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Host plant specialisation and speciation

Species flocks or adaptive radiations, i.e., groups of closely

related, usually monophyletic and sympatrically occurring

species adapted to different ecological niches, are quite com-

mon in nature. A species flock may arise when a species col-

onizes a new geographical area and diversifies to occupy a

variety of ecological niches. Famous examples are the hap-

lochromine cichlids in Lake Victoria (e.g., Meyer 2005;

Cristescu 2010) and water snails of the genus Lavigeria in

Lake Tanganyika (Michel 2000; van Damme & Gautier 2013).

For herbivorous insects, many examples can be found of adap-

tive radiations in which the ecological niche is represented by

the host plant (e.g., Farrel 1994; Menken et al. 2010; Turner

et al. 2010)

Soon after the publication of Darwin’s Origin of Species

in 1859, Walsh (1867) proposed that insect speciation could

be driven by shifting and adapting to new host plants. Subse-

quent work on host plant preference and host-specific mating

established the possibility of speciation in allopatry (Mayr

1947, 1963) but also the possibility of speciation in sympatry,

in the face of gene flow (Maynard Smith 1966; Bush 1969).

In the following decades, views of reproductive isolation be-

came polarized, culminating in a major controversy between

supporters of seemingly rival theories:

- Allopatric speciation: A separation in space is mandatory

to provide the necessary level of reproductive isolation that

precedes speciation (e.g., Futuyma & Mayer 1980; Coyne

& Orr 2004).

- Sympatric speciation: Divergent, disruptive or frequency-

dependent selection alone can effect adaptive diversifica-

tion in host use between populations in the face of gene

flow (e.g., Doebeli et al. 2005; Mallet 2008).

More recent work has focused on the actual ecological and ge-

netic mechanisms of speciation (Via 2002) and examined in

great detail the manner, and to what extent, adaptation to dif-

ferent host plants might reduce gene flow between herbivorous

insect populations (Funk 1998; Berlocher & Feder 2002; Drès

& Mallet 2002; Fry 2003; Matsubayashi et al. 2009; Thibert-

Plante & Gavrilets 2013). Since the end of the 20th century,

empirical field studies, laboratory experiments, developments

in population genetics theory, and phylogenetic and biogeo-

graphic analyses have all been used to provide evidence for

what is now often called ecological speciation (Berlocher &

Feder 2002; Doebeli et al. 2005; Matsubayashi et al. 2009).

The debate on the question whether ecological speciation

is a theoretically plausible evolutionary process centers on two

key factors (Doebeli et al. 2005):

- The ecological conditions that are likely to generate dis-

ruptive selection on heritable traits underlying adaptation

to the ecological niche, and

- The evolution of assortative mating mechanisms in popu-

lations experiencing disruptive selection.

Empirical evidence has been found to support the likeli-

hood of both factors occurring (e.g., Smadja et al. 2012).

Mathematical models have been developed to describe the

population genetics involved in ecological adaptation and shed

light on the effect of assortative mating on the fixation of adap-

tive traits (e.g., Via 2001; Doebeli & Dieckmann 2003; Mizera

& Meszéna 2003; Thibert-Plante & Gavrilets 2013). With the

rapid growth of large-scale genomic datasets, genetic signa-

tures associated with ecologically driven speciation processes

are becoming amenable to analysis. The process of ecological

speciation is, however, still poorly understood (Nyman 2010;

Nosil & Feder 2013).

Nature provides a wide range of ecological contexts in

which insect herbivores and hosts coexist. The exact nature of

the adaptations needed to utilize the host, and their relative

importance in an ecological context, determine the probability

of evolution of assortative mating. This differs between unique

cases of speciation: The data presented in this thesis serve to

identify the nature of co-adaptation of the host-use traits and

the extent of reproductive isolation that has evolved in the

course of speciation of European Yponomeuta species.

Yponomeuta phylogeny and host associations

The nine species of the genus Yponomeuta Latreille (Lepi-

doptera: Yponomeutidae) that occur in Western Europe can be

seen as an example of speciation facilitated by host shifts. In

this thesis, the main actors are three species of small ermine

moths, all living in the same ecological habitats in Europe:

Yponomeuta cagnagellus Hübner (1813), Y. malinellus Zeller

(1838) and Y. padellus Linnaeus (1758).

Characteristic of these species is their host plant specialisa-

tion. Yponomeuta cagnagellus is strictly monophagous on Eu-
onymus europaeus (Celastraceae), Y. malinellus is restricted to

Malus species (Rosaceae) and Y. padellus is oligophagous on a

small number of host plants within the Rosaceae, including

Crataegus monogyna, Prunus spinosa, and occasionally Prunus
cerasifera, Sorbus aucuparia and Amelanchier lamarckii.

In two recent phylogenetic reconstructions of the relation-

ship between Yponomeuta species, one molecular (Turner et

al. 2010) and the other morphological (Ulenberg et al. 2009),

phylogenetic information was linked to host plant use and ge-

ographic distribution of the species. Summarized below are

the conclusions that were drawn from both studies on the evo-

lution of the host plant associations in the genus.

