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Synthesi ss  — Adaptiv e Speciatio n in 
Agricultura ll  Pests 

Martijj  n Egas, Maurice W Sabelis, Filipa Vala 
&&  Iza Lesna 

In:: Adaptive Speciation, (eds. Dieckmann, U., J.AJ. Metz, M. Doebeli 
andd D. Tautz), Cambridge University Press, Cambridge (in press) 

Introductio n n 

Agriculturall  crops provide an ideal environment for adaptive spe-
ciationn of pest species. They represent recently colonised habitats, 
theyy harbour small incipient pest populations, and they form envi-
ronmentss in which not all resources are already occupied (togeth-
err referred to as ecological opportunity, see Schluter £2000]). 
Thesee characteristics exactly meet the conditions predicted by 
Dieckmannn and Doebeli (1999) to favour species splitting up in 
specialistss by the process of evolutionary branching (see Chapters 
22 and 3). Additionally, in agricultural systems the ecological envi-
ronmentt is constant relative to the natural world, which also 
favourss adaptive speciation. Moreover, the economic importance of 
agriculturall  crops warrants extensive research into pest species, 
whichh increases the probability of documenting adaptive specia-
tion.. It is therefore not surprising that the best examples of eco-
logicall  speciation in sympatry involve pest species (e.g. the apple 
maggott fly Rhagoletis pomonella £Feder 1998], the pea aphid 
AcyrthosiphonAcyrthosiphon pisum [Yi a 1999] and the two-spotted spider mite 
TetranychusTetranychus urtkae £Gotoh etal. 1993]). 

Agriculturee provides a diversity of crops, and plant breeding 
createss a unique level of heterogeneity in resistance and palatabil-
ityy within a crop species. In this world, pest species may evolve to 
becomee specialists (feeding on one or a few plant species or even 
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genotypes)) or generalists, depending on fitness trade-offs (Levins 1962; 
Chapterss 2 and 3). Such trade-offs may be found in food conversion effi-
ciency,, detoxification, phenology and defences against or escape from 
naturall  enemies. Given the fitness trade-off and the availability of the 
resources,, an ideal, omniscient pest organism knows where to forage in 
orderr to maximise its fitness. Real pest organisms, however, are not 
omniscientt and need to sample the environment (Stephens and Krebs 
1986).. In the process of sampling, individuals acquire experience, which 
mayy affect (foraging) behaviour - this is what defines learning. 

Itt is long recognised that learning can affect evolution (Box l). Adap-
tivee learning allows foragers to distribute themselves over the resources 
inn a fashion closer to the optimal distribution (Pulliam 1981), which 
favourss host plant specialisation and host race formation (Chapters 2 and 
3).. Moreover, genetically-based differences in host preference and per-
formanceformance may be reinforced by learning, creating a correlation between 
hostt use and fitness on different hosts, again facilitating the evolution of 
hostt specialisation and host race formation (Jaenike and Papaj 1992). 

Byy deciding where to forage and how long to stay, individuals become 
non-randomlyy distributed over the resources; thus, their populations 
exhibitt spatial structure. This, in turn, affects the mating structure of the 
pestt population, thereby reinforcing genetic divergence when mate 
choicee is a by-product of (micro)-habitat choice. More generally, mate 
choicee may depend on the environment (context-dependent mate choice), 
ass has been shown in several organisms (Qvarnström 2001). Thus, flex-
iblee behaviour may contribute to prezygotic reproductive isolation. 

Ann important factor in postzygotic reproductive isolation, at least in 
arthropodd species, is the presence of the microbe Wolbachia. These bacte-

Figg 1 Wolbachia bacteria in an egg cell 
off  Tetranychus urticae. DNA was stained 
withh DAPI and photographed under a 
fluorescencefluorescence microscope (magnification 
400x).. In the centre of the picture are 
thee 27V = 6 chromosomes of the fer-
tilisedd egg cell. Scattered throughout 
thee cell are Wolbachia bacteria, visible as 
smalll  dots. 
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ria,, related to Rickettsia, live inside the cells of the infected host, and are 
verticallyy transmitted through the eggs (Fig l). Wolbachia is renowned 
forr manipulating the reproductive mechanisms of its host — causing 
amongstt others parthenogenesis in parasitoid wasps, and reproductive 
incompatibilitiess in a large number of arthropod species (review in 
Stouthamerr et al. 1999). For these reasons, Wolbachia has been implicat-
edd in speciation (Werren 1998; Hurst and Schilthuizen 1998). 

