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Abstract Cyanogenesis is a widespread chemical defence
mechanism in plants against herbivory. However, some
specialised herbivores overcome this protection by diVerent
behavioural or metabolic mechanisms. In the present study,
we investigated the eVect of presence or absence of cyano-
genic glycosides in birdsfoot trefoil (Lotus corniculatus,
Fabaceae) on oviposition behaviour, larval preference, lar-
val development, adult weight and nectar preference of the
common blue butterXy (Polyommatus icarus, Lycaenidae).
For oviposition behaviour there was a female-speciWc reac-
tion to cyanogenic glycoside content; i.e. some females pre-
ferred to oviposit on cyanogenic over acyanogenic plants,
while other females behaved in the opposite way. Freshly
hatched larvae did not discriminate between the two plant
morphs. Since the two plant morphs diVered not only in
their content of cyanogenic glycoside, but also in N and
water content, we expected these diVerences to aVect larval
growth. Contrary to our expectations, larvae feeding on

cyanogenic plants showed a faster development and stron-
ger weight gain than larvae feeding on acyanogenic plants.
Furthermore, female genotype aVected development time,
larval and pupal weight of the common blue butterXy.
However, most eVects detected in the larval phase disap-
peared for adult weight, indicating compensatory feeding of
larvae. Adult butterXies reared on the two cyanogenic gly-
coside plant morphs did not diVer in their nectar preference.
But a gender-speciWc eVect was found, where females pre-
ferred amino acid-rich nectar while males did not discrimi-
nate between the two nectar mimics. The presented results
indicate that larvae of the common blue butterXy can
metabolise the surplus of N in cyanogenic plants for
growth. Additionally, the female-speciWc behaviour to ovi-
posit preferably on cyanogenic or acyanogenic plant mor-
phs and the female-genotype-speciWc responses in life
history traits indicate the genetic Xexibility of this butterXy
species and its potential for local adaptation.
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Introduction

Many plants protect themselves against generalist herbi-
vores by employing an extraordinary array of chemicals to
deter them (e.g. Rosenthal and Berenbaum 1991). One such
protection system is the ability to produce and accumulate
cyanogenic compounds (especially cyanogenic glycosides).
This phenomenon, called cyanogenesis, allows the libera-
tion of HCN. It is found in all major vascular plant groups
and over 10% of vascular plant species have developed this
protective mechanism (e.g. Bernays and Chapman 1994;
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Jones 1998). The cyanogenic glycosides are often accumu-
lated in the vacuoles and are capable of releasing HCN after
plant tissue damage (Seigler 1991). Although cyanogenesis
may protect plants against general herbivores, specialised
species can handle this toxic compound, e.g. selective and
dynamic sequestration of HCN in insects by detoxifying it
and even metabolising it to make valuable N available for
primary metabolism (Engler et al. 2000).

Plants show a trade-oV between investing energy into
chemical defences to deter herbivores or into other Wtness
parameter such as growth or seed production. Some natural
populations of plants diVer in their levels of chemical
defence. One such example is birdsfoot trefoil (Lotus corni-
culatus L., Fabaceae). Natural populations of L. corniculatus
are polymorphic, thus cyanogenic and acyanogenic plant
morphs occur (Jones 1988; Bazin et al. 1997). DiVerent
insect species feed on L. corniculatus plants, some avoiding
toxic plants by choosing acyanogenic morphs, others having
the ability to detoxify HCN (Dowd 1988). It has been sug-
gested that the primary role of cyanogenesis is as a feeding
inhibitor, and not at the digesting stage (Jones 1988). There-
fore, the Wrst question to be investigated is the choice of ovi-
positing females and young larvae of butterXies, since these
are the two stages at which they Wrst select their host plants.
Larval choice of host plants has been investigated in several
studies. In his review of 23 papers on the defensive function
of cyanogenic glycosides, Hruska (1988) found that 53% of
the study organisms, mainly insects, snails and slugs, pre-
ferred acyanogenic plants to cyanogenic ones. Thus, we can-
not generally say that herbivores prefer acyanogenic host
phenotypes. Although insects usually feed on the leaves on
which they hatched, they can change their host plant directly
if the plant is toxic (Chapman 1990; Ballhorn et al. 2005).
For butterXy larvae all possible responses have been shown:
larvae choosing less toxic host plants (e.g. Goverde et al.
2001; Ballhorn et al. 2005), larvae choosing more toxic food
(e.g. Brattsten et al. 1983), and no diVerences in their choice
(e.g. Zagrobelny et al. 2007).

