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INTRODUCTION

The majority of herbivorous insects are specialists feeding on
plants within one family and many, such as moths in the genus
Yponomeuta (Menken et al. 1992), feed on one plant genus or
even on a single host plant species (Menken et al. 2010). This
contrasts with the limited number of true generalists: insects
that are able to feed on a wide range of plant families, such as
the moth Spodoptera littoralis, which feeds on over 40 plant
families. Apparently, adaptation to a large range of plants is
not a widely adopted evolutionary strategy (Barrett & Heil
2012).

At first glance, this does not seem to make much sense. By
limiting its diet to one plant species, a herbivore runs the risk
of extinction when the plant becomes rare or disappears from
the insect’s dispersal area. Ecologists and evolutionary biolo-
gists alike have formulated a number of hypotheses to explain
this paradox. Prominent among these ideas is the fact that
plants have evolved defence mechanisms, causing variation
in the suitability of different species. Evolutionarily successful
use of new host plants calls for a suite of adaptations in the
insects. These range from responding to new chemosensory
stimuli and synchronization of the life cycle with food avail-

ability to the ability to digest the food plant and deal with feed-
ing deterrents and toxic secondary plant compounds. All these
traits need a genetic basis and must vary in order to be subject
to natural selection (Barrett & Schluter 2008).

Plants are diverse, particularly in terms of phytochemistry,
and this generates diversity in the insects that feed on them
(Janz & Nylin 2008). To gain insight into the evolution of
plant-insect associations, we need to understand the genetic
architecture of host use and the genetic differences that exist
in the relevant traits between specialised sister species. The
heritable basis of these traits may be based on a small number
of genes having large effects. However, if the genetics of host
use traits are complex, the phenotype of the specialist herbi-
vore will be determined by a (large) number of genes with
epistatic or pleiotropic interactions that underlie the host-use
adaptation syndrome (Yang et al. 2007; Via 2009).

Focussing on larval host use, at least two traits must be-
come associated before a new host can be successfully incor-
porated into the diet: acceptance of the new host for feeding
and the ability to complete development on that host. Clearly,
the two traits are mutually dependent: development on a plant
can only take place after acceptance of that plant, and accept-
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Independent inheritance of larval host plant acceptance and

development in two closely related species of small ermine moths

(Lepidoptera: Yponomeuta)
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Abstract. Knowledge of the genetic architecture of co-adapted gene complexes governing host use
in herbivorous specialists is important for understanding ecological speciation. In this paper we in-
vestigated the genetic basis of host acceptance and larval development in interspecific hybrids of
two closely related small ermine moth species of the genus Yponomeuta. Yponomeuta cagnagellus is
a specialist on Eunoymus europaeus (Celastraceae). Yponomeuta padellus is oligophagous on a num-
ber of Rosaceae, including Prunus spinosa. Both species will not feed on each other’s host, even
when starving. Larval host acceptance (measured as feeding behavior) and development (measured
as survival and pupal weight) were determined in two generations of hybrids in split-family experi-
ments. Caterpillars were reared on one or the other parental host plant, or on a choice diet of both
plants. Caterpillars of first-generation interspecific hybrids (F1) accepted both host plants and devel-
oped well on both. Highest pupal weights were achieved on E. europaeus, and this host was also ac-
cepted more readily. There was a difference in pupal weight on E. europaeus between females of
reciprocal F1 hybrids, but such reciprocal differences were not observed on P. spinosa. Backcrosses
were able to develop well on the host of the backcross parent, but rarely survived on the host of the
parent that contributed least to the offspring’s genome, even though they accepted this host when
given the choice. Acceptance of E. europaeus was better conserved in the backcross generation than
acceptance of P. spinosa. As a result, backcrosses with Y. padellus did not survive when offered both
hosts simultaneously: larvae chose to feed on E. europaeus, but did not manage to develop to adult-
hood. F2s did not survive to adulthood either; more than 90% died before reaching the third instar,
irrespective of the host plant on which they were reared. Larval host acceptance and ability to develop
on the host segregated independently, and the inheritance of a complete set of co-adapted alleles (or
at least some minimal set) was a prerequisite for the larvae to be able to survive. Assuming inde-
pendent Mendelian inheritance and co-dominance, a rough estimate can be made of the minimal
number of loci involved in survival on E. europaeus: we estimated that at least three independent
genes (or closely linked gene complexes) are involved.



ance only results in realized fitness if the insect develops com-
pletely on the new resource. Coadaptation of these traits in a
randomly mating population is only possible if there is a re-
striction in gene flow between populations carrying the co-
adapted allele combinations. This has been a focal aspect in
the study of host shifts and associated speciation in herbivo-
rous insects (Futuyma & Peterson 1985; Jaenike 1990;
Berlocher & Feder 2002; Smadja & Butlin 2011). Reduction
of gene flow requires selection against hybridization, that may
result in the evolution of a prezygotic reproductive barrier be-
tween the diverging populations. Reduced hybrid fitness se-
lects for individuals that develop a mating strategy that avoids
wasting gametes in the production of less-fit progeny, in other
words, it prevents hybridization. Theoretically, reduced hybrid
fitness can stem from various causes. First, it can be caused
by intrinsic mechanisms (i.e., developmental problems) acting
through incompatibility of the two parental genomes in the
zygote, and evidenced by reduced reproductive output from
hybrid matings and by reduced viability of hybrid offspring
(Chapter 7 in this thesis). Second, hybrid fitness can be re-
duced by extrinsic factors (genotype-environment interac-
tions) for instance by maladaptation (in terms of acceptance
and performance) of the hybrid to each parental host plant
(Coyne & Orr 2004). In this paper we focus on the extrinsic
reproductive barrier: how does diet influence the fitness of hy-
brids between two specialist insect herbivores?

The study of inheritance of host-use genes in interspecific
hybrids provides insight into the nature of extrinsic reproduc-
tive barriers. Extrinsic postmating reproductive isolation can
be directly tested by backcrossing F1 hybrids and comparing
the fitness of the reciprocal backcrosses on the parental host
plants. This comparison allows us to estimate the level of host-
dependent isolation while controlling for intrinsic incompati-
bilities (Rundle & Whitlock 2001). It requires a model
organism in which F1 hybrids are fertile enough to be success-
fully backcrossed with both parents, while at the same time
parental genotypes are distinct in their host specialisation.
Such explicitly controlled tests for extrinsic post-mating re-
productive isolation are rare (Matsubayashi et al. 2010).

Closely related herbivores, specialised on different hosts,
provide a good model system to study the genes underlying
host plant adaptation, their linkage and the nature of extrinsic
reproductive barriers. Members of the padellus-complex of
the small ermine moth genus Yponomeuta (Lepidoptera,
Yponomeutidae) (Menken et al. 1992) provide such a model,
because these specialists can be crossed and allow the analysis
of trait segregation in hybrids. In this chapter, the genetic basis
of host acceptance and larval development was studied in hy-
brids of Yponomeuta cagnagellus (Hübner), a specialist on Eu-
onymus europaeus (Celastraceae), and Yponomeuta padellus
(L.), which is oligophagous on a number of Rosaceae; in this
study, Prunus spinosa was used (for details of the biology of
these organisms, see the preceding chapters). Both species are
broadly sympatric, and reproductive isolation between them
can easily be broken under laboratory conditions. The prezy-
gotic reproductive isolation is largely due to species-specific
sex pheromones, and is thought to have evolved in sympatry
(Menken et al. 1992; Menken & Roessingh 1998).

The two host plants are both known to contain a suite of
secondary plant compounds that are potentially toxic to other

non-adapted herbivorous insects. Prunus spinosa contains
coumarin, flavonoids, norisoprenoid glycosides and proantho-
cyanidin derivatives (Kumarasamy et al. 2003). In addition,
cyanogenic glycosides such as amygdalin and prunasin, which
release cyanide when plant cells are ruptured during feeding,
are characteristic for species in this genus. Euonymus species
are also endowed with a large array of such potentially toxic
and anti-nutritional secondary plant compounds (Brünig &
Wagner 1978; Zhu et al. 2012). In addition to dihydro-b-agaro-
furan sesquiterpenoids having insecticidal action (Gao et al.
2007) and the related pyridine alkaloids (Zhu 2002), sesquiter-
pene lactones and simple lactones have been identified such
as the butenolids (Fung et al. 1988), which show cytotoxic ac-
tivity (Wagner et al. 1981; Scotti 2007).

