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Abstract According to the ‘natal habitat preference induc-
tion’ (NHPI) hypothesis, phytophagous insect females
should prefer to lay their eggs on the host species on which
they developed as larvae. We tested whether this hypothesis
applies to the breeding behaviour of polyphagous European
grapevine moth, Lobesia botrana, an important pest in
European vineyards. We previously found that different
grape cultivars affect several life history traits of the moth.
Because the different cultivars of grapes are suspected to
provide different plant quality, we tested the NHPI
hypothesis by examining oviposition choice of L. botrana
among three Vitis vinifera cultivars (Pinot, Chasselas and
Chardonnay). In a choice situation, females of L. botrana
that had never experienced grapes were able to discriminate
between different grape cultivars and preferentially selected
Pinot as an oviposition substrate. This ‘naive’ preference of
oviposition could be modified by larval environment:
Females raised on grapes as larvae preferred to lay eggs on
the cultivar that they had experienced. Furthermore, experi-
ence of the host plant during adult emergence could be
excluded because when pupae originating from our synthetic

diet were exposed to grapes, the emerging adults did not
show preference for the cultivar from which they emerged.
The NHPI hypothesis that includes the two sub-hypothesis
“Hopkins host selection principle” and “chemical legacy”
may thus be relevant in this system.
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Introduction

One of the major hypotheses in the theory on the evolution
of oviposition behaviour is that females select plants that
maximise the survival and growth of their progeny
(Thompson and Pellmyr 1991). It has been suggested that
females may prefer to oviposit on plant species on which
they have developed as larvae (Schoonhoven et al. 1998).
The adaptive significance of such behaviour is that
preference for a host species with comparable features to
those in the natal habitat may facilitate quick and efficient
dispersal of individuals into a suitable habitat (Davis and
Stamps 2004; Stamps and Davis 2006 for a review). An
early hypothesis that proposed to explain this phenomenon
is known as the Hopkins host selection principle (Hopkins
1917). This hypothesis states that females prefer to lay eggs
on the plant species they ate as larvae (“preimaginal
conditioning”; Thorpe and Jones 1937). However, despite
the long period of time since this hypothesis was proposed,
little experimental evidence has emerged to support it
(Tabashnik 1985; Thompson and Pellmyr 1991; Kuussaari
et al. 2000; Barron 2001; but see Gandolfi et al. 2003 for an
exception). Many studies have been criticized for failing to
sufficiently isolate the emergent adults from the pre-
imaginal environment (Jaenike 1982, 1988; Barron 2001).
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Thus, either a “chemical legacy” (i.e. traces of behaviour-
inducing chemical carried through the pupal stage; Corbet
1985) or experience acquired during the early imaginal
rather than the pre-imaginal stage could influence the adult
response. Indeed, chemical contamination from the larval
environment within the pupal cuticle and from the surface
of the pupa is difficult to avoid (Barron and Corbet 1999,
2000), even if pupae are isolated from the chemical source
before emergence (Van Emden et al. 1996; Poppy et al.
1997) and washed (Cortesero and Monge 1994). A more
recent hypothesis has been termed the “neo-Hopkins
principle” (Jaenike 1983). It postulates that host preference
is determined at the imago stage shortly after emergence
from the pupa (“early adult experience”, Van Emden et al.
1996; Jaenike 1988; Barron and Corbet 1999).

Results from the above studies support the idea that
experience with plant residuals at the larval and/or imaginal
stage can influence adult preference. However, in most
studies, it has been difficult to identify the specific factors
by which larval or pupal experience has changed adult
behaviour because several learning mechanisms are in-
volved. Given these difficulties, a more general term to
describe situations in which experience with particular
stimuli increases subsequent preferences for the same
stimuli has been called the ‘natal habitat preference
induction’ (NHPI, Davis and Stamps 2004; Stamps and
Davis 2006). As emphasized by Stamps and Davis (2006),
“NHPI is an umbrella concept that encompasses a number
of more specialized terms”, such as the Hopkins host
selection principle and chemical legacy. In phytophagous
insects, the NHPI hypothesis predicts that females prefer to
lay their eggs on the same host species on which they
developed as larvae.

