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Abstract.—Learning is thought to be adaptive in variable environments, whereas constant, predictable environments
are supposed to favor unconditional, genetically fixed responses. A dichotomous view of behavior as either learned
or innate ignores a potential evolutionary interaction between the learned and innate components of a behavioral
response. We addressed this interaction in the context of oviposition substrate choice in Drosophila melanogaster,
asking two main questions. First, will learning also evolve in a constant environment in which it always pays to show
the same choice? Second, how does an opportunity to learn affect the evolution of the innate (genetic) component of
oviposition substrate choice? We exposed experimental populations to four selection regimes, involving selection on
oviposition substrate preference (an orange versus a pineapple medium). In two selection regimes the flies were
selected for preference either for the orange medium, or for the pineapple medium. In the remaining two selection
regimes the flies were also selected for preference for either orange or pineapple, but additionally could use past
experience (aversion learning) to decide which medium it paid to avoid. Lines exposed to the latter selection regimes
evolved improved learning ability, indicating that learning may be advantageous even if the same behavioral response
is favored every generation. Furthermore, of the two selection regimes that favored oviposition on the pineapple
medium, the regime that allowed for learning led to the evolution of a stronger innate preference for pineapple, than
the regime that did not allow for learning. In contrast, of the two regimes that selected for oviposition on the orange
medium, the one that allowed for learning led to a smaller evolutionary change of the innate preference. Thus, an
opportunity to learn facilitated the evolution of innate preference under selection for preference for pineapple, but

hindered it under selection for preference for orange. We discuss possible mechanisms for this effect.
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Behavioral responses of an animal reflect an interplay be-
tween an innate and a learned component (by innate we mean
the heritable component, which determines the behavior of
a naive individual). The innate, genetic component reflects
the evolutionary history of the population. The learned com-
ponent reflects experience accumulated within the individ-
ual’s lifetime. The ability to modify behavior based on ex-
perience (i.e., learning ability) isitself a product of evolution,
with notable genetic differences between related species or
even conspecific populations (Gould-Beierle and Kamil
1998; Girvan and Braithwaite 1998; Jackson and Carter
2001). It is usually argued that learning is advantageous in
variable environments, that is, when the fitness consequences
of a given behavioral action change from generation to gen-
eration, or even within an individual’s life span (for reviews
see Johnston 1982; Stephens 1991; Dukas 1998). (Obviously,
for learning to be useful the environment must not change
too fast relative to how fast the animal can learn; Dukas
1998.) On the other hand, gaining experience is often costly
and error-prone (Laverty and Plowright 1988; Sullivan 1988).
The energy spent on information processing and the main-
tenance of underlying structures may also entail fitness costs
(for reviews see Johnston 1982; Mayley 1996). Finally, al-
leles improving learning ability may have deleterious pleio-
tropic effects on other fitness-related traits (Mery and Kaw-
ecki 2003). Hence, innate, ready-to-use behavioral responses
are expected to be favored in stable environments, in which
the same behavioral response is always optimal (Dukas
1998).

A dichotomous view of behavior as either mostly learned

or mostly innate ignores potential interactions between learn-
ing and the evolution of the genetic (innate) component. This
interaction is the focus of this paper. We pose two questions.
First, will learning ability also be selected in a stable envi-
ronment, where the same behavioral response is always fa-
vored? Second, does learning ability affect the evolution of
the innate component? We address these questions using ex-
perimentally evolving Drosophila melanogaster populations
as the model system, concentrating on oviposition substrate
choice (or more generally diet choice) as the focal behavior.

The above two questions have been addressed with verbal
arguments, and mathematical and computer models. Papaj
(1994) studied a model in which genetic variation existed for
both the innate component of the response and for learning
ability, and the animal could get feedback from the environ-
ment about the fitness consequences of its previous behav-
ioral actions (i.e., reinforcement). Results of that model sug-
gest that directional selection on abehavioral response should
favor the evolution of improved learning ability as long as
the innate response has not reached an optimum. This pre-
diction contradicts other models and verbal arguments (John-
ston 1982; Stephens 1991; Ancel 1999); it has not been em-
pirically tested.

Models addressing the second question led to contradictory
predictions. On the one hand, learning may allow an indi-
vidual to behave optimally irrespective of its genotypic value
for the innate component of behavior. Thus, the ability to
learn (partially) decouples the behavioral phenotype from the
genotype. It has been proposed that this effect should make
natural selection on the innate, heritable component of the
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behavioral response less effective, slowing down its evolu-
tion (Papaj 1994; Anderson 1995; Robinson and Dukas 1999;
Ancel 2000). In contrast, a simulation model by Hinton and
Nowlan (1987; see also Maynard Smith 1987) suggests that
in anovel environment learning may accelerate the evolution
of the innate component towards the optimum. A similar
prediction has been obtained in artificial intelligence models
(Belew 1989; Ackley and Littman 1991; French and Mes-
singer 1994; Mayley 1996). These models provide some for-
mal underpinning for the old (and vague) verbal arguments
that learning (or more generally phenotypic plasticity) may
accelerate evolution by allowing the population to explore
greater ‘‘phenotypic space,”’ an idea known as the Baldwin
effect (Baldwin 1896; Morgan 1896; Osborn 1896). Thisidea
is conceptually related to genetic assimilation and received
renewed interest from evolutionary biologists in the context
of therole of phenotypein evolution (for review see Pigliucci
and Murren 2003). Although some models (French and Mes-
singer 1994; Mayley 1996, Ancel 2000) predicted that |earn-
ing may both accelerate and slow down evolution depending
on the assumptions about the constraints on learning and
fitness, at the empirical level the controversy remains unre-
solved: these contradictory predictions have not been ad-
dressed experimentally.

