Localization of Heart Poisons
in the Monarch Butterfly

Sequestered cardenolides are concentrated to different

degrees in various body parts as an antipredator strategy.

Lincoln P. Brower and Susan C. Glazier

Chemical defense in arthropods in-
volves a myriad of sophisticated mech-
anisms (/). One of the most thoroughly
investigated is found in butterflies of
the family Danaidae. During their larval
stages, these butterflies sequester cardiac
glycosides from their foodplants, milk-
weeds of the family Asclepiadaceae (2-
7). Cardiac glycosides, also known as
cardenolides, are powerful heart drugs
when used in vertebrates, and in addi-
tion cause severe vomiting. As a conse-
quence, danaine butterflies are poison-
ous to bird predators, which rapidly
learn to reject the prey after one or
more emetic experiences (7, 8). Several
other milkweed-feeding insects have re-
cently been shown to employ this same
antipredator strategy (9, 10). The gen-
eral phenomenon of drugs being se-
questered from a lower level in the
food chain for use as predator deter-
rents to organisms of a higher level in
the chain appears increasingly wide-
spread as our knowledge of community
interactions increases (I 1-13).

In this article we present experimental
evidence that the monarch butterfly
selectively concentrates cardiac glyco-
sides of differing emetic potencies in
various parts of its body in a manner
which appears to maximize the effec-
tiveness of these compounds as predator
deterrents. We also argue that the
evolution of sequestering emetic poisons
can be explained without invoking
theories of either kin or group selection,
but that such evolution has occurred at
a physiological cost.
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Experimental Materials

Monarch butterflies (Danaus plexip-
pus L., Lepidoptera, family Danaidae)
were reared to the adult stage in the
laboratory on the neotropical milkweed,
Asclepias curassavica L., frozen, oven
dried, and weighed individually (14).
Fifty individuals of each sex were dis-

sected to separate the wings, abdomen,

thorax, and legs and head, and the parts
were separately ground to provide four
pools of dry powder from which to ob-
tain material for chemical and bioassays.
The mean dry weights of the whole
butterflies and of their body parts are
shown in Table 1. A separate group of
12 males and 12 females from the same
stock was used to provide material for
bioassays of the whole butterflies.

Wet weights of whole butterflies and
their component parts (Table 1) were
subsequently determined on a separate
set of 50 males and 50 females reared
in September 1973 (Massachusetts stock
H-1). These butterflies were stored indi-
vidually in glassine envelopes inside
two plastic bags in a frost-free freezer
until February 1974. To prevent desic-
cation, one butterfly at a time was re-
moved from the freezer, weighed while
wet, and then dissected into the com-
ponent parts which were also weighed
while wet, and then dried in a forced
draft oven at 60°C for 16 hours, and
subsequently weighed in the dry state.
These butterflies weighed -slightly more
than the Florida stock, but the differ-
ences in dry weights of the parts as
percentages of the whole for the two
stocks differed only slightly (0. to 4
percent).

Differential Concentrations

By means of a spectrophotometric
assay specific for cardenolides [(15), as
modified in (/6)] absorbance values
were determined for 0.1-gram samples of
the dry powder obtained from the wings,
abdomen, and thorax (Table 2). Based
on the original proportions of the pow-
ders, including head and legs, absorb-
ance values were also determined for
the reconstituted whole butterfly ma-
terial. The mean absorbances of the
separate group of 12 males and 12 fe-
males used in the whole butterfly bio-
assay were 0.490 and 0.630. From the
absorbance values, we calculated the
respective molar concentrations of the
gross cardenolide contents of the body
parts on the now partially verified as-
sumption that these cardenolides have
molar extinction coefficients similar to
digitoxin (/7). The data in Table 2 show
that the concentration of cardiac glyco-
sides was highest in the wings, inter-
mediate in the abdomen, and lowest in
the thorax (see also Fig. 1), and they
thus confirm Parsons’ findings (2, 18).
These differences in concentration are
much greater in the wet than the dry
weight samples. For example, in dried
male wings the cardiac glycosides are
3.54 times more concentrated than they
are in the thorax; in the wet weight
samples this difference increases to 7.75.
This is undoubtedly of importance to
bird predators learning to reject the
insects, as we will discuss below. In
two previous studies of wild monarch
butterflies captured in California, On-
tario, Massachusetts, Maryland, and
Florida (15, 16), the concentration of
cardiac glycosides was substantially
higher in females compared to males,
and these new data confirm this for each
of the body parts as well.