In this study, we tested the NHPI hypothesis using the
European grapevine moth, Lobesia botrana. The polypha-
gous European grapevine moth, L. botrana (Denis and
Schiffermüller) (Lepidoptera: Tortricidae), is an important
pest in European vineyards (Roehrich and Boller 1991).
Adult females lay single eggs mainly at dusk on grapevine
fructiferous organs, either flower buds or developing
berries, according to the moth generation in the year, from
spring to autumn (Roehrich and Boller 1991). Because
larval mobility is almost limited to intra-bunch displace-
ments (Torres-Vila et al. 1997), the plant organ selected on
which females oviposit is of primary importance for the
larval survival and will condition the individual fitness
(Thiéry and Moreau 2005; Moreau et al. 2006a, b). To test
the NHPI hypothesis, we conducted choice experiments for
females’ moths with three grape cultivars. Different
cultivars of the host plant were used because they have
been shown to be associated with differences in moth
reproductive success (Moreau et al. 2006a, b). We therefore
assume that the grape cultivars used provide sufficient

differences to test the NHPI hypothesis. In this study, we
examined the change in oviposition behaviour of adult
females according to the plant cultivar from which they had
developed as larvae. We also tried to distinguish between
pre-imaginal experience, chemical legacy hypothesis and
early adult experience by studying the critical stage during
which a preference may have developed.

Materials and methods

Oviposition assays

Oviposition responses of females were evaluated in a
standardized bioassay. The oviposition arena consisted of
a large square box (25×25×25 cm) lined inside with black
synthetic felt (Vénilia, Sicope Lda, Portugal) previously
washed with hot water before use to remove potential
odours. Felt lining was necessary to avoid unexpected
oviposition on the arena walls as described in previous
work (Gabel and Thiéry 1992; Maher and Thiéry 2004).
With this procedure, few eggs were found on the arena
walls, and we therefore excluded these from the analysis.

Single gravid females were placed in the box 2 h before
dusk and offered a choice between three cultivars that were
centred, parallel to each other, 6 cm apart on the floor of the
arena. The relative positions of bunches were randomised
from one cage to another. The grapes (Pinot, Chasselas and
Chardonnay) used as substrate for oviposition in the
bioassay were provided from the wine-growing station in
Auvernier (Canton of Neuchâtel, Switzerland). These
bunches were harvested in the morning of the day of the
oviposition experiment at a phenology of approximately
pea size (Omafra 2003). Three bunches (without leaves) of
each cultivar were grouped to offer to each female around
200 unripe berries of each cultivar. These three cultivars
naturally growing under geographical area of study and
presents rather similar development dynamics. All bunches
were similar in size, and we thus excluded differences
caused by phenological differences. Bioassays were per-
formed under natural photoperiod in an environmental
chamber (22°C, 60±10% r.h.). On the following morning
(9 A.M.), bunches were collected from the cages, and the
eggs were counted directly with a binocular microscope.
Number of tested females varied in function of the
availability of females and the rate of mating success.
Forty replicates were conducted simultaneously and bio-
assays lasted 5 days.

We conducted three set of experiments (Table 1), and an
identical protocol was used for the oviposition choice
experiments in each set. The three experiments were
designed to analyse the oviposition choice of female reared
(1) on grapes as larvae in the field and (2) on diet as larvae
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with no experience of grapes. The third experiment was
designed to analyse the effect of an influence of imaginal
experience. To do this, larvae fed on artificial diet were
exposed as pupae until emergence to bunches of one
cultivar.