Inn this chapter, we address the consequences of (l ) adaptive learning, 
(2)) adaptive mate choice, and (3) JVolbachia-induced reproductive incom-
patibilityy for population differentiation and speciation in agricultural 
pests.. We start with reviewing the evidence for rapid evolutionary 
changee of arthropod herbivores in agricultural settings. 

Crop ss as ecologica l niche s 

Agriculturall  crops occupy vast areas, waiting to be colonised by herbi-
vores.. The herbivores may either stem from the ancestral plants in the 
areaa of origin of the crop or from related wild plants endemic in the area 
wheree the crop is grown. I t is hard to predict whether specialists or gen-
eralistss wil l dominate among the first invaders of a new crop. On the one 
hand,, most phytophagous arthropods are specialists (Futuyma and 
Gouldd 1979; Chapman 1982; Strong et al. 1984) and this may increase the 
chancee for specialists to be among the first invaders. On the other hand, 
generalistss are part of many host-associated communities of phy-
tophagouss arthropods. Empirical observations, however, reveal a pattern 
wherebyy generalists come in first and the community becomes increas-
inglyy specialised, the longer the plant coexists with the community of 
phytophagouss arthropods. For example, examination of the literature of 
233 annual crop plant species and the associated 498 species of phy-
tophagouss arthropods in Japan, covering several centuries, showed that 
83%% of the invading phytophages had a more generalised host range than 
thee median of the native community and that the proportion of special-
istss increased with 6.6% per century since introduction (Andow and 
Imuraa 1994). 

Agriculturall  crops also harbour a unique genetic diversity in cultivars 
duee to plant breeding programs, and patterns of seed distribution, but 
alsoo due to traditional development of local crop varieties. While we are 
onlyy beginning to understand how coevolution is driving diversity in 
phenotypess of plant resistance and insect virulence in natural insect-
plantt communities (Berenbaum and Zangerl 1998; Kareiva 1999), there 
iss much more evidence for arthropod pests in agriculture (Diehl and 
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Boxx I — Th e guidin g and hidin g effect s of learnin g on evolutio n 

Baldwinn (1896) was one of the first to propose a role for learning in evolu-
tionn by natural selection, together with Morgan (1896) and Osborn (1896). 
Learningg is said to 'guide evolution' (Hinton and Nowlan 1987; Maynard 
Smithh 1987) when it promotes the speed of adaptation. This is commonly 
calledd the Baldwin effect (e.g. Robinson and Dukas 1999). However, learn-
ingg may also have the effect of masking fitness differences among individuals: 
thee 'hiding effect' of learning (Papaj 1993; Mayley 1997; see also Jaenike and 
Papajj 1992). We illustrate this with an example. 

Considerr a consumer exploiting two resources, constrained by a fitness 
trade-off.. When selection is disruptive in a population with two diverged 
genotypee clusters (Fig la), learning to forage on the resource that yields 
higherr fitness can increase the fitness differences among individuals (com-
paredd to the situation without learning, where consumers feed on the 
resourcess proportional to their relative densities). This promotes the speed 
off adaptation. In contrast, when selection is stabilising in a population with 
onee genotype cluster (Fig lb), the same foraging effect of learning reduces 
fitnesss differences among individuals, reducing the speed of adaptation. 
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f(x 2) ) 

f(x 2) ) 
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Figg I The guiding (a) and hiding (b) effects of learning on evolution. The left and 
rightt graphs show the fitness of individuals (dots) when feeding on resource 1, f(xj) , 
orr resource 2, f(xa), before and after selection. The middle graphs show the achieved 
fitnesss of individuals (given their trait value for exploiting resource 1, Xj), with or 
withoutt learning. When learning affects foraging behaviour, individuals spend more 
timee feeding on the resource that yields higher fitness. 
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Bushh 1984; Rausher 2001). For example, biotypes in the Hessian fly, a 
cecidomyiidd attacking wheat in Europe and North-America, have been 
shownn to possess virulence loci that match resistance loci in the plant in 
aa one-to-one relationship. Another example is the brown planthopper, a 
notoriouss pest of rice in Asia. Rice varieties greatly vary in their suscep-
tibilit yy to planthoppers and several 'major' resistance genes have been 
identified.. Resistance-breaking mechanisms in the planthoppers inherit 
polygenicallyy and it is possible to select new biotypes from individuals of 
anotherr biotype. In Sri Lanka, planthopper populations have locally 
adaptedd to domestic rice varieties or wild rice, since they thrive better on 
thee variety from which they were collected. In the laboratory, mate 
choicee appears to be random, but in the field behavioural preferences for 
particularr rice varieties may act as a partial barrier to interbreeding. 

