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The sexual communication system of the oriental fruit moth is comprised of a 
long-distance female-emitted sex pheromone that attracts males, and a shorter 
-range male-emitted courtship pheromone that attracts females Typical of le- 
pidopterous communication, the female-emitted sex pheromone components appear 
to be comprised of fatty acid derivatives. Sustained upwind flight by the male is 
optimally evoked only if three pheromone components are emitted in the following 
proportions: 6% (E)-8-dodecenyl acetate and 3% (2)-8-dodecenyl alcohol in (2)-8 
-dodecenyl acetate Males use a combination of optomotor anemotaxis and self 
-steered counterturning in order to progress upwind to a female or a synthetic point 
source If the pheromone lacks the filamentous fine structure of a normal point 
-source plume, as when a uniform fog or cloud of pheromone is generated, then 
males do not progress upwind, but rather cast widely to and fro as if they had just 
lost pheromone Also typical of the Lepidoptera, the courtship pheromone contains 
compounds which may possibly be taken up by males in intact form from plants, 
sequestered, and then emitted during an elaborate display of eversible scent brushes 
to gain acceptance from females for copulation The active components are ethyl 
trans-cinnamate and methyl 2-epijasmonate Females respond to a displaying male 
by walking upwind to him from ca 2 cm away This display may have evolved by 
means of female-choice sexual selection in which a female preference and preferred 
male trait become linked as a result of the mating advantage conferred upon male 
offspring of discriminating females Male scent-disseminating structures and court- 
ship pheromones in other Lepidopter a may have also evolved by this mechanism An 
alternative hypothesis for male Lepidoptera that sequester from plants compounds 
that have defensive value is that females assess males' displays for evidence, in the 
form of odorous metabolites, that males are defensively well-endowed There is 
evidence that for both palatable and noxious species the fitness-related initiator of 
the female preference for odor-endowed males was interspecific or inter-demic 
mating mistakes 
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INTRODUCTION 

Much has been learned in recent years concerning pheromonal communication among male 
and female butterflies and moths The most prevalent form of pheromonal communication in the 
Lepidoptera, and that for which there has already been much practical benefit gained for agricul- 
ture, is sexual communication involving female emission of sex pheromones By studying moth . 
sex pheromone communication, profound insights have also been gained into the processes of 
speciation and evolution In addition, male Lepidoptera also sometimes emit chemical signals of 
their own in the form of courtship pheromones during displays of scent-disseminating structures 
called hairpencils when they are near the female These induce the female to accept the male by 
remaining quiescent or else by a more active response such as attraction or turning her body so 
that he can grasp her with clasping organs on the end of his abdomen (Baker, 1985) Male assem- 
blages called leks (Bradbury, 1981) also occur (Willis and Birch, 1982; Wunderer et a l ,  1986), 
apparently as a result of males responding to each other's courtship pheromone emissions The 
pooled effect of the emissions may increase the chances of attracting females and gaining a copu- 
lation (Baker, 1985; Wagner, 1985) 

One species of moth, the oriental fruit moth, Grapholzta molesta (Busck), has been studied 
more extensively than any other over the years regarding the pheromone emitted by females, the 
male's orientation responses during upwind flight, the temporal and chemical characteristics that 
optimize stimulation of the antennae and subsequent behavior, and the aspects of the male court- 
ship pheromone and the behavioral characteristics of the male display that result in successful 
mating Insights have been gained into the evolution of new species and into the mode of selection 
that has occurred by studying G molesta In my presentation today a t  what has been in my opinion 
an outstanding Symposium on Phytochemical Ecology, hosted graciously and with great skill by 
Professor C -H Chou and other members of Academia Sinica, I will attempt to summarize the 
current knowledge concerning pheromonal communication in this species and relate it to what we 
know about other Lepidoptera In keeping with the emphasis on Phytochemical Ecology, I will . 
then discuss aspects of the possible evolution of courtship pheromones, which seem to be made 1 
from minimally altered, plant-derived compounds, in contrast to moth sex pheromones that are 
synthesized de novo from acetate My emphasis in research has always been a behavioral one, and 
so I hope I may be forgiven if, in contrast to many of the other papers presented here, my contribu- 
tion seems to emphasize the effects of chemicals more than their structrues 

THE SEX PHEROMONE OF GRAPHOLITA MOLESTA 

Typical of the Lepidoptera, sexual communication in the oriental fruit moth is initiated by the 
female, who a few hours before dusk, raises her wings and abdomen and releases four compounds 