Within the subfamily Yponomeutinae, the basal genera feed

on various plant families, among which Crassulaceae, Rham-

naceae and Rosaceae, which are also exploited by Yponomeuta
species. The phylogeny shows that an originally specialised

host plant range is not an evolutionary dead-end (Kölsch &

Pedersen 2008): even if species at the base of the phylogeny

seem to be fixed in their specialised host associations, shifts

to new hosts occur higher up in the phylogeny (Ulenberg et

al. 2009).
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Within the genus Yponomeuta, basal taxa, occurring mainly

in Asia, are restricted to feeding on Celastraceae (Gershenson

& Ulenberg 1998). The host shift(s) in European Yponomeuta
species – from Celastraceae to other plant families – occurred

in recent times, after they dispersed to the West Paleartic from

the Far East. The occurrence of these host shifts can be derived

from the host associations of the current Yponomeuta species

(Turner et al. 2010).

Looking more closely at the three species that are the sub-

ject of this thesis, both phylogenies show that the common an-

cestor of Y. malinellus and Y. padellus shifted from the

ancestral Celastraceae to feeding on Rosaceae. Surprisingly,

the association of Y. cagnagellus with E. europaeus originates

from a more recent shift back to the Celastraceae from a

Rosaceae-feeding ancestor.

To summarize, we are looking at two separate host shift

events: one from Celastraceae to Rosaceae, leading to the host

associations of Y. padellus and Y. malinellus (Asian ancestors

adapting to European ecosystems that were probably relatively

poor in celastraceous species) and the other from these Euro-

pean Rosaceae back to the ancestral Celastraceae, resulting in

the host association of Y. cagnagellus.

Sensory ecology and insect physiology

Invertebrates use a range of sensory inputs to orientate in their

small-scaled environment. One of these is the perception of

olfactory and gustatory cues. It is well established that host

acceptance in herbivorous insects is largely controlled by

chemoreception: ‘Insects live in a chemical world’ (Schoon -

hoven et al. 1998). The detection of chemical compounds in

the environment is a key element in insect ecology and evo-

lution (Gardiner et al. 2008; Olsson et al. 2009; Smadja et al.

2012; Briscoe 2013). The physiological basis of the perception

of chemical compounds is not very different from that of

mammals, and is based on receptor proteins located in the

membrane of sensory cells (Sanchez-Gracia et al. 2009). Each

receptor protein specifically binds to a particular chemical

compound, leading to the firing of the associated neurons and

the subsequent secondary processing of this neurological input

in the central nervous system, which results in a particular be-

haviour.

The sensory equipment of invertebrates can discriminate

very precisely and sensitively between different chemical

compounds. Because of their small size, insects need to be

economical in the number of chemical compounds that they

can perceive. Lepidopteran larvae in particular often display

very distinct food preferences, which are based on a very

small set of chemoreceptors (Schoonhoven & van Loon

2002). Chemoreceptor evolution has generally been driven

by gene duplications, followed by gain-of-function alleles

perceiving the informative compounds being selected for, and

loss-of-function alleles being neutral or selected against (Gar-

diner 2008). Thus herbivores are able to perceive precisely

those compounds that enable them to identify suitable host

plants, and may not perceive compounds that are not inform-

ative (Renwick & Chew 1995; Schoonhoven & van Loon

2002).

Specialised herbivorous insects largely rely on an inher-

ited algorithm in which the olfactory or gustatory input leads

to pre-programmed behaviour. Although there is an increas-

ing interest in the role of learning in host acceptance (e.g.,

Cunningham & West 2008; Salloum et al. 2011) this seems

more relevant for insects with a broader diet than for strict

host specialists. Fastidious invertebrates will not start feed-

ing or ovipositing unless the sensory input they receive pos-

itively signals that they are on a suitable host plant, based

on plant compounds that stimulate feeding or oviposition.

In addition, many plants contain deterrents that will reduce

acceptance for feeding or oviposition (Chapman 2003).

Analyses of suites of genes associated with chemoreception

have suggested that specialisation is associated with elevated

rates of loss-of-function mutations and some evidence of

positive selection. The host specialist Drosophila sechellia,

for example, has lost genes associated with deterrence (bitter

receptors), which may have previously (in an ancestor) con-

ferred deterrence to what is now the host of D. sechellia
(McBride 2007; McBride & Arguello 2007; Dworkin &

Jones 2009).

Previous studies in Yponomeuta have elucidated a similar

mechanism behind host acceptance of the larvae. In each

Yponomeuta species, the evolutionary shift to a new plant is

accompanied by a decrease in sensory response of the larva

to specific deterrents present in the new host (van Drongelen

1979; Chapman 2003). The association of the ancestors of Y.

cagnagellus with Rosaceae has left footprints in the sensory

system of its larvae, supporting the idea of a secondary shift

back to Celastraceae. Yponomeuta cagnagellus can still per-

ceive the plant compound benzaldehyde: this chemosensory

trait is typical for the Rosaceae feeders and is not found in the

other Celastraceae feeders among the Yponomeuta species

(Roessingh et al. 2007).