Too what extent the biotypes are reproductively isolated, is often not 
knownn and this may lead to debates as to whether they represent host 
racess or not (Diehl and Bush 1984). A nice example derives from exten-
sivee studies on two-spotted spider mites feeding on various crops in 
Europeann greenhouses (Helle and Sabelis 1985). Greenhouses represent 
non-seasonall  ecological islands in a seasonal environment. The selection 
regimee within the greenhouse is dramatically different and this has led 
too novel adaptations, such as absence of diapause (Helle 1962), resistance 
too pesticides (Helle and Overmeer 197S) and suppressed long-distance 
dispersall  (Margolies 1995). It seems reasonable to assume that each 
greenhousee population originated from a nearby local population, and 
thatt the greenhouse restricts gene flow with the open field. This is sug-
gestedd by population genetic analyses, using allozymes and molecular 
markers,, which show that greenhouse populations are genetically differ-
entiatedd from their respective source populations nearby (Tsagkarakou et 
al.al. 1998). Reproductive incompatibilities between greenhouse strains 
havee been reported (Helle and Pieterse 1965), and occur - albeit at a 
lowerr frequency - among local populations (< 10 km apart) under natur-
all  conditions (dune areas of Belgium and The Netherlands; De Boer 
1980,, 1985). There is now increasing evidence that such incompatibilities 
cann arise from infection with Wolbachia endosymbionts (Breeuwer 1997; 
Valaa et al. 2000; discussed below in the section Symbiont-induced repro-
ductiveductive incompatibility). Unfortunately, host plant selection and mate 
choicee have been littl e studied, but there is one example showing that 
greenhousess harbour lines of two-spotted spider mites that are adapted 
too tomato plants (lower mortality after colonisation, higher growth 
rates),, differ in host-plant choice, and are reproductively isolated from 
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strainss collected from greenhouse cucumber through mate choice and 
postzygoticc isolation (Gotoh et al 1993). Spider mite systems fulfil l all 
thee necessary conditions for adaptive speciation (Crozier 1985; Fry 1992; 
Navajass 1998), although experimental evidence of differentiation in sym-
patryy is still lacking. 

Together,, these examples show that local adaptations rapidly evolve 
inn agricultural environments and that this process is possibly associated 
withh the evolution of prezygotic isolation (e.g. host preference and mate 
choice)) and postzygotic isolation (e.g. fFolbachia-mediated incompatibili-
ty)) among local populations. 

Adaptiv ee learnin g of hos t preferenc e 

Inn herbivorous arthropods, the guiding effect of learning on evolution 
(seee Box 1) may facilitate the evolution of host plant specialisation and 
hostt race formation (Jaenike and Papaj 1992; Chapters 2 and 3). Speciali-
sationn and host race formation are repeatedly observed in agricultural 
pests,, including the apple maggot fly Rhagoletis pomonella (Feder 1998; 
Filchakk et al. 2000) the pea aphid Acyrthosiphon pisum (Via 1999; Caillaud 
andd Via 2000; Via et al. 2000) and the two-spotted spider mite Tetranychus 
urticaeurticae (Fry 1992; Gotoh et al. 1993). Is there a role for learning in the 
speciationn process of these organisms? In general, effects of experience 
aree almost always found when looked for in herbivorous arthropods 
(Papajj  and Prokopy 1989; Bernays 1995). Below, we provide examples of 
flexibleflexible (experience-induced) and fixed (no induction with experience) 
preferencee and performance for the three species mentioned above. 

Absenc ee of induce d preferenc e and performance : pea aphid s 
Severall  recent papers give evidence for sympatric speciation in the pea 
aphidss on red clover and alfalfa (Via 1999; Caillaud and Via 2000; Via et 
alal 2000). Sympatric populations are highly ecologically specialised and 
genee flow between them is low. Recently, Caillaud and Via (2000) report-
edd on aphid behaviour underlying acceptance of the two host plants. 
Theirr results show that the aphids rapidly assess both host plants and 
rejectt the alternate host, based on chemosensory cues (i.e. before any 
feedingg had initiated). There does not seem to be a role for experience in 
acceptancee behaviour, although aphids do perform a series of additional 
shortt penetrations at different locations on the plant before finally leav-
ingg the plant. Via (1991) studied effects of experience with one of the two 
hostss on induced performance on that host, using replicates of two spe-
cialisedd clones of pea aphids. Experience on the alternate crop had no sig-
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nificantt effect on the relative performance of these two clones, suggest-
ingg only genetically based differences in host plant performance among 
peaa aphid clones. 