BAKER Pheromones of Oriental Fruit Moth 403 

from a gland on her extended abdominal tip The blend of three of these compounds elicit upwind 
flight, landing, and courtship display in males: (2)-8-dodecenyl acetate (28-12:Ac) (Roelofs et a1 , 
1969), (E)-8-dodecenyl acetate (E8-12:Ac), and (2)-8-dodecenyl alcohol (28-12:OH) (Card8 et a l ,  
1979) The fourth compound, dodecan-1-01 (12:OH), seems to increase males' reactions only if 28 
-12:OH is at lower than normal levels (Baker and Card6 1979a) Other examples of extra, appar- 
ently redundant components emitted by females of other species abound, the most well-investigat- 
ed example being the cabbage looper Tnchoplusw nz (Linn et a l ,  1984) As in G molesta, the extra 
compounds in the pheromone blend of T nz do not function in evoking behavior in the male unless 
some of the others are missing 

There are a t  least two good explanations as to why there are such extra compounds in pher- 
omone blends of moths First is the possibility that they serve as a buffer against the pheromonal 
background noise in the locality where the female is calling Other species using the same com- 
pounds as  their major pheromone components could possibly cause habituation of sensory path- 
ways in male T. nz specific for those components, but the presence of others that can fill in for the 
"missing" habituated compound pathways and evoke the complete behavior would ensure optimal 
communication (Baker, T C ; Haynes, K F , unpublished) A second explanation states that these 
extra compounds are important in interspecific communication They may cause antagonistic 
reactions in other, perhaps congeneric males that otherwise would have responded to the other 
portion of the blend because the two species share it (Linn et a l ,  1984) 

The acetates and alcohols used by G molesta are again typical of the Lepidoptera, the 
females of which employ fatty acid-derived compounds for pheromonal communication (Bjostad 
and Roelofs, 1983, 1986; Bjostad et a l ,  1984, 1985, 1987) The males, on the other hand, generally 
employ compounds that appear to be minimally altered compounds directly derived from plants 
(for reviews see Boppr8,1978,1986; Eisner and Meinwald, 1987; Baker, 1985) Female Lepidoptera 
from the majority of families use straight-chain structures 10 to 18 carbons in length with an even 
number of carbon atoms (Bjostad et a l ,  1987; Tamaki, 1985) These molecules have a functional 
group on the end of the molecule that makes it either an aldehyde, alcohol, or acetate They also 
usually have either one, two, or three double bonds a t  various positions on the molecule in either 
the Z or E geometric configuration 

Some of the compounds used by the remainder of the families are branched and unbranched 
straight-chain hydrocarbons with no functional group, sometimes saturated but usually multiply 
olefinic a t  the 1,3,6,9,12, or 15 positions in the Z configuration, or with an epoxy group instead of 
a double bond at these positions (Tamaki, 1985) It is now clear that the great diversity of the 
structures in the tortricids, noctuids, and pyr alids are biosynthesized by means of a surprisingly 
few biochemical reactins and corresponding enzymes The main chain, up to 16 or 18 carbons long, 
is synthesized de nouo from acetate Various combinations of chain shortening and desaturation 
occur by mainly a A-11, but also A10, E9, and perhaps even a A8, desaturase, to create nearly all of 
the compounds used by these families (Roelofs and Brown, 1982; Lofstedt and Bengtsson, 1988) 
Also, the sequence in which these two types of enzymes act creates extra possibilities for pher- 
omone compounds, including multiply unsaturated compounds with conjugated double bonds 
Chain elongation following desaturation has also been implicated and adds to the possibilities for 
pheromone structures (Bjostad et a l ,  1987). The final step in pheromone biosynthesis involves 
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reduction of the acids to the alcohol, followed either by acetylation, oxidation to an aldehyde 
(Teal and Tumlinson, 1986), or merely emission of the alcohol itself from the gland as a pher- 
omone component 

The first three compounds in G molesta appear to act in concert to elicit upwind flight to the 
female (Baker and CardE, 1979a) Again, this is typical of the Lepidoptera; males of several species 
exhibit the lowest upwind flight behavioral thresholds to blends of all the components compared 
to partial blends or individual components (Linn et a l ,  1986, 1987) In the field, the complete blend 
of G molesta components was effective in evoking wing fanning behavior in males a t  twice the 
distance from the source a t  which the same dosage of even the best incomplete blends was opera- 
tive (Linn et a l ,  1987) Thus it is not consistent with the current experimental evidence to view 
attraction of males to females as occurring as a hierarchical sequence of responses to first one 
component far downwind, then another component closer to the source, as the male approaches 
the female Even though this scenario is intuitively appealing, or even one involving simple blends 
far away and more complex ones closer to the source, there is no support for it thus far The 
behavioral lack of support for sequential activity of sex pheromone components does not preclude 
the possibility that only the receptors specific to the major component might fire a t  some distance 
far downwind, even though the complete blend is being emitted from the source (e g , Rumbo, 1983; 
Baker, 1986) The behavior a1 data only remove the possibility that such firing from one cell type is 
sufficient to evoke behavior We must be careful to distinguish between the neuronal detection of 
only one compound in a blend a t  great distances, and the behavioral response to that single type of 
neuronal activity at that distance, which is another matter entirely (Baker, 1988) 