The genes underlying chemosensory differences, and those

of gustatory receptors in particular, determine the heritability

of diet breadth. The detection of plant compounds and the sub-

sequent acceptance or rejection behaviour is controlled by ol-

factory (OR) and gustatory (GR) receptor genes. The

processes underlying the evolution of these genes are not yet

completely elucidated. Gene duplication and subsequent di-

vergence of a copy (neo-functionalization) appears to be a key

mechanism in the evolution of chemosensory systems (Ohno

1999; Lynch & Force 2000; Nei et al. 2008; Sanchez-Gracia

et al. 2009;  Smadja et al. 2012; Briscoe 2013), and it has been

suggested that in Yponomeuta a duplication of the receptor

protein gene sensitive to the sugar alcohol dulcitol provided

the basis for the unique shift from ancestral Celastraceae to

derived Rosaceae (Menken & Roessingh 1998).

Dulcitol is the major feeding stimulant for larvae of Celas-

traceae feeders. It functions as an important transport sugar,

and is quite specific for this plant family. After duplication of

the dulcitol receptor gene, neo-functionalization of the copy

could have resulted in a new sensitivity for dulcitol’s

stereoisomer sorbitol. Sorbitol is abundantly present in

Rosaceae and the major phagostimulant for Rosaceae feeders

among the small ermine moths. Interestingly, the small

amounts of dulcitol present in some Rosaceae might have al-

lowed the ancestral species to cross the ‘bridge’ between the

Celastraceae and the otherwise phytochemically dissimilar

Rosaceae (Menken & Roessingh 1998).

INTRODUCTION AND THESIS OVERVIEW
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Host use, polygenic traits and reproductive isolation in a

randomly mating population

There are many mono- or oligophagous herbivorous insect

species and probably few truly polyphagous species

(Schoonhoven et al. 2005; Menken et al. 2010). Optimal uti-

lization of plants for survival and reproduction apparently re-

quires specific adaptations of the insect.

A new host can only be incorporated into an insect’s diet if

adult females accept it for oviposition, larvae accept it for

feeding, and the larvae are able to complete their life cycle on

it. The term ‘host use’ therefore indicates the suite of traits

defining adult and larval host acceptance and larval perform-

ance. Shifts to novel hosts seem more probable if there is a

common inheritable element underlying adult and larval ac-

ceptance of the host, and if this element is somehow linked to

larval fitness on the new host. Of course it is also important to

consider the similarity of the relevant phytochemistry of the

new host to that of the old one (Nyman 2010).

The critical step for completing a host shift is to combine

the alleles underlying the traits involved in adaptation to the

new host into a co-adapted gene complex. This can take place

when a linkage disequilibrium develops in the population be-

tween individuals remaining on the old and individuals adapt-

ing to the new host. For ecological speciation in the face of

gene flow in particular, this disequilibrium needs to become

established despite the homogenizing effects of random mat-

ing and recombination (Schluter & Nagel 1995; Orr 1998;

Hatfield & Schluter 1999; Groman & Pellmyr 2000; Fry

2003). Even if a population does experience persistent disrup-

tive or frequency-dependent selection, adaptive speciation in

sexual populations requires the evolution of assortative mating

to enable stable inheritance of co-adapted gene complexes

(Felsenstein 1981; Via 2009; Debarre 2012). 

Assortative mating serves to avoid the production of off-

spring that would suffer from an unfavorable combination of

alleles as the result of the breakdown of the co-adapted gene

complex. This implies changes in mate-choice behaviour so

that the chances of mating with a partner carrying the same

co-adapted alleles are increased (e.g., Berlocher & Feder

2002; Fry 2003; Matsubayashi et al. 2009). One evident

mecha nism underlying assortative mating in case of host

shifts is a tendency for adults to mate on the plant on which

they have developed as larva. A well-known example is the

Rhagoletis pomonella sibling complex, where assortative mat-

ing is automatically linked to larval performance through

host-fidelity of the adults. The R. pomonella complex consists

of at least six morphologically very similar, interfertile species

of true fruit flies (Berlocher 2000). Courtship and mating

occur on the host plant, often on the fruit. Each species is spe-

cialised on a different, non-overlapping set of host plants at

the larval stage (e.g., Crataegus species for R. pomonella and

Cornus florida for the ‘flowering dogwood fly’; Berlocher

2000; Powell et al. 2013). There is compelling evidence for

host-related premating isolation for these flies (Feder et al.

2003, 2010).

Another tephritid fly genus, Eurosta, also figures promi-

nently in the sympatric speciation literature (Berlocher &

Feder 2002). All Eurosta flies make galls on the stems or roots

of species of the Asteraceae genus Solidago, and display a

high degree of host specificity (Foote et al. 1993). Mating in

Eurosta solidaginis occurs on the host, and its two host races

each prefer their own host plants for oviposition and mating

(Itami et al. 1998; Craig et al. 2001); larval survival is highest

on their own hosts, so trade-offs for survival clearly exist

(Craig et al. 1997). Fertile and viable F1s, F2s and backcrosses

can be made. Hybrid fitness depends strongly upon individual

host genotype; host plant adaptation therefore appears to be

more important than intrinsic genetic incompatibility for the

reproductive isolation of these flies (Craig & Itami 2011).