Hence,, there is no evidence of experience-induced preference and per-
formancee in the pea aphid. Such effects of experience might have been 
anticipatedd since they have been found in other species of aphids {e.g. 
Douglass 1997; Ramirez and Niemeyer 2000). Instead, the divergence in 
hostt use may in this case be attributed to differences in chemosensory 
perception:: the host races have diverged in neuroreceptors coding for 
stimulantss and/or deterrents which determine the behavioural accep-
tancee of a plant as host (see Menken and Roessingh 1998). 

Induce dd preferenc e and fixed  performance : appl e maggo t flie s 
Effectss of experience on host selection and oviposition behaviour have 
beenn relatively well studied in the apple maggot fly [e.g. Prokopy et at 
1982,, 1988, 1994; Papaj and Prokopy 1986, 1988, 1989). Host fruit find-
ingg is influenced by fruit colour experienced previously, whereas oviposi-
tionn behaviour is affected by fruit size and surface chemistry. Experience 
withh apple or hawthorn fruit increases the retention time within host 
trees,, and reduces the propensity to oviposit in the alternate host fruit. 
Effectss of experience on performance has not been studied, but is not 
expectedd to play a role since the maggots do not leave the fruit until 
pupation. . 

Thee apple maggot fly exhibits induced preference and fixed perfor-
mance,, suggesting that preference and performance are not likely to 
becomee correlated due to learning. However, these observations have not 
beenn coupled at the individual level. Because natural selection acts 
strongestt at this level, we need to know: do individuals learn to prefer the 
hostt on which their offspring perform best? 

Induce dd preferenc e and performance : spide r mite s 
Althoughh learning is well-documented in arthropods, the fitness effects 
off  learning are not (Papaj and Prokopy 1989; Dukas and Bernays 2000). 
Recently,, Egas and Sabelis (Chapter 4) showed fitness effects of host-
preferencee learning in the two-spotted spider mite. Individual mites from 
twoo host races (Gotoh et al. 1993) were subjected three times to a choice 
betweenn their respective host plants, tomato and cucumber, and then sub-
jectedd to a performance test on each. During the three consecutive choice 
tests,, mites of both strains learned to prefer cucumber over tomato. The 
performancee test showed that cucumber allowed for higher oviposition, 
higherr survival, and faster development than tomato. The same two host 
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Boxx  2 — Wolbachia  and cytoplasmi c incompatibilit y 

Althoughh the molecular details are still unknown, it is hypothesised that 
inductionn of cytoplasmic incompatibility (ci) results from the 'modification' 
byy the symbiont of sperm in an infected male. When in a fertilised egg, the 
modifiedd paternal chromosomes fails to segregate properly unless bacteria 
off the same strain are present in the cytoplasm of the egg - so they may 
rescuee the paternal chromosomes (Stouthamer et al. 1999). Failure of pater-
nall chromosomes to segregate properly will either result in a complete hap-
loid,, or in an aneuploid embryo (Callaini et al. 1997). 

Levelss of ci observed in nature and in the lab range from complete (in 
thee lab) to undetectable (indeed, strains are known where infected males do 
nott induce ci, but infected females do rescue sperm chromosomes from 
maless with a different Wolbachia infection). Vertical transmission of the 
endosymbiontt can be far from complete (e.g. in fruitflies and in spider 
mites),, leading to continuous production of some uninfected offspring. 
Whenn two host strains are infected with different Wolbachia variants, inter-
specificc crosses usually result in bidirectional incompatibility. It is this feature 
off the Wb/bach/o-host interaction - which leads to de facto assortative mat-
ingg in the host - that first implicated a role for Wolbachia in speciation 
processess (Breeuwer and Werren 1990; Coyne 1992). 

« f x 9 9 
Gff  x ^ 

Noo offsprin g 

Offsprin g g 

Offsprin g g 

Offsprin g g 

Figg II Wolbachia and CI. When a Wolbachia-'mfected male (dark grey, denoted I) 
matess with an uninfected female (light grey, denoted U), no offspring is produced. 
Apparently,, Wolbachia in the male 'modified' the sperm chromosomes. All three 
otherr possible crosses are fully compatible, including the I x I cross: Wolbachia in the 
eggg 'rescue' the sperm chromosomes. 
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racess were also shown to learn food quality in choice tests, again result-
ingg in fitness benefits (Chapter 5). Food consisted of cucumber plants 
withh three different degrees of feeding damage: undamaged (no mites), 
mildlyy damaged and heavily damaged (infested by one of the two mite 
races).. Again during three consecutive choice tests, mites of both strains 
learnedd to prefer less damaged cucumber, and had higher oviposition rate 
onn food with a lower degree of damage. 