In order to address these questions, we exposed experi-
mental populations of Drosophila melanogaster to selection
on both innate and learned components of oviposition sub-
strate choice. We chose this behavioral trait for several rea-
sons. First, in most insects oviposition site preference has a
direct impact on fitness. Second, genetic variation for this
trait has been demonstrated in many species (reviewed by
Fox 1993). Third, Drosophila lay eggs in small batches
throughout their adult life. The oviposition behavior isthere-
fore performed repeatedly during the life of an individual,
and each act of oviposition site choice has a small effect on
fitness. Fourth, the adults feed on the oviposition substrates,
which gives them a possibility to assess the substrate quality,
and thus the likely consequences of the choice for offspring
fitness. These characteristics make it possible for a learned
component of oviposition behavior to contribute to fitness
(McNeely and Singer 2001). We have shown that, exposed
to conditions that favor learning, D. melanogaster easily
evolve improved learning ability for oviposition substrate
preference (Mery and Kawecki 2002). In the experiment de-
scribed here we applied a similar approach to study the evo-
lutionary interplay between the innate and learned component
of the choice between two oviposition media, orange and
pineapple.

We exposed experimental fly populations to four selection
regimes, all involving the choice between these two ovipo-
sition media. In the Innate Orange regime the flies were se-
lected for innate (unconditioned) preference for the orange
medium. The second sel ection regime, Learning Orange, also
favored oviposition on the orange medium, but the flies were
additionally previously conditioned to avoid the other (i.e.,
pineapple) medium. The conditioning involved exposing the
flies to the pineapple medium supplemented with an aversive
chemical reinforcer (quinine); selection on oviposition site
preference took place three to six hours later. The other pair
of selection regimes (respectively, Innate Pineapple and
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Learning Pineapple) was analogous, but they selected for
oviposition on the pineapple medium. The base population
showed no detectabl e ability to respond to conditioning under
these conditions (Mery and Kawecki 2002). We tested two
hypotheses. First, based on Papaj’s (1994) model we pre-
dicted that the Learning Orange and Learning Pineapplelines
should evolve improved learning ability, despite the direction
of selection being constant. No such response was expected
in the Innate Orange and Innate Pineapple lines. Second, if
an opportunity to learn affects the evolution of the innate
component of preference, the unconditioned preference of
lines from the corresponding ‘‘innate’’ and ‘‘learning’’ re-
gimes should be different.

MATERIALS AND METHODS

Base Population

The base population originated from approximately 2000
D. melanogaster eggs collected in the summer of 1999 in
Basel (Switzerland). The flies were subsequently maintained
on a cornmeal medium at 25°C in complete darkness and
constant humidity (70-75%). The selection experiment began
several months after eggs collection, which should have al-
lowed the flies to adapt to the laboratory environment.

Experimental Evolution

The experiment consisted of four selection regimes and a
fifth control regime, initially each with eight replicate lines.
Every generation in each selection regime 150 adult flies
(aged 14 days counted from egg) from each selection line
were transferred to a cage (19 X 12 X 13 cm) and allowed
to oviposit during three consecutive periods of three hours
each, in darkness, 25°C, and 70% relative humidity. During
each period we offered the flies a choice between two ovi-
position substrates: an orange medium and a pineapple me-
dium. These mediawere prepared from 100% orange or pine-
applejuicefrom concentrate and 6.6 g/l of agar. At the bottom
of the cage a petri dish with 10 ml of the orange medium
and another with 10 ml of the pineapple medium, each with
a drop of yeast, were attached at the ends of plastic tubes
(height 5 cm, diameter 6 cm). A fresh set of petri dishes with
the media was provided at the beginning of the three periods;
their position was randomized. Eggs laid on each medium in
each period were counted; oviposition preference was scored
for each period as the proportion of eggs laid on the orange
medium.

In the selection regime Learning Orange (Fig. 1a), the
pineapple medium offered in the first 3-h period was sup-
plemented with 4 g/l of quinine hydrochloride. At this con-
centration quinine is strongly aversive when tasted by the
flies, and is lethal to the larvae (F. Mery, unpubl. data), al-
though several hours of exposure in the adult stage have no
detectable effect on subsequent fecundity (F. Mery, unpubl.
data). Quinine was not added to either medium offered in
periods 2 and 3. During the first period (conditioning period)
the flies of this selection regime thus had an opportunity to
associate the smell or taste of pineapple with the aversive
taste of quinine. Their associative (aversion) learning ability
would be manifested as an increased preferencefor the orange
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Fic. 1. The design of selection regimes. (a) Learning Orange; (b)
Innate Orange. Selection regimes Learning Pineapple and Innate
Pineapple followed the same design except that the eggs to breed
the next generation were collected from the pineapple medium, and
in Learning Pineapple the orange medium was supplemented with
quinine in period 1.

medium in periods 2 and 3 (test periods). Although asimpler
design with a single test period would suffice to impose se-
lection on both learned and innate components of oviposition
site preference, we used two test periods to see how the
response to conditioning decays with time elapsed since the
end of the conditioning period. Providing fresh media after
three hours also reduced the potential influence of egg over-
crowding on the female motivation to oviposit. The next
generation was bred from 250 eggslaid on the orange medium
in period 3; in a few cases when not enough eggs were laid
in period 3, we also used eggs laid on the orange medium
in period 2.

The selection regime Innate Orange was identical to Learn-
ing Orange except that quinine was never added to any me-
dium (Fig. 1b). This regime thus imposed selection on the
unconditioned preference, that is, favored flies with innate,
genetically transmitted preference for orange. The other two
selection regimes, Learning Pineapple and Innate Pineapple
were mirror images of Learning Orange and Innate Orange,
respectively. That is, in Learning Pineapple the orange me-
dium offered in period 1 was supplemented with quinine, and
in both selection regimes the next generation was bred from
eggs laid in period 3 on the pineapple medium. The Control
regime involved breeding the flies from eggs laid on the
orange medium in the odd-numbered generations and from
eggs laid on the pineapple medium in the even-numbered
generations. That is, in odd-numbered generations the Con-
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trol regime was identical to Innate Orange and in even-num-
bered generations to Innate Pineapple; quinine was never
added to any medium.

