the resistant allele of this

QTL, but were otherwise genetically similar. As donors

for the two QTL alleles, we used the 11B (resistant) and

2G (susceptible) stocks that were used to identify the QTL

(cross 1 in Bangham et al., 2008b). These lines are

isogenic and genetically identical except for their 2nd

chromosomes, which were sampled from a population in

Pennsylvania (USA) (Lazzaro et al., 2004).

For each virus isolate, two sigma-infected w1118 females

were crossed to 11B (resistant) or 2G (susceptible) males.

These crosses produced sons that were heterozygous for

the entire second chromosome, carrying either the

resistant or the susceptible allele over the w1118 back-

ground. It should be noted that, while w1118 flies are

phenotypically susceptible to male transmission, whether

the susceptible ⁄ w1118 individuals are homozygous or

heterozygous for the resistance QTL cannot be deter-

mined, as the underlying gene has as yet not been

cloned. Paternal transmission was measured in these

males (5 days old) by crossing them to females (4–6 days

old) from P18, an isogenic line from Pennsylvania that

was used in the original QTL analysis (Bangham et al.,

2008a). These P18 flies had been reared at constant

density by collecting eggs from grape-juice plates and

pipetting 13 lL of eggs in phosphate-buffered saline into

bottles of Drosophila medium (Clancy & Kennington,

2001). For all crosses, virgin females were kept on

standard Drosophila food with ad libitum live yeast.

Crosses were then set up with two males and two virgin

females each in vials without live yeast and allowed to

lay eggs for 2 days. All flies were kept at 25 �C on a 12-h

light ⁄ dark cycle. In both generations of this cross, we

checked that the sigma-contributing parents were

infected using the CO2 assay. To ensure complete

transmission before the experimental cross, any vial

containing an uninfected female (first cross) or male

(second cross) was removed from the experiment. Sigma

infection was assayed in the progeny of the experimental

crosses 15 days after the crosses were set up. We repeated

the experiment on 3 days. On each day, we carried out

1–6 replicates of each viral isolate with each QTL allele.

In total, we assayed 54 333 flies in 1456 vials for 95 viral

genotypes.

Molecular confirmation of CO2 assay for sigma

We checked that our CO2 assay is diagnostic of the

presence or absence of the virus by PCR. Following the

aforementioned procedure, we crossed w1118 males

infected with the virus isolates AP30, E220 and PF115

to P18 females. The offspring were exposed to CO2 in the

normal way, and we selected two daughters that were

paralysed and two that recovered per cross. RNA was

extracted from these flies using 50 lL Trizol per fly

(Invitrogen, Carlsbad, CA, USA) following the manufac-

turer’s instructions. The RNA was resuspended in 20 lL

RNA storage buffer (Ambion, Austin, TX, USA) and

reverse transcribed into cDNA using random hexamers

and the M-MLV reverse transcriptase (Invitrogen). To

check whether the flies had been infected, we used the

primers r2-F 5¢-AAGATTCCCCTCGCATGG-3¢ and r2-R

5¢-ACCCTTTCGGAAGGTTTGAG-3¢ that amplify a region

of the sigma virus genome. As a control for successful

RNA extraction, we used primers act-F 5¢-TGCAGCG

GATAACTAGAAACTACTC-3¢ and act-R 5¢-CAAAGGA

GCCTCAGTAAGCAAG-3¢, which amplify the D. melanog-

aster housekeeping gene Actin 42A.

Statistical analysis of genetic variation

We analysed genetic variation in paternal transmission of

the sigma virus using a generalized linear mixed model

(GLMM). Paternal transmission is measured as a ratio of

infected and uninfected individuals, so we modelled

transmission with a binomial error distribution using a

logit link function. Unlike the more traditional arcsine
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transformation, this method allows the proportion data

to be weighted according to sample size. Variances and

related statistics are therefore reported on the logit scale.