Inn herbivorous arthropods, preference may be induced when feeding 
onn a host plant (review in Szentesi and Jermy 1990). Clearly, induction of 
higherr preference for a host plant is beneficial when performance on that 
hostt plant is simultaneously increased. Association of improved physio-
logicall  state with the smell and/or taste of the host plant may explain the 
inductionn of preference as a result of increased performance. Although 
preferencee induction is widely observed, induction of performance had 
nott been studied in this context. Recently, however, Agrawal et al (2001) 
andd Magowski etal (Chapter 6) provided evidence of induced preference, 
ass well as induced performance on tomato plants in various strains of T. 
urticae,urticae, and show that there is considerable variation in these two traits 
amongg strains. In these cases, the spider mites achieved induced perfor-
mancee by switching on detoxification mechanisms which allowed them to 
copee with the toxins incurred from feeding on tomato plants. 

Adaptiv ee learnin g and speciatio n 
Inn the pea aphid, there is no evidence that learning affects host use. 
Theree is a strong preference-performance correlation within clones and 
aa stark difference in host plant specialisation between clones of the two 
differentt host races. Hence, there is no need for behavioural plasticity in 
hostt use. Of course, we do not know whether learning may have played a 
rolee in the early stage of divergence in this species. The other two exam-
pless do show effects of experience on preference and/or performance, in 
ourr view exemplifying the situation as it may appear in early stages of the 
divergentt process of speciation. How then may learning affect sympatric 
evolutionn towards new species? 

Inn the apple maggot fly, induced preference for host fruit may con-
tributee to disruptive selection (see also Papaj and Prokopy 1989). The 
differencee in host phenology of apple and hawthorn (Feder 1998; Filchak 
etet al 2000) makes that flies, emerging early from diapause, will learn to 
selectt the early host (apple) and the later flies will learn to select the later 
hostt (hawthorn). This sets up a correlation between timing of diapause 
andd utilisation of the most abundant host at that time, resulting in dis-
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ruptivee selection on performance characters for one host or the other, 
correlatedd with the timing of diapause. The role of learning in this sce-
narioo is to change the distribution of the flies from proportional to rela-
tivee host density to skewed towards the more abundant host, thereby 
enhancingg disruptive selection. 

Thee life-history of the two-spotted spider mite differs from the apple 
maggott fly, because adult females need to feed on the host plant in order 
too oviposit (like pea aphids; see also Via et al. 2000). Hence, they can and 
doo test the food internally {i.e. physiologically) before ovipositing on it. 
Inn contrast, an apple maggot female necessarily uses indirect cues to 
assesss the value of various fruits for her offspring. Again, learning con-
tributess to a positive correlation between the distribution of individuals 
overr host plants and their fitness on these plants (Pulliam 1981; Kacelnik 
andd Krebs 1985). Moreover, the different life-history of spider mites 
increasess this positive correlation even more - an effect shown to pro-
motee disruptive selection for host plant specialisation (Chapters 2 and 3). 

Adaptiv ee mat e choic e 

Oncee local adaptations evolve, gene flow between biotypes may become 
restrictedd through the evolution of assortative mating, ultimately leading 
too host race formation and speciation. In its simplest form, assortative 
matingg among individuals with new adaptations for a host plant can be a 
by-productt of their host plant choice (de facto assortative mating). Mate 
choicee may also be directed to traits that correspond or are even associ-
atedd with adaptations to the novel host. The latter type of mate choice 
mayy in theory arise from learning novel mating signals produced by indi-
vidualss that are in the process of acquiring adaptations to the new host 
plant.. Indeed, learning has been implicated in mate choice of songbirds 
(Irwi nn and Price 1999; Ten Cate and Vos 1999; Ten Cate 2000), but evi-
dencee for pest species is lacking. In pest species, however, there is increas-
ingg evidence for the female's ability to discriminate between males that 
conferr 'good genes' to their offspring. This involves complex forms of 
matee choice, depending on the quality of the mate (condition-dependent 
matee choice), or on the particular environment in which the offspring is 
producedd (context-dependent mate choice). Below, we discuss examples 
illustratingg the three mechanisms of mate choice. 

Matee choic e as a by-produc t of foo d choice : pea aphid s 
Thee pea aphid system we discussed in the previous section, is an exam-
plee of de facto assortative mating (Caillaud and Via 2000). Aphids of the 
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twoo host races have strong preference for their respective host plants, 
andd mating takes place on the host plant. This is a prime reason for the 
lackk of hybrids in the field (Via 1999; Via et al. 2000). 