In all selection regimes the eggs used to breed the next
generation were rinsed with water and transferred to a 250-
ml bottle containing 21 ml of a standard cornmeal medium.
All larvae were thus always reared on the same medium,
which precluded any preferences induced by larval medium.
The generation time was 14 days.

These selection regimes were applied for 47 generations.
One Learning Orange line was accidentally lost at generation
2. Due to technical problems (accidental insecticide poison-
ing in the laboratory) at generation 27 we lost 14 of the 39
lines (four lines of Learning Pineapple, four lines of Innate
Pineapple, three lines of Learning Orange, two lines of Innate
Orange, and one Control line) and the population size of
some other lines was temporarily reduced (in one case to
only about 20 adults). To facilitate recovery, selection re-
gimes were suspended for generations 27-31; selection was
also not applied at generations 11, 35, and 44 for other rea-
sons. At those generations flies laid eggs on a standard corn-
meal medium. The mild bottleneck that resulted from the
accident could have caused some loss of genetic variation,
and thus potentially reduced performance due to increased
homozygosity (inbreeding depression). This possibility was
addressed as a part of another experiment, performed 10 gen-
erations after the accident, in which we tested for inbreeding
depression in the Control lines and in another set of lines
selected for improved learning. The latter lines are not de-
scribed in this paper, but were maintained in parallel and
similarly affected by the insecticide accident. We found no
evidence of inbreeding depression either for learning ability
or for larval viability under competitive conditions (Mery
and Kawecki 2003). Extrapolating these results to the lines
that are the focus of this paper, and noting that they show
no apparent reduction in fecundity or viability, we believe
that they are also unlikely to suffer greatly from inbreeding
depression. Therefore we decided to continue the selection
after the lines recovered, and to include in this paper data
from an assay performed at generation 46; that is, 19 gen-
erations after the accident.

Assay of the Innate Preference and Response
to Conditioning

To analyze the evolution of both components of the ovi-
position substrate preference, after 23 and 46 generations of
selection, we assayed flies from each selection regime for
both the innate (unconditioned) preference and its response
to aversive conditioning. From each replicate selection line
of each selection regime, as well as from each control line,
we obtained three samples of 150 flies each (females + males,
14 days old counting from egg). The first sample was used
to measure the innate (i.e., not conditioned) preference. This
involved a design identical to that used in the Innate Orange
and Innate Pineapple selection regimes. That is, the flieswere
transferred to a cage and allowed to oviposit for three con-
secutive 3-h periods, having a choice between the orange and
the pineapple medium, neither containing quinine (Fig. 1b).
The second sample was conditioned to avoid pineapplein an
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identical way as applied in the course of selection in the
Learning Orange selection regime. That is, quinine was added
to the pineapple medium offered in the period 1, but not
periods 2 and 3 (Fig. 1a). The third sample was conditioned
in an analogous way to avoid orange. Eggs laid on each
medium in periods 2 and 3 were then counted. The learned
component of the oviposition substrate choice is reflected in
the effect of treatment on the distribution between the media
of eggs laid in periods 2 and 3.

Satistical Analysis

PROC GLM of SAS 8.02 statistical package (Littell et al.
1991) was used for all analyses; F-tests were based on type
3 sumsof squares. Thefocal trait was the realized oviposition
substrate preference, measured as the proportion of eggs laid
on the orange versus pineapple medium. All proportionswere
calculated separately for periods 2 and 3, and arcsine(XV2)-
transformed before the analysis (analysis of untransformed
data produced virtually identical results and is not reported).
Only realized preference in period 3 was the target of selec-
tion in the selection regimes (only eggs laid in period 3 were
used to establish the next generation). Most of the analysis
reported in detail below istherefore based on datafrom period
3 only. However, we also report arepeated-measuresanalysis
of response to conditioning on data from period 2 and period
3. This repeated-measures analysis would have more power
to detect effects of conditioning and would test for changes
of the response with time elapsed since the conditioning pe-
riod. Such changes are expected to occur asthe animalsforget
what they have learned. Data from period 1 were excluded
from the analysis because in those treatments, in which qui-
nine was added to one of the media offered in period 1, the
distribution of eggs laid in period 1 simply reflected avoid-
ance of quinine. This avoidance was almost complete from
the first generation (less than 2% of eggs were laid on the
quinine-containing medium), and is of no interest here. The
results from generations 23 and 46 were analyzed separately.

Innate preference

The analysis of innate preference was based on data from
the treatment involving no conditioning, which we take as
an operational measure of innate preference (see Discussion).
First, to see which selection regimes resulted in an evolu-
tionary change of the innate preference, we performed a one-
way ANOVA on the proportion of eggs laid on orange (in
period 3), and used Dunnett’s test to compare each selection
regime with the Control regime.

We then addressed our main question concerning theinnate
preference, namely whether an opportunity to learn in the
course of selection affected the evolution of innate (uncon-
ditioned) preference. To do that, we performed a two-way
ANOVA, using the proportion of eggs laid on the rewarding
medium (i.e., orange medium in selection regimes Innate
Orange and Learning Orange; pineapple medium in Innate
Pineapple and Learning Pineapple). The factors were regime
type (Innate vs. Learning) and direction of selection (Orange
vs. Pineapple); this analysis excluded the Control lines. The
effect of regime type could depend on the direction of se-
lection (which would be reflected in regime type X direction
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of selection interaction). Therefore we also tested separately
for differences between selection regimes that were identical
except for the opportunity for aversion learning; that is,
Learning Orange versus Innate Orange, and Learning Pine-
apple versus Innate Pineapple. This was done with planned
contrasts within the framework of the above two-way AN-
OVA.