By careful measurement of larval development and host
acceptance of F1 and backcross hybrids, we have produced a
data set enabling us to study the genetic architecture of larval
host use and extrinsic postmating reproductive isolation bar-
riers between Y. padellus and Y. cagnagellus. We analysed host
acceptance and development of full-sib families of interspe-
cific hybrids, split to be reared on the food plants of either par-
ent or on both hosts simultaneously. Building on the insights
we gained into the genetic architecture of these moths, we
made predictions on the genetic mechanisms behind the di-
vergence in the population that preceded the speciation event
resulting in what we now know as Y. padellus and Y. cagnag-
ellus.

MATERIALS AND METHODS

Insect collection and rearing

Parent moths used in the interspecific crosses and in the in-
traspecific control crosses were collected as fifth instars from
their host plants in the field [both species at Meyendel, the
Hague (52.130096, 4.331585) and Flevopark, Amsterdam, the
Netherlands (52.362642, 4.948429)]. Larvae were fed fresh
leaves of their hosts ad libitum in big plastic cylinders (45 cm
high, 20 cm diameter) or glass jars (20 cm high, 11 cm diam-
eter). The resulting pupae were placed individually in glass
vials (8 cm long, 1.2 cm diameter). Because Y. padellus
reaches sexual maturity somewhat sooner after eclosion than
Y. cagnagellus (Hendrikse 1979), pupae of the latter were kept
at a higher temperature (24 vs. 18 ºC for Y. padellus) until
eclosion; this synchronized the onset of sexual behaviour in
the two species and enabled the production of interspecific
crosses.

Production of crosses

The rearing protocol for the crosses followed Hora & Roess-
ingh (1999, Chapter 2). After emergence, moths were sexed
and one female and one male were placed together in a glass
vial with a strip of filter paper as a foothold, for 1-2 weeks (at
18 °C and a 16L:8D photoperiod) to allow for mating without
influence of the host plant. After this period, the pairs of each
cross were transferred to Perspex cylinders (16 cm long, 4 cm
diameter) that were slid over the branches of potted host plants
in a greenhouse (at 20-25 °C and natural light) and closed off
with cotton-wool plugs. Yponomeuta cagnagellus females
were offered E. europaeus and Y. padellus females P. spinosa.
In all abbreviations of crosses the mother is given first, i.e.,
cross p×c denotes an F1 of a female Y. padellus crossed with
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a male Y. cagnagellus. Following this convention, pc×pc de-
notes the F2 of the F1 from the example above.

Crossing interspecific F1 hybrids with Y. cagnagellus or Y.
padellus reared from the intraspecific crosses similarly pro-
duced backcrosses. For correct comparison of the hybrids to
the parental species over two laboratory-reared generations,
intraspecific crosses were produced each time backcrosses
were made, using individuals from the same Y. cagnagellus
and Y. padellus families that were used in the production of
the F1s and backcrosses.

Yponomeuta moths do not respond well to manipulation of
their univoltine life cycle. Therefore, an artificial diapause of
at least 4 months was introduced between generations by stor-
ing egg masses of each cross in total darkness at 4 °C and 75%
relative humidity, until they were used the following spring.

Rearing conditions of crosses

First instars were carefully removed from under their hiber-
naculum, counted, and reared in plastic Petri dishes (2.5 cm
high, 10 cm diameter) at 18 °C and 16L:8D photoperiod until
pupation, unless otherwise stated. The size of rearing groups
was between 15 and 30 first instars per Petri dish. When larvae
reached the L5 stage, rearing groups were split into two, leav-
ing a maximum of 15 L5 per Petri dish. Larvae were fed ad
libitum with fresh host leaves until pupation. Euonymus eu-
ropaeus and P. spinosa leaves where either collected from
plants grown in the greenhouse (during the winter months) or
from plants grown outdoors (in spring and early summer). The
following experiments were spread over eight rearing periods.

Pupae were taken out of their cocoons at day 4 after ecdysis
into the pupal stage, and weighed on an OHAUS Analytical
Standard Scale (d = 5x10-5) to the nearest 0.1 mg. Pupae were
placed individually in glass vials at 18 °C and 16L:8D until
eclosion in all experiments, unless otherwise stated. After
eclosion, adults were sexed and fed with 0.5-cm3 blocks of 1%
honey in 1% agar, which were replaced 2-3 times per week.

Host acceptance experiments

In host-acceptance experiments with F1 larvae, caterpillars
were used that had feeding experience on both parental hosts.
For tests with backcrossed individuals, larvae reared exclu-
sively on the host plant of the backcross parent were used. All
experiments were conducted at 18 °C and 16L:8D. Early L5
larvae were starved for 1 h prior to the experiment. Each larva
was given a choice between two leaf discs (diameter 1.5 cm)
placed on moist 3M Whatman filter paper in a plastic Petri
dish (diameter 9 cm, height 2.5 cm). Leaf disc were placed 4
cm apart. After 3-5 h host acceptance was scored: a larva was
considered to accept a host if it had eaten at least 3 mm2 of
the leaf disc of that host. Larvae were placed in the following
categories: (1) larvae not accepting either of the hosts during
the experiment, (2) larvae accepting only E. europaeus, (3)
larvae accepting only P. spinosa, and (4) larvae accepting both
hosts.

Effect of host plant on larval development and mortality

Yponomeuta cagnagellus and Y. padellus were reared exclu-
sively on their own host, as it is well established that neither
of the two species can be reared on each other’s host (Kooi
1988; Kooi & van de Water 1988). All progeny of an individual

female and male of a cross-type formed a full-sib family, and
all siblings were supposed to suffer from any intrinsic hybrid
incompatibilities to the same degree. After diapause termina-
tion of the L1 larvae, full-sib families of F1s and backcrosses
were split into three groups: one group was given leaves of host
plants of both parents, one group only E. europaeus, and the
remaining group was fed with P. spinosa exclusively. Because
of their gregarious feeding habits, these caterpillars do not de-
velop well in small groups. Therefore, families that contained
fewer than 20 larvae were only split in half; one half was reared
on E. europaeus, the other half on P. spinosa.

Larval development (expressed as pupal weight) and per-
cent mortality between L1 and the adult stage were used as
measurements of larval performance. To investigate possible
sex-linked effects, the sex of the moths eclosing from the pupae
was recorded, and included as a factor in the data analyses. Sex
ratios were based on the number of eclosed males and females
per Petri dish and expressed as percentage females per dish.

Statistical analysis

Host acceptance of F1 hybrids and backcrosses
To compare the proportions of F1 hybrids accepting only one
or both parental host plants and to check for differences be-
tween reciprocal crosses, we used a G-test (Sokal & Rohlf
1995) on 130 larvae (see supplementary Table 1E). We used
generalised linear models (McCullagh & Nelder 1989) with a
binomial error function and logit link function to test which
genetic factors influenced host acceptance of backcrosses. Re-
sponse variables for acceptance behavior were the binary vari-
ables ‘accepting only Euonymus europaeus’ and ‘no feeding
at all during the experiment’. As explanatory variables we con-
sidered the cross, the cross type of the mother, the cross type
of the father, and the fraction of the autosomal genome of the
progeny contributed by Y. cagnagellus (see supplementary
Table 1E for details). A set of models containing combinations
of these predictor variables was constructed (Table 1A) and
Akaike's information criterion with a correction for finite sam-
ple size (AICc; Burnham & Anderson 2002) was used to eval-
uate the relative fit of these models. Input to the models was
obtained from 594 backcross individuals (Table 1E). The sig-
nificance of the coefficient for the retained explanatory vari-
able(s) in the best model was tested by calculating the
two-tailed probability of the z-score.

Mortality and sex ratio
To test larval mortality, generalised linear models with a neg-
ative binomial error function and a log link function were
used. In this experiment, the Petri dish was the experimental
unit. The response variable was the number of dead larvae per
dish. To compensate for differences in group size, the number
of L1 larvae was included as offset variable. We do not have
quantitative information of the food intake of the larvae for
the experiment in which larvae were reared on a choice diet.
We therefore analysed these data separately with cross as the
explanatory variable. The input for the models in which the
larvae could eat both food plants came from 62 rearing dishes
of F1 larvae (either c×p or p×c), 38 dishes of backcrosses with
Y. cagnagellus and 42 dishes of backcrosses with Y. padellus.

For the no-choice experiment, models were built with food
type (either E. europaeus or P. spinosa) and the cross as ex-
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planatory variables. The input consisted of data from 63 dishes
of F1 larvae (c×p and p×c), 91 dishes of backcrosses with cag
(c×cp, c×pc, cp×c, and pc×c) and 104 dishes of backcrosses
with pad (p×cp, p×pc, cp×p and pc×p). Details can be found
in supplementary Table 2D.