The model parameters and their confidence intervals

were estimated using a Bayesian Markov chain Monte

Carlo technique implemented in the R package

MCMCglmm (Hadfield, 2010). The use of this Bayesian

approach avoids problems with maximum likelihood

GLMMs, such as difficulties in selecting the number of

degrees of freedom when assessing the significance of

fixed effects and relying on approximations of the

likelihood (Bolker et al., 2009). Credibility intervals can

also be calculated directly even for derived parameters

such as heritability, as the MCMC routine samples from

the posterior distributions of all the model parameters

(Nakagawa & Schielzeth, in press). All statistical analyses

were carried out using R (v. 2.8.1).

In this model, we have treated QTL allele (resistant or

susceptible) and the day on which the cross was set up as

fixed effects, and viral isolate as a random effect.

The genetic variance Vg and error variance Ve of viral

transmission were estimated as separate parameters in

the resistant and susceptible flies. The model was

formulated as:

Yi;j;k ¼ lþ Ai þ Dj þ ðAjVÞi;k þ ei;j;k ð1Þ

where l is the grand mean of the proportion of infected

offspring, Ai is the fixed effect of the ith QTL allele

(i = susceptible, resistant), Dj is the fixed effect of day

j = 1, …, 3, Vk is the random effect of viral isolate k =

1, …, 95 and �i,j,k,l is the residual variance. Note that the

model includes separate residual variances in the resis-

tant and susceptible flies on different days, which avoids

the overestimation of genetic variation.

The posterior distributions of the model parameters

were estimated via Markov chain Monte Carlo runs, with

a chain length of 106 iterations, of which 1000 were

sampled. The parameter estimates quoted are the mean

of these 1000 samples, and the 95% credible interval (CI)

is the region with the 95% highest posterior density.

Significance is indicated by the 95% highest posterior

density not overlapping 0.

Results

The paternal transmission of the sigma virus is under the

host’s genetic control, and a major effect QTL on the

second chromosome is known to reduce the paternal

transmission rate of the viral isolate AP30 (Bangham

et al., 2008b). We measured the rate at which 95 different

viral isolates are transmitted by male flies carrying either

the resistant or the susceptible allele of this gene. The

resistant allele did indeed lead to a significant drop in

transmission across virus isolates, with a mean reduction

in paternal transmission of 18.8% (95% CI: 13.4–23.3%;

Fig.1a).

Genetic variation

There was significant genetic variation in the rate of

transmission (Vg) among the viral genotypes in both the

resistant and susceptible hosts (Table 2), with the

observed transmission rates of individual genotypes

ranging from zero to near 100% (Fig. 1a). As sigma is

nonrecombining and haploid (Carpenter et al., 2007), the

additive genetic variance (Va) is equivalent to the total

genetic variance (Vg). Although Vg was similar in both

treatments, the residual variance (Vr) was significantly

higher in the susceptible genetic background than in the

(a)

(b)
Fig. 1 The mean rate of transmission of

different sigma virus isolates. Panel (a) shows

the rate of paternal transmission in hosts

carrying the susceptible allele of the trans-

mission-blocking quantitative trait locus.

Panel (b) shows the rate of paternal trans-

mission in hosts carrying the resistant allele.

The black line indicates the corresponding

transmission rate in the susceptible hosts.
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flies carrying the resistant allele with DVr = 0.36 (95%

CI = 0.15–0.61).

We calculated the heritability h2 from Vg and the

residual variance Vr as h2 = Vg ⁄ (Vv + Vr + p2 ⁄ 3). The

term p2 ⁄ 3 is the distribution-specific variance of a logit-

link model (Lee et al., 2006), which is added to the

residual variance Vr to calculate the heritability from a

binomial model with additive overdispersion as imple-

mented in MCMCglmm (Nakagawa & Schielzeth, in

press). As Vg is equivalent to Va, this is an estimate of

narrow-sense heritability. The heritability of transmis-

sion was relatively high in both the susceptible and

resistant hosts h2
sus = 0.32, h2

res = 0.37), indicating that

this trait has the potential to respond rapidly to selection

(Table 2).

Our experiments included many viral isolates to allow

us to estimate genetic variances, meaning that trait

means for individual viruses are poorly estimated.