Response to conditioning

The aim of this analysis was to test the hypothesis that
flies from selection regimes that allowed an opportunity for
learning (i.e., Learning Orange and Learning Pineapple)
should show a response to conditioning: they should lay a
greater proportion of eggs on orange when conditioned to
avoid pineapple than when conditioned to avoid orange. Ide-
aly, the unconditioned preference should be intermediate.
This response should be absent or weaker in the other se-
lection regimes and the Control lines.

The response to conditioning was first analyzed separately
for each selection regime. We used the realized preference
(arscine-transformed proportion of eggs laid on orange) from
period 3 as the dependent variable in a two-way ANOVA,
with treatment (not conditioned, conditioned to avoid pine-
apple, conditioned to avoid orange) as a fixed factor and
replicate line as a random factor (block). Additionally, we
performed a repeated-measures analysis on data from periods
2 and 3, with treatment and period as factors, and replicate
line as a block (subject) with respect to both factors. The
treatment X period interaction would reflect potential decay
of the response to conditioning with time elapsed since the
end of conditioning (which took place in period 1).

We then directly tested the hypothesis that the Learning
Pineapple and Learning Orange lines had evolved a stronger
response to conditioning than the Innate Pineapple and Innate
Orangelines. To do that, for each replicate line we cal culated
alearning score as the difference between the arcsine-trans-
formed proportion of eggs laid in period 3 on orange when
conditioned to avoid pineapple and when conditioned to
avoid orange. We used the learning score as the dependent
variable in a two-way ANOVA analogous to that used to
analyze innate preference (see above), with regime type and
direction of selection as factors. Asfor the innate preference,
we used planned contrasts to compare the learning score be-
tween sel ection regimes Lear ning Orange and I nnate Orange,
as well as between Learning Pineapple and Innate Pineapple.

Finally, we addressed the relationship between the innate
and learned components by testing whether the learning abil-
ity was correlated with the innate preference among replicate
lines within the selection regimes Learning Orange and
Learning Pineapple. To do this we calculated Pearson’s cor-
relation coefficient between unconditioned preference and the
learning score (both based on data from period 3) among
replicate lines within each selection regime.

REsSULTS

Changes in the course of selection

At generation O the flies of all selection regimes laid in
periods 2 and 3 on average 58% of their eggs on the orange



LEARNING AND EVOLUTION

0.55 J\{

0.5 -

Proportion of eggs laid on orange

0.45 -

761

-o—Innate Orange

-e—Learning Orange

-a— Innate Pineapple

—-4— Learning Pineapple

— Control

0.4 . T

0 10 20 30

Generation

40 50

Fic. 2. Changes in the realized preference, measured as the proportion of eggs laid on the orange medium in period 3, in the course
of experimental evolution. Bars represent = one standard error. Standard errors for the control lines were not plotted for the sake of
readability. Data from generations 11 and 27-31 are missing (see text).

medium. This proportion was significantly different from
50% (t = 11.6, P < 10-3), indicating a slight preference for
the orange medium. It did not differ among the selection
regimes (ANOVA, F3,3 = 0.8, P = 0.48), suggesting no
detectable response to conditioning in the base population,
in agreement with our earlier results (Mery and Kawecki
2002).

The realized oviposition substrate preference changed in
the course of selection in the predicted directions (Fig. 2).
Until generation 27 the proportion of eggs laid on the orange
medium increased in the selection regimes Learning Orange
and Innate Orange, and decreased in Learning Pineapple and
Innate Pineapple, although in the Innate Pineapple this de-
crease was much slower than in the Learning Pineapplelines.
After generation 31 no systematic changes of the realized
preference were apparent in the surviving lines of any se-
lection regime (Fig. 2). The innate preference of the Control
lines did not change in the course of the experiment: the
proportion of eggs they laid without conditioning at gener-
ation 23 (57%) and generation 46 (60%) was essentially iden-
tical to that at generation O (58%). No differences between
Control populations and the base population maintained on
a standard cornmeal medium were detected (Mery and Kaw-
ecki 2002).

Number of eggs

In the assays of innate preference and response to condi-
tioning most replicates laid between 200 and 600 eggs in
period 3; the average was about 380 eggs (range 105-987).
The means per selection regime at generation 23 varied be-
tween 320 (Control) and 430 eggs (Innate Pineapple); at gen-

eration 46 they varied between 315 (Innate Orange) and 480
(Innate Pineapple). Conditioning had no apparent effect on
the number of eggs laid in period 3. In all selection regimes
theflieslaid around 15% fewer eggsin period 2 than in period
3. This difference probably reflects the natural tendency of
fruit flies to lay more eggs in late afternoon (and therefore
during period 3).

Innate preference

The proportion of eggs laid in period 3 on the orange
medium in the absence of conditioning differed among the
selection regimes (black bars in Fig. 3; one-way ANOVA,
Fas34 = 24.7 at generation 23, F,,; = 9.3 at generation 46,
both P < 0.001), indicating a response of innate preference
to selection. Dunnett’s test indicated that at generation 23
Innate Orange, Learning Orange, and Learning Pineapple
diverged significantly from the Control lines (P < 0.05). At
generation 46 the power was lower because of fewer lines,
and the only selection regime significantly different from the
Control by Dunnett’s test was Innate Orange.