In contrast, host fidelity does not appear to be of overriding

importance for speciation in the European Yponomeuta species.

A study by Bakker et al. (2008) did not find evidence for host

plant fidelity of adult Y. padellus and Y. cagnagellus in their

choice of a mating place, suggesting that other mechanisms to

establish the linkage disequilibrium needed for speciation must

have been operating. In nature, Yponomeuta species do not hy-

bridize due to the specificity of their sex-pheromones (Löfstedt

& van der Pers 1985; Hendrikse 1986, 1988; Löfstedt et al.

1991; Lienard et al. 2010), and moreover the females have

been shown to reject heterospecific males for mating during

courtship, based on perception of the male pheromones, which

work at a short distance (Hendrikse et al. 1984).

An interesting line of research on assortative mating is the

direct influence of host-specific compounds in the larval diet

on the composition of the male sex pheromone (e.g., Orono

2013). For Yponomeuta, this would imply that larvae of

Yponomeuta sequester secondary compounds from their host

plant for the production of the male sex pheromone, and as

such advertise their adaptation to that plant at the adult stage.

As it is the female that controls the offpring’s diet by her

choice of the oviposition site, strict selection of her mate

would facilitate co-adaptation of adult host acceptance and

larval development. However plausible this line of thought is,

very little is currently known about the male pheromones of

Yponomeuta.

Ruling out high host fidelity, a main driver for the evolution

of assortative mating based on sex-pheromones in

Yponomeuta could be a lower fitness of hybrid offspring. This

may provide indirect selection pressure to prevent hybridiza-

tion. This however, is a chicken-or-egg problem: Do genes un-

derlying mate choice [sex-pheromone production, perception

and mating behaviour changes (Lienard et al. 2010)] need to

become co-adapted first, before the genes for host plant adap-

tation can co-adapt? Or did the incipient species pass a phase

in which the whole randomly mating population could utilize

both hosts simultaneously (Menken & Roessingh 1998), re-

ducing the need for assortative mating; only thereafter did as-

sortative mating based on sex-pheromones develop due to

selection pressure from an ecological factor, not related to host

plant use per se? This thesis will not deal with the whole scope

of assortative mating. It will touch on the occurrence of

postzygotic hybrid incompatibility in the absence of assorta-

tive mating, and how the nature of inheritance of host use may

influence hybrid fitness.

Mating with a partner not carrying the same co-adapted al-

leles can affect the fitness of the offspring. Offspring may –

for instance – inherit the behavior leading to oviposition on

one host, whereas the larvae miss the alleles to enable them

to develop on it (cf. Nyman 2010). The selection pressure

needed to facilitate the evolution of assortative mating is de-

INTRODUCTION AND THESIS OVERVIEW
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termined by the cost of fitness in the hybrid offspring. This

cost will be high in cases in which the number of alleles un-

derlying host use is high, and when genes for adult host ac-

ceptance, larval host acceptance and larval survival are not

linked to each other genetically; linkage can occur by physical

proximity of the genes on the chromosomes, or by a

pleiotropic function of the genes.

The challenge lies in distinguishing which of the observed

genetic differences in host use occurred after the evolution of

reproductive barriers, and which were critical for the evolution

of reproductive isolation before the establishment of assorta-

tive mating. New technology is allowing us to meet this chal-

lenge, providing an opportunity to answer questions that could

not be addressed in the past. Rapid developments in DNA se-

quencing technologies, monitoring gene-expression, eco-ge-

nomics and other techniques enabling collection of data on

genetic polymorphisms on the individual level are already

leading to more detailed insights into molecular evolution.

These methods are even suitable for use in model systems

such as Yponomeuta, which did not allow detailed genetic

analysis using the classical methods.

Empirical data on the number, nature and linkage of the al-

leles underlying host use are still very scant. Matsubayashi et

al. (2010) summarize some 25 empirical studies, similar to –

and including – the studies in Yponomeuta. One of their con-

clusions is that although genetic studies of ecological specia-

tion are accumulating, further work is needed to understand

how genes under selection and genes conferring reproductive

isolation become and remain associated with one another. In

particular, they point to the possibility that genetic control and

opposing dominance for host preference vs. performance may

facilitate speciation in the face of gene flow. The work pre-

sented here aims to document the genetic architecture of host

preference and performance in several species of Yponomeuta
and may serve as a well-documented example of the factors

that have played a role in the speciation process in this genus.

THESIS OVERVIEW

In this thesis, data are presented that help understand the ge-

netic architecture of host plant specialisation. The data were

acquired from studies of the chemo-ecology and inheritance,

in interspecific hybrids between Yponomeuta species, of adult

host acceptance (Chapter 2, 3, 4 and 5), larval host acceptance

and performance on the parental hosts of the hybrids (Chapter

6), and the possibility of genomic (in)compatibility in these

hybrids not related to host plant use (Chapter 7).