Mating and oviposition of Lobesia botrana

Mated females were obtained by assigning each randomly
to one male from the same origin. Each couple was placed
in a mating chamber (large tube length, 9.5 cm; diameter,
1.5 cm; closed with a damp cotton wool plug) 1–2 h before
dusk. We used newly emerged adults (less than 1-day old).
Water was provided ad libitum through a soaked cotton
dental wick. Every morning, tubes were screened so that
fertilized females initiating egg laying could be selected (in
this procedure females stick their eggs on the glass wall),
and the selected females were assayed in the evening. To
avoid differences in females motivation state (Browne
1993), we standardized female’s experience before the
experiment by selecting females ovipositing between five
and ten eggs during the night before the experiment and
2 days after their confinement with a male. In L. botrana,
mating triggers oviposition and unmated females usually do
not oviposit except during the few last days of their lifespan
when they oviposit unfertile eggs. Our procedure allows us
to (1) select mated females that start to oviposit and (2)
discard those that have nearly oviposited their complete
batch of eggs, as potential fecundity in field females is low
(Moreau et al. 2007).

Source and handling of field larvae fed on the grape
cultivars

The experiments were conducted on the larvae in the spring
(first year generation of L. botrana) and on the adults
originating from this larvae from the wine-growing exper-
imental vineyard of Auvernier (Canton of Neuchâtel,

Switzerland), on the following grape cultivars: V. vinifera cv
“Chardonnay”, “Chasselas” and “Pinot” (Table 1, collected
and reared on grape). No insecticide control method was
applied to this plot. The fourth and fifth larval instars of L.
botrana were collected after they nested in young flower
buds in June at stage ‘end of flowering’ (Omafra 2003). This
larval instar spent about 4–6 weeks after egg hatching in the
experimental vineyard. In this species, aged larvae build
nests in the spring, and one nest usually houses one larva.
All the larval nests observed were gathered. Larvae were
maintained in small polyethylene boxes (18×12×6 cm) with
fresh parts of bunches corresponding to their cultivar of
origin. Bunches (without leaves) were harvested from the
same site and regularly changed to feed the larvae ad libitum
until the end of their development. Larvae were checked
daily until pupation, and then pupae were gently removed,
cleaned up using a fine brush to eliminate any trace of grape
present at the surface of pupae, weighed to the nearest
0.1 mg and placed individually in glass tubes (70×9 mm
diameter). Tubes were closed with cotton plugs, labelled and
stored at 23°C, 60±10% r.h. and under natural photoperiod.
Adults were sexed immediately at emergence. All newly
emerged adults resulting from the grape varieties were used
to perform experiments as described above. In total, we
harvested 27 mated females reared as larvae from Pinot, 16
from Chasselas and 25 from Chardonnay for the oviposition
experiments.

Lobesia botrana reared on artificial diet as larvae with no
experience of grapes

The oviposition choice of naïve females was tested using a
strain of L. botrana (INRA Bordeaux) originating from
individuals collected in a French Sauternes vineyard
(cultivar white sauvignon; Table 1, reared on artificial diet).
The stock colony has been maintained without diapause for
about 20 generations on a semi-artificial diet (see Thiéry
and Moreau 2005, for the technical details) at 24±1°C, 60±

Table 1 Summary of methods used in the experiments

Experiments: Oviposition choice of females

Collected and reared on grape Reared on artificial
diet

Exposed to grapes as pupae and while
emerging

Origin of larvae Field Stock culture Stock culture
Food offered to larvae Chasselas Chardonnay Pinot

Noir
Synthetic diet Synthetic diet

Pupae cleaning C C C C C C C
Pupae until emergence exposed to host
plant

No No No No Chasselas Chardonnay Pinot
Noir

Oviposition assays Individual mated females exposed to a ternary choice between bunches of the three grape cultivars

C means careful cleaning of the pupae (see text for details)
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10% r.h. with a photoperiod of L15/D8+1 h of dusk. The
first 15 photophase hours were at 1,000 lx luminosity and
the last one (dusk) at 25 lx.