Beside the choice of host plants shown by the larvae,
female choice for oviposition might even be more important,
since Xying females are more mobile than larvae. After land-
ing on a potential host plant, butterXy females use their fore-
legs, midlegs, and antennae to assess plant suitability (e.g.
Bernays and Chapman 1994). Therefore, females should be
able to diVerentiate between cyanogenic and acyanogenic
morphs due to the release of HCN. Females of the pierid but-
terXy Colias erate poliographys, for example, are stimulated
to oviposit by the presence of the cyanogenic glycosides
linamarin and lotaustralin (Honda et al. 1997).

The strategies herbivores use to deal with plant second-
ary compounds are a function of the chemistry of the
ingested compounds and the animal’s physiological capac-
ity to overcome the eVects of these compounds (McArthur

et al. 1986). There are diVerent means by which an insect
herbivore can handle the chemical defence of plants: avoid-
ance, detoxiWcation of the toxin, resistant target sites, lim-
ited penetration, and biochemical conversion or metabolism
(Dowd 1988). For cyanogenic glycosides, the latter has
been intensively studied. Many insects and also mammali-
ans are known to have the enzyme rhodanese (thiosulphate
sulphurtransferase, EC 2.8.1.1), which catalyses sulphate
transfer to detoxify cyanide and is therefore a widespread
mode of detoxiWcation (e.g. Parsons and Rothschild 1964;
Seigler 1991). The eVect of cyanogenic glycosides on
insect growth has been shown in diVerent studies. Schistoc-
erca gregaria showed reduced feeding and symptoms of
intoxication when feeding on highly cyanogenic lima beans
(Ballhorn et al. 2005), and a reduction in oviposition was
observed for Cyrtomenus bergi feeding on cyanogenic cas-
sava (Riis et al. 2003). However, no or few eVects on insect
growth can be found when they feed on cyanogenic host
plants (Scriber 1978; Schappert and Shore 1999), and the
specialised genus Zygaena shows faster development on
cyanogenic plants compared to acyanogenic ones (Zag-
robelny et al. 2007). Enzymatic detoxiWcation does have an
additive cost for co-factors and energy substrates such as
ATP or NADPH, therefore, growth of the herbivore might
be reduced since energy has to be invested into detoxiWca-
tion mechanisms (Dowd 1988).

Finally, the quality and quantity of food ingested by lar-
vae aVects adult Wtness. When the quantity of larval food is
reduced or the food is of low quality, adults have a reduced
life span and/or their oviposition success is reduced (e.g.
Slansky 1993). Some of this deWciency can be compensated
by amino acid-rich nectar (e.g. Mevi-Schütz et al. 2003;
Mevi-Schütz and Erhardt 2005). Thus feeding on toxic
plants as larvae can reduce food quality uptake and thereby
reduce adult Wtness, which on the other hand can be com-
pensated for by a preference for amino acid-rich nectar at
the adult stage.

Using the plant–insect system of birdsfoot trefoil L.
corniculatus L. (Fabaceae) and the moderate polyphagous
common blue butterXy Polyommatus icarus Rottemburg
(Lepidoptera, Lycaenidae) we addressed the following
hypotheses:

1. Females of P. icarus show oviposition preference for
acyanogenic L. corniculatus plants.

2. Freshly emerged larvae of P. icarus prefer acyanogenic
over cyanogenic L. corniculatus.

3. Larvae of P. icarus feeding on cyanogenic L. cornicul-
atus show slower development than larvae feeding on
acyanogenic plants.

4. ButterXies show a stronger preference for amino acid-
rich nectar when fed cyanogenic plants as larvae than
butterXies from larvae fed acyanogenic plants.
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Materials and methods

Origin of plants

L. corniculatus plants were collected from meadows at
Lardy (south of Paris, France). At this site, both poly-
morphs—cyanogenic as well as acyanogenic—grow
together (A. Bazin, personal observation). For the larval
development test (see below), an additional cyanogenic
plant was collected at Nenzlingen (south-west of Basel,
Switzerland). DiVerent cyanogenic and acyanogenic geno-
types were reproduced by cuttings in the greenhouse. After
root formation, cuttings were transplanted into a compost
soil medium in small plastic pots (approximately 10 cm
diameter). Plants were kept in the greenhouse at the Uni-
versity of Paris (Orsay) and were later transferred to the
Botanical Institute at the University of Basel. During win-
ter, plants were kept in pots outside at the Botanical Gar-
den, Basel.