Table 2 also shows the digitoxin
equivalent of cardiac glycosides, ex-
pressed as milligrams, present in the
different parts of the butterfly. It is
remarkable that each monarch butterfly
reared on A. curassavica contains more
cardiac glycosides than the equivalent
dose of digitoxin initially administered
to adult human beings suffering from
acute congestive heart failure (0.5 milli-
gram), and from three to nearly nine
times the daily oral maintenance dose
(0.1 to 0.2 mg) (19). Because the thera-
peutic dosage is not much less than
the lethal dosage (20), we agree with
Parsons (2) that participants in entomo-
logical tasting parties should be cau-
tious.



Differential Emetic Potencies

By means of the bioassay described
previously (5) we determined the dos-
ages of dried butterfly material neces-
sary to evoke emesis in the blue jay
(Cyanocitta cristata bromia Oberholser)
with a probability of 50 percent, that
is, the emetic dose 50, hereafter referred
to as the ED;, (2I). From the EDj,
values and from the 95 percent con-
fidence limits (see Table 3), we conclude
that the three body parts as well as
the two sexes are substantially different
in their emetic potencies. The most
emetic (that is, requiring the smallest
dose) is the abdomen, followed by the
wings, and then the thorax. This same
order holds for both sexes, but the
females are much more emetic in each
of their respective parts. From the
point of view of the predator, the extent
to which each part of the butterfly is
unsuitable as food must be considered.
By dividing the respective mean dry
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(M x 1079

Relative emetic
potency

weights (see Table 1) by the EDg,’s and
adjusting for the mean weight of the
jays (85 g), we obtained the number of
EDjy, units in each body part (Table 3
and Fig. 1). The least emetic is the
thorax, which contains 0.49 and 0.74
ED;, units for the male and female,
respectively. In other words, a blue jay
could eat the thorax without vomiting.
However, if a bird ate the wings it
would get sick and if it ate the abdo-
men, it would get extremely sick. The
three parts of the female range from
1.32 to 1.95 times as emetic as the
corresponding parts of the male and,
for the whole insect, the females are
1.70 times as emetic.

The different emetic potencies of the
various body parts and sexes cannot
be explained by differences in concen-
tration. For example, the male wings
have twice the concentration of cardiac
glycosides as the male abdomen (Table
2). Consequently, they should be cor-
respondingly more emetic. However,

Number of
EDsp units

exactly the opposite is true (see Table
3). To quantify this, we took the ratio
of EDj, units per 0.1 g of dry material
(Table 3) to the concentration of car-
denolides per 0.1 g of the same dry
material (Table 2). When each of the
eight resultant values is divided by the
lowest (the male wings), a measure of
the relative emetic potency of the dif-
ferent parts is obtained (see Table 3
and Fig. 1). It can be seen that the
male abdomen is 4.37 times as emetic
as the wings and 3.77 times (4.37
divided by 1.16) as emetic as the
thorax. For the whole insect, the
females are 1.24 times more emetic
than the males. .

From this it is apparent that the larvae
may be selective in the amounts and
kinds of cardenolides that they seques-
ter from the plant leaves. Up to 22
different cardiac glycosides have been
found in Asclepias curassavica (4, 6,
20, 22), and ten of these have been
isolated from adult monarchs reared on
this plant (4, 6, 23). Alternatively, the
larvae (or later metamorphic stages)
may convert the molecular structures
of those cardenolides that they do se-
quester to more or less emetic ones
(24, 25). Analagous sorting and molec-
ular changing are known to occur in
carotenoids which are sequestered by
other insects (26). In either case, or
both, the data indicate that during the
metamorphosis of the monarch butter-
fly to the adult stage, cardiac glycosides
of differing emetic potencies are local-
ized with respect to body part.