To get newly hatched larvae, males and females were
placed together in a large cage, and large bands of waxed
paper (20×2 cm) were hung as oviposition support.
Oviposition usually begins one night after mating, and once
the paper received sufficient number of eggs, it was placed in
a plastic box (18×12 cm; height, 6 cm) for 1 week until the
eggs hatched. Eggs were checked daily until hatching.
Larvae (age<24 h) were placed on a semi-artificial diet as
described in Thiéry and Moreau (2005). Larvae were
checked daily until pupation, and the same procedure as
described above was applied to these pupae and emerging
adults. A total of 23 mated females were tested.

Influence of an imaginal experience: adults exposed
to grapes only as pupae and while emerging

To determine if the environment of emerging adults
influences oviposition choice, we used the following
procedure (Table 1, exposed to grapes as pupae and while
emerging). Larvae were reared for their entire development
on artificial diet, as described above. Once pupae, they were
removed from their food, and all visible pieces of food on
their bodies were removed with a fine brush. Pupae were
placed in three boxes containing bunches without leaves (i.e.
200–250 unripe berries at a phenology closely after lead-
shot, Omafra 2003). As a control, we placed some pupae in a
box containing the artificial diet. Boxes were checked every
morning, and emerging adults were removed, sexed and
placed in small tubes when the mating were performed. The
same procedure as described above was applied to emerging
adults to test the laying preference between the three
cultivars. A total of 15 mated females emerging from Pinot,
14 mated females emerging from Chasselas, 15 mated

females emerging from Chardonnay and 19 mated females
emerging from the artificial diet were tested.

Statistical analysis

All statistical analyses were conducted using the SPSS 11.5
software for Windows. A Friedman two-way analysis of
variance was used to calculate whether there was a
significant difference in the choice of oviposition between
the three cultivars. Where significant differences between the
three foods were found, a non-parametric Wilcoxon signed
ranks test was performed to detect which pairs were
different.

Results

Oviposition choice of the females reared on artificial diet

Females reared on the artificial diet with no experience of
grapes laid significantly more eggs on Pinot than on the
others two cultivars (Table 2, fed as larvae on artificial diet;
Fig. 1). Chasselas received fewer eggs than Chardonnay.

Oviposition choice of females collected and reared on grape

Females reared on Pinot as larvae in the wild showed the
same laying pattern as females reared on the artificial diet;
they laid significantly more eggs on Pinot than on the two
others cultivars (Table 2, fed as larvae on Pinot; Fig. 1).
Females fed on Chardonnay as larvae laid their eggs
preferentially on this cultivar and laid few eggs on
Chasselas (Table 2, fed as larvae on Chardonnay; Fig. 1).
Chasselas females showed no preference for either cultivar
and laid an equivalent number of eggs on them (Table 2,
fed as larvae on Chasselas; Fig. 1).

Table 2 Statistical details of oviposition choice of females among the three cultivars (Pinot, Chasselas and Chardonnay) and fed as larvae on
entire grapes or on artificial diet and when adults exposed to grapes only as pupae and while emerging

Analysis of oviposition choice of L. botrana Origin Friedman’s test

χ2
2 P value

Fed on as larvae on: Pinot (27) 14.81 0.001
Chasselas (16) 4.00 0.135
Chardonnay (25) 19.67 0.0001
Artificial diet (23) 33.17 0.0001

Adults exposed to grapes as pupae and while emerging Pinot (15) 9.27 0.013
Chasselas (14) 10.24 0.011
Chardonnay (15) 8.27 0.042
Artificial diet (19) 12.27 0.001

The numbers in parentheses represent the number of female tested
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Influence of imaginal experience: oviposition choice
of females exposed to grapes only as pupae and while
emerging

Larvae that were reared on, and as adults emerged from,
the artificial diet laid preferentially more eggs on Pinot,
followed by Chardonnay and finally Chasselas being the
cultivar that received the least number of eggs (Table 2,
adults exposed to grapes as pupae and while emerging;
Fig. 2). The same result was observed for females exposed
to grapes only as pupae and while emerging larvae: Pinot
received more eggs than the two other cultivars (Table 2,
adults exposed to grapes as pupae and while emerging;
Fig. 2).

