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Abstract Males of several insect species transfer nuptial
gifts to females during mating, typically in the form of a
protein-rich spermatophore. In chemically defended spe-
cies, males could potentially enhance such a gift with
chemicals that help protect the female, her eggs, or both.
This was shown for lepidopteran species that accumulate
pyrrolizidine alkaloids. MostHeliconius butterflies are
presumably protected from predators by virtue of de novo
synthesized and/or sequestered cyanogenic glycosides.
Males of Heliconiusspecies are known to transfer nutri-
tional gifts to the females but whether defensive chemicals
could also be transferred is not known. To ascertain
whether transfer of cyanogens occurs, we dissected freshly
mated females from nine differentHeliconiusspecies and
analyzed spermatophores for cyanogenic glycosides. We
found cyanogens in the spermatophores of all nine species.
This is the first time cyanogenic glycosides are reported in
the spermatophores of arthropods. We discuss the implica-
tions of these findings forHeliconiusbiology and for other
cyanogenic insects as well. We suggest that chemically
defended species commonly lace their nuptial gifts with
defensive chemicals to improve gift quality.
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Introduction

Heliconius butterflies accumulate cyanogenic glycosides
(Nahrstedt and Davis1983, 1985) that presumably make
vertebrate predators avoid attacking them (Boyden1976;
Muhtasib and Evans1987; Chai 1990; Rammert1992).
Among Lepidoptera, cyanogenic glycosides can be found
in Heliconiusand related genera (Heliconiiti; Penz1999),
in the tribe Acraeini, and in the moth genusZygaena
(Zagrobelny et al.2004).

Cyanogens are present in all developmental stages in
Heliconius, with eggs having the highest concentration
(Nahrstedt and Davis1983). Lepidopteran males may make
a substantial investment in egg viability by passing a
proteinaceous structure together with sperm, the spermato-
phore, as a form of nuptial gift (Drummond1984). In
species where females mate more than once in their
lifetime, experiments showed that individuals that receive
more than one spermatophore tend to live longer and lay
more eggs than singly mated ones (Oberhauser1989;
LaMunyon 1997; Arnqvist and Nilsson2000). Moreover,
in chemically defended species, males may also transfer
defensive compounds through the spermatophore, which
eventually end up in the female soma or in eggs (Dussourd
et al. 1988). As far as Lepidoptera goes, however, the
reported cases have dealt exclusively with pyrrolizidine
alkaloids (Brown 1984; Dussourd et al.1988, 1989).
Because defensive chemicals can be essential for insect
survival, we suspect that in most, if not all, chemically
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defended species males deliver defensive chemicals togeth-
er with sperm and protein via spermatophores.

With this prediction in mind, we set out to evaluate
whetherHeliconiusmales contribute cyanogenic glycosides
to females by analyzing spermatophores dissected from
recently mated females and testing for the presence of
cyanogenic glycosides.

Materials and methods

Study organisms

We analyzed nineHeliconiusspecies (charithonia, cydno,
erato, ethilla, hecale, hewitsoni, ismenius, melpomene, and
numata) from living cultures at the University of Texas and
Stanford University (Heliconius charithonia). Populations
were housed in climate-controlled greenhouses (4!6.5 m)
or in screened insectaries (3.7!7.4 m) within a large
greenhouse (11!20 m), all with larval and adult host plants
provided freely. These populations were derived from
stocks collected in Brazil (Heliconius ethilla), Ecuador
(Heliconius numata), and Costa Rica (the rest of the
species).

Mating studies

During two summers, greenhouse populations were
inspected for mating pairs, which, when found, were gently
induced to enter a cage (30!45 cm), and left undisturbed.
Females were collected and frozen as soon as mating
terminated. The Stanford material consisted of frozen,
mated females that were shipped to Austin.

Mated females were dissected in a Ringer’s solution
under a Leica Wild M8 stereomicroscope. Fresh spermato-
phores were retrieved from the female bursa and put in a
vial with 100% methanol for chemical extraction. Sper-
matophores are structures that are of male origin and their
formation is not under female control (Drummond1984;
Boggs 1995). Spermatophores were oven dried after
chemical extraction at 68¡C for 48 h and subsequently
weighed on a Cahn electrobalance.

For a species in which we had a moderate sample size,
Heliconius hewitsoni(N=15), we dissected males and
retrieved testes, accessory glands, and ducts to ascertain
whether cyanide was present in these organs.

Chemical analyses

Soon after extraction from the bursa copulatrix, the
spermatophore was placed in a 2-ml vial with 0.5 ml of
methanol for extraction. An aliquot (0.1 ml) of the
methanolic extract was transferred to a 1.5-ml tube and

dried at room temperature. To release cyanide from the
sample, 10 ! l of flax " -glycosidase (donated by H.
Engler, University of Texas) were added to the sample.
Soon after adding the enzyme, the tube was put inside a
glass vial containing sodium hydroxide, stoppered, and
incubated at 64¡C for 24 h. Sodium hydroxide reacts
with CN! to yield sodium cyanide. A sample of the sodium
cyanide was then submitted to colorimetric analysis (see
Lambert et al.1975; Brinker and Seigler1989; Schappert
and Shore1995 for further details of the procedure). The
estimated cyanide content is expressed as micrograms after
conversion from a standard curve generated with known
concentrations of sodium cyanide. Throughout the text we
use cyanide content because this is what the reaction
measures, but we are actually dealing with the whole
cyanogenic glycoside molecule. Cyanide content is used
here as a surrogate for cyanogenic glycoside content
because they are stoichiometrically equivalent (Lambert et
al. 1975).