Itt is long recognised that de facto assortative mating may be more 
widespreadd when host plant characters are imprinted in juveniles 
(Hopkinss 1917; Thorpe 1945). The phenomenon of food imprinting or 
inductionn of food preference is called Hopkins host-selection principle, 
andd refers to individual preference, when adult, for oviposition on the 
hostt plant experienced when juvenile. However, there is hardly any evi-
dencee that juvenile experience survives the pupal stage (although there 
iss proof that memory transfer from the larval stage to the adult is in 
principlee possible; review in Szentesi and Jermy 1990). Nevertheless, 
individualss may also be imprinted in early adulthood, when they are still 
onn the host plant they successfully grew up on (Jaenike 1983). Although 
veryy interesting, we know virtually nothing about the occurrence of this 
neo-Hopkinss host-selection principle (see also Schoonhoven et al. 1998). 

Condition-dependen tt  mat e choice : spide r mite s 
Assortativee mate preferences in host races of two-spotted spider mites 
havee been demonstrated in two studies. First, Gotoh et al. (1993) have 
shownn that males from a tomato-adapted line prefer females of the same 
linee over females of a cucumber-adapted line. Second, recent experiments 
demonstratedd a remarkable ability of the female spider mites to avoid 
matingg with males with whom they would otherwise produce inviable 
offspringg (Vala et al. 2001). Matings between male spider mites infected 
withh a bacterial endosymbiont iJVolbachid) and non-infected female spi-
derr mites infected are incompatible (see the section Symbiont-induced 
reproductivereproductive incompatibility below). When given a choice, female spider 
mitess avoid Wolbachia-mfected males and prefer to mate with uninfected 
maless from the same isofemale line. Clearly, this mate choice increases 
theirr reproductive success and may therefore be called adaptive. How the 
femaless perceive whether a male is infected or not, is still to be elucidat-
ed.. Thus, females can somehow perceive the presence of a micro-organ-
ismm that greatly affects the viability of their offspring, yet does not do any 
measurablee physical harm to the male carrying it. This is the first 
demonstrationn that the Wolbachia infection can affect prezygotic (rather 
thann postzygotic) reproductive isolation of its host. These results are also 
veryy exciting given the vast literature on females of various species that 
discriminatee mating partners based on the load of parasites that are 
harmfull  to their current host (Hamilton and Zuk 1982; Moller 1994). 
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Context-dependen tt  mate choice : soi l predator y mite s 
Thee benefit of spider mite females from mate choice is dependent on the 
infectionn status of the male, but not on the environment they live in. Do 
femaless in different environments also prefer those males that improve 
thee performance of their offspring in that environment? A striking exam-
plee comes from a study on the soil predatory mite Hypoaspis aculeifer 
(Lesnaa and Sabelis 1999), an important natural enemy of copra mites 
(preyy T) and bulb mites (prey R), two species that feed on fungi and 
below-groundd plant parts (bulbs, roots). A sample of predatory mites col-
lectedd from a small site (0.25 m2) was first reared in the laboratory on 
copraa mites and then subjected to selection for prey preference. After 
fourr generations of selection two lines were obtained, one with a prefer-
encee for copra mites (T-line) and one with a preference for bulb mites (R-
line).. Cross-breeding studies revealed that the preference inherited as if 
determinedd by a single gene (or group of linked genes). Coexistence of 
thesee predator genotypes could not be explained by niche differentiation: 
thee /2-line outperformed the T-line irrespective of whether they were 
rearedd on bulb mites alone or copra mites alone. However, on a mixture 
off  the two prey species the roles were reversed, because the i?-line per-
formedd very badly (negative growth). Strikingly, the hybrids between the 
twoo preference lines outperformed the T-line on a diet of prey T and the 
72-linee on the prey mixture. Only when the diet consisted exclusively of 
preyy R, hybrids performed intermediate between the two parental lines. 
Subsequentt tests on mate choice revealed that females of the T-line 
alwayss preferred to mate with males of the other line (Fig 2a), which 
makess sense because hybrids between the two lines perform better 
(althoughh not significantly so on the mixture). Females of the /2-line, 
however,, mated assortatively, except when feeding on the prey mixture 
(Figg 2b). This switch from assortative to disassortative mating makes 
sense,, because hybrids between the two lines perform worse than the 
parentall  /2-line on a diet of bulb mites alone and equally good on a diet 
off  copra mites alone, but the hybrids perform much better on a diet of the 
preyy mixture. These results show that females can switch their mate 
choicee depending on the performance of the offspring in the current envi-
ronmentt (Lesna and Sabelis, 1999). This phenomenon is therefore an 
examplee of context-dependent mate choice (Qvarnstrom, 2001). 