Nonetheless, it is interesting to ask whether the genetic

variation that we have observed is caused by a smaller

number of different viral types in the populations or by

continuous genetic variation. Therefore, we tested for

significant differences between all virus isolates in both

host genotypes using pair-wise general linear models

with virus and cohort as fixed effects and a quasi-

binomial error structure. We corrected for multiple

testing (number of tests per host background m = 4465)

by using False Discovery Rates according to Benjamini &

Hochberg (1995) and identified distinct viral types by

their pattern of significance using multidimensional

scaling. This approach confirmed the high level of

continuous genetic variation between viral isolates with

no clusters of identical viruses. Within the resistant host

background, all virus isolates were phenotypically dis-

tinguishable, whereas in the susceptible background we

found 91 distinct viral types with four pairs of viruses

whose phenotypes were indistinguishable.

Genetic covariance

Are all viruses sensitive to the host’s resistance allele?

As Fig. 1a shows, most virus isolates showed reduced

transmission rates in the resistant host line, although

there was a large amount of variation. The genetic

correlation between transmission in resistant and sus-

ceptible flies (C) was 86.6% (95% CI = 79.8–93.8%).

This strong correlation indicates that the resistance QTL

affects most of the virus genotypes similarly, even

though the interaction itself was significant. The devi-

ance information criterion (a generalization of the AIC

and BIC for Markov Chain Monte Carlo Bayesian

models (Spiegelhalter et al., 2002)) was smaller for the

model including the interaction (DIC = 54522.99)

then for the model without an interaction (DIC =

55627.41).

Effect of population structure

Measures of genetic variance and heritability can be

affected by population structure. To test whether our

estimate of genetic variance for paternal transmission

was inflated by underlying population structure, we

included the population of origin as a fixed effect in the

model. As in the simple model described earlier, the QTL

allele significantly affected paternal transmission, with

transmission being on average 14.14% lower in the

resistant genetic background (CI 3.4–21.37%). The

genetic variance Vg was very similar in the simple model

and in the model accounting for population structure

(Vg_sus = 2.11 and Vg_sus_pop = 1.8 (CI 1.37–4.3) and

Vg_res = 2.44 and Vg_res_pop = 2.4 (CI 1.6–8.31) in the

two models, respectively). We thus found no evidence

for population structure leading to an overestimation of

genetic variance.

As 60 of our 95 viral isolates (Table 1) originated from

a particularly well-sampled field site in Athens (Greece),

we repeated the analysis for this population on its own.

While we found that, in the resistant host background,

the residual variance Vr and the heritability h2 were

significantly lower in the Athens population than in the

entire sample, there was no difference in the genetic

variance Vg (see Table 2). We thus conclude that selec-

tion for increased transmission can act within popula-

tions of the sigma virus.

Table 2 Genetic variation in the paternal transmission of the sigma virus (values in brackets indicate 95% credible intervals). The analysis

was performed using either all virus isolates (all populations, n = 95) or restricted to the Athens population (n = 60).

Fly allele Population Mean (%)* Vg Vr h2

Susceptible All populations 63.06

(55.78–69.47)

2.11

(1.43–2.78)

1.21

(1.03–1.40)

0.32

(0.24–0.38)

Athens 68.28

(59.73–76.15)

1.61

(1.25–2.12)

1.49

(1.28–1.77)

0.22

(0.15–0.31)

Resistant All populations 44.33

(37.27–53.31)

2.44

(1.72–3.22)

0.85

(0.72–0.97)

0.37

(0.30–0.45)

Athens 49.4

(41.8 1–57.97)

1.96

(1.51–2.61)

1.88

(1.55–2.35)

0.18

(0.13–0.25)

*Trait means (x) were backtransformed from the logit scale into percentages with the link function �X ¼ 1
1þ 1

ex
.
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Maternal transmission

The sigma virus can be transmitted to offspring by both

the father and the mother. While we found a large

amount of genetic variation for paternal transmission,

maternal transmission was nearly perfect across all lines.

We measured maternal transmission in the cross provid-

ing the experimental males. We found very little varia-

tion in maternal transmission across virus lines, with all

but two of 95 lines showing perfect transmission.

Molecular detection of sigma

We have verified that offspring diagnosed as uninfected

based on CO2 sensitivity are indeed free of sigma using

PCR detection of the viral RNA. As shown in Fig. 2, flies

that recovered from CO2 exposure showed no or a very

weak band for sigma, when compared to the very strong

band in their siblings that were paralysed. Therefore, the

CO2 assay is indeed diagnostic of sigma infection in

studies of vertical transmission, the natural way of

infection in this host–parasite system.