Before using the plants for the experiments described
below, plants were tested for cyanide gas production (Feigl
and Anger 1966).

Female oviposition test

The experiment for female oviposition preference was con-
ducted with two diVerent populations of P. icarus females.
In autumn, females and males of a laboratory population
were mated by the method of Schurian (1988). Several
males were released into cages (1.0 £ 0.6 m and a height of
0.9 m) 1–3 days before females were added. L. corniculatus
Xowers and a yellow sponge soaked in a 20% sucrose solu-
tion were oVered as food sources. Additionally, Petri dishes
with moistened soil for puddling were placed in the cages.
The mating cages were placed in the greenhouse at approx-
imately 28°C under a light cycle of 16/8 h. To stimulate
copulation, air was moistened several times a day with a
manual water sprayer. Copulating pairs were removed and
females kept in cages of 20 £ 20 £ 40 cm containing some
Xowers of L. corniculatus and a yellow sponge soaked in a
20% sucrose solution. In spring of the following year
females were captured at diVerent Weld sites in the northern
Swiss Jura mountains on calcareous grasslands. Females
were placed in the same cages as described above.

Cages were daily checked for freshly laid eggs. When
females started to oviposit, plants which were to be tested
were added to the cages. To avoid any optical eVects, the
plants were cut to have the same structural appearance.
Flower buds were removed since some plants had buds and
others did not; P. icarus females use inXorescences as well
as foliage for oviposition (Ebert 1993). The evening before
use, plants were disinfected with 10% bleach and thor-
oughly washed with tap water (Briggs 1990). To avoid any

position eVects, cages were placed in diVerent orientations
in the greenhouse under mercury lamps placed 1 m above
the cages to stimulate oviposition (Schurian 1988). Plants
were removed after 1 day and eggs laid on them were
counted. The newly added plants were repositioned in a
diVerent way than in the Wrst set-up to avoid any position
eVects.

Cyanogenic and acyanogenic L. corniculatus plants used
in this experiment were cultured as described above. Young
plants were potted in 500-ml pots with greenhouse soil and
kept for at least 2 months in the greenhouse at 24/16°C
night/day temperature. Just before the experiment, plants
were tested for cyanide gas production (Feigl and Anger
1966).

Oviposition data were log (x + 1) transformed and ana-
lysed using a repeated measures mixed model in GenStat
9.1 (Welham and Thompson 2006). We used a Wrst-order
autoregressive structure for the correlation among measure-
ments within females over time to account for the non-inde-
pendence of measurements of the same female over
successive time-points. In addition, we Wtted a random
female by cyanide eVect to test for a female-speciWc
response to cyanide. Both this random eVect and the auto-
correlation were tested by conducting a likelihood ratio test
between a model that contained that eVect (i.e. the autocor-
relation or the female by cyanide random eVect, respec-
tively) and another that did not. Under the null hypothesis,
the diVerence in the deviance between these two models is
�2 distributed with 1 df. We could not Wt a random female
main eVect since a model that contained this eVect failed to
converge. A test of a female random eVect in a model that
did not contain the autocorrelation (and did converge) sug-
gested the female main eVect was not signiWcant
(�2 = 1.007, P = 0.316, df = 1). We used Wald tests to test
the Wxed eVects.