We also evaluated the effects of cross and food on sex ratio
(Table 2D), using generalised linear models with a Poisson
error distribution and a log link function. The response vari-
able was the number of females in the progeny. To compensate
for differences in group size, the total number of moths in the
dish was included as offset variable. Input came from the same
sets of dishes that were used for the mortality test.

To establish that the models actually had explanatory
power, we tested their significance over the null model (con-
taining only the offset). The effect of each predictor variable
was evaluated by comparing the fit of a full model incorpo-
rating all variables to a model that excluded the test variable.
The significance of the log likelihood ratio of the two models
was tested using a χ2 test. This method of evaluation (so-called
forced entry) prevents possible problems associated with step-
wise model fitting (Mundry & Nunn, 2009).

Pupal weight
Pupal weight was only available for those cross-type × diet
combinations in which survival was not severely compromised
by diet. Not enough adult F2 were reared on either diet to be
able to draw reliable conclusions on pupal weight. Correspond-
ingly, not enough backcrosses could be reared on the host of
the parent that contributed least to the genome of the progeny.
Backcrosses of F1 with Y. padellus on a choice diet also yielded
low numbers, but these results were included in the analysis.

Any sex-linked genetic variation for pupal weight will be
visible in the heterogametic sex (i.e., the females) but not in
the homogametic sex. Therefore, a graphic representation of
the effect of diet is given separately for females and males
(Fig. 3B) and grouped by diet type. As the sex of the individual
was assessed in moths after their eclosion, only larvae that
reached the adult stage were included in the analysis.

To evaluate pupal weights, linear mixed models were used
with a Gaussian error function and log link function. The re-
sponse variable was the weight of the pupae. We considered
sex, food and cross type as explanatory variables (all treated
as fixed factors). Again, data from the choice experiments
were analysed separately from the no-choice tests. Variation
was introduced because rearing was done in eight rearing pe-
riods and in Petri dishes; therefore, rearing period and Petri
dish were included as random variables. We constructed a set
of models containing combinations of the fixed predictor vari-
ables. Akaike's information criterion (AIC) was used to eval-
uate the relative fit of these models. To determine whether the
best fitting models actually had explanatory power, we tested
their significance over the null model (containing only the ran-
dom factors). F1 and backcrosses with Y. cagnagellus and Y.
padellus were analysed separately. For the F1 crosses, input
came from 125 individuals (50 c×p and 75 p×c). We analysed
38 cp×c, 21 c×cp, 37 c×pc and 33 pc×c for the backcrosses
with Y. cagnagellus, and 42 cp×p, 34 pc×p, 30 p×cp and 40
p×pc individuals for the backcrosses with Y. padellus. Details
can be found in supplementary Table 3D.

Model validation and residual analysis
For all models, we visually inspected the fit, using Q-Q plots
and plots of studentised residuals, against the fitted values, to
make sure that the chosen error distribution was appropriate
and no obvious patterns were present in the residuals. Signifi-
cance testing in a GLMM is not straightforward and no stan-
dard method seems to be currently available (Bolker et al.
2008; Masello et al. 2010). We tested significance in the mixed
models either by comparing the fit (deviance) of a full model
with the fit of a reduced model with a maximum likelihood
test, or used the getsummary.mer function from the R package
memisc version 0.96-9. In spite of some uncertainty resulting
from the fact that the degrees of freedom for the random fac-
tors were not exactly known, we believe that the significances
found can be trusted because our sample sizes were reasonably
large and the results corresponded well to the visual impres-
sions obtained by plotting the data. All statistical tests were
conducted in R (version 3.0.1; R Core Team 2013).

RESULTS

Host acceptance

In the host acceptance experiments, none of the larvae of the
parental species accepted the non-host plant (Fig. 1). In Y.
padellus, 88.9% of the larvae accepted one host, viz. P. spin-
osa. The remaining 11.1% did not make a choice during the
course of the experiment. In Y. cagnagellus, 100% of the lar-
vae accepted only E. europaeus as a host. 

Of the F1 hybrids, about half of the larvae chose to feed
only on E. europaeus (p×c 50.6% and c×p 46.3%). A smaller
percentage chose to feed exclusively on P. spinosa (p×c 14.5%
and c×p 9.8%). The percentage of insects feeding on both
hosts was 25.8% for p×c and 36.6% for c×p. The rest of the
larvae (p×c 9% and c×p 7.3%) did not feed during the course
of the experiment.
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Figure 1. Percentages of larvae choosing either Prunus spinosa, Eu-
onymus europaeus or both hosts, or not making a choice in the host
acceptance choice test. The total number of larvae tested is given be-
tween brackets. On the Y-axes, the cross types are given. The species
names are abbreviated to c (Yponomeuta cagnagellus) and p
(Yponomeuta padellus). Acceptance of Euonymus was semi-domi-
nant, and backcrosses with Yponomeuta padellus significantly in-
creased the percentage non-feeding insects in the assays.



Acceptance of E. europaeus dominated significantly over
acceptance of P. spinosa: the numbers differed from an equal
distribution for both reciprocal crosses (c×p: n = 53, G =
4.245, df = 1, p = 0.039; and p×c: n = 104, G = 9.846, df = 1,
p = 0.002). When we compared the numbers of larvae accept-
ing none, one or both host plants between the two reciprocal
crosses, no significant difference was detected (n = 157, G =
0.732, df = 3, p = 0.87).

Most reciprocal backcrosses with Y. padellus as the back-
cross parent preferred to feed on P. spinosa (range: 35.4–
46.2%), but a significant proportion still fed only on E.
europaeus (range: 23.1–38.4%). A smaller number of larvae
chose to feed on both hosts (range: 13.9–30.8%). The rest of
the larvae (range: 6.1–13.9%) did not feed during the time of
the experiment.

Reciprocal backcrosses with Y. cagnagellus resulted in a
comparatively large fraction of individuals that did not feed
at all during the experiment (range: 20.8–34.4%). However,
almost all larvae that made a choice chose to feed exclusively
on E. europaeus (range: 64.5–69.8%), whereas only a very
small percentage chose to feed exclusively on P. spinosa
(range: 0–4.2%), and an equally small percentage fed on both
hosts (range: 1.1–5.2%)

To investigate the genetic factors that controlled host ac-
ceptance behaviour in the backcrosses, we first constructed a
set of generalised linear models to explain the dominant ac-
ceptance of E. europaeus as a function of the cross type of the
parents as well as the percent contribution of Y. cagnagellus
to the genome of the cross. According to Akaike information
criterion, the model with the best fit only contained the percent
contribution of the Y. cagnagellus genome in the progeny as a
predictor (Table 1A); this factor contributed significantly to
the acceptance behaviour (z = 8.635, df = 1, p<0.001; Table
1B). More Y. cagnagellus in the genome therefore predicts that
more of such individuals will only accept E. europaeus. No
difference between reciprocal crosses was found.

In addition to acceptance of E. europaeus, we also evalu-
ated the number of insects that did not feed in the experiment.
Model selection showed that the best model contained both
the cross type of the mother as well as the percentage genes
from Y. cagnagellus in the genome as explanatory variables
(Table 1C). However, as can be seen in Table 1D, again only
the percentage of Y. cagnagellus genes made a significant con-
tribution (z = 3.724, df = 1, p = 0.0002), indicating that not
feeding is more likely in larvae with a higher representation
of Y. cagnagellus in the genome.

Larval mortality

Intraspecific crosses
In intraspecific crosses of Y. cagnagellus and Y. padellus, lar-
val mortality averaged 51.9 ± 4.5% and 57.2 ± 3.8%, respec-
tively, on a diet of their own host plants (Table 2D). Most
larval mortality occurred in the L1 and L2 stages, when the
larvae are minute and highly sensitive to the rearing conditions
(K. Hora unpubl.). Given this high mortality in the intraspe-
cific crosses, mortality of the hybrids needs to be interpreted
relative to this background mortality. The parental mortality
levels were therefore plotted in all the figures for comparison
(Fig. 2ABC).

Mortality in F1 hybrids
When fed exclusively on E. europaeus, mortality was compa-
rable to intraspecific crosses (37.5–41.5%) for both reciprocal
F1s. On P. spinosa, mortality was higher than on E. europaeus
for both reciprocal F1 (56.3–66.0%, Fig. 2A and Table 2D). A
generalised linear model for mortality in F1 insects in a no-
choice situation as function of food type (Euonymus or
Prunus) and cross type (c×p or p×c) showed that the differ-
ence between the two food types was significant (Table 2A),
but cross direction had no effect.