Discussion

We found considerable genetic variation among isolates

of the sigma virus in the rate at which they are

transmitted from infected males to offspring. As a

vertically transmitted parasite, the fitness of the sigma

virus is equal to the number of infected offspring

produced by an infected fly. Therefore, there will be

strong selection on the sigma virus to increase the rate of

vertical transmission. The high genetic variation that we

have observed shows that populations of the virus are

able to rapidly respond to this selection pressure.

The pattern of genetic variation that we observed in

the virus population mirrors what we have found in the

host population, where there is considerable genetic

variation among fly genotypes in the rate at which

infected males transmit the virus to their offspring

(Bangham et al., 2007). In flies, selection will act to

reduce the rate of transmission and the high genetic

variation in transmission rates means that they can

rapidly respond to this selection pressure, even though

the strength of selection is presumably lower in the host

than the virus, as sigma only has a small effect on fitness

(e.g. Fleuriet, 1981a) and most flies are uninfected

(Carpenter et al., 2007). The fitness of the virus in con-

trast hinges exclusively on its transmission to offspring.

How are sigma virus genotypes with low transmission

maintained in the population? This genetic variation may

be maintained if the genes that control transmission in

the host and the virus interact. In the system we describe

here, both the variation in the viral population and the

resistant and susceptible alleles of the transmission-

blocking QTL (Bangham et al., 2008b) could be main-

tained if the effect of the QTL is reversed when

confronted with different parasite genotypes. We can

clearly reject this extreme scenario, as there is a strong

positive genetic correlation between transmission in

resistant and susceptible hosts. This shows that selection

to increase transmission in resistant flies will increase

transmission in susceptible flies and vice versa. Therefore,

viruses do not face a trade-off between transmission in

resistant and susceptible hosts.

While the genetic correlation was high, we also found

a significant interaction between transmission in resistant

and susceptible hosts. In combination, this shows that

only a small proportion of the viral genetic variance

interacts with the resistance locus. We can therefore not

rule out that this genetic interaction plays a role in

maintaining genetic variation for paternal transmission

in the host and its parasite, although it is unlikely to be

the main factor. Alternative explanations for the main-

tenance of susceptible hosts and low transmission para-

sites in this system include the presence of trade-offs with

other host genes or genotype-environment interactions

(Gillespie & Turelli, 1989). In this system, where the

virus is vertically transmitted by both parents, trade-offs

between fitness and transmission in the two sexes may

be important for the maintenance of genetic variation.

Alternatively, this variation may not be stably main-

tained. It could result either from mutation-selection

balance (Zhang & Hill, 2005), where deleterious muta-

tions introduce genetic variation and purifying selection

removes it. It is however unclear whether the observed

magnitude of genetic variation in such a primary com-

ponent of viral fitness could be maintained under this

scenario. On the other hand, many viral genotypes may

not be at their adaptive equilibrium, and the genetic

variation could be because of transient polymorphisms

that occur as new advantageous mutations and sweep

(a)

(b)

Fig. 2 Molecular detection in of the sigma virus in CO2 sensitive (+)

and insensitive ()) offspring of males infected with three different

viral isolates. The upper panel shows a PCR product amplified from

the sigma virus, and the lower panel is a product of Drosophila

melanogaster actin mRNA.
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through the host and parasite populations. Such poly-

morphisms explain much of the genetic variation in the

resistance of flies to the sigma virus, as is exemplified a

recent selective sweep in the ref(2)P gene (Bangham

et al., 2007). A third relevant factor may be the strong

population structure seen in the sigma virus population

(Carpenter et al., 2007). Population structure can main-

tain genetic variation across populations, by allowing

local adaptation or by reducing genetic drift across the

global population (Felsenstein, 1976). However, our

analysis suggests that population structure does not play

a major role in this system, as we found no evidence for

genetic variation being partitioned between populations.