The blend of three G molesta pheromone components switches on two major programs of 
behavior in flying males, as well as  stimulating them to take flight if they are resting: a program 
of counterturning that reverses their direction across the windline approximately 7 times per sec- 
ond (Kuenen and Baker, 1983; Baker, 1986) and optomotor anemotaxis (Kennedy, 1940,1986; Ken- 
nedy and Marsh, 1974; Marsh et a l ,  1978), which allows them to react to wind and progress against 
it toward the pheromone source according to the apparent movement of images across their eyes 

(Fig 1) Thus one of the primary reactions to the pheromone odor is a visual one, and the 
optomotor -based reaction to wind-induced drift polarizes the counter tur ns in the upwind dir ec- 
tion (Baker et a l ,  1984), resulting in a zigzagging flight track that is typical of many male moths 
as they respond to sex pheromones (Fig 1) 

We now know that a plume of the G. molesta pheromone blend, as for other moths, consists of 
intermittent filaments of pheromone interspersed with holes of virtually clean air, as first suggest- 
ed by earlier studies with smoke (Wright, 1958) and ionized air (Murlis and Jones, 1981) In the field 
and in laboratory wind tunnels, we measured this intermittency with an isolated G molesta 
antenna by the electroantennogram (EAG) technique, and found that male antennae receive fila- 
ments at a frequency of from 0 3-2 per second in a wind of 0 7 m/s in which they are known to 
respond by upwind flight (Baker and Haynes, 1989) It is the intermittency from the plume that 
causes the male's upwind flight to be sustained. Otherwise, as in an experimentally generated fog 
or cloud of pheromone the flight abruptly switches to cessation of upwind progress while 
maintaining narrow zigzagging, and then cross-wind casting flight (Willis and Baker, 1984; Baker 
et a l ,  1985) This is similar to what was earlier found by Kennedy et al. (1980, 1981) for another 
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Fig 1 
A male oriental fruit moth, viewed from 
above, flying in zigzag fashion upwind in 
response to the blend of three pheromone com- 
ponents emitted by the female Wind direction 
(and pheromone) is directly from the top of the 
photograph Note the severe rolling of the 
moth at  the apex of the turn at the left, demon- 
strating the maneuver used to perform a 
counterturn Also note the discrepancy 
between the male's anatomical heading and its 
resultant path (track) as a result of the force of 
the wind This creates a small amount of trans- 
verse image movement across the male's eyes 
i n  this case from right to left), which is appar- 
ently used in combination with front-to-back 
longitudinal image movement in order to steer 
and progress upwind, a process called 
optomotor anemotaxis (Kennedy, 1940; Baker, 
1988) 

tortricid species, Adoxopkyes orana If the cloud is pulsed, however, and thus made intermittent, 
upwind flight can be sustained (Baker et a l ,  1985) In a normal plume from a point source, it is 
thought that contacts with the filaments and clean air between them causes reiterative reactions 
in the counterturning and optomotor anemotactic programs that result in sustained upwind prog- 
ress (Baker and Haynes, 1987) The angle of orientation with respect to the wind can change very 
quickly in G molesta following contact with pheromone or clean air, within one reversal back 
across the wind (0 15 s) This is well under the average interval between contacts with pheromone, 
which is 0 5/s, so there probably is often lots of time for behavior to change between contacts with 
filaments 

The upwind progress in a plume will stop and change to casting flight across wind if the 
concentration is too high or the composition of the blend is slightly off (Baker et a l ,  1981a; Baker 
and Roelofs, 1981; Linn and Roelofs, 1983), especially if the air temperature is 20' instead of 26Â 
(Linn et a l ,  1988) We know that if the chilled receptor neurons on the G molesta male antennae 
sensitive to 28-12:Ac are challenged by pulses of the pheromone blend at a frequency of greater 
than two per second, their bursts of firing in response to the pulsing become attenuated due to 
adaptation (Baker et a l ,  1988) However, the warmer neurons do not adapt as easily, and are able 
to more accurately register the ups and downs of the pulsed signal for a longer time (Baker et a l ,  
1988) Interestingly, males cease flying upwind in the cold a t  high concentrations of the optimal 
blend, perhaps due to the chilling-facilitated adaptation of the neurons, which cannot register the 
onset and offset of filaments any longer as the male flies up the plume The behavioral data also 
show that in cool air and high concentrations of pheromone, the males now prefer a different blend 
of components having a lower percentage of the E8-12:Ac than at higher temperatures and lower 
concentrations (Baker et a l ,  1988) This is again consistent with the observed adaptation of the 
neurons specific for the 28-12:Ac If these neurons were preferentially being adapted relative to 
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the E8-12:Ac-sensitive neurons that are exposed to a 20-fold lower concentration (only 6% E in 
the blend), then the blend that previously had been optimal might now appear to be too rich in E8 
-12:Ac In order to register optimally in the male's higher olfactory pathways, it now would 
require a blend that is lean in E8-12:Ac (e g , 2% E8-12:Ac) (Baker et al,., 1988) 