The work presented in Chapter 2 documents cues that are

important for adult Y. cagnagellus in recognising the suitabil-

ity of a host as a food source for their offspring. It was a study

of pre-oviposition behaviour, the behaviour leading up to the

moth’s decision to oviposit. It provided information on the na-

ture of the cues used for host plant acceptance and the insect’s

perception of these cues.

Chapter 3 describes a bioassay that was developed to

study the effect of isolated plant surface compounds on ovipo-

sition behaviour in Yponomeuta species. This bioassay was

subsequently used to evaluate the oviposition behavior of adult

Y. cagnagellus in response to host and non-host compounds

to test if the predicted chemosensory base for host-specificity

indeed could be found.

The sugar alcohol dulcitol is a strong feeding stimulant for

larvae of the small ermine moth Y. cagnagellus. If dulcitol

were also to act as an adult oviposition stimulant, this would

simplify the formation of the co-adapted gene complexes

needed for a successful host shift and subsequent speciation.

The hypothesis that dulcitol acts as an oviposition stimulant

for Y. cagnagellus was tested in Chapter 4.

In Chapter 5, the inheritance of oviposition behaviour in

the three closely related species Y. cagnagellus, Y. malinellus,

and Y. padellus is described. First generation (F1) and second

generation hybrids (F2 and Back-crosses) were tested for their

acceptance of the parental hosts for oviposition in choice tests,

and the degree of dominance and sex-linked inheritance was

studied.

Interspecific hybrids (F1) and second generation hybrids

(F2 and Backcrosses), between Y. cagnagellus and Y. padellus
were produced to measure larval choice, survival, and pupal

weight on one or both of the parental host plants. This design

enabled us to look at the fitness consequences of segregation

of alleles underlying host acceptance and the ability to develop

on the host: in Chapter 6 we tested if evidence could be found

for the existence of multiple genes controlling these traits in a

co-adapted gene complex and if disruption of these gene com-

plexes indeed led to reduced fitness. In Chapter 7, postzygotic

reproductive isolation not related to host plant use was evalu-

ated in hybrids of Y. padellus and Y. cagnagellus. Traditionally,

speciation is thought to be completed by the evolution of hy-

brid sterility caused by genomic incompatibility. We per-

formed a cytogenetic study of hybrid meiosis in interspecific

crosses between Y. padellus and Y. cagnagellus, documented

evidence of irregularities in chromosome pairing and tested

their possible consequences for fertility and fecundity. In

Chapter 8 we summarize the results to provide the final con-

clusion.

REFERENCES

Bakker, AC, P Roessingh & SBJ Menken 2008. Sympatric speciation

in Yponomeuta: no evidence for host plant fidelity. Entomologia

Experimentalis et Applicata 128: 240–247.

Barron, AB 2001. The life and death of Hopkins' Host-Selection Prin-

ciple. Journal of Insect Behavior 14: 725-737.

Berlocher, SH 2000. Radiation and divergence in the Rhagoletis
pomonella species group: inferences from allozymes. Evolution
54:543-557.

Berlocher, SH & JL Feder 2002. Sympatric speciation in phy-

tophagous insects: moving beyond controversy? Annual Review

of Entomology 47: 773–815.

Briscoe, AD, A Macias-Munoz, KM Kozak, JR Walters, FR Yuan,

GA Jamie, SH Martin, KK Dasmahapatra, LC Ferguson, J Mal-

let,E Jacquin-Joly & CD Jiggins 2013. Female behaviour drives

expression and evolution of gustatory receptors in butterflies. Plos

Genetics 9: e1003620.

Bruggen, AC van & C van Achterberg 2000. In memoriam Prof. Dr

J.T. Wiebes (1931-1999), evolutionary biologist and entomolo-

gist. Zoologische Mededelingen Leiden 74 (18): 271-281.

Bush, GL 1969. Sympatric host race formation and speciation in fru-

givorous flies of the genus Rhagoletis (Diptera, Tephritidae). Evo-

lution 23: 237-251.

Chapman, RF 2003. Contact chemoreception in feeding by phy-

tophagous insects. Annual Review of Entomology 48: 455-484.

Cristescu, ME, SJ Adamowicz, JJ Vaillant & DG Haffner 2010. An-

cient lakes revisited: from the ecology to the genetics of specia-

tion. Molecular Ecology 19: 4837-4851.

INTRODUCTION AND THESIS OVERVIEW

12



Coyne, JA & HA Orr 2004. Speciation. Sinauer Associates, Sunder-

land, MA, USA.

Craig TP, JD Horner & JK Itami 1997. Hybridization studies on the

host races of Eurosta solidaginis: implications for host shifts and

speciation. Evolution 55: 773-782.

Craig, TP, JD Horner JD & JK Itami 2001. Genetics, experience, and

host-plant preference in Eurosta solidaginis: implications for

sympatric speciation. Evolution 51: 1552-1560.

Craig, TP & JK Itami 2011. Divergence of Eurosta solidaginis in re-

sponse to host plant variation and natural enemies. Evolution 65:

802-817.