Heads and Legs

The head and legs (less coxae and
trochanters) were assayed together, and
the results were as follows: for males
and females, respectively, the mean dry
weights were 0.015 g and 0.014 g. The
mean wet weights were 0.032 g and
0.027 g. The absorbance per 0.1 g of
dry weight material for the males was
0.420 and for the females 0.580. For
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Fig. 1. Monarch butterflies reared on the milkweed plant, 4. curassavica, sequester
and differentially concentrate caidiac glycosides of different emetic potencies in the
three body parts and the two sexes. Values for the whole butterfly (including the legs
and head) are shown below each insect next to the male and female sex symbols. The
wings have the highest concentration and the thorax the least, and females have higher
concentrations than males (left). The poisons in the wings are the least emetic,
whereas those in the abdomen are the most, and the females contain cardiac glycosides
which are more emetic than those in the males (middle). Because the females have
higher concentrations of the more potent cardiac glycosides, they contain more EDs
units in each body part than do the males (right). The highest concentration of the
least emetic glycosides in the wings, together with the differences in the sexes, sug-
gest that the butterflies incorporate the poisons at a physiological cost but, neverthe-
less, maximize their effectiveness in deterring predation by birds.

the males, the ED;, was 0.078 g and
the 95 percent confidence limits were
0.061 g to 0.100 g (21). The EDjy, test
for the females was incomplete because
we ran out of material. The number
of EDj, units for the male head and
legs was 0.23, and the total for the
separate parts was 6.28. This value is
83 percent of the total number of EDy,
units determined for the whole butter-
fly. Based on the relative emetic po-
tencies of the whole male compared to
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the whole female (80 percent), the EDj,
for the female is estimated to be
0.062 g, from which we calculated 0.27
EDjy, unit. The total number of EDj,
units for all the female parts assayed
separately is therefore approximately
11.20, and is 87 percent of the total
determined on the whole butterfly ma-
terial.

The unaccountability of 17 percent
and 13 percent of the EDjy, units in
the male and female parts, respectively,
is unlikely to be due to experimental
error. The head and legs of the males
contain an equivalent of 0.039 mg
of digitoxin, giving a total digitoxin
equivalent of 0.627 mg for all the parts.

This value is 98 percent of that mea-
sured in the whole intact butterfly.
Similarly, the head and legs of the
females contain an equivalent of 0.051
mg of digitoxin, giving a total of 0.879
mg. This value is 100.7 percent of that
measured in the whole intact butterfly.
Thus, in terms of amounts of cardeno-
lides, the sum contained in the parts is
effectively equal to the whole for both
males and females.

The difference in numbers of EDj,
units therefore raises the possibility that
there is a synergistic increase in emetic
potency when the cardenolides from all
the body parts are administered simul-
taneously to a blue jay.

Metabolic Costs

Previous evidence suggested that the
monarch butterflies sequester cardiac
glycosides at a physiological cost. In
East Coast migratory populations of
butterflies, those with the lower concen-
trations of cardenolides appeared to be
more successful migrants than those
with the higher concentrations (27, 28).
Among butterflies collected in Massa-
chusetts, the females with extremely
high concentrations were smaller and
weighed less than those with lower
concentrations (/5) and, in both pre-
vious studies (/5, 16) and the present
one, females have always had a sub-

Table 1. Mean dry and wet weights of the body parts of 50 male (M) and 50 female (F) adult monarch butterflies reared on the milk-
weed plant Asclepias curassavica. Mean weights of the whole butterflies (before dissection) also are shown.

Dry weight* Wet weightt Dry weight as

percentage of

Body As percentage

As percentage £
part In grams of whole In grams of whole wet weight
M F M F M F M F M F
Wings 0.045 0.045 20 21 0.073 0.072 14 14 67 68
Abdomen 0.097 0.098 43 45 0.186 0.184 36 36 48 49
Thoraxi 0.068 0.062 30 28 0.221 0.219 43 43 30 29
Whole$§ 0.225 0.219 0.516 0.507 43 43

* Determined on Florida stock B-3, as described in (I4).

1 Determined on Massachusetts stock H-1, as described in text.
the coxae and trochanters attached to the thorax.

I The dissection left
§ Includes the head and legs (see text).

N

Table 2. Spectrophotometric absorbances, equivalent digitoxin concentrations, and equivalent amounts of cardiac glycosides as digitoxin in
the body parts of male (M) and female (F) monarch butterflies reared on Asclepias curassavica.