More importantly from the viewpoint of our question, the
opportunity to learn offered in the course of selection affected
the evolution of the innate preference, but the effect had a
different sign for the two directions of selection. Thisisre-
flected in Table 1 as a significant regime type X direction of
sel ection interaction, combined with no main effect of regime
type. Specifically, in the absence of conditioning, the Learn-
ing Orange lines showed a weaker preference for the re-
warding medium, that is, the medium they were selected to
prefer (orange) than the Innate Orange lines. In contrast, the
Learning Pineapple lines showed a stronger unconditioned
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Fic. 3. Theinnate preference and the response to conditioning assayed at generation 23 in period 2 (a) and period 3 (b) and at generation
46 in period 2 (c) and period 3 (d). ‘* Conditioned to avoid pineapple’’ means that quinine was present in the pineapple medium offered

in period 1.

preference for the medium they were selected to prefer (i.e.,
pineapple) than the Innate Pineapple lines. These pairwise
differences were consistent between the two assays (gener-
ation 23 and 46) and between period 2 and 3 (black barsin
Fig. 3). They are statistically supported by the significance
of the planned contrasts in Table 1. For the Innate Pineapple
versus Learning Pineapple this contrast was only significant
at generation 23. However, even at generation 46 all four
surviving Learning Pineapple lines laid a greater proportion
of eggs on pineapple (45-52%) than any Innate Pineapple
line (41-43%). When data from both period 2 and period 3
were analyzed simultaneously in a repeated-measures AN-
OVA, the contrast between Innate Pineapple and Learning

TaBLE 1.

Pineapple was significant also at generation 46 (P = 0.027,;
details not reported).

Response to conditioning

Analysis of data from period 3 indicates that the Innate
Orange, Innate Pineapple, and Control lines did not detect-
ably respond to conditioning in either assay (all P > 0.35).
In contrast, the Learning Pineapple lines responded to con-
ditioning both at generation 23 (F,,4 = 17.3, P < 0.001)
and at generation 46 (F,¢ = 5.55, P = 0.04). This response
was, however, strongly asymmetric: in period 3 the Learning
Pineapple changed their realized preference when condi-

Two-way analysis of variance on the proportion of eggs laid in the absence of conditioning on the rewarding resource, that

is, on the medium the flies were selected to prefer (orange in Innate Orange and Learning Orange; pineapple in Innate Pineapple and
Learning Pineapple). Regime type refers to the presence versus absence of opportunity to learn in the course of selection; direction of
selection refers to selection to prefer orange versus pineapple. The analysis is based on data from period 3 only.

Factor

Generation 23

Generation 46

Regime type Fi27
Direction of selection Fi07
Regime type X direction of selection Fio07
Planned contrasts
Innate Orange vs. Learning Orange F127
Innate Pineapple vs. Learning Pineapple Fi7

0.0, P = 0.88 F1’15 = 04, P = 0.54
71.9, P < 0.001 Fi15 = 72.4, P < 0.001
10.1, P = 0.0037 Fis = 7.2, P = 0.017
4.4, P = 0.045 Fiis = 6.4, P = 0.023
5.8, P = 0.024 Fiis = 1.8, P =0.20
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TABLE 2. Repeated-measures analysis of variance on the proportion of eggs laid on the orange medium with and without conditioning
(assays at generation 23 and 46). The analysis has been done separately for the two assays and for each selection regime.

Factor Innate Orange Innate Pineapple Learning Orange Learning Pineapple Control

Generation 23

Treatment F2'35 = 0.48 F2’35 = 262T F2’30 = 272 F2’35 = 55, 7*** F2’35 = 1.49

PefIOd F1V35 = 0.00 F1135 = 0.04 Fl,30 = 0.35 Fl,35 = 4.20* Fl,35 = 1.07

Rep|lcate line 7,35 — 0.64 7,35 — 10.9*%** 6,30 — 3.20* F7’35 = 10.7*** F7’35 = 1.64

Treatment X perlod F2v35 = 079 F2135 = 038 F2130 = 154 F2135 = 5.53** F2,35 = 148
Generation 46

Treatment F2'25 = 176 F2115 = 119 F2120 = 6.51** F2115 = 17.42%** F2,30 = 029

Period F1'25 = 4.70* F1’15 = 0.49 Fl,ZO = 0.88 Fl,15 = 1.00 F1’30 = 2.07

Rep|lcate ||ne F5V25 = 179 F3115 = 139 F4120 =114 F3115 = 1.42 F6,30 = 135

Treatment X period F2'25 = 264T F2’15 = 0.46 Fz’zo = 1.09 F2’15 = 0.10 F2’30 = 1.09

t0.1>P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001.

tioned to avoid pineapple, but when conditioned to avoid
orange they showed the same realized preference as in the
absence of conditioning (Fig. 3). At generation 23 the re-
sponse of the Learning Pineapple lines to conditioning was
less asymmetric when measured in period 2; that is, imme-
diately after conditioning, but at generation 46 the asymmetry
was already apparent in period 2 (Fig. 3). The Learning
Orange lines did not show a detectable response to condi-
tioning at generation 23 (F, 1, = 2.62, P = 0.11), but a clear
response to conditioning was observed at generation 46 (F, g
= 9.25, P = 0.008). This response was more symmetric than
that of the Learning Pineapple lines.

The loss of the response to conditioning to avoid orange
between period 2 and period 3 shown by the Learning Pine-
apple flies was reflected in the significance of period and
treatment X period interaction when data from both period
2 and period 3 were analyzed together in arepeated-measures
analysis (details in Table 2). Otherwise, this analysis con-
firmed the significant response to conditioning of the Learn-
ing Pineapple lines at generation 23 and 46, and of the Learn-
ing Orange lines at generation 46. It also indicated a trend
of the Innate Pineapple lines to respond to conditioning at
generation 23 (P = 0.09); this trend was absent at generation
46 (P = 0.33).

The two-way analysis of variance on the learning score
confirmed that flies from the two selection regimesinvolving
learning (Learning Orange and Learning Pineapple) showed
better learning at generation 46 compared to the two Innate
selection regimes (significant effect of regime type and both
planned contrasts in Table 3). At generation 23 the overall
effect of regime type was not significant (Table 3), reflecting
the fact that only the Learning Pineapple lines showed a
response to conditioning in that assay (Fig. 3, Table 2). Even
the Learning Pineapple lines had only marginally signifi-

cantly better learning score than the Innate Pineapple lines
(planned contrast in Table 3).