In contrast to the results for feeding on a single host, mor-
tality in F1 c×p (71%) was significantly higher than that in the
reciprocal cross (46%), when P. spinosa and E. europaeus
were simultaneously available (Table 2A).

Mortality in backcrosses and F2 hybrids

Backcrosses with Yponomeuta padellus
When fed only E. europaeus, all backcrosses with Y. padellus
as backcross parent showed high mortality (93.3–99.9%) (Fig.
2B). However, when fed with P. spinosa, reciprocal back-
crosses of Y. padellus with F1 p×c showed higher mortality
(76.1–81.5%) than the reciprocal backcrosses of Y. padellus
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Figure 2B. Average mortality of backcrosses with Yponomeuta
padellus (p) reared on Euonymus europaeus, Prunus spinosa, or both
plant species. Cross p×cp had a significantly lower mortality than all
other crosses, but only when fed Prunus. The descriptive statistics of
these data are given in Table 2D.
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Figure 2A. Average mortality of F1 hybrids of Yponomeuta cagnag-
ellus (cag) and Yponomeuta padellus (pad) when feeding on the two
host plants separately or on a mixed diet. A large difference between
the reciprocal crosses was observed. Cross c×p had a significant
higher mortality than p×c, but only if Prunus spinosa was available
as food in addition to Euonymus europaeus. The mortality of the two
parental species is plotted on their respective host for comparison.
Neither of the parents could survive on the host of the other species.
The descriptive statistics of these data are given in Table 2D.



with F1 c×p (33.0–55.1%). A generalised linear model for
mortality in backcrosses with Y. padellus as a function of food
type (Euonymus or Prunus) and cross type (p×cp, p×pc, cp×p
and pc×p) indeed indicated a significant effect of food on mor-
tality and a strong interaction with cross (Table 2B).

When both hosts were offered simultaneously, there was
high mortality in all second generation cross types with Y.
padellus (86.3–96.9%, Fig. 2B).

Backcrosses with Yponomeuta cagnagellus
Backcrosses with Y. cagnagellus survived well on E. eu-
ropaeus (mortality 33.3–53.1%) but died on P. spinosa (mor-
tality 99.7–100%, Fig. 2C). A generalised linear model for
mortality in backcrosses with Y. cagnagellus as a function of
food type (Euonymus or Prunus) and cross type (c×cp, c×pc,
cp×c and pc×c) showed that mortality was significantly lower
on Euonymus than on Prunus. No interactions between cross
type and food were found (Table 2C).

In a choice experiment with both hosts available, the re-
ciprocal backcrosses of Y. cagnagellus and F1 c×p survived
equally well (49.6–55.7% mortality). Both reciprocal back-
crosses of Y. cagnagellus and F1 p×c showed somewhat higher
mortality (73.2–79%; Fig. 2C). The model comparison with
and without cross as explanatory variable indicated, however,
that cross overall did not have a significant contribution (χ2

test: Likelihood ratio = 5.44, df = 3, p = 0.14).
Very few F2 hybrids survived on a diet of either E. eu-

ropaeus (mortality 91.3–95.2%) or P. spinosa (mortality 93.6–
100%). In a choice situation, survival of F2 was also low

(mortality 96.7–98.1%; Table 2D). No statistical tests were
done on these small numbers of F2 survivors.

Sex ratio

In the Lepidoptera, females are the heterogametic sex, carry-
ing WZ chromosomes, whereas males are ZZ (Nilsson et al.
1988). Any sex-linked reciprocal effects will only be apparent
in the female larvae, since the males carry both copies of the
Z-chromosomes, and females carry a only one copy of the Z-
chromosome from their father. Because larval sex was un-
known, we could not determine a gender effect in the larval
mortality data. However, the sex ratio of the surviving adults
can give an indication of sex-linked effects. In intraspecific
crosses, there was no evidence for sex-specific mortality (Y.
cagnagellus 43.4% females, Y. padellus 48.2% females; Table
2D).

In the F1, again no evidence for a skewed sex ratio was
found. Depending on the diet, the percentage of females varied
between 41.5 and 55.2%. Even in the group with the highest
mortality (F1 c×p on a choice diet), no skewed sex ratio was
observed (55.2% females), and comparing the linear model to
a null model confirmed that there was no significant contribu-
tion of cross type in the variation for sex ratio (χ2 test: D =
2.354, df = 3, p = 0.50). In the backcrosses with high mortality,
the sex ratio was sometimes more skewed; however, also in
these cases, the generalised linear model showed that cross
type did not have a significant effect on sex ratio (χ2 test: D =
9.13, df = 9, p = 0.43).

Pupal weight

Intraspecific crosses
In all crosses, Yponomeuta females had higher pupal weights
than corresponding males on the same diet (Table 3D); this is
typical of Yponomeuta species (e.g., Kooi et al. 1989). Both
females and males of Y. cagnagellus attained higher pupal
weights on E. europaeus (47.4 and 37.3 mg, respectively) than
Y. padellus females and males on P. spinosa (29.1 and 25.1
mg).

Pupal weight of F1 crosses
As in the intraspecific crosses, F1 females reached higher
pupal weights (range: 30.4–44.4 mg) than males (range: 26.0–
35.8 mg; Table 3D and Fig. 3A). On a choice diet, both recip-
rocal F1 females and males weighed more (range: 33.3–44.4
mg) than when feeding on P. spinosa only (range: 26.0–30.7
mg), but about the same as when feeding on E. europaeus only
(range: 34.7–43.7 mg).

On a diet of E. europaeus, F1 p×c female pupal weight was
comparable to pupal weights attained by Y. cagnagellus fe-
males. The reciprocal F1c×p hybrid female pupae weighed
less than Y. cagnagellus. Males of both reciprocal F1 reached
slightly lower pupal weights than Y. cagnagellus males. On a
diet of P. spinosa, females and males of both reciprocal F1
achieved pupal weights that were comparable to those of Y.
padellus females and males.

A generalised linear model for pupal weight of the F1 as a
function of food type (Euonymus or Prunus) and cross type
of the larvae (c×p or p×c) in a no-choice situation indeed in-
dicated significant effects on weight of sex, food and cross. A
strong three-way interaction was present (Table 3A).
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Figure 2C. Average mortality of backcrosses with Yponomeuta
cagnagellus (c) reared on Euonymus europaeus, Prunus spinosa, or
both plant species. Mortality was significantly lower on Euonymus
and significantly higher on Prunus than on a mixed diet. No interac-
tions between the effects of cross and food were present. The descrip-
tive statistics of these data are given in Table 2D.
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Figure 2D. Average mortality of F2 crosses reared on Euonymus eu-
ropaeus, Prunus spinosa, or a combination of both plants. The mor-
tality of F2 crosses was always high, irrespective of the food offered.
The descriptive statistics of these data are given in Table 2D.



In a choice situation, a significant interaction between sex
and cross was found, indicating a difference between the re-
ciprocal crosses (Table 3A), consistent with the results from
the mortality experiment.

Pupal weight of backcrosses and F2
Females of reciprocal backcrosses between F1 c×p and Y.
cagnagellus reached pupal weights comparable to those of Y.
cagnagellus when fed with E. europaeus in a no choice situa-
tion. Females of the reciprocal cross pxc with Y. cagnagellus
had lower pupal weights on the same diet.

Males of most backcrosses with Y. cagnagellus attained
slightly lower pupal weights compared to Y. cagnagellus
males on E. europaeus. A generalised linear model for pupal
weight of backcrosses with Y. cagnagellus and reared on Eu-
onymus as a function of the cross type of the larvae (c×cp,
cp×c, c×pc and pc×c) showed a significant effect of gender,
and only an interaction effect between gender and cross type
c×pc, with males performing slightly better than females on a

no-choice diet (Table 3C). On a choice diet, pupal weight was
lower than on E. europaeus alone for all reciprocal F1 × Y.
cagnagellus females and males. The model showed only a sig-
nificant gender effect, the cross types did not differ from each
other (Table 3C).

Females of all backcrosses of Y. padellus with F1 c×p on a
diet of P. spinosa reached comparable pupal weights to pure
Y. padellus females. Females of backcrosses of Y. padellus
with the reciprocal F1 p×c had a lower average pupal weight
than Y. padellus females or the other hybrids. All male back-
crosses on P. spinosa were comparable to Y. padellus males.
Pupal weight for BC p×pc males on a no choice diet appeared
to be lower, however this is not explained by the generalised
linear model.