Larval preference test

Females of P. icarus Rottemburg (Lepidoptera, Lycaeni-
dae) were captured at diVerent sites in the northern Swiss
Jura mountains and kept in cages in the greenhouse for ovi-
position (for further details on oviposition see Goverde
et al. 1999). The larval preference test was performed with
freshly hatched larvae from female butterXies of the Wrst
generation in May/June (n = 6) and with the second genera-
tion in August (n = 12). A replication unit consisted of two
fresh sprigs of a speciWc genotype of L. corniculatus (one
cyanogenic and one acyanogenic) each placed into a 1.5-ml
Eppendorf tube full of tap water with a pierced cap. The
two tubes were placed in a Petri dish and the sprigs were
arranged randomly. Four freshly emerged larvae originat-
ing from diVerent females were placed on the opposite side
of the sprigs in the Petri dish. The Petri dish was covered by
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a nylon mesh to avoid larval escape and the Petri dish lid to
minimise dehydration. Petri dishes were placed in the lab at
room temperature. After 4 days, surviving larvae were
counted and the sprigs were removed. Each leaf was placed
under an overhead transparency and the contour of the
leave as well as the eaten area was drawn. Then the remain-
ing area as well as the total area was measured using a pla-
nimeter (LI-3100 area meter; LI-COR, Lincoln, Neb.). To
reduce measuring errors, each leaf was measured 3 times
and the mean was used. The eaten area per larva was calcu-
lated as the diVerence between total and remaining area
divided by the number of surviving larvae. Eaten area per
larva was analysed by a full-factorial two-way ANOVA
with the factors Generation (df = 1) and Cyanide (df = 1) and
their interaction. Analyses were performed with SAS JMP
V.3.2.6 (SAS 1995) and employ type III sums of squares.

Larval development test

Cuttings of eight diVerent L. corniculatus genotypes (four
acyanogenic and four cyanogenic) were planted in Febru-
ary in the greenhouse at the University of Basel. After
15 days of growth, plants were transferred to 760-ml pots
containing greenhouse soil:quartz sand (4:1). In total six
replicates per plant genotype were used resulting in 48 pots.
Plants were randomly placed on two tables in the green-
house and watered when necessary.

In this experiment, eggs from three diVerent P. icarus
females captured in the northern Swiss Jura mountains
were used (see above). After hatching, six larvae per female
were placed into a Petri dish containing shoots either of a
cyanogenic or an acyanogenic L. corniculatus sprig. On
reaching their third larval instar (I3), larvae were weighed
individually and placed on the L. corniculatus genotype on
which they had been feeding before. Thus for each of the
eight plant genotypes (four cyanogenic and four acyano-
genic), there were two replicates per female genotype.
Plants were covered with a cage made out of mellinex foil
(9.5 £ 9.5 £ 30 cm) with holes of 8 cm on each side, cov-
ered by a nylon mesh and placed in the greenhouse. After
feeding for 8 days on the plants, larvae were removed,
weighed and placed again on their host plant until pupation.
Pupae were collected and weighed, and singly placed in
one of 18 compartments of a plastic box (21 £ 12 cm) with
a nylon web Xoor. Boxes were placed in the greenhouse
5 cm above a pan with water to maintain humidity. Boxes
were checked daily for emerging adults. Date of emergence
was noted and the total development time calculated (from
larval emergence to butterXy emergence). After butterXies
had emptied their gut, they were weighed and tested for
amino acid preference (see below).

After removing all pupae, plant characteristics were
measured. To analyse cyanogenic glycoside content, six

leaves of equal size from each plant were removed, frozen
in liquid N and stored at ¡80°C until analysis (for further
details see Goverde et al. 1999). To determine leaf water
content, some leaves of each plant were harvested and
water content was measured as the proportional diVerence
between fresh and dry leaf weight (dried at 60°C for at least
48 h). Remaining plants (aboveground biomass) were har-
vested, weighed and dried. Total aboveground biomass was
calculated as sum of the leaf dry weight used for water con-
tent and remaining dried plants. Finally, N and C concen-
trations were determined from dried leaves using a CHN
analyser (model 932; LECO Instruments, St Joseph,
Mich.), which uses a combustion procedure.

For statistical analysis, butterXy life history traits were
analysed using a full-factorial ANOVA with the main fac-
tors Cyanide (df = 1), Female genotype (df = 2) and Sex
(df = 1). Analyses were performed with SAS JMP version
3.2.6 (SAS 1995) and employed type III sums of squares. A
stepwise model reduction of this full model was employed,
with the highest order interactions removed and the least
signiWcant eVect always Wrst (Crawley 1993). Model reduc-
tion stopped when P < 0.1 or when no further interaction
term could be removed. When necessary, data were trans-
formed as described below. Plant characteristics were ana-
lysed by F-tests, except for cyanogenic glycoside
concentration for which a �2-test was used since the data
were heteroscedastic. Statistical tests were performed using
SAS JMP version 3.2.6 (SAS 1995).