In contrast to the quantitative variation found for

paternal transmission, genetic variation for maternal

transmission has very simple genetics in both the host

and the virus. In the host, all of the genetic variation in

maternal transmission is explained by a single polymor-

phism in the ref(2)P gene (Contamine et al., 1989;

Bangham et al., 2008a; Dru et al., 1993; Wayne et al.,

1996). The virus also occurs in two forms in nature, an

avirulent type that is sensitive to the resistant ref(2)P

allele and a virulent type that is not (Fleuriet, 1980).

Therefore, unlike the gene we have studied, the genetics

of this interaction clearly fits the gene-for-gene model. As

all the flies we used carried the susceptible allele of

ref(2)P, we did not see any genetic variation in maternal

transmission. Both the resistant ref(2)p allele (Bangham

et al., 2007) and the virulent virus type (Fleuriet &

Periquet, 1993; Fleuriet & Sperlich, 1992) have recently

increased in frequency in natural populations. This

suggests that the host-resistance gene and the viral

counter-adaptation either may be sweeping to fixation

or they may cycle in frequency as suggested by many

models of coevolution.

In this study, we found that a transmission-blocking

QTL that was identified using a single viral isolate

(Bangham et al., 2008b) is effective against a wide range

of other natural isolates. QTL studies for disease resis-

tance, including ones relevant for agriculture and med-

icine, frequently focus on a particular cross of a resistant

and a susceptible host line and a single parasite isolate.

Yet QTLs found with this straightforward design are often

specific to the particular host–parasite genotype combi-

nations and may not be a general characteristic of that

system (Wilfert & Schmid-Hempel, 2008). For example,

Denby et al. (2004) report entirely different QTLs for

resistance to two isolates of the fungus Botrytis cinerea in

Arabidopsis thaliana in the same study. Similar patterns

were found for resistance to dengue virus infection in the

mosquito Aedes aegypti. Different QTLs were found for

increasing the midgut infection barrier in a cross between

lines recently isolated from the field and tested with a

virus isolate from Puerto Rico (Bosio et al., 2000), and

crosses of artificially selected laboratory lines tested with

another isolate (Gomez-Machorro et al., 2004). In con-

trast, in a study of the paternal transmission of the sigma

virus in D. melanogaster, Bangham et al. (2008b) used

three independent crosses of fly lines with low or high

transmission rates, and found the same QTL in all the

three crosses. We have completed this by showing that

this QTL conveys resistance to paternal transmission in a

large panel of wild virus isolates. Thus, we can conclude

that this locus is an important fixture in the evolution of

resistance to sigma in D. melanogaster in nature.

The relative lack of host genotype · parasite genotype

interactions that we found contrasts with many other

invertebrate–parasite systems where there are strong

interactions (e.g. Lambrechts et al., 2005; Little et al.,

2006). Like many other negative sense RNA viruses, the

sigma virus does not recombine (Carpenter et al., 2007;

Chare et al., 2003). This could reduce the number of

genetic interactions, as whenever natural selection fixes

an advantageous mutation in the viral population, it

will remove variation at all other genes in the genome.

In the sigma virus, it is likely that a virulent strain that

is not affected by the ref(2)P resistance mutation is

currently sweeping through the population. This may

have removed genetic variation in the viral population

that interacts with other resistance genes in the host.

Therefore, the maintenance of balanced polymorphisms

may be less likely in entirely clonal parasites, than in

parasites that are sexual or have other means of genetic

exchange.

Conclusions

How genetic variation in the fitness of hosts and their

parasites is maintained is a hotly debated topic in

evolutionary biology. In a tightly coevolving system, we

have found that both the host and parasite populations

have high levels of genetic variation affecting the

parasite’s rate of vertical transmission through sperm.

Therefore, the host can rapidly respond to selection to

reduce the transmission rate, and the parasite can rapidly

evolve a higher transmission rate. Theoretical models

predict that this variation could be maintained if there is

an interaction between the two partners, so that the rate

of transmission depends on the combination of host-

resistance genes and parasite genes. However, we found

no evidence for a strong genetic interaction between a

major-effect host gene and parasite genes. Therefore, we

conclude that this genetic variation for paternal trans-

mission is probably not stably maintained because of

interactions between host and parasite genotypes.
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