At generation 23 we observed amarginally significant pos-
itive correlation among replicate lines of the Learning Pine-
apple selection regime between the learning score (in period
3) and innate preference for pineapple (Fig. 4a). The corre-
lation was essentially identical when calculated with data
from period 2 (r = —0.67, P = 0.07). It was also virtually
identical when calculated with the original (untransformed)
data, indicating that it is not an artifact of scale. An even
stronger, athough again only marginally significant, corre-
lation between the learning score and innate preference was
observed among the four surviving Learning Pineapple lines
at generation 46 (Fig. 4b). Again, an analogous correlation
estimated from data from period 2 was nearly identical (r =
—0.89, P = 0.11). In contrast, no clear pattern of correlation
between the learning score and the innate preference (mea-
sured in period 3) was observed among the Learning Orange
lines (r = —0.06 and r = —0.17 at generation 23 and 46,
respectively, both P > 0.7). When calculated from data from
period 2 these correl ations tended to be slightly more negative
(—0.37 and —0.26, respectively), but still far from significant
(both P > 0.4).

Discussion

By exposing populations of D. melanogaster to directional
selection on oviposition site preference after giving them an
opportunity to learn which medium should be avoided, we
aimed to address two main questions. First, will learning
ability evolve in an environment in which the same, fixed
behavioral response is always favored? Second, does an op-
portunity for learning affect the evolution of the genetically
determined, innate component? The control for both ques-

TaBLE 3. Two-way analysis of variance on the learning score (data from period 3).

Factor Generation 23 Generation 46
Regime type Fi.7 =28, P =011 Fi15 = 17.4, P < 0.001
Direction of selection Fi0,7 = 1.3, P =0.27 Fi15 = 1.3, P =0.28
Regime type X direction of selection F10,7, =09, P =0.35 F115 = 0.1, P = 0.83
Planned contrasts
Innate Orange vs. Learning Orange Fi1.7 = 03, P = 0.62 F115 = 3.4, P = 0.004
Innate Pineapple vs. Learning Pineapple Fi107 = 3.5, P = 0.072 Fi115 = 2.6, P = 0.020
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Fic. 4. The relationship between the innate preference for the
rewarding (pineapple) medium and learning ability among the
Learning Pineapple lines at generation 23 (a) and generation 46 (b).
The learning score was calculated as the difference between the
realized oviposition preference when conditioned to avoid pine-
apple and when conditioned to avoid orange (data from period 3).
Both scales are angularly transformed. The lines are least-square
regressions.

tionsis provided by the regimes selecting on preferencewith-
out giving the flies an opportunity to learn (Innate Orange
and Innate Pineapple); we discuss the response to these se-
lection regimes first.

Evolution of Innate Preference

We cannot exclude that even in the absence of quinine the
experience with the two media in periods 1 and 2 affected
subsequent preference in period 3, although this seems to be
unlikely given no effect of period on the realized preference
in the absence of conditioning (data not shown). Even if such
an effect was present, it should not be different in lines se-
lected in different directions: in the absence of conditioning
the experience gave the flies no cue which medium it would
pay to choose for oviposition. Therefore, we believe that the
differences between selection regimes in the realized pref-
erence in the absence of conditioning reflect evolutionary,
genetically based changes of the innate component of pref-
erence. Consequently, we use the realized preference in the
absence of conditioning as an operational measure of innate
preference.

Oviposition substrate preference and its evolutionary as-
pects have been extensively studied in herbivorous insects
(Futuyma and Moreno 1988; Radtkey and Singer 1995;
Thompson 1998; Nosil 2002; Scriber 2002). Although evo-
lutionary changes of host preference in nature have been
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documented (Singer et al. 1993), experimental studies have
often failed to obtain a response to selection on preference
(Wasserman 1986; Thompson 1993). Thompson (1993;
Wehling and Thompson 1997) proposed three possible mech-
anismsthat may be responsible for evolutionary conservatism
of oviposition preference: genetic constraints, weak selection,
and gene flow. Our experimental design precluded gene flow.
Furthermore, selection was rather strong: other things being
equal, the contribution of a female fly to the next generation
was proportional to the number of eggs laid on the rewarding
(selected) medium. The adult population size of 150 indi-
viduals made it unlikely for drift to be able to overcome the
effects of selection during the first half of the experiment
(until generation 27), although drift may have played arole
during the bottleneck caused by the insecticide poisoning at
generation 27. Therefore, broadly defined genetic constraints
remain the most plausible explanation for the poor response
of the Innate Pineapple lines to selection. However, genetic
variation for a greater innate preference for the pineapple
medium did exist in our base population, as the Learning
Pineapple lines did evolve a stronger innate preference for
this medium. Selection under the Innate Pineapple selection
regime may have been opposed by possible del eterious pleio-
tropic effects of alleles for pineapple preference. Although
we cannot exclude this possibility, it would be difficult to
imagine why such pleiotropy should not affect the Learning
Pineapplelines as well. Another possibility isthat the greater
innate preference of some individualsfor pineapple may have
been overridden by a tendency to oviposit where other fe-
males have oviposited. This scenario is discussed below in
the subsection on the interaction between innate and learned
components of preference.