Cunningham, JP & SA West 2008. How host plant variability influ-

ences the advantages to learning: A theoretical model for ovipo-

sition behaviour in Lepidoptera. Journal of Theoretical Biology

251: 404-410.

Damme, D van & A Gautier 2013. Lacustrine mollusc radiations in

the Lake Malawi Basin: experiments in a natural laboratory for

evolution. Biogeosciences 10: 5767-5778.

Darwin, C 1859. On the Origin of Species by Means of Natural Se-

lection, or the Preservation of Favoured Races in the Struggle for

Life. Nature London (John Murray).

Debarre, F 2012. Refining the conditions for sympatric ecological

speciation. Journal of Evolutionary Biology 25: 2651-2660.

Dieckmann, U & M Doebeli 1999. On the origin of species by sym-

patric speciation. Nature 400: 354–357.

Doebeli, M & U Dieckmann 2000. Evolutionary branching and sym-

patric speciation caused by different types of ecological interac-

tions. American Naturalist 156: S77–S101.

Doebeli, M & U Dieckmann 2003. Speciation along environmental

gradients. Nature 421:259–264.

Doebeli, M, U Dieckmann, JAJ Metz & D Tautz 2005. What we have

also learned: adaptive speciation is theoretically plausible. Evo-

lution 59: 691-695.

Drés, M & Mallet J 2002. Host races in plant-feeding insects and their

importance in sympatric speciation. Philosophical Transaction of

the Royal Society of London B: Biological Sciences 357: 471–492.

Dworkin, I & CD Jones 2009. Genetic Changes Accompanying the

Evolution of Host Specialization in Drosophila sechellia. Genet-

ics 181: 721-736.

Farrell, BD & C Mitter 1994. Adaptive Rradiation in insects and

plants – Time and opportunity. American Zoologist 34: 57-69.

Felsenstein, J 1981. Skepticism towards Santa Rosalia, or why are

there so few kinds of animals? Evolution 35: 124–138.

Feder, JL, SH Berlocher, JB Roethele, H Dambroski, JJ Smith, WL

Perry, V Gavrilovic, KE Filchak, J Rull & M Aluja 2003. Al-

lopatric genetic origins for sympatric host-plant shifts and race

formation in Rhagoletis. Proceedings of the National Academy

of Sciences of the United States of America 100: 10314-10319.

Feder, JL, THQ Powell, K Filchak & B Leung 2010. The diapause

response of Rhagoletis pomonella to varying environmental con-

ditions and its significance for geographic and host plant-related

adaptation. Entomologia Experimentalis et Applicata 136: 31-44.

Foote, RH, FL Blanc & AL Norrbom 1993. Handbook of the Fruit

Flies (Diptera: Tephritidae) of America North of Mexico. Ithaca,

NY: Comstock Publ. Assoc. 571 pp.

Fry, JD 2003. Multilocus models of sympatric speciation: Bush ver-

sus Rice versus Felsenstein. Evolution 57: 1735–1746.

Futuyma, DJ & GC Mayer 1980. Non-allopatric speciation in ani-

mals. Systematic Zoology 29: 254-271.

Funk, DJ 1998. Isolating a role for natural selection in speciation:

host adaptation and sexual isolation in Neochlamisus bebbianae
leaf beetles. Evolution 52: 1744–1759.

Gardiner, A, D Barker, RK Butlin, WC Jordan & MG Ritchie 2008.

Drosophila chemoreceptor gene evolution: selection, specializa-

tion and genome size. Molecular Ecology 17:1648-1657.

Gershenson, ZS & SA Ulenberg 1998. The Yponomeutineae (Lepi-

doptera) of the World exclusive of the Americas. KNAW Verhan-

delingen afdeling Natuurkunde, tweede reeks, deel 99. North-

Holland Amsterdam.

Groman, JD & O Pellmyr 2000. Rapid evolution and specialization

following host colonization in a yucca moth. Journal of Evolu-

tionary Biology 13: 223–226.

Hatfield, T & D Schluter 1999. Ecological speciation in sticklebacks:

environment-dependent hybrid fitness. Evolution 53: 866–873.

Hendrikse, A, CE van der Laan CE & L Kerkhof 1984. The role of

male abdominal brushes in the sexual behaviour of small ermine

moths (Yponomeuta Latr., Lepidoptera). Mededelingen Faculteit

Landbouwwetenschappen Rijksuniversiteit Gent 49: 719-726.

Hendrikse, A 1986. Intra- and interspecific sex-pheromone commu-

nication in the genus Yponomeuta. Physiological Entomology 11:

159-169.

Hendrikse, A 1988. Hybridization and sex-pheromone responses

among members of the Yponomeuta padellus complex. Entomolo-

gia Experimentalis et Applicata 48: 213-223.

Hopkins, AD 1917. A discussion of C.G. Hewitt’s paper on ‘Insect

Behavior’. Journal of Economic Entomology 10: 92 – 93.