Nectar-preference testing

ButterXies from the pot experiment described above were
used to investigate their preference for amino acid-rich nec-
tar versus a nectar mimic without amino acids (for further
details see Mevi-Schütz et al. 2003). Prior to testing, butter-
Xies were pre-fed a balanced sugar solution to bring them to
the same nutritional level. Then the test solution was
oVered to the butterXies in 0.5-�l droplets extruded from
the tip of a Hamilton syringe (10 �l, gas tight, no. 701,
75 N) according to the method described by Mevi-Schütz
et al. (2003). The preference test consisted of Wve trials. In
each trial the two nectar mimics were each oVered once and
the order of this presentation was randomly chosen.

For data analysis the diVerence between droplets
accepted from the amino acid-containing nectar mimics and
the non-amino acid-containing nectar mimics was calcu-
lated. Thus, positive values indicate a preference for the
nectar mimic containing amino acid, whereas negative val-
ues indicate a preference for nectar mimics without amino
acids. This parameter was then analysed using a full-facto-
rial ANOVA as described above, with the main factors
Cyanide (df = 1), Female genotype (df = 2) and Sex
(df = 1). Again a stepwise model reduction of this full
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model was employed as described above. Statistical tests
were performed using SAS JMP version 3.2.6 (SAS 1995).

Results

Female oviposition test

In total 16 females were tested; eight from the lab popula-
tion and eight from the Weld population. The females ovi-
posited between 2 and 6 days, so that in total 55 tests were
performed (Fig. 1). Between 1 and 62 eggs
(mean = 22.6 § 2.6 eggs) were counted per test. In total,
1,245 eggs were counted over all tests; 565 eggs were
found on cyanogenic and 680 eggs on acyanogenic Lotus
genotypes. Using the statistical model described above,
there was signiWcant variation among females in their
response to the cyanogenic glycoside concentration of
plants (test of the random factor female by cyanide:
�2 = 4.413, P = 0.036, df = 1; Fig. 2), and there was also a
signiWcant autocorrelation among successive measurements
within the same female (test of the Wrst-order autocorrela-
tion among successive time points: �2 = 5.990, P = 0.014,
df = 1). When Wxed eVects were tested within that model,
there was only a signiWcant linear positive time trend
(Table 1), while the other Wxed eVects were not signiWcant.
For instance, the two diVerent populations used did not
diVer in their response to cyanogenic and acyanogenic
plants, and there was also no signiWcant population-speciWc
reaction to cyanogenic glycoside concentration (Table 1).

Larval preference test

Larvae of the Wrst generation consumed signiWcantly more
of their host plant than larvae of the second generation
(F1,32 = 11.00, P = 0.002; Fig. 3). However, they did not
distinguish between cyanogenic and acyanogenic leaves

(F1,32 = 0.76, P = 0.39). The Wrst generation of larvae
tended to prefer cyanogenic over acyanogenic leaves, while
the opposite eVect was found for the second generation
(Fig. 3). However, this interactive eVect was not signiWcant
(F1,32 = 2.47, P = 0.13).

Larval development test

Larvae of P. icarus performed better when feeding on cya-
nogenic L. corniculatus plants. Larval, pupal and adult
weights were increased and development time was reduced
when larvae fed on cyanogenic plants (Fig. 4; Table 2). The
origin of the larvae (Female genotype) aVected larval
weight, pupal weight and development time but did not
aVect adult weight (Table 2). There was also a signiWcant
interaction of Female genotype and Sex (Table 2) regarding
larval weight after 8 days and pupal weight, indicating that
diVerences between males and females were not the same
for all female genotypes. For example, larval weight after
8 days did not diVer between males and females in female

Fig. 1 Mean number (§SEM) of eggs oviposited on cyanogenic
(squares, solid line) or acyanogenic (rhomboids, dotted line) Lotus
corniculatus plants. N Number of females ovipositing on the according
day
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Table 1 EVects on the number of eggs laid by Polyommatus icarus
(log10 + 1 transformed) in experimental treatments. All terms have 1 df

Fixed eVects Estimate (SE) Wald �2 P

Population (lab vs. Weld) ¡0.30 (0.39) 0.12 0.731

Day (linear trend) 0.19 (0.08) 5.58 0.018

Cyanide ¡0.28 (0.30) 1.85 0.174

Population by cyanide 0.01 (0.40) <0.01 0.975
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genotype 1 and female genotype 3, while males of female
genotype 2 were clearly heavier than females (Fig. 5). In
contrast, pupal weight of female genotype 1 individuals did
not diVer between gender, while in female genotype 2 and

female genotype 3, males were heavier than females
(Fig. 5). However, a general eVect of gender (sex) only
appeared for pupal weight (Table 2), where males were
heavier than females (males = 110.1 § 3.1 mg,
females = 97.0 § 2.8 mg). Finally, all these eVects disap-
peared for emerged butterXies (adult weight; Table 2).