Statistical analyses

We standardized cyanide content by expressing it as
microgram of cyanide per milligram of spermatophore dry
weight. To normalize the estimates, we log-transformed the
data and tested for species differences using a one-way
ANOVA with a post hoc Tukey–Kramer test (Sokal and
Rohlf 1981). Due to nonnormality we analyzed differences
in cyanide content of testes and ducts by employing the
Mann–Whitney test.

Results

Cyanide transfer and cyanide content in spermatophores

We found cyanides in the spermatophores of all the species
we analyzed with mean cyanide concentration varying from
0.08! g/mg (N=1) in Heliconius eratoto 4.41±4.20! g/mg
(all results are mean±SD) inH. charithonia (N=8) with a
grand mean of 1.50 (±2.2)! g/mg (N=57). Cyanide
concentration was significantly different between species,
although most showed similar quantities (ANOVA
F8,48=2.84,P=0.01) (Fig.1).

Cyanide in the male reproductive system

Males of H. hewitsoni showed high cyanide content in
the ducts that carry accessory gland material compared to the
testes, and cyanogen content was significantly different in the
ducts (0.11±0.11! g, N=3) than in the testes (0.01±0.02! g,
N=10) (Mann–Whitney chi square approximation=4.8,df=1,
P=0.03).
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Discussion

The major goal in this study was to ascertain whether
Heliconius males transferred cyanogenic glycosides to
females via the spermatophore. Our results demonstrate
that because this is indeed happening in our sample of
species from different clades, and in species with and
without de novo synthesis of cyanogens (Engler et al.
2000), we suspect that cyanogen transfer is ubiquitous in
the genus. Cyanide concentration differed among species,
but most showed similar allocation patterns. There is no
obvious correlation with life history or mating pattern that
explains these differences (Cardoso and Gilbert, unpub-
lished data). In fact, there is a reasonable amount of
variation between them and more research should be done
to elucidate the basis for such variation. Specifically, one
could look for effects of host plant, adult age and diet, and
past mating history (e.g., Torres-Vila and Jennions (2005)).
The reduced sample sizes preclude us from drawing more
robust conclusions at this time. This is, to the best of our
knowledge, the first time that such evidence was produced
for cyanogenic arthropods.

It is common for male butterflies to deliver nuptial gifts
along with the spermatophore (Drummond1984; Wiklund
2003). From the female perspective, both nutritive and
defensive gifts would be very helpful because egg-laying
may constitute a drain in the protein and defensive chemical
stores. In fact, in species that accumulate pyrrolizidine

alkaloids, males bestow females with defensive substances
(Brown 1984; Dussourd et al.1988, 1989). Our results add
a new group of butterflies, the Heliconiiti, to those species
in which defensive chemicals are transferred, and a new
class of chemicals, cyanogenic glycosides, as the transfer
currency.

Heliconius and other lepidopterans store cyanogenic
glycosides and we predict that males in other cyanogenic
taxa will also transfer cyanogenic glycosides to females.
But, why transfer cyanides? The most probable explanation
lies in enhancing females and/or egg survival strategies.
Despite the small amount of cyanide in an individual egg,
the cost of allocating cyanides to hundreds of eggs may
represent a severe drain in the female system. Alternatively,
females could use the male gift as a way of self-protection.
These two hypotheses are not mutually exclusive, and more
detailed studies, tracking male-derived cyanide after feed-
ing males with precursors carrying a radiolabeled N-
terminal, could be employed to understand the fate of male
contributed cyanogens.

How much control do males have on the amount of
defensive chemicals allocated to the spermatophore and
how is this related to the varying amount found in the testes
and accessory glands? Does past mating history affect the
ability of an individual male to transfer cyanogens? What
role could the amino-acid-rich adult diet play in determin-
ing cyanogen levels in the adult male and its spermato-
phore? We hope that our results will encourage additional
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Fig. 1 Average cyanide con-
centration (! g/mg spermato-
phore dry weight) (+standard
error bar) as estimated by col-
orimetric analysis of dissected
spermatophores from mated
Heliconiusfemales. Thenum-
bersabove thebars refer to the
sample size. Lines labeledA and
B connect mean values, which
were not significantly different
in a Tukey–Kramer honestly
significant difference post hoc
multiple comparisons test. Only
fresh spermatophores from re-
cently mated females are repre-
sented in the graph
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work on unanswered questions concerning the role that
defensive chemicals play in insect mating systems.
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