Sample Digitoxin equivalent of glycosides in 0.1-g Digitoxin equivalent
bsorb samples in solution (10-°M) of glycosides per
Body absorbance . butterfly
part (at 626 nm) Dry weight sample Wet weight samplet (mg)
Wings 0.840 1.075 13.8 17.8 1.3 9.3 12.1 1.3 0.238 0.306
Abdomen  0.412 0.628 6.7 10.3 1.5 32 5.0 1.6 0.248 0.386
Thorax 0.245 0.355 39 5.7 1.5 12 1.7 1.4 0.102 0.136
Wholet 0.455 0.635 7.4 10.4 1.4 3.2 4.5 1.4 0.638 0.873

* The sample absorbances were determined spectrophotometrically from a color reaction with 0.5 ml of the original butterfly material extract (0.1
g of dry powder in 5.0 ml of ethanol) and diluting this 0.5-ml sample to 2.0 ml with reagents in the cuvette (I5-17). 1 Determined through cal-
culation by multiplying the molar concentration of the digitoxin equivalent of glycosides in the solution containing 0.1 g (dry weight) of sample by the
dry weight (as a percentage of the wet weight) of the respective butterfly part. The last-mentioned values are from Table 1. 1 Includes the head and
legs.

Table 3. Emetic potency (ED;,) of cardiac glycosides in monarch butterflies reared on Asclepias curassavica. Potencies were tested on blue
jays (21).

Grams of dry butterfly powder inducing emesis

Number of EDj, units
per 100 g of bird (EDj;,)

per 85-g blue jay

- - Relative emetic

Body Male butterflies Female butterflies In body parts Per 0.1 g of potencyt

art and whol butterfl;
’ Birds 95% Birds 95% buttorfly® powdors
ED;, tested confidence ED;,  tested confidence
(No.) limits (No.) limits M F M F M F F/M

Wings 0.053 13 0.048-0.060 0.040 21 0.035-0.045 1.00 1.32 2.22 2.94 1.00 1.03 1.03
Abdomen  0.025 14 0.023-0.027 0.013 15 0.012-0.015 4.56 8.87 4.71 9.05 4.37 5.46 1.25
Thorax 0.162 13 0.138-0.190 0.099 13 0.087-0.112 0.49 0.74 0.73 1.19 1.16 1.30 1.12
Whole§ 0.035 9 0.030-0.041 0.020 13 0.019-0.021 7.56 12.88 3.36 5.88 2.82 3.51 1.24

* Determined by dividing the dry weight values in Table 1 by the respective ED,, values in this table, and then correcting for the mean weight of the
blue jays. (85 g). 1 Determined by dividing 0.1 by the EDy, values in this table, and correcting for the mean weight of the blue jays (85 g).
i Determined by dividing the number of ED;, units per 0.1 g of dry butterfly material per 85-g blue jay by the concentration of the 0.1-g sample (dry
weight) for the respective body part from Table 2, and then dividing the resultant values by 0.161. This last-mentioned value is the lowest of these
ratios, and is that obtained for the wings. § Includes the head and legs (see text).
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stantially higher concentration of car-
denolides than the males. It is unlikely
that this sex difference is an accidental
by-product of, for example, lipid mobi-
lization in the female from fat body
to ovary (29) because in both studies
with the wild butterflies, specimens were
captured during the fall migration when
the ovaries (as well as sexual behavior)
are inactive (30). Furthermore, all se-
questering is done in the larval stage
prior to development of adult tissues.

Perhaps most indicative of the phys-
iological cost hypothesis is the evi-
dence in the present study that the
females store cardiac glycosides which
overall are 24 percent more potent
(emetic) than those in the male (Table
3). Genetically determined characters
expressed to a greater degree in one sex
or in one sex only (that is, sex-limited
traits) are controlled by a balance of
opposing factors (31). In the monarch
butterfly, the ability of both sexes to
incorporate the cardenolides is prob-
ably subject to some negative selection
because of a metabolic cost of handling
them, but it is selected because of
the deterrent effect of cardenolides on
predators. Females are more vulnerable
than males because of their exposure
to attack while depositing eggs over
a long period of time, and they are
thus subject to a greater selective pres-
sure which may have favored the evo-
lution of a mechanism allowing them
to tolerate the higher concentration of
the more emetic cardiac glycosides.
There is a remarkable parallel between
the reduced concentration of cardeno-
lides, resulting in lowered protection
in male monarch butterflies, and the
sex-limited mimicry in butterflies in
which only the females are mimetic.
The evolution of sex-limited mimicry
involves a selective balance too (32),
and this mechanism probably also ac-
counts for the greater amount of poisons
reported in female moths of several
species (9).