Itami, JK, TP Craig & JD Horner 1998. Factors affecting gene flow

between the host races of Eurosta solidaginis. In: Genetic Struc-

ture and Local Adaptations in Insect Populations: Effects of Ecol-

ogy, Life History, and Behavior, ed. S. Mopper, S. Straus, pp.

375-77. London: Chapman & Hall. 449 pp.

Janz, N, L Söderlind & S Nylin 2009. No effect of larval experience

on adult host preferences in Polygonia c-album (Lepidoptera:

Nymphalidae): on the persistence of Hopkins’ host selection prin-

ciple. Ecological Entomology 34: 50–57.

Jiggins, CD 2008. Ecological Speciation in Mimetic Butterflies. Bio-

Science 58(6): 541-548.

Kirkpatrick M & V Ravigné 2002. Speciation by natural and sexual

selection: models and experiments. American Naturalist 159:

S22–S35.

Kolsch, G & BV Pedersen 2008. Molecular phylogeny of reed beetles

(Col., Chrysomelidae, Donaciinae): The signature of ecological

specialization and geographical isolation. Molecular Phylogenet-

ics and Evolution 48: 936-952.

Lienard, MA, AK Hagstrom, JM Lassance & C Lofstedt 2010. Evo-

lution of multicomponent pheromone signals in small ermine

moths involves a single fatty-acyl reductase gene. Proceedings of

the National Academy of Sciences of the United States of Amer-

ica 107: 10955-10960.

Lynch, M & Force A 2000. The probability of duplicate gene preser-

vation by subfunctionalization. Genetics 154: 459-473.

Löfstedt C, WM Herrebout WM & SBJ Menken 1991. Sex

pheromones and their potential role in the evolution of reproduc-

tive isolation in small ermine moths (Yponomeutidae). Chemoe-

cology 2: 20-28.

Löfstedt, C & JNC van der Pers 1985. Sex-pheromones and repro-

ductive isolation in 4 European small ermine moths (Lepidoptera-

Yponomeutidae Latr.). Journal of Chemical Ecology 11: 649-666.

Kölsch G & BV Pedersen 2008. Molecular phylogeny of reed beetles

(Col., Chrysomelidae, Donaciinae): the signature of ecological

specialization and geographical isolation. Molecular Phylogenet-

ics and Evolution 48: 936-952.

Mallet, J 2008. Hybridization, ecological races, and the nature of

species: empirical evidence for the ease of speciation. Philosoph-

ical Transactions of the Royal Society B-Biological Sciences 363:

2971–2986.

Matsubayashi, KW & H Katakura 2009. Contribution of multiple iso-

lating barriers to reproductive isolation between a pair of phy-

tophagous ladybird beetles. Evolution 63: 2563–2580.

Matsubayashi, KW, I Ohshima & P Nosil 2010. Ecological speciation

in phytophagous insects. Entomologia Experimentalis et Appli-

cata 134: 1–27.

Maynard Smith, J 1966. Sympatric speciation. American Naturalist

100: 637–650.

INTRODUCTION AND THESIS OVERVIEW

13



Mayr, E 1947. Ecological factors in speciation. Evolution 1: 263–

288.

Mayr, E 1963. Animal Species and Evolution. Harvard University

Press, Cambridge, MA, USA.

McBride, CS 2007. Rapid evolution of smell and taste receptor genes

during host specialization in Drosophila sechellia. Proceedings

of the National Academy of Sciences of the United States of

America 104: 4996-5001.

McBride, CS & JR Arguello 2007. Five drosophila genomes reveal

nonneutral evolution and the signature of host specialization in

the chemoreceptor superfamily. Genetics 177:1395-1416.

Menken, SBJ & P Roessingh 1998. Evolution of insect–plant asso-

ciations: sensory perception and receptor modifications direct

food specialization and host shifts in phytophagous insects. End-

less Forms: Species and Speciation (ed. by DJ Howard & SH

Berlocher), pp. 145–156. Oxford University Press, UK.

Menken, SBJ, JJ Boomsma & EJ van Nieukerken 2010. Large-scale

evolutionary patterns of host plant associations in the Lepi-

doptera. Evolution 64: 1098-1119.

Mercader, RJ & JM Scriber 2007. Diversification of host use in two

polyphagous butterflies: differences in oviposition specificity or

host rank hierarchy? Entomologia Experimentalis et Applicata

125: 89-101.

Meyer, A 2005. Evolutionary Biology: Cichlid species flocks of the

past and present. Heredity 95: 419–420.

Michel, E 2000. Ancient lakes: Biodiversity, ecology and evolution.

Phylogeny of a gastropod species flock: Exploring speciation in

Lake Tanganyika in a molecular framework. Advances in Eco-

logical Research 31: 275–302.

Mizera, F & G Meszéna 2003. Spatial niche packing, character dis-

placement, and adaptive speciation along an environmental gra-

dient. Evolutionary Ecology Research 5: 363–382.

Morse, GE & BD Farrell 2005. Ecological and evolutionary diversi-

fication of the seed beetle genus Stator (Coleoptera: Chrysomel-

idae: Bruchinae). Evolution 59: 1315-1333.