A generalised linear model for pupal weights of back-
crosses with Y. padellus reared on P. spinosa as a function of
the cross type (p×cp, cp×p, p×pc and pc×p) showed significant
effects of both gender and cross type on weight. Interactions
between gender and cross type were not significant (Table 3B).
In a choice situation, no significant effects of either gender or
cross type were found (Table 3B). The apparently low weight
for female p×pc reared on both hosts (Fig. 3B) therefore is not
significant, and is probably an artifact of the low number of
the crosses surviving on the diet (n=2, Table 3D).

DISCUSSION

In this chapter, we have identified heritable elements of larval
host use in two closely related Yponomeuta species. We have
looked separately at the two major components of larval host
use, acceptance and performance, and have also used our data
to identify interactions between these two traits. At the same
time, we showed how segregation of traits underlying accept-
ance of and performance on a specific host negatively affects
the survival of hybrids in the second generation.

Host acceptance
If a single chemoreceptor-signal is decisive for acceptance of
a host plant, we would expect monogenetic control of host ac-
ceptance. Sugar alcohol sensitivity for dulcitol and sorbitol
could be underlying the behaviour leading to host acceptance
in Y. cagnagellus and Y. padellus, respectively. The sensory re-
sponse to these feeding stimulants was studied in detail by
Roessingh et al. (1999) for both Y. evonymellus (sensitive to
both compounds) and F1 hybrids from crosses between Y.
cagnagellus and Y. padellus. The chemoreceptors for both
sugar alcohols appear to be present in the same sensory cell.
This pattern supports an ancient gene duplication event leading
to one gene coding for dulcitol sensitivity and one for sorbitol
sensitivity, as suggested by Menken & Roessingh (1998), and
also suggests a genetic architecture with two loci co-expressed
in the F1s. The inheritance of sensitivity for phytochemicals
has been studied before in crosses between Y. cagnagellus and
the closely related Y. malinellus, which is associated with
Malus domestica (Drongelen & van Loon 1980): sensitivity
for dulcitol was found to be dominant over non-sensitivity. For
plant compounds that can be perceived by both species, higher
sensitivity is dominant over lower sensitivity.

In the choice tests described in the current paper, F1 hybrid
larvae of Y. cagnagellus and Y. padellus accept both hosts,
pointing to a simultaneous expression of both sets of genes
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Figure 3A. Pupal weights of F1 hybrids (c×p or p×c) of Yponomeuta
cagnagellus (c) and Yponomeuta padellus (p) reared on Euonymus
europaeus, Prunus spinosa, or a combination of both plants. A dif-
ference between the reciprocal crosses was observed for females fed
on both foods. This result mirrored the difference in mortality for
these crosses. The descriptive statistics of these data are given in
Table 3D.

Figure 3B. Pupal weights of Backcrosses of hybrids of Yponomeuta
cagnagellus (cag) or Yponomeuta padellus (pad) with their parental
species, reared on Euonymus europaeus, Prunus spinosa, or a choice
of both plants. The weights of male and female pupae are presented
seperately. Table 3D shows the data underlying this figure. Tables 3B
and 3C provide the results of generalised linear models explaining
the effect of food, gender and crosstype on the pupal weights.



that underlie acceptance behaviour in the parent species. The
question remains whether the parental species have lost the
loci underlying sensory perception of non-host compounds en-
tirely, or whether they are still present but no longer expressed.

In backcross hybrids with Y. padellus, a substantial portion
of individuals still prefers E. europaeus. However, there are
only very few individuals that feed exclusively on P. spinosa.
If acceptance is based on inheritance of two loci without
epistatic effects, the frequency of larvae the backcross parent
by not accepting E. europaeus, would be higher (i.e., 50%).
For the reciprocal backcross with Y. cagnagellus, the two-
locus model likewise does not explain the results: we find far
fewer than 50% of the individuals still accepting P. spinosa.
The results of the backcrosses point to a dominant expression
for acceptance of E. europaeus and this is in conflict with the
conclusion of equal expression, based on the host acceptance
of the F1 hybrids. Our data on larval acceptance lack the res-
olution needed to solve this incongruity. An alternative expla-
nation is that the trait is influenced by experience or by
non-Mendelian epigenetic inheritance effects caused by the
diet (Pfenning & Servedio 2013). The preference for E. eu-
ropaeus found in our study can be a result of induced prefer-
ence for feeding on this host (Glendinning et al. 2009). Hybrid
F1 larvae were fed with both hosts prior to the experiment and
hybrid larvae do develop more successfully on E. europaeus.
We therefore cannot exclude possible induction effects in our
data. It would be interesting to investigate if diet could influ-
ence larval acceptance in the F1, as it does adult choice (see
Chapter 5 in this thesis).

A further complicating factor in understanding the genetic
architecture of host acceptance is the observation that accept-
ance behaviour is the result of the weighing of sensory input
from different chemoreceptors in the central nervous system
(Schoonhoven 1987). The balance between inputs generated
by chemoreceptors for phagostimulants such as dulcitol and
sorbitol (Roessingh et al. 1999), and receptors for deterrent
compounds known to be present in non-hosts (van Drongelen
1979; see also Table 4), may play out differently in back-
crosses and F1s. We found that a relatively high number of
hybrid larvae in the backcrosses did not make a choice in the
leaf-disc assays. This suggests the presence of a deterrent sen-
sitivity that dominated the balance of positive and negative in-
puts and inhibited host acceptance.

It is well established that Yponomeuta species have lost their
sensitivity to exactly those deterrent compounds that are
prominently present in its host (van Drongelen 1979; Chapman
2003). In addition to the above-mentioned segregation of re-
ceptors, it is also possible that the reduced sensitivity is caused
by up- or down-regulation of sensitivity under the influence of
modifier genes that were decoupled in the hybrids.

It is necessary to gain a better understanding of the total
suite of compounds in both hosts that act as either deterrents
or feeding stimulants to the larvae, as well as the level of phe-
notypic plasticity introduced by induction after forced feeding
on a non host, before firm conclusions can be drawn on the
genetic architecture of larval host acceptance in Yponomeuta.
Of the 14 studies (reviewed by Matsubayashi et al. 2010) in
which the genetic basis of host acceptance was studied, 10 re-
vealed that it is determined by a few loci (1-5) having a large
effect. Admittedly, there is a publication bias: preference based

on quantitative traits will not easily show significant effects
in tests with small sample sizes or in tests between species in
which host preference is a more continuous variable rather
than showing distinct contrasts. Yet, the overall picture that
emerges is one of a limited number of genes having a large
effect on host shifts and specialisation. Our data support this
finding.

Effect of the host plant on larval development
We discovered interactions between diet, gender and cross
type for both traits that describe larval development, viz. sur-
vival until adulthood and pupal weight. Gender and diet both
had an effect on pupal weight, but interactions between cross
type and diet were less pronounced. We could not clearly iden-
tify a hereditary factor for pupal weight. Females invariably
attain higher pupal weights than males of the same cross type.
Overall it seems that higher pupal weights are reached on E.
europaeus than on P. spinosa, regardless of the genetic back-
ground. There was a diet-dependent effect on pupal weight of
the direction of the cross of F1 hybrid females, but there was
no clear evidence of sex linkage.

host plant-dependent survival (measured as larval mortal-
ity) had a distinct heritable component. Theoretically, the
number of larvae surviving on the host of the least-contribut-
ing parent is a function of the number of independently seg-
regating survival genes: the lower this number, the higher the
chance that the original parental combination of genes ends
up in the gamete of the F1 hybrid. Unfortunately, the data suf-
fered from large variation, and high background mortality due
to the difficulty of rearing Yponomeuta. However, a rough es-
timate of the minimum number of genes involved in survival
on the host can be made. This estimate is based on the fraction
of backcross hybrids surviving on the host of the least-con-
tributing parent.

To simplify the exercise, and to prevent overestimation of
the number of genes, only data of the backcrosses with Y.
padellus on E. europaeus were used in the analysis; these
crosses had the highest survival rate. Furthermore, we only
used survivors of crosses in which the F1 was the father, to
prevent underestimation of the number of loci by missing loci
on the same chromosome that are still recombined independ-
ently [female Lepidoptera have reduced or no meiotic recom-
bination at all (Marec 1996; Raijmann et al. 1997)]. Assuming
that background mortality was 50% (being the average mor-
tality of Y. cagnagellus and Y. padellus), the average percent-
age surviving backcross Y. padellus mother x F1 father on E.
europaeus, needs to be multiplied by 2 to account for back-
ground mortality, i.e. 6.2×2 = 12.4%.