Evolution of Learning Ability

In both assays (generation 23 and 46), flies from popula-
tions subject to the Learning Pineapple selection regime
showed an ability to respond to conditioning. The Learning
Orange flies also showed a response to conditioning at gen-
eration 46, although not at generation 23. In contrast, the
Innate Pineapple, Innate Orange, and Control lines did not
detectably respond to conditioning in either assay; at gen-
eration 46 the learning score of Learning Orange and Learn-
ing Pineapplelines was significantly better than that of Innate
Orange and Innate Pineapple, respectively. Learning Pine-
apple and Learning Orange have thus evolved an improved
ability for aversion learning. In contrast to the usual argument
that learning is only favored in temporally varying environ-
ments (Dukas 1998), here learning ability has evolved under
directional selection regimes that always favored the same
response. This result supports the prediction of a model by
Papaj (1994), who predicted that learning will be favored
even under directional selection on resource preference as
long as the innate preference is away from the optimum. This
argument predicts that the selective advantage of learning
ability under directional selection should be transient—the
advantage of learning disappears when the innate preference
for the rewarding medium has approached 100%. However,
after almost 50 generations of selection, our flies were still
far from this limit, and thus learning may still have helped
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to increase the proportion of eggslaid on the favored medium.
Furthermore, slowing down of the response suggests that a
100% innate preference may be difficult or impossible to
reach, in which case the advantage of learning may be per-
manent.

The ability to learn in the Learning Pineapple lines was
much more strongly manifested when the flies were condi-
tioned to avoid pineapple than when they were conditioned
to avoid orange, even though this selection regime involved
conditioning every generation to avoid orange. This strong
asymmetry of the response to conditioning was specific to
the Learning Pineapple selection regime. There was only a
weak tendency for such asymmetry in the Learning Orange
lines at generation 46, and it was not observed at all in another
set of lines, which originated from the same base population
and had been selected for improved response to conditioning
in both directions (Mery and Kawecki 2002). Such an asym-
metry would have been easier to explain if the flies had shown
a strong innate preference for pineapple. If this had been the
case, the flies would have avoided the orange medium during
conditioning (in period 1) and would thus have had little
opportunity to associate it with quinine. However, in the
absence of conditioning the Learning Pineapple lines laid on
average about 43% of eggs on the orange medium, which
means that they should have had enough contact with the
quinine-containing orange medium while being conditioned
to avoid orange. One possibility is that under our assay con-
ditions it is difficult for the flies to lay more than about 60%
of eggs on the pineapple medium; this could be due to, for
example, some sensory constraints and/or competition avoid-
ance. Such a constraint would preclude a response to con-
ditioning to avoid orange once the innate preference for pine-
apple had become close to 60%. If so, then the response to
conditioning in the Learning Pineapple lines might have been
less asymmetric in the initial phase of the experiment. With-
out relevant data this remains a speculation.

It should also be noted that the observed response to con-
ditioning is based on the proportion of eggs laid on the two
media during six hours (i.e., two 3-h periods) after the end
of the conditioning period. Therefore, it is possible that the
Learning Pineapple flies conditioned to avoid orange show
astrong response immediately after conditioning, but quickly
lose the response when they realize that the orange medium
does not contain quinine any more. This process of erasing
an old learned response through new experience is referred
to as memory extinction (Bouton 1994). This idea is sup-
ported by the response observed within three hours (period
2) and between three and six hours (period 3) after condi-
tioning. The proportion of eggs laid on the orange medium
by Learning Pineapple flies conditioned to avoid orange was
significantly smaller in period 2 than period 3, and an effect
of conditioning to avoid orange could only be detected in
period 2. In contrast, the realized preference did not differ
between the two periods for Learning Pineapple flies con-
ditioned to avoid pineapple, as well as for those not condi-
tioned. It is, however, not clear why the Learning Pineapple
lines should show faster memory extinction when condi-
tioned to avoid orange than when conditioned to avoid pine-
apple. Their selection regime favored fliesthat were not prone
to memory extinction, that is, continued to avoid the orange
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medium three to six hours after the termination of condi-
tioning. Thus, the asymmetry of the response of Learning
Pineapple lines to conditioning remains unexplained.

Despite these open questions, our results directly dem-
onstrate evolution of improved learning ability in a constant
environment, in which the same behavioral response is al-
ways optimal.

Effect of Learning on the Evolution of Innate Preference

Comparison of the innate preference between the selection
regimes Learning Orange and Innate Orange, as well as be-
tween Learning Pineapple and Innate Pineapple, indicates
that the opportunity to learn has affected the evolution of
innate preference, and that it did so differently in lines se-
lected in different directions. Under selection favoring ovi-
position on the orange medium learning has slowed down
the evolution of the innate preference: Innate Orange lines
evolved a stronger innate preference for the rewarding me-
dium (i.e., orange) than Learning Orange lines. In contrast,
under selection for oviposition on pineapple learning has ac-
celerated the evolution of the innate preference: Learning
Pineapple lines evolved a stronger innate preference for their
rewarding medium (i.e., pineapple) than Innate Pineapple
lines. This synergism between the evolution of the innate
preference and learning ability under the Learning Pineapple
selection regime is also apparent in the pattern of variation
among replicate selection lines. Across the replicate lines the
learning score was positively correlated with the innate pref-
erence for pineapple, that is, the proportion of eggs laid on
the pineapple medium in the absence of conditioning (Fig.
4). Despite involving only eight (generation 23) or four (gen-
eration 46) points, this correlation was close to significance.
Although this correlation analysis should be regarded as ex-
ploratory, taken at face value it suggests that lines that
evolved better learning responded more strongly to selection
on the innate component of preference.