Adaptiv ee mate choic e and speciatio n 
Whenn mate choice is a by-product of food choice, sympatric divergence 
readilyy occurs through the evolution of specialisation and/or food pref-
erencee (Felsenstein 1981; Rice 1987; Diehl and Bush 1989). Clearly, flex-
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Figg 2 Diet-dependent mating preference of female Hypoaspis aculeifer (a: T-line 
females,, b: fl-line females). Females were put on one of three diets (prey R alone, 
preyy T alone or a mix of R and T), and then offered one /{-lin e male and one T-
linee male in a choice test. Mate choice prediction is based on the relative growth 
ratess of pure-line offspring and hybrid offspring on the diet the female experi-
enced.. See text for more details. Data from Lesna and Sabelis (1999). 

iblee adaptive mating behaviours {e.g. condition-dependent and context-
dependentt mate choice) create even more opportunity for reproductive 
isolationn than defacto assortative mating (see also Diehl and Bush 1989). 
Simplee genetics underlying food choice (as found for prey preference in 
thee soil predatory mite) and mate choice make adaptive speciation more 
likelyy (Dieckmann and Doebeli 1999). 

Symbiont-induce dd reproductiv e incompatibilit y 

WolbachiaWolbachia bacteria are obligate endosymbionts that are vertically trans-
mittedd from mother to offspring. They infect a large number of nematode 
andd arthropod hosts and may induce several reproductive alterations in 
theirr hosts (reviewed by Stouthamer etal. 1999). These suggest a role for 
WolbachiaWolbachia in speciation (Hurst and Schilthuizen 1998; Werren 1998), 
whichh led Coyne (1992) to dub this 'infectious speciation'. 
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Thee most enigmatic as well as widespread effect of Wolbachia on host 
reproductionn is cytoplasmic incompatibility (ci; Box 2). Here, Wolbachia-
infectedd males are reproductively incompatible with uninfected females, 
orr with females infected with a different strain of these bacteria (e.g., see 
Breeuwerr and Werren 1990; Stouthamer et al. 1999). It was soon recog-
nisedd that two Wolbachia strains in one host species that are reciprocally, 
bidirectionallyy incompatible would instantaneously provide effective 
reproductivee isolation. Recently, Bordenstein et al. (2001) provided first 
empiricall  support for this scenario. In two closely related, allopatric 
speciess of parasitoids, high levels of bidirectional ci precludes the fre-
quentt occurrence of hybrids in the laboratory, but crosses with uninfect-
edd (cured) individuals of both species show absence of hybrid breakdown. 

Wo/bochfo-induce dd incompatibilit y and speciatio n 
Werrenn (1998; see also Hurst and Schilthuizen 1998) suggested that the 
rolee of Wolbachia is primarily in allopatric speciation. The scenario is 
analogouss to the genetic Muller-Dobzhanski model. A species, fixed for 
aa specific Wolbachia strain, becomes divided into two allopatric popula-
tions.. In each population, a new Wolbachia strain replaces the ancestral 
WolbachiaWolbachia strain, aided by unidirectional incompatibility with it. When 
thee two populations meet again, chances are high that the two new 
WolbachiaWolbachia strains are bidirectionally incompatible. (Alternatively, the 
ancestrall  state could be uninfected, and the two daughter populations 
acquiredd different Wolbachia infections independently). Werren (1998) 
andd Hurst and Schilthuizen (1998) raise several arguments against a role 
forr Wolbachia in adaptive speciation. First, Werren (1998) assumes that it 
requiress near-simultaneous acquisition of different (bidirectionally 
incompatible)) Wolbachia strains in subpopulations. Second, Hurst and 
Schilthuizenn (1998) suggest that bidirectional incompatibility may not 
lastt long enough for a permanent split in the host due to loss of Wolbachia 
resultingg from coevolution of Wolbachia and host towards lower CI pene-
trance,, or due to a double infection from horizontal transfer. 