In the F2 progeny of a cross between homozygous parents,
the proportion of completely homozygous genotypes is 1/4n,
where n = the number of genes controlling a polygenic trait
(Falconer & Mackay 1996). Our assumption was that the au-
tosomal genes do not have additive effects, and are not influ-
enced in their expression by loci in the Y. padellus backcross
parent. The chances of the occurrence of an F1 gamete, com-
bining all relevant alleles for survival on E. europaeus after
meiosis, is then 1/2n: one haploid set of the minimal required
number of loci for host use will suffice to ensure survival of
the hybrid on E. europaeus, because of the co-dominant ex-
pression in the Y. padellus genomic background. Using the
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12.4% chance of backcrosses with Y. padellus to survive on
E. europaeus, this leads to an estimate of a minimum of three
(1/8) genes. A similar exercise was conducted for survival of
F2 hybrids on E. europaeus: the average survival of both re-
ciprocal F2s was 6.75%, multiplied by two to correct for back-
ground mortality makes 13.5%. Also here we are only
interested in the chance of the haploid F1 gamete containing
the co-adapted alleles, which is again 1/2n, leading to an esti-
mate of, again, three genes.

Our rough estimation of the genetic basis of larval host use
in Yponomeuta may be narrowed down in the future, using
techniques such as high throughput sequencing (Mardis 2008;
Hudson 2008) and associated analysis techniques (e.g., tar-
geted resequencing), which allow proper identification of ge-
netic differences between the species without the lengthy work
of cross-breeding (Smadja et al. 2012; Briscoe 2013). This
will make it possible to identify the loci that are responsible
for adaptive evolution in non-model species [opportunities
were recently reviewed by Stapley et al. (2010)], and will be
instrumental in the further identification of the host-use genes,
i.e., the genetic architecture of adaptive evolution (Mackay
2001).

Little is known about the genetic architecture of larval per-
formance in other lepidopteran models of ecological specia-
tion. The few available studies of performance on host plants
suffer from either of two shortcomings: the specialist species
studied were too far diverged to effectively separate the effect
of intrinsic hybrid incompatibility from the effect of the host
plant, or the species were not diverged enough and still capa-
ble of utilizing each other’s host plants, obscuring the effect
of the host plant (Rundle & Whitlock 2001). To the best of our
knowledge, this is the first estimate of the number of loci un-
derlying survival of a specialist lepidopteran.

Interaction between acceptance and development
The interaction between host acceptance and host-specific lar-
val development can have a strong negative effect on hybrid
development. Backcrosses with Y. cagnagellus attain lower
pupal weights on a choice diet, perhaps because they occa-
sionally accepted P. spinosa for feeding, whereas they were
physiologically unable to detoxify its potentially harmful sec-
ondary plant compounds. Backcross hybrids with Y. padellus
readily accepted E. europaeus for feeding, and in view of the
low survival on this host in a no-choice situation we know that
this is deleterious to the hybrids. Clearly, these experiments
should be repeated, including an accurate measurement of
food intake, to separate the effects of feeding inhibition from
diet toxicity. Nevertheless, results indicate that adaptations for
host acceptance are not physically linked to adaptations im-
proving performance on the host. This implies that reduction
of gene flow is needed to reach linkage disequilibrium before
these traits can co-adapt in the process of divergent host spe-
cialisation.

The interaction between preference and performance can
promote divergent host specialisation by creating a selection
pressure against hybridization by opposing dominance. Op-
posing dominance is defined as the occurrence of dominant
inheritance of host acceptance for host A, whilst development
leads to the highest fitness of F1 hybrids on host B. The neg-
ative implication for hybrid fitness following this model is that

hybrids will feed on plants on which their development is in-
ferior. Empirical evidence for opposing dominance was found
in roughly half the model systems investigating ecological
specialisation of herbivores that were reviewed by Matsub-
ayashi (2010). In our study, we did not find evidence for op-
posing dominance in Yponomeuta. Instead, we found a
recurring asymmetry in host use between E. europaeus and P.
spinosa: evidenced in semi-dominance for both larval and
adult acceptance of E. europaeus in combination with im-
proved fecundity for individuals physiologically adapted to
the same host.

In conclusion, the data presented here increase our under-
standing of the evolution of assortative mating as a prezygotic
reproductive barrier in a randomly mating population, driven
by selection on reduced fitness of hybrids between two incip-
ient Yponomeuta host races. Loss of hybrid fitness is only seen
in the second generation after hybridization, and is dependent
on the choice of larval host plant. It results from the breaking
down of the co-adapted complex of genes for physiological
adaptation to survive on the host, and from recombination be-
tween loci determining host acceptance and survival on the
host.
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Table 1A. Overview of generalised linear models designed to explain acceptance of Euonymus europaeus by backcrosses of the interspecific
F1 with either of the two parental species. See Fig. 1 for an overview of the crosses. The model with only the fraction of the Yponomeuta
cagnagellus genome in the cross as explanatory variable shows the best fit according to Akaike's corrected information criterion (AICc). The
first three models have a low delta AICc and are therefore almost equivalent, but in each case only Fraction Y. cagnagellus genes had a significant
contribution to the acceptance of the host Euonymus europaeus by the backcross. (cf. Table 1B). K is the number of estimated parameters in
each model
Factor included K AICc Delta AICc Cumulative Log 

AICc Weight Weight Likelihood
Fraction cagnagellus 2 746.88 0 0.43 0.43 -371.43
Fraction cagnagellus + mother 5 747.32 0.44 0.34 0.77 -368.61
Fraction cagnagellus + father 5 748.31 1.43 0.21 0.98 -369.10
Cross type 8 753.24 6.36 0.02 1.00 -368.50
Mother 4 775.49 28.61 0.00 1.00 -383.71
Father 4 798.43 51.55 0.00 1.00 -395.18
Null model 1 825.14 78.26 0.00 1.00 -411.56

Table 1B. Coefficients in the model from Table 1A with the best fit. The effect of the fraction Yponomeuta cagnagellus genes in the genome
has a significant contribution to the acceptance of Euonymus europaeus
Coefficient Estimate SE z P Sig.
Intercept -1.58 0.21
Fraction cagnagellus 3.07 0.36 8.635 <0.001 ***
Null deviance: 823.13 on df = 593; Residual deviance: 742.86 on df = 592.

Table 1C. Overview of generalised linear models designed to explain the refusal to feed on either of the two hosts by backcrosses of the inter-
specific F1 with either of the two parental species. See Fig. 1 for an overview of the crosses. The model with the fraction of Yponomeuta cagnag-
ellus genome and crosstype of the mother as the explanatory variables shows the best fit according to Akaike's corrected information criterion
(AICc). The first three models have a low delta AICc and are therefore almost equivalent, but in each case only Fraction cagnagellus had a sig-
nificant contribution (cf. Table 1D). K is the number of estimated parameters in each model 
Factor included K AICc Delta AICc Cumulative Log 

AICc Weight Weight Likelihood
Fraction cagnagellus +mother 5 565.66 0 0.42 0.42 -277.78
Fraction cagnagellus 2 566.83 1.17 0.23 0.65 -281.40
Mother + father 6 567.56 1.91 0.16 0.81 -277.71
Full model 6 567.56 1.91 0.16 0.97 -277.71
Fraction cagnagellus +father 5 571.00 5.34 0.03 1 -280.45
Mother 4 580.32 14.66 0 1 -286.12
Father 4 580.55 14.90 0 1 -286.24
Null model 1 597.04 31.38 0 1 -297.52

Table 1D. Coefficients in the model from Table 1C with the best fit. Only the effect of the fraction Yponomeuta cagnagellus genes in the
genome has a significant contribution to the refusal to eat; the effect of the crosstype of the mother is not significant
Coefficient Estimate SE z P Sig.
Intercept -2.9877 -5.064
Fraction cagnagellus 2.7815 0.747 3.724 0.0002 ***
Mother pad 0.3287 0.495 0.664 0.5067
Mother c×p -0.4374 0.301 -1.453 0.1462
Mother p×c 0.2594 0.2792 0.929 0.3528
Null deviance: 595.03 on df = 593; Residual deviance: 555.56 on df = 589.