Cyanogenic L. corniculatus plants showed a mean cya-
nogenic glycoside concentration of 2.82 § 0.16 mg/g with
the lowest concentration being 1.48 mg/g and the highest
being 4.91 mg/g (Table 3). Furthermore, all other measured
plant characteristics were signiWcantly diVerent between
the two genotypes. For cyanogenic plants water content,
total biomass and C/N-ratio were lower compared to acya-
nogenic plants, while the N content was higher (Table 3).

Nectar-preference testing

The cyanogenic glycoside content of the larval food source
did not have any inXuence on adult preferences for amino
acid-rich nectar mimics (cyanogenic = 1.3 § 0.2, n = 24;
acyanogenic = 0.5 § 0.3, n = 22; F1,39 = 0.09, P = 0.77).

Fig. 3 Area of acyanogenic and cyanogenic L. corniculatus leaves
eaten by larvae of Polyommatus icarus of the Wrst (spring) and second
(late summer) generation. Mean § SEM
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The only eVect in nectar preference was found between
gender (F1,39 = 45.12, P < 0.001), where females clearly
preferred amino acid-rich nectar mimics (1.8 § 0.2, n = 22)
compared to males (0.1 § 0.1, n = 24). Finally, female
genotype did not have any eVect on nectar preference
(F2,39 = 0.08, P = 0.93).

Discussion

Preference for plants containing cyanogenic glycosides

In our Wrst two hypotheses we predicted that ovipositing
females and freshly hatched larvae would choose the less
toxic plant material, i.e. acyanogenic over cyanogenic L.
corniculatus genotypes. We did not Wnd such an overall
preference. Freshly emerged larvae consumed the same
amount of leaf material of both genotypes. This could have
been due to an inability to discriminate between or detect
cyanogenic and acyanogenic food. Detection of non- or less
toxic food has been shown for other larvae (Goverde et al.
2001), and there is an indication that molluscs and insects
prefer acyanogenic over cyanogenic plants (Jones 1998),
but a general trend is not obvious (Hruska 1988). P. icarus
larvae may show an indiVerent response since they can
detoxify cyanide (Parsons and Rothschild 1964; Beesley
et al. 1985), and therefore no evolutionary pressure exists
on this trait. An observed lack of food-plant discrimination
could also be due to freshly hatched larvae having to eat
what they Wnd Wrst, rather than choosing another food
source. In the present study, we allowed the larvae to feed
on the diVerent plant genotypes for 3 days. Thus, larvae
should have had enough time to show a potential feeding
preference.

The spring generation of freshly emerged larvae con-
sumed more plant material than the late summer generation.
This might have been caused by an over-wintering eVect,
whereby the spring generation have less reserves from their
mothers, or by may be due to diVerences in nutritional qual-
ity or texture of phenologically young plant material
(according to the plant phenological age hypothesis; e.g.
Scheirs et al. 2002).

There was no overall eVect of cyanogenesis on the ovi-
position behaviour of P. icarus females. However, there

Fig. 5 DiVerences between males and females of P. icarus for a larval
weight after 8 days, and b pupal weight depending on the origin of lar-
vae (Female genotype, FG). Mean § SEM
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Table 2 Results of the ANOVA [type III sum of squares; main factors
Cyanide (CN), Female genotype (FG), Sex; reduced models, cf.
description in text] on diVerent life history traits of P. icarus [n = 47 in
all cases (one larva died at the pupal stage and was therefore omitted

from the analysis), except for adult weight where n = 46 since one but-
terXy eclosed but died, thus its weight could not be properly deter-
mined]

Larval weight I3 
(log transformed)

Larval weight after 
8 days (not transformed)

Pupal weight 
(�2 transformed)

Adult weight 
(�2 transformed)