Discussion

Our results confirm previous observations that cultivars are
not equally used for oviposition by L. botrana and that
females in a choice situation are able to discriminate
between grapes of different cultivars (Maher et al. 2001).
For females of L. botrana that never experienced grapes,
Pinot was preferred as an oviposition substrate compared to
the other two cultivars. This is in agreement with recent
observations in a multi-cultivar experimental vineyard
arranged in small plots with different cultivars. Pinot
received the most larvae (33% of bunches with one or
two larvae) as compared to six other cultivars including
Chardonnay (16% of the bunches) and Chasselas (7%;

Fig. 2 Mean number of eggs
laid on grapes on three different
cultivars according to the culti-
vars (or diet) where adults ex-
posed to grapes only as pupae
and while emerging and reared
as larvae on artificial diet.
Columns with the same letters
are not significantly different
(P>0.05) after non-parametric
Wilcoxon signed ranks test. NS
Non-significant, *P<0.05,
**P<0.01, ***P<0.001
(Friedman’s test). The number
represents the sample size

Fig. 1 Mean number of eggs laid
on grapes on three different culti-
vars according to the origin of
females that were reared as larvae
on Pinot, Chasselas, Chardonnay
or artificial diet. Pupae were
removed from the different types
of food. Columns with the same
letters are not significantly differ-
ent (P>0.05) after non-
parametric Wilcoxon signed
ranks test. NS Non-significant,
*P<0.05, **P<0.01, ***P<
0.001 (Friedman’s test). The
number represents the sample
size
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Thiéry 2008). Chemical and tactile cues likely play a
crucial role for ovipositing L. botrana females, and among
chemical cues, non-volatile ones seem predominant (Maher
and Thiéry 2004; Maher et al. 2006). Previous studies
suggest that differential acceptability of grape varieties is
mediated by quantitative and/or qualitative variation in
oviposition stimulants and deterrents on the plant surface
(Maher et al. 2001 and references above). Whatever the
mechanisms involved in this choice, the preference of naive
females is interesting because previous studies have shown
that the Pinot cultivar appears to favour fitness by providing a
shorter larval development time than either Chasselas or
Chardonnay (Moreau et al. 2006a, b). This finding is
consistent with a major working hypothesis on the evolution
of oviposition behaviour, which postulates that females will
choose plant species that maximize larval survival and
growth (Courtney and Kibota 1990; Thompson and Pellmyr
1991; Leather 1994; Janz 2002, but see also Larsson and
Ekbom 1995 for a debate and references therein).

Our results show that preference of ovipositing ‘naive’
females is modified by larval experience of food. This
confirms several previous studies using other biological
models (i.e. Rietdorf and Steidle 2002, Akhtar and Isman
2003, Anderson et al. 2006, Facknath and Wright 2007).
We found that females had an enhanced preference for the
host species on which they developed as larvae. Although
the Pinot cultivar is more attractive for oviposition than
the two other tested cultivars, females originating from
Chardonnay preferred to oviposit on their own cultivar.
However, females that emerged from Chasselas had no
preference for either cultivar. These results do not neces-
sarily indicate that oviposition is not influenced by larval
experience but may illustrate a conflict between two forces:
the innate strong preference for Pinot being balanced by
larval experience on Chasselas. Furthermore, the learned
cue was certainly not experienced by the adults during the
short period of time after emergence (“early adult experi-
ence”, Barron and Corbet 1999 and references therein), as
females emerging from pupae fed as larvae on artificial diet
and placed on grapes did not show preferences for the
cultivar from which they emerged. All of these females
preferred Pinot, confirming that this cultivar is the most
attractive. This result allowed us to reject the phenomenon
of “early adult experience” in L. botrana, as the only
contact with cultivars experienced by the moths occurred
during and after their emergence, and this contact did not
modify the oviposition choice made by the females.
Therefore, in L. botrana, the choice of oviposition species
appear to follow the “Hopkins host selection principle”
(Hopkins 1917) or the chemical legacy hypothesis (Corbet
1985). However, discerning between the Hopkins host
selection principle and the chemical legacy hypothesis may
be difficult. This is because the differences could be