Table 1E. Numbers of larvae per cross choosing a particular host in the choice experiment, and the percentages of Yponomeuta cagnagellus
genome in those crosses
Cross No choice P. spinosa E. europaeus Both hosts n % Y. cagnagellus genome
cp 3 4 19 15 41 50
pc 8 13 45 23 89 50
c×cp 21 2 48 1 72 75
cp×c 20 4 67 5 96 75
c×pc 20 1 48 1 70 75
pc×c 32 0 60 1 93 75
p×cp 9 30 17 9 65 25
cp×p 6 38 38 17 99 25
p×pc 7 23 15 20 65 25
pc×p 4 13 11 6 34 25
c×c 0 0 36 0 36 100
p×p 4 32 0 0 36 0
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Table 2A. Estimated coefficients in a generalised linear model with log link function and negative binomial error distribution, estimating the
effect on mortality in F1 progeny from crosses between Yponomeuta cagnagellus and Y. padellus as a function of cross type and food (either in
under rearing conditions with no choice, or under conditions with choice of both hosts). The fit of this model was significantly better than a null
model containing only the offset (number of L1 larvae). In a no-choice situation (upper half of the table) a strong effect of food was found: on
Prunus mortality was significantly higher than on Euonymus. No interaction with cross type was present. In a food choice experiment with
both types of food present (lower half of the table), The two reciprocal crosses (cp and pc) differed significantly

Coefficient Estimate SE z P Sig.
No choice Intercept -1.10 0.177

Cross cp 0.20 0.249 0.802 0.422
Food Prunus 0.66 0.238 2.760 0.006 ***
Cross cp: Prunus -0.38 0.343 -1.101 0.271

Choice Intercept -0.918 0.120
Cross cp 0.502 0.202 2.488 0.0129 *

No choice: Null deviance: 85.898 on df = 62; Residual deviance: 77.019 on df = 59.
Choice: Null deviance: 72.492 on df = 61; Residual deviance: 66.084 on df = 60.

Table 2B. Likelihood ratio tests for explanatory variables in a generalised linear model with log link function and negative binomial error dis-
tribution, estimating the effect on mortality in backcrosses of F1 with Yponomeuta padellus as a function of cross type and food. The fit of this
model was compared to a null model containing only the offset (number of L1 larvae). To evaluate the effect of a variable in the model, the full
model was compared to a model that excluded one variable and the significance of the effect was tested using a χ2 test. A strong interaction be-
tween food and crosstype was found
Model 2*log Lik. Df LR stat. P
Full model -601.75 96
Null model -690.93 103
Comparison 7 89.18 > 0.001
drop Food -681.88 4 80.13 > 0.001
drop Cross -650.27 6 48.529 > 0.001
drop Interaction -631.69 3 29.944 > 0.001

Table 2C. Likelihood ratio tests for explanatory variables in a generalised linear model with log link function and negative binomial error dis-
tribution, estimating the effect on mortality in backcrosses of F1 with Yponomeuta cagnagellus as a function of cross type and food. The fit of
this model was compared to a null model containing only the offset (number of L1 larvae). To evaluate the effect of a variable in the model, the
full model was compared to a model that excluded one variable and the significance of the effect was tested using a χ2 test. The effect of food
on mortality was highly significant. The overall effect of cross type was not significant however the coefficient for cp×c was significantly
positive (0.38±0.19, z = 2.036, p = 0.042). No interactions were found
Model 2*log Lik. Df LR stat. P
Full model -531.65 83
Null model -603.90 90
Comparison 2.25 7 72.25 > 0.001
drop Food -602.65 4 71.00 > 0.001
drop Cross -542.94 6 11.29 0.080

Table 2D. Mortality and sex ratio. Total numbers of caterpillars reared per cross on different foods, average % mortality and sex ratio (%
females) per Petri dish
Cross Diet No. L1 No. pupae % female ± SE Average % larval No. Petri 
type mortality per dish ± SE dishes
c×c E. europaeus 2097 1156 43.4 ± 2.6 51.9 ± 4.5 62
p×p P. spinosa 2124 1004 48.2 ± 2.6 57.2 ± 3.8 72
c×p Both foods 701 270 44.8 ± 8.4 71.0 ± 7.2 21

E. europaeus 282 167 52.9 ± 6.9 41.5 ± 6.1 15
P. spinosa 264 124 54.9 ± 7.4 56.3 ± 8.0 14

p×c Both foods 1316 767 47.8 ± 2.6 45.5 ± 5.2 41
E. europaeus 232 160 58.5 ± 4.7 37.5 ± 8.7 16
P. spinosa 249 91 45.7 ± 8.9 66.0 ± 7.2 17

cp×c Both foods 282 112 41.4 ± 5.6 55.7 ± 11.6 9
E. europaeus 241 130 43.8 ± 6.7 53.1 ± 9.1 16
P. spinosa 223 3 99.5 ± 0.5 13

pc×c Both foods 351 67 25.4 ± 7.2 73.2 ± 10.7 10
E. europaeus 246 176 50.8 ± 4.4 33.3 ± 6.6 12
P. spinosa 230 1 99.7 ± 0.3 11

cp×p Both foods 309 35 30.6 ± 11.4 86.4 ± 6.7 11
E. europaeus 250 3 33.3 ± 33.3 99.0 ± 0.5 12
P. spinosa 435 211 49 ± 4.5 55.1 ± 6.5 19
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Table 2D. Continued
Cross Diet No. L1 No. pupae % female ± SE Average % larval No. Petri 
type mortality per dish ± SE dishes
pc×p Both foods 264 11 25 ± 14.4 96.9 ± 2.2 10

E. europaeus 273 11 61.1 ± 30.9 97.5 ± 1.4 11
P. spinosa 315 99 55.2 ± 9.5 81.5 ± 5.7 13

c×cp Both foods 222 93 57.4 ± 3.2 49.6 ± 10.0 7
E. europaeus 200 136 45.3 ± 8.9 43.8 ± 13.7 8
P. spinosa 118 0 100.0 ± 0.0 6

c×pc Both foods 229 43 28.9 ± 7.6 79.0 ± 4.7 12
E. europaeus 187 101 37.8 ± 7.2 52.1 ± 8.1 13
P. spinosa 175 0 100.0 ± 0.0 12

p×cp Both foods 239 27 53.9 ± 13.6 86.3 ± 5.6 8
E. europaeus 219 15 46.4 ± 17.6 93.3 ± 2.0 11
P. spinosa 225 163 43.9 ± 5.4 33.0 ± 5.3 11

p×pc Both foods 387 19 25 ± 17.1 95.4 ± 1.7 13
E. europaeus 261 18 52.4 ± 11.2 94.2 ± 2.3 13
P. spinosa 300 80 27.3 ± 8.0 76.1 ± 6.6 14

cp×cp Both foods 424 17 52.1 ± 22.0 98.1 ± 1.2 17
E. europaeus 54 5 50 ± 50.0 95.2 ± 3.0 4
P. spinosa 54 0 100.0 ± 0.0 4

pc×pc Both foods 485 13 36.7 ± 18.6 96.7 ± 1.5 17
E. europaeus 151 15 31.7 ± 10.7 91.3 ± 3.2 8
P. spinosa 144 11 88.9 ± 11.1 93.6 ± 5.8 7

Table 3A. A generalised linear model for pupal weights reached by the F1 as a function of food type (Euonymus, Prunus) and cross type of the
larvae (c×p or p×c) either in rearing conditions with no choice (upper half of the table), or under conditions with choice of both hosts (lower
half of the table). In a no-choice situation the model indicated a significant effect on weight from gender, food and cross. A strong three-way
interaction was present. In a condition with choice a significant interaction between gender and cross was found, indicating a difference between
the reciprocal crosses, consistent with the results from the mortality experiment

Coefficient Estimate SE Statistic P Lwr. conf. Upr. conf. Sig.
No choice male -2.3243 0.6470 -3.5923 0.0003 -3.5925 -1.0562 ***

prun -7.8442 1.6408 -4.7806 <0.0001 -11.0602 -4.6283 ***
pc 5.4856 1.5250 3.5971 0.0003 2.4966 8.4746 ***
male:prun -0.9650 0.9592 -1.0061 0.3144 -2.8449 0.9150
male:pc -7.5436 0.8949 -8.4300 <0.0001 -9.2975 -5.7897 ***
prun:pc -8.0673 2.1281 -3.7909 0.0002 -12.2383 -3.8964 ***
male:prun:pc 6.3834 1.4186 4.4996 <0.0001 3.6029 9.1639 ***
Var(1|dish) 21.4630
Var(1|period) 0.1859
Var(|Residual) 21.0576