Development 
time (log transformed)

df F-ratio P df F-ratio P df F-ratio P df F-ratio P df F-ratio P

CN 1 8.17 0.007 1 14.25 <0.001 1 13.02 <0.001 1 5.41 0.025 1 15.17 <0.001

FG 2 4.45 0.018 2 9.29 <0.001 2 5.95 0.006 2 0.42 0.660 2 33.00 <0.001

Sex 1 0.01 0.928 1 0.80 0.377 1 11.16 0.002 1 0.28 0.597 1 1.66 0.205

CN £ FG 2 2.44 0.100

CN £ Sex

FG £ Sex 2 4.49 0.018 2 7.49 0.002 2 2.80 0.073

CN £ FG £ Sex

Error 40 40 40 39 42
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was an eVect at the level of the female genotype (interac-
tion between female genotype and cyanogenesis). Certain
female genotypes preferred acyanogenic over cyanogenic
L. corniculatus plants, while other female genotypes pre-
ferred cyanogenic plant morphs. This Wnding implies a cer-
tain genetic Xexibility for the presence of cyanogenesis in
the larval host, and thereby might lead to local adaptation.
Local adaptation has been investigated for P. icarus by
using two diVerent larval host plant species and two diVer-
ent—geographically widely separated—butterXy popula-
tions (Bergstrom et al. 2004). No diVerence in oviposition
preference or larval performance between the populations
from the two diVerent areas could be detected. However,
this latter experiment addressed the level of diVerent host
plant species, not diVerent genotypes of the same host plant
species as in the present study. The two populations used
(lab population and Weld population) in the present study
did not show diVerent eVects of cyanogenesis, therefore,
the results are in accordance with the Wndings of Bergstrom
et al. (2004). Finally, P. icarus is a highly plastic species;
larvae feed on several species within the Fabaceae and
adults use many diVerent food and oviposition sources
(Ebert 1993). Furthermore, Xower buds were removed
before oviposition behaviour was tested, and since P. ica-
rus females prefer to oviposit on inXorescences rather than
on foliage (K. Fiedler, personal communication), and Xow-
ers might have higher levels of cyanogenic glycosides than
leaves, the observed eVect could be even more pronounced.

Insect development on cyanogenic and acyanogenic plants

In our third hypothesis we predicted that larvae feeding on
acyanogenic L. corniculatus would develop better than those
feeding on cyanogenic plants. Unexpectedly, the contrary
was found. Larvae feeding on cyanogenic plants developed
faster, showed higher weights, and pupal and adult weights
were higher compared to larvae feeding on acyanogenic
plants. DiVerent factors may account for this eVect. Since
larvae did not show any preference for cyanogenesis in the
choice experiment, they were not deterred by the cyanide. P.
icarus is know to possess the enzyme rhodanese which
catalyses sulphate transfer to detoxify cyanide (e.g. Parsons
and Rothschild 1964; Seigler 1991). It is therefore possible,

if not likely, that they could use the surplus of N from cya-
nogenic plants and metabolise it into biomass. Such an eVect
has been shown for Heliconius sara which can sequester
cyanogenic glycoside and metabolise it (Engler et al. 2000)
and for several Zygaenidae which can sequester or even bio-
synthesize cyanogenic compounds such as linamarin and/or
lotaustralin (e.g. Nahrstedt 1988; Zagrobelny et al. 2004). In
the subfamily of Polyommatinae there are species which can
sequester cyanogenic compounds (Nahrstedt 1988; Zag-
robelny et al. 2004). These compounds are mostly stored in
those parts of the body which predators Wrst come into con-
tact with (skin, cuticular cavities, haemolymph, wings and
spines; Nahrstedt 1988; Zagrobelny et al. 2004). Further-
more, P. icarus can also sequester Xavonoids, which are
mainly incorporated in wing patterns (Knüttel and Fiedler
2001; Burghardt et al. 2001). These wing patterns are
important for mate-searching since Xavonoid-rich female
butterXies are more intensively visited by males than those
with little or no Xavonoids (Burghardt et al. 2000).

For all the plant characteristics measured, we found
diVerences between the two L. corniculatus genotypes.
Probably the most important factor is the N content which
was approximately 10% higher in cyanogenic compared to
acyanogenic plants. This higher N content in cyanogenic
plants could result from N allocated to cyanogenic glyco-
sides. In Eucalyptus up to 20% of the leaf N can be allo-
cated to the cyanogenic glycoside prunasin (Gleadow and
Woodrow 2000). Since N is generally known to be the most
important nutritional factor in plant–herbivore interactions
(Mattson 1980), the higher N content of cyanogenic plants
might be responsible for the better larval performance
observed in the present study.