The argument that cardiac glycosides
are incorporated by the butterflies at a
metabolic cost is supported by more
general considerations of the adaptive
role of these chemicals in the plants.
Historically they, as well as a host of
other organic chemicals present in the
tissues of plants, have been called sec-
ondary plant products and have been
considered as having originated as met-
abolic waste products without an eco-
logical raison d’€tre. This is principally
because most organic chemists and
physiologists have been reluctant to
include evolution in their reasoning,

22

which they generally dismiss as resulting
in teleological explanations (33, 34). It
is rapidly emerging, however, that plants
synthesize these chemicals at a substan-
tial metabolic expense, and that this
cost is more than offset by benefits
to a variety of ecological functions,
including regulating competition, resist-
ing disease, protecting the photosyn-
thetic factory against invertebrate and
vertebrate herbivores, promoting seed
survival, and facilitating cross-pollina-
tion (34, 35). Many of these chemicals
are biologically active and possess re-
markable pharmacological properties
which are medicinally useful if admin-
istered knowledgeably, but extremely
toxic if not (11, 36). Just as it is costly
for the plants to produce these sub-
stances, so also are they metabolically
expensive for animals to process fol-
lowing ingestion (37, 38).

In vertebrates, the liver is the principal
organ responsible for detoxifying poison-
ous plant substances (39) while in many
insects, including most Lepidoptera that
have been studied, the detoxification is
effected by analogous microsomal oxi-
dase systems located in the cells either
of the digestive tract or the fat body
(40). These systems, however, are some-
what selective because they must leave
intact certain dietary sterol molecules
which, as far as is known, all insects
must have as precursors, not only for
constructing subcellular membranes, but
also for the synthesis of steroid metab-
olites including hormones (41) that reg-
ulate growth, metamorphosis, ovarian
development, and sexual behavior (42).
Experiments have shown that certain
enzymes or intermediates in the meta-
bolic pathways by which these essential
dietary sterols are transformed to higher
or lower derivatives are affected ad-
versely by other steroids (41). Signifi-
cantly, digitonin, a steroid glycoside
(not a cardenolide) from Digitalis pur-
purea L. (Scrophulariaceae) precipitates
cholesterol (43) and is toxic when
added to a chemically defined diet of the
grasshopper, Melanoplus bivitatus (Say)
(38). It therefore seems likely that the
ingested milkweed cardenolides (carbon-
23 steroids) may produce detrimental or
at least energy-consuming interactions
either directly, or indirectly, by re-
quiring special enzymes to handle them.

It is possible that there are measurable
differences in developmental rates, ovar-
ian development, mating ability, fertility,
and fecundity resulting from cardenolide
metabolism. It is surprising, therefore,
that a recent study in which monarch
larvae were reared on four species of

Asclepias of differing cardenolide con-
tent provided no evidence for such
differences (44). The experiment was,
however, limited both in replication and
design. Feeding efficiencies were deter-
mined only on fourth instar larvae
although major food consumption oc-
curs during the fifth instar (45). It is
also possible that the most critical
effects of cardenolide ingestion occur
very early in larval development (46).
In this experiment fecundity was not
determined with reference to the normal
life span and was low for all categories,
and any differential effects of cardeno-
lides could have been masked by other
differences in the four plant species,
both physical and chemical.