Choice male 1.7492 1.1443 1.5286 0.1264 -0.4936 3.9920
pc 9.0301 1.9593 4.6089 <0.0001 5.1900 12.8702 ***
male:pc -13.4282 1.3976 -9.6082 <0.0001 -16.1674 -10.6890 ***
Var(1|dish) 12.7450
Var(1|period) 21.1650
Var(|Residual) 21.8480

Table 3B. A generalised linear model for pupal weights reached by backcrosses with Yponomeuta padellus reared on Prunus as a function of
the crosstype of the larvae (p×cp, cp×p, p×pc and pc×p) and gender. In a no-choice situation (upper half of the table) the model showed significant
effects of both gender and cross type on weight but no interactions. In a choice siuation (lower half of the table) no significant differences were
found. The low mortality for p×pc is caused by a low sample number and therefore has no significant effect

Coefficient Estimate SE Statistic P Lwr. conf. Upr. conf. Sig.
No choice male -3.8978 0.6043 -6.4504 <0.0001 -5.0822 -2.7135 ***

pc×p -0.7466 1.8674 -0.3998 0.6893 -4.4065 2.9134
p×cp 3.7847 1.3849 2.7328 0.0063 1.0703 6.4991 **
p×pc -3.7733 1.8527 -2.0367 0.0417 -7.4045 -0.1422 *
male:pc×p 2.1744 1.1475 1.8949 0.0581 -0.0747 4.4235
male:p×cp 0.9586 0.8750 1.0956 0.2733 -0.7563 2.6735
male:p×pc 2.1596 1.1660 1.8522 0.0640 -0.1256 4.4449
Var(1|dish) 10.407
Var(1|period) 6.240
Var(|Residual) 15.656

Choice male -3.5285 2.2610 -1.5606 0.1186 -7.9600 0.9030
pc×p 1.3145 3.6095 0.3642 0.7157 -5.7600 8.3889
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Table 3B. Continued
Coefficient Estimate SE Statistic P Lwr. conf. Upr. conf. Sig.

[Choice] p×cp 0.5371 2.6453 0.2030 0.8391 -4.6476 5.7217
p×pc -7.9613 4.9323 -1.6141 0.1065 -17.6284 1.7059
male:pc×p -0.7626 4.5705 -0.1669 0.8675 -9.7206 8.1954
male:p×cp 2.9773 3.5217 0.8454 0.3979 -3.9250 9.8797
male:p×pc 10.0555 5.1332 1.9589 0.0501 -0.0054 20.1164
Var((1|dish) 0.0000
Var((1|period) 12.3140
Var(|Residual) 36.1000

Table 3C. A generalised linear model for pupal weights reached by backcrosses with Yponomeuta cagnagellus reared on Euonymus as a function
of the crosstype of the larvae (c×cp, cp×c, c×pc and pc×c) and gender. In a no-choice situation on Euonymus (upper half of the table) the model
showed a significant effect of gender and only an interaction between gender and cross c×pc where males performed slightly better than males
in other crosses (Fig. 3B). In a choice situation (lower half of the table) only significant gender effect was found

Coefficient Estimate SE Statistic P Lwr. conf. Upr. conf. Sig.
No choice male -9.7204 0.9030 -10.7643 <0.0001 -11.4903 -7.9505 ***

c×cp -2.3905 1.7878 -1.3371 0.1812 -5.8944 1.1135
c×pc -3.6550 1.8460 -1.9799 0.0477 -7.2731 -0.0368 *
pc×c -3.2391 1.7118 -1.8922 0.0585 -6.5941 0.1159
male:c×cp 2.6087 1.3685 1.9063 0.0566 -0.0734 5.2908
male:c×pc 3.9039 1.4418 2.7076 0.0068 1.0780 6.7298 **
male:pc×c 2.1537 1.2542 1.7172 0.0859 -0.3045 4.6120
Var(1|dish) 11.7190
Var(1|period) 17.6050
Var(|Residual) 31.7280

Choice male -7.1696 0.8798 -8.1493 <0.0001 -8.8939 -5.4453 ***
c×cp 0.3758 1.7822 0.2109 0.8330 -3.1173 3.8689
c×pc 2.7009 2.0991 1.2867 0.1982 -1.4133 6.8151
pc×c 1.5446 2.0729 0.7451 0.4562 -2.5183 5.6075
male:c×cp 1.8885 1.2729 1.4836 0.1379 -0.6063 4.3833
male:c×pc 2.6338 1.6467 1.5995 0.1097 -0.5936 5.8611
male:pc×c 0.9475 1.4552 0.6511 0.5150 -1.9045 3.7996
Var(1|dish) 9.0906
Var(1|period) 47.8585
Var(|Residual) 17.4875

Table 3D. Mean pupal weight (mg) per cross of larvae surviving until adulthood on different foods
Mean pupal weight ± SE (n) Mean pupal weight ± SE (n)

Cross Food Female Male Cross Food Female Male
c×c E. europaeus 47.4 ± 0.4 (253) 37.3 ± 0.3 (311) cp×p Both foods 27.3 ± 2.1 (12) 23.6 ± 1.2 (18)
p×p P. spinosa 29.1 ± 0.4 (231) 25.1 ± 0.3 (279) P. spinosa 27.9 ± 0.7 (99) 24.1 ± 0.6 (92)
c×p Both foods 35.6 ± 1.3 (37) 35.8 ± 0.8 (45) pc×p Both foods 27.8 ± 1.3 (4) 23.9 ± 2.3 (6)

E. europaeus 39.1 ± 0.6 (114) 35.7 ± 0.3 (131) P. spinosa 25.3 ± 0.9 (34) 24.5 ± 0.6 (38)
P. spinosa 30.4 ± 0.5 (102) 27.4 ± 0.3 (95) c×cp Both foods 37.4 ± 1.4 (51) 32.3 ± 1.4 (37)

p×c Both foods 44.4 ± 0.7 (68) 33.3 ± 0.4 (74) E. europaeus 46.7 ± 0.9 (69) 38.5 ± 0.7 (67)
E. europaeus 43.7 ± 0.8 (127) 34.7 ± 0.6 (110) c×pc Both foods 35.2 ± 2.1 (14) 29.8 ± 1.5 (20)
P. spinosa 30.7 ± 0.9 (69) 26.0 ± 0.7 (69) E. europaeus 38.9 ± 1.1 (52) 33.6 ± 0.8 (58)

cp×c Both foods 34.8 ± 1.5 (42) 27.2 ± 1.0 (56) p×cp Both foods 26.1 ± 2.8 (10) 26.4 ± 1.9 (10)
E. europaeus 45.0 ± 0.9 (81) 34.7 ± 0.4 (90) P. spinosa 30.5 ± 0.5 (79) 27.2 ± 0.5 (86)

pc×c Both foods 34.5 ± 1.3 (25) 29.7 ± 1.1 (39) p×pc Both foods 13.6 ± 2.2 (2) 22.2 ± 0.7 (52)
E. europaeus 39.0 ± 1.0 (93) 32.5 ± 0.9 (88) P. spinosa 23.3 ± 1.2 (28) 21.3 ± 0.7 (52)

Table 4. Larval chemosensory and behavioural responses to host specific compounds. This table was adapted from combined Tables 1 and 2 in
van Drongelen (1979), Table 1 in van Drongelen (1980), and the information presented in Roessingh et al. (1999, 2007). At the sensory level:
+ or -: high or low chemosensory response in styloconic gustatory sensillae. At the behavioural level: S: Stimulant, D: Deterrent. Information
on benzaldehyde was taken from Roessingh et al. (2007). Information on the stimulatory effect on behaviour of dulcitol and sorbitol from Pe-
terson et al. (1990). Information on coumarin was supported by Fung & Herrebout (1987)
Plant species E. europaeus P. spinosa Prunus mahaleb Malus domestica
Yponomeuta species Dulcitol* (+)-Catechin Sorbitol* Prunasin Benzaldehyde Coumarin Phloridzin
Y. cagnagellus +(S) +(?) - +(D?) +(S/D?) - +(D)
Y. padellus ±(?) - +(S) +(?) +(S) +(D)** +(?)
* Trace amounts of dulcitol (0.1-0.5% were found in P. spinosa by Fung & Herrebout (1988), whilst in surface extracts of E. europaeus trace
amounts of Sorbitol were found (Roessingh et al. 2007).
** Coumarin is toxic to larvae of Y. padellus (van Drongelen & van Loon unpub. results in van Drongelen 1979). Coumarins in general are
potent P450 detoxifying enzyme inhibitors (Liu et al. 2013).
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