Nei M, Y Niimura & M Nozawa 2008. The evolution of animal

chemosensory receptor gene repertoires: roles of chance and ne-

cessity. Nature Reviews Genetics 9: 951–963.

Nosil, P & JL Feder 2013. Genome evolution and speciation: toward

quantitative descriptions of pattern and process. Evolution 67:

2461-2467.

Nyman, T 2010. To speciate, or not to speciate? Resource hetero-

geneity, the subjectivity of similarity, and the macroevolutionary

consequences of niche-width shifts in plant-feeding insects. Bio-

logical Reviews 85: 393-411.

Ohno, S 1999. Gene duplication and the uniqueness of vertebrate

genomes circa 1970–1999. Seminars in Cell & Developmental

Biology 10: 517-522.

Orono, L, L Paulin, AC Alberti, M Hilal, S Ovruski, JC Vilardi, J

Rull & M Aluja 2013. Effect of host plant chemistry on genetic

differentiation and reduction of gene flow among Anastrepha
fraterculus (Diptera: Tephritidae) populations exploiting sym-

patric, synchronic hosts. Environmental Entomology 42: 790-798.

Olsson, SB, CE Linn, JL Feder, A Michel, HR Dambroski, SH

Berlocher & WL Roelofs 2009. Comparing peripheral olfactory

coding with host preference in the Rhagoletis species complex.

Chemical Senses 34: 37–48.

Orr, MRS & TB 1998. Ecology and speciation. Trends in Ecology

and Evolution 13: 502–506.

Roessingh, P, Sen Xu & SBJ Menken 2007. Olfactory receptors on

the maxillary palps of small ermine moth larvae: evolutionary his-

tory of benzaldehyde sensitivity. Journal of Comparative Physi-

ology 193: 635–647.

Pfennig, DW & MR Servedio 2013. The role of transgenerational

epigenetic inheritance in diversification and speciation. Non-Ge-

netic Inheritance 1: 17-26.

Pfennig, DW, MA Wund, EC Snell-Rood, T Cruickshank, CD

Schlichting & AP Moczek 2010. Phenotypic plasticity's impacts

on diversification and speciation. Trends in Ecology & Evolution

25: 459-467.

Powell, THQ, GR Hood, MO Murphy, JS Heilveil, SH Berlocher, P

Nosil & JL Feder 2013. Genetic divergence along the speciation

continuum: the transition from host race to species in Rhagoletis
(Diptera: Tephritidae). Evolution 67: 2561-2576.

Renwick, JAA & FS Chew 1994. Oviposition behaviour in Lepi-

doptera. Annual Review Entomology 39: 377-400.

Salloum, AV, V Colson & F Marion-Poll 2011. Appetitive and aver-

sive learning in Spodoptera littoralis larvae. Chemical Senses 36:

725-731.

Sanchez-Gracia, A, FG Vieira & J Rozas 2009. Molecular evolution

of the major chemosensory gene families in insects. Heredity

103:208–216.

Schluter, D & Nagel L 1995. Parallel speciation by natural selection.

American Naturalist 146: 292–301.

Schoonhoven, LM, JJA van Loon & T Jermy 1998, Insect-Plant Bi-

ology – from Physiology to Evolution. Chapman & Hall, London.

Schoonhoven LM & JJA van Loon 2002. An inventory of taste in

caterpillars: each species is its own key. Acta Zoologica Acade-

miae Scientiarum Hungaricae 215-263.

Schoonhoven, LM, JJA van Loon, JJA & M Dicke 2005. Insect-Plant

Biology. Oxford, Oxford University Press.

Smadja, CM, B Canbäck, R Vitalis, M Gautier, J Ferrari, JJ Zhou &

RK Butlin. 2012. Large-scale candidate gene scan reveals the role

of chemoreceptor genes in host plant specialisation and speciation

in the pea aphid. Evolution 66: 2723-2738.

Thibert-Plante, X & S Gavrilets 2013. Evolution of mate choice and

the so-called magic traits in ecological speciation. Ecology Letters

16: 1004-1013.

Turner, H, N Lieshout, WE van Ginkel & SBJ Menken 2010. Mo-

lecular phylogeny of the small ermine moth genus Yponomeuta
(Lepidoptera, Yponomeutidae) in the Palaearctic. PLoS ONE

5(3): e9933.

Ulenberg, SA 2009. Phylogeny of the Yponomeuta species (Lepi-

doptera, Yponomeutidae) and the history of their host plant asso-

ciations. Tijdschrift voor Entomologie 152: 187-201.

Via, S 2001. Sympatric speciation in animals: the ugly duckling

grows up. Trends in Ecology and Evolution 16: 381–390.

Via, S 2002. The ecological genetics of speciation. American Natu-

ralist 159: S1-S7.

Via, S 2009. Natural selection in action during speciation. Proceed-

ings of the National Academy of Sciences of the United States of

America 106: 9939-9946.

Walsh, BJ 1867. The apple-worm and the apple maggot. Journal of

Horticulture 2: 338–343.

INTRODUCTION AND THESIS OVERVIEW

14