In a related investigation on the
tobacco hornworm (Protoparce sexta
Johan., Lepidoptera, family Sphingidae),
a species adapted to feed on alkaloid-
bearing plants (Solanaceae), large
amounts of injected nicotine resulted
only in temporary sluggish behavior
(47), whereas some other (but not all)
non—tobacco-feeding species are ex-
tremely sensitive to nicotine, either
when it is ingested or injected (48). It
was similarly reported that a grass-
hopper, Poekilocerus bufonius (Klug)
(Orthoptera, family Pyrgomorphidae),
which feeds on milkweeds and seques-
ters cardiac glycosides, is 300 times less
sensitive (in terms of lethal dosage)
to injections of the cardenolide ouabain
than are two other species which do
not eat milkweeds (25). In Erickson’s
study (44) it was undoubtedly difficult
to measure the physiological cost of
sequestering cardenolides, both because
of the probable long-term coevolution
of the Danaidae with the Asclepiadaceae
(49) and because of the fact that the
monarch butterfly in the wild feeds on
all four of the Asclepias species (28,
50). Future research on the metabolic
cost of sequestering cardenolides should
be done, particularly in view of the
fact that individual butterflies from
populations in California and Massa-
chusetts not only contain concentrations
of cardenolides that range from none
to large amounts, but also contain
cardiac glycosides of very different
emetic potencies (16).

Antipredator Strategy

To deduce the probable adaptive sig-
nificance of the differential cardenolide
distribution in the various body parts,
it is important to observe the laboratory
behavior of blue jays toward monarch
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butterflies. In a typical response to a
palatable monarch [that is, a nonemetic
one reared on an asclepiad lacking
cardenolides (7)], the jay seizes a wing
in its bill, carries the butterfly to a
perch, and rapidly pecks off all the
wings and legs, which it almost never
eats. The bird then swallows the wing-
less butterfly, will eat up to six in a
row, and will continue to eat them day
after day. The first toxic monarch of-
fered to the bird will be treated in
essentially the same manner. However,
after the ensuing emetic experience, the
jay’s behavior toward the next monarch,
if it attacks it at all (7, 8, 51), is to take
the butterfly to the perch and much
more slowly manipulate it with bill and
feet. Under restrictive feeding condi-
tions, jays can learn after a single
emetic experience to discriminate be-
tween monarchs containing cardiac
glycosides and those lacking them (52).

Behavioral and neurophysiological
studies on a limited number of bird
species have indicated gustatory sensi-
bility and aversiveness to bitter com-
pounds (53), and quinine salts have
been used effectively to render insects
and other experimental food unpalata-
ble to several species of wild birds both
in the laboratory and in the wild (54).
Unpalatability was demonstrated when
the birds, after one or more taste expe-
riences, associated a color or pattern
with the quinine-treated food and there-
after rejected it, while continuing to
accept alternative food without quinine
and of a different color pattern.

Although comparative quantitative
studies are lacking, most naturally oc-
curring plant glycosides (55), including
cardenolides (56), are bitter tasting (53,
57). It is reasonable, therefore, that in
at least some birds the bitter flavor of
the cardenolides acts as a conditioned
aversive stimulus enabling them to dis-
criminate the emetic from nonemetic
monarchs (58). There is a substantial
literature on Lepidoptera collected in
the wild showing wing damage definitely
attributable to attack by birds (59). Of
particular relevance are two statistical
studies indicating that among unpalata-
ble butterfly species, including danaines,
there is a higher frequency of beak-
marked individuals than there is in pal-
atable species (60). This is consistent
with the idea that previously conditioned
birds in the wild capture both emetic
and nonemetic monarchs, taste and eat
the latter, but taste and reject the bitter
tasting cardenolide-laden ones, leaving
them unharmed, but with the telltale
beak marks upon their wings.
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Evolution of Unpalatability

These observations help elucidate the
selective basis for the evolution of
unpalatability based on emesis without
the necessity of invoking theories of
kin selection (61). Kin selection has gen-
erally been thought necessary for such
evolution because the predator must
ingest and thereby Kkill the initial car-
rier of the gene which allows the butter-
fly to be unpalatable (31, 62). Accord-
ing to this reasoning, the gene confers
an advantage upon the descendants of
the original emetic butterfly in that
they are subjected to lowered predation
because the individual predator remem-
bers the unpleasant experience and asso-
ciates it with the color or pattern of
the prey, that is, because of conditioned
visual avoidance. However, since all
the monarch butterflies look alike, the
predator is unable visually to distinguish
between palatable and unpalatable indi-
viduals in the population. In other
words, the advantage accruing from
the predator’s learned avoidance is di-
vided equally among all the individuals
in the population with no differential
advantage to the original mutant indi-
vidual’s descendants.