Increased development on cyanogenic plants may also
be due to the phagostimulating eVect of cyanogenic glyco-
sides which is known for some insects (Bernays and Chap-
man 1994). Since P. icarus is not negatively aVected by
cyanogenic glycosides, the release of cyanide or the cyano-
genic glycoside itself could act as a phagostimulant.

The origin of the females (female genotype) aVected all
insect growth parameters except adult weight. Genotype-
speciWc diVerences in P. icarus have been found before
(e.g. Goverde et al. 2000, 2004) and show the genetic Xexi-
bility of this species. Furthermore, there was an interactive

Table 3 Mean § SEM for the plant characteristics of Lotus corniculatus from the pot experiment. All data were analysed by F-test except for
cyanogenic glycoside concentration (cyanide concentration) for which a �2-test was used (cf. description in text). d.w. Dry weight

n or df Water content (%) Biomass (d.w., g) N content (% d.w.) C/N ratio Cyanide concentration (mg/g)

Acyanogenic 48 80.9 § 0.2 3.02 § 0.24 3.60 § 0.11 13.29 § 0.39 0.02 § 0.01

Cyanogenic 48 78.9 § 0.5 2.05 § 0.14 4.03 § 0.10 11.70 § 0.32 2.82 § 0.16

F- or �2-value 1 13.38 11.69 8.80 10.15 35.28

P-value <0.001 0.001 0.005 0.003 <0.001
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eVect of female genotype and sex (gender) for larval and
pupal weight. In some female genotypes no diVerences
between males and females were evident, while for others
males were heavier than females, indicating faster develop-
ment for males (i.e. protandry). However, it remains
unclear why this eVect is evident for pupal weight and then
disappears, or is at least very weak, for adult weight. Sex
diVerences in adult weight and size have been shown before
and resulted from the use of diVerent larval host plants or
the presence/absence of mutualistic ant partners (Burghardt
et al. 2001; Fiedler and Hölldobler 1992).

Adult nectar preference

In our fourth hypothesis we predicted a preference for
amino acid-rich nectar for adults of larvae which fed on
cyanogenic plants. According to the previous Wndings indi-
cating that larvae developed better on cyanogenic plants
(see above), our hypothesis should actually be reversed, i.e.
if larvae feed on food of lower quality (in this case lower N
content, thus acyanogenic plants), as adult they should pre-
fer amino acid-rich nectar. However, in the present study
no preference which depended on larval food source was
found. The diVerence in N content between cyanogenic and
acyanogenic plants may not have been strong enough to
cause nectar preference. Alternatively, the N content per se
was high enough in both plant genotypes, therefore adults
did not need to compensate for N deWciency with a prefer-
ence for amino acid-rich nectar. However, the N content of
larval food plants can aVect adult feeding behaviour. Such
an eVect was found with fertilized plants where adults from
larvae feeding on fertilized plants did not discriminate
among amino acid-rich nectar and sugar solution, while
adults from larvae grown on non-fertilized plants did
(Mevi-Schütz et al. 2003). In this case the diVerence
between fertilized and non-fertilized plants was 38%, while
in the present experiment the diVerence is only 10%.

Nevertheless, we found a diVerence in nectar preference
between males and females. Males were indiVerent,
whereas females preferred amino acid-rich nectar. This is
likely due to the higher N needs of females for egg laying
and has been show in other butterXy species (e.g. Mevi-
Schütz and Erhardt 2005).

Conclusion

We investigated the eVect of cyanogenesis in L. corniculatus
plants on oviposition, larval choice behaviour, larval devel-
opment and nectar preference of P. icarus. Surprisingly, lar-
val performance was better on cyanogenic plants, which was
most likely due to the higher N content of cyanogenic com-
pounds. Furthermore, we found a genotype-speciWc choice
behaviour of females for oviposition on the two plant geno-

types. These Wndings show that P. icarus is well adapted to
cyanogenesis in L. corniculatus, and that local adaptation
might be relevant for this species. In this study the common
blue butterXy has once again shown its intra-speciWc Xexibil-
ity, which makes it an easily adaptable species and may
explain its widespread and common occurrence.
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