These results support the idea that learning may affect evo-
lution of the innate components of resource preference, but do
not unequivocally support either of the opposing notions that
learning slows down evolution (Anderson 1995; Ancel 2000)
versus that it accelerates it (Baldwin 1896; Hinton and Nowlan
1987; Maynard Smith 1987). Rather, it suggests that even in
populations of common origin, learning may both hinder and
facilitate the evolution of the innate component of preference,
depending on the direction of selection. One way to view this
problem is in terms of the effect of learning on the genotype-
phenotype map (Fig. 5). The following argument assumes that
the power of learning to modify resource preference is limited;
that is, that even with learning, the rewarding resource will not
be 100% preferred, which seems a reasonable assumption, at
least for invertebrates. If, for whatever reason, learning has a
smaller effect on the realized preference (i.e., the phenotype)
of individuals with stronger innate (genetic) preference for the
rewarding resource, it will buffer the phenotypic expression of
genetic differences in preference (Fig. 5a). This will tend to
reduce the effective strength of selection on the genetic com-
ponent of preference. In contrast, if within the population the
effect of learning on realized preference is positively correlated
with the innate preference for the rewarding resource, learning
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Fic. 5. Schematic representation of potential effects of learning on the genotype-phenotype map (light line: the genotype-phenotype
map in the absence of learning; heavy line: the map as modified by learning). (a) If the shift of realized preference due to learning
(symbolized by the arrows) is stronger in individuals that show weaker innate preference for the rewarding resource, learning will reduce
the phenotypic effect (AP) of a given difference in innate preference (AG). (b) If the effect of learning on realized preference is positively
correlated with the innate preference for the rewarding resource, the phenotypic effect of a difference in innate preference will be

magnified.

will tend to magnify the phenotypic effects of genetic differ-
encesin preference (Fig. 5b). Thiswill tend to amplify effective
selection on the genetic component of preference. We have at
present no data to test this hypothesis directly.

An alternative explanation for the greater evolutionary
change of the innate preference of the Learning Pineapple
than the Innate Pineapple lines invokes a potential additional
selection pressure due to the exposure to quinine during con-
ditioning (in period 1) in the former. The exposure to quinine
may have had a detrimental effect on the number or quality
of eggs laid in period 3 six hours later; these were the eggs
used to breed the next generation. If so, Learning Pineapple
flies would have been under stronger selection to avoid the
orange medium than Innate Pineapple, because by avoiding
the orange medium in period 1 the former would also avoid
contact with quinine. However, the above argument would
predict that replicate lines of the Learning Pineappl e selection
regime that have evolved a stronger innate preference for
pineapple would have been under weaker selection for learn-
ing ability. This contradicts the positive correlation between
innate preference for pineapple and the learning score ob-
served among Learning Pineapplelines (Fig. 4). Furthermore,
the same argument would hold for the selection to avoid
pineapple in the Learning Orange lines, yet those lines
evolved weaker innate preference for orange than the Innate
Orange lines. One could still argue that Learning Orange
flies were from the beginning less prone to this effect, as
they experienced quinine in the pineapple medium, which
from the start was the less preferred one. This would, how-
ever, not explain why the Learning Orange lines evolved a
weaker innate preference for orange than the Innate Orange.
Finally, we never observed any reduction of fertility or sur-
vival due to the exposure to quinine. Nonetheless, we cannot
exclude that the exposure to quinine did contribute to the
effective selection pressure on the innate components of ovi-
position substrate preference.

Finally, the outcome of selection may also have been af-
fected by an interaction among innate preference, learning,
and the flies' tendency for gregariousness. Drosophila me-
lanogaster females like to oviposit in sites already containing

conspecific eggs (Delsolar and Godoy 1971; Rockwell and
Grossfield 1978). Thus, the proportion of eggs laid by an
individual on each medium will depend on its innate pref-
erence and possibly learning, but also on the oviposition
decisions of other individuals. This gregarious tendency
might override theinnate preference of an individual for pine-
apple if the rest of the population shows a strong preference
for orange. If so, arare allele for increased innate preference
for pineapple would be effectively underexpressed, and the
evolution of increased innate preference for pineapple would
be constrained. This constraint would be alleviated if the rest
of the population increased oviposition on pineapple in re-
sponse to conditioning. This would thus be another mecha-
nism in which learning could facilitate the evolution of innate
preference. It would potentially explain both the weak re-
sponse of the Innate Pineapplelines to selection on the innate
component of preference, as well as the fast evolution of the
innate component of preference in the Learning Pineapple
lines. However, it is unclear whether the moderate preference
for orange shown by all lines at the onset of the experimental
evolution (58% of eggs laid on the orange medium) was
strong enough for the gregarious tendency to have a non-
negligible effect.

A common problem of all these scenarios with regard to the
Learning Pineapple lines is the asymmetry of their response to
conditioning, and specifically the apparent lack of a detectable
response in period 3 to conditioning to avoid orange. In the
absence of response to conditioning to avoid orange, learning
would not be expressed in the course of selection in the Learning
Pineapple selection regime, so it is hard to imagine how it
should affect evolution of the innate preference. We see two
potential solutions to this paradox. First, the overall mean re-
sponse to conditioning may be too weak to be detected, but
still have an appreciable effect on the evolution of the innate
preference. For example, if only 10% of individuals showed a
response to conditioning to avoid orange, the response would
be hard to detect. Yet, if these were simultaneously the 10%
with the strongest genetic preference for pineapple, the effective
selection in favor of their geneswould still be amplified. Second,
as discussed above, the learning response of the Learning Pine-
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apple lines may have been less asymmetric in an early phase
of the experiment when most of the evolutionary changes were
taking place.

Conclusion

In this paper we have shown experimentally that learning
ability can evolve even if the same behavioral response (the
same resource choice) is always favored, contradicting the
notion that learning should only be favored if the fitness
payoffs of different responses vary between or within gen-
erations. We have al so shown that, depending on the direction
of selection, an opportunity to learn can either facilitate or
hinder the evolutionary response of the innate component of
preference. Although this result is difficult to interpret, it
suggests that the solution of the long-standing controversy
over the effect of learning on evolution may involve a syn-
thesis of the two notions—that |earning accelerates evolution
versus that it slows it down—which have usually been dis-
cussed as contradictory.
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