attributed to the presence, or lack of, tiny amounts of
chemicals that may remain inside the pupae or on its
surface. Even if larval/pupal material was carefully removed,
the presence of a chemical legacy cannot be discarded. This
limitation may also apply to several other studies, although
very careful attempts to remove chemical information were
carried out (Hérard et al. 1988, Van Emden et al. 1996, Barron
and Corbet 1999). Traces of the larval diet itself, or for
example, as feces, can exist within the body of imago and
within the pupal cuticle. It is therefore difficult to ensure that
all contaminants from the larval environment are totally
removed. Whether the Hopkins host selection principle is
involved is difficult to prove in holometabolous insects
because the central nervous system is reorganized during
the metamorphosis. Despite this, there is accumulating
evidence for the retention of operant learning through
metamorphosis (Somberg et al. 1970; Isingrini et al. 1985;
Tully et al. 1994; Ray 1999).

Although it is difficult to conclude whether the Hopkins
host selection principle (Hopkins 1917) or the chemical
legacy hypothesis (Corbet 1985) best applies to L. botrana,
our results show that an induction of oviposition preference
(‘NHPI’, Davis and Stamps 2004) exists in L. botrana and
that it could be observed even by offering experience and
choice between different varieties on the same species.

At the same time, our results suggest that the NHPI of L.
botrana adults by grape cultivars is not very strong, given
that females did not lay all their eggs on a single cultivar.
Therefore, a polyphagy remains in this species despite this
NHPI. Despite the abundance of vineyards across Europe,
this insect is still a generalist, with females being attracted
to and able to oviposit on alternative plants such as
rosemary (Roditakis 1988) or Daphne gnidium (Maher
and Thiéry 2006) and larvae completing their development
on more than 20 species (Stoeva 1982; Thiéry 2005). The
assessment of all life history traits suggests that several of
the alternative host plants are of greater nutritional value for
larvae or are more phagostimulant than Vitaceae (Thiéry
and Moreau 2005). The use of alternative host plants could
be maintained in the host range of L. botrana because the
fitness of females using alternative host plants is higher
than of those raised on Vitaceae.

Despite considerable interest in the effects of NHPI, little
attention has been paid to the adaptive significance of this
behaviour (Jaenike 1983; Barron 2001, Davis and Stamps
2004, Stamps and Davis 2006). However, the ecological
significance of the NHPI may be of interest. The major
working hypothesis of the significance of such behaviour is
that it might allow adults to locate an oviposition site
suitable for larval development more quickly (Davis and
Stamps 2004, Stamps and Davis 2006). This statement is
mainly true if the insect species is short-lived or has a poor
dispersal capacity (as is the case for L. botrana). In the
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specific case of polyphagous grapevine moths, it has been
shown that their fitness is influenced by the cultivar upon
which they feed, and some cultivars are largely better than
others (Thiéry and Moreau 2005; Moreau et al. 2006a, b).
Therefore, early inductions of preference could represent a
clear advantage if females can select among the cultivars that
provide a similar resource to what they have experienced as
larvae and thus permit to females to avoid poorer cultivars. It
may also be revealing to investigate why NHPI is stronger
for females that have experienced Chardonnay as larvae than
those that have experienced Chasselas, and whether the
NHPI is stronger for females that have experienced a cultivar
of good quality as larvae in comparison of those that have
experienced cultivar of poorer quality. The ecological
significance of the NHPI as reported in this study remains
a topic to be investigated.
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