While it is true that a population
containing emetic individuals will be
slightly less subject to attack as a whole
(thus raising the remote possibility of
group selection) and therefore might
increase in size, whenever members of
such a population intermingled and
intermated with members of another
population lacking the gene, the fre-
quency of the gene would automatically
decrease. If, however, the surviving
emetic offspring on subsequent capture
by the previously sickened predator
tended to be rejected without being
killed, then the gene would increase in
frequency from generation to genera-
tion.

It therefore seems of great signifi-
cance that the concentration of car-
denolides in the wings of the monarch
butterfly is so very much higher than
in any other part of the body (Fig. 1,
left). Such a distribution should en-
hance the likelihood of the predator
recalling the association of the bitter
flavor of the cardenolides with the prior
emetic experience. However, if the bird
were to forget the experience, or were
extremely hungry and proceeded to
peck off the wings, it would be discard-
ing the least emetic of the sequestered
glycosides (Fig. 1, center). Once the
wings of an individual butterfly have
been removed, its survival is no longer

possible, and in such a situation the
best strategy for the insect would be to
keep the bird eating so as to ensure the
ingestion of at least one emetic dose.
Almost invariably, after the bird re-
moves the wings the next part of the
butterfly that it pecks apart and eats is
the thorax. Since this portion of the
body has the lowest concentration of
cardenolides, as well as the smallest
amounts (Fig. 1, left and right), it is
the least deterrent and leads the bird
into eating the abdomen. Since the
abdomen has nearly ten times the num-
ber of EDj, units as the thorax (Fig.
1, right), emesis is likely even if only
part of it is eaten, and this reaction
will reinforce the bitter flavor as the
conditioned aversive stimulus,

As the frequency of the genes con-
trolling cardenolide sequestration in-
creases in the butterfly population as a
result of the predators’ learned taste
discrimination, the birds will begin to
reject the butterflies on sight (63). At
this point, visual automimicry (8) will
come into operation and greatly lower
the advantage of any further increase
in the frequency of emetic individuals
in the population. This will promote a
balanced polymorphism within which
the proportion of palatable to unpalata-
ble individuals will vary, depending
upon both the extent to which the
cardiac glycosides are physiologically
detrimental and the availability of
poisonous and nonpoisonous milkweeds
(64).

We conclude that, given the probable
metabolic costs of handling the ingested
cardenolides, the evolution of sequester-
ing and of differential placement of
these emetic poisons in the body parts
of the monarch butterfly has reached
a remarkable state of refinement as an
antipredator device.

Summary

The cardiac glycosides that monarch
butterflies sequester from milkweed
plants during the larval stage differ
remarkably in their emetic potency and
are concentrated to different degrees
in the various parts of the body as well
as in the two sexes (Fig. 1). The very
high concentrations of these compounds
in the wings probably facilitate learned
taste rejection in predators and account
for the relatively high frequency of
Danaid butterflies with beak-marked
wings in natural populations. The car-
diac glycosides in the abdomen have a
much higher emetic potency than those
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in the rest of the body. Consequently,
naive, extremely hungry, or forgetful
birds which capture and peck off the
wings but eat the abdomen discard the
least émetic glycosides and ingest the
most emetic, and thus again experience
emesis. The nonrandom distribution of
cardenolides in the wings, abdomen,
and thorax, together with the fact that
monarch males not only contain lower

concentrations

of cardiac glycosides

than females but also contain cardeno-
lides that are overall less emetic than
those in females, is interpreted as evi-
dence that these poisons are incorpo-
rated at a physiological cost. This cost,
balanced against the benefits of protec-
tion from predation, provides a selec-
tive basis for the occurrence of both
emetic and nonemetic individuals in
natural populations. Since birds can dis-
criminate emetic from nonemetic mon-
archs on the basis of taste, it is not
necessary to invoke theories of kin or
group selection to explain the evolution

of

—

N wn A

o

10.
11.

12,

this kind of unpalatability.
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