Wee disagree with this view, because it assumes that the drive towards 
speciationn depends solely on Wolbachia. Instead, we propose that coevo-
lutionn of host and Wolbachia during the process of evolutionary branch-
ingg may lead to bidirectionally incompatible Wolbachia strains in the two 
hostt subpopulations. The following example shows the role Wolbachia 
cann play in adaptive speciation by maintaining co-adapted gene com-
plexess within its host. Evolution in an uninfected host population leads 
too a trait value where evolutionary branching would occur if some 
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Figg 3 The proposed scenario for fVolbachia-assisted adaptive speciation. (a) 
Evolutionn in an uninfected host population leads to the trait value where evolu-
tionaryy branching could occur if hybrid offspring could be avoided, (b) In an 
infectedd population (indicated in black), branching can occur when a bidirec-
tionallyy incompatible Wolbachia infection (indicated in grey) arises. See text for 
moree explanation. 

degreee of assortative mating could be achieved (Fig 3a). In an infected 
hostt population (Fig 3b; indicated in black) at this crucial stage, a 
WolbachiaWolbachia mutation (indicated in grey) that is incompatible with the res-
identt Wolbachia strain may help the host to undergo branching, when it 
occurss in a host female with an extreme phenotype. At the same time, 
branchingg of the host population allows coexistence of two Wolbachia 
strains.. We assume that part of the population is uninfected and/or bidi-
rectionall  CI is not complete, otherwise the female with the mutant 
WolbachiaWolbachia unavoidably mates with an incompatible male and does not 
reproduce.. Our view also holds when a rare migrant host individual with 
aa different, incompatible Wolbachia strain invades the population, instead 
off  a rare mutant Wolbachia. 

Couplingg bidirectional incompatibility to evolutionary branching 
eliminatess two of the arguments against Wolbachia-assisted adaptive spe-
ciation.. First, the assumption of near-simultaneous invasion of different 
WolbachiaWolbachia strains is not necessary in our scenario. Second, in this situa-
tion,, selection for lower ci penetrance would be counterbalanced by 
selectionn against unfit hybrids. Horizontal transfer may still destroy the 
bidirectionall  incompatibility when it creates a doubly infected host. 
Horizontall  transfer is possible in parasitoid wasps (Huigens et al. 2000) 
butt may not be long-lasting when the transfer is from one species to the 
otherr (Heath et al. 1999). Moreover, horizontal transfer has never been 
demonstratedd for phytophagous species. 
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Thee role of Wblbachia in speciation may be even larger under unidi-
rectionall  ci, i.e. when reproductive isolation in the other direction is 
maintainedd by another mechanism (Giordano et al. 1997; Rokas 2000), 
suchh as mating preference of infected females for infected males 
(Shoemakerr et al. 1999). However, we think that this role is restricted to 
situationss where some degree of reproductive isolation is already pre-
sent,, not in a fully interbreeding species. In the latter case, we would pre-
dictt the opposite, as reported for the two-spotted spider mite (Vala et al 
2001;; explained above, in the section Adaptive mate choice): uninfected 
femaless should prefer uninfected males over infected males to avoid CI, 
whereass infected females need not have a preference because they are 
compatiblee with both types of male. 

Concludingg c o m m e n t s 

Inn this chapter, we argue that agricultural crops provide ideal conditions 
forr adaptive host race formation among pest species. Hence, agricultural 
pestss are excellent objects for studying speciation processes and testing 
speciationn theory. A lot can be learned from studies focused on the three 
issuess we addressed. 

First,, we need to know how well herbivorous arthropods detect their 
individuall  adaptation to various host plants and translate this experience 
intoo a preference for the host plant yielding highest fitness (as shown in 
Chapterss 4 - 7). Through its effect on the distribution of foraging herbi-
vores,, adaptive learning of host plant preferences may well promote 
geneticc divergence of host races (as explained in Box l). 

Second,, the consequences of host preferences for the population mat-
ingg structure need to be investigated. Research on mate choice suggests 
thatt females appear well aware of differences among males and choose 
adaptivelyy with whom to mate depending on environmental context 
(Lesnaa and Sabelis 1999). Such adaptive mate choice wil l strongly pro-
motee adaptive speciation. 

Third,, there is every reason to study the role of symbiont-induced 
incompatibilitiess in keeping co-adapted gene complexes intact. In this 
sense,, there are definite possibilities for adaptive speciation aided by 
Wolbachia-inducedWolbachia-induced incompatibility. As soon as such incompatibilities 
arise,, however, the pest insect wil l not remain an 'innocent bystander': it 
mayy profit from avoiding incompatible partners (Vala et al. 2001). This, 
leadss to selection for assortative mating, among uninfected individuals, 
butt probably also among individuals infected with the same Wolbachia 
strainn when various incompatible strains are present 
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Takenn together, premating barriers due to adaptive learning of host 
plantt quality and adaptive mate choice and post-mating barriers due to 
symbiont-inducedd incompatibilities may well play a major role in the 
emergencee of novel host races among arthropod pests in agriculture. 
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