Differential adaptation of antenna1 neurons on antennae of the turnip moth, Ag~otii  segetum, 
also was observed, but this time directly in a pheromone plume Neurons sensitive to the major 
component became adapted in plumes of the pheromone blend at concentrations that are behavior- 
ally excessive, whereas neurons sensitive to a secondary component did not adapt as frequently 
The cessation of upwind flight could be explained by a shift in the ratio of neuronal input that now 
would be too rich in activity from the cells sensitive to the minor component (Baker et a l ,  1988) 

COURTSHIP IN GRAPHOLITA MOLESTA 

Following sustained upwind flight, when a G molesta male arrives a t  the female, he performs 
an elaborate hairpencil display, directed towards and performed one or two centimeters from her 
(Fig 2) Displays consist of multiple rhythmic extrusions and retractions of the white hairpencil 
organs and claspers at the end of the abdomen (Baker and Card6, 1979b) The paired caudal hair- 
pencils consist of a tuft of about 93 hollow scales with honey-combed porous walls that are typical 
of structures designed continually to secrete, store, and disperse volatile material (George and 
Mullins, 1980) The lumen of each scale is continuous with an underlying reservoir within a fibrous 
space which in turn is bounded by microvilli of an enveloping trichogen cell A blend of four vola- 
tile chemicals are propelled by wind from the male's vibrating wings over a female: ethyl trans 
-cinnamate, methyl 2-epijasmonate, methyl jasmonate, and (R)-(-)mellein) (Baker et a l ,  1981b) 
The female is attracted to the hairpencils and when she contacts the male's abdomen she stops 
walking The male immediately turns quickly and attempts copulation (Baker and Card6, 1979b) 

Only the ethyl tyans-cinnamate and the methyl 2-epijasmonate have been shown to be pher- 
omone components, attracting females from 2 cm away Interestingly, evidence shows that the 
cinnamate can be sequestered from the larval diet, or adults also likely can imbibe it from natural 
sources such as rotting Japanese pears (Nishida et a l ,  1985) Jasmonic acid and methyl jasmonate 
are common constituents of plants, found in apples and other fruits (Meyer, 1985) Males deficient 
in ethyl trans-cinnamate and allowed to imbibe this compound from sugar water as adults were 

Fig 2 A male oriental fruit moth rhythmically 
extruding and retracting his hairpencils near 
a female, who is walking toward the male in 
response to the courtship pheromone emitted 
during this display (Baker and CardS, 19790; 
Baker et a1 , 1981) 
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shown to be more successful in courtship than males that drank sugar water alone (Lofstedt et a l ,  
1989) Interestingly, the dependence on these compounds has perhaps waned after years of labora- 
tory breeding in small mating boxes (Lofstedt et a1 , 1989) 

When only a single male is near the female, the only way that he is able to successfully mate 
is to display and induce a female to touch his abdomen However, the situation is quite different if 
two or more males arrive near a female a t  about the same time (Baker, 1983) If a male is display- 
ing when a second male approaches, the latter male may attempt to copulate (often successfully) 
with the female without first displaying Such late-arriving males appear to "sneak" in for a 
copulatory attempt under the cover of the first male's chemical barrage Other alterations in the 
normal male courtship sequence also occur, including late-arriving males being attracted to first 
-arrivals' displays, and the touches they deliver to the first males' abdomens causing misdirected 
copulatory attempts by displaying males and also reduced mating success Two males may display 
simultaneously toward one female, whereupon she will "choose" one male over the other by touch- 
ing his hairpencils Simultaneous displaying occurs infrequently, but even for sequentially arriving 
males, females sometimes choose late arrivals after not responding to earlier males' displays 
Females fail to respond to males that are prevented experimentally from everting their hairpen- 
cils, even though the rest of their courtship sequence is otherwise unaltered 

ORIGIN OF COURTSHIP PHEROMONES IN THE LEPIDOPTERA 

Baker and Card6 (1979b) viewed the courtship behavior of G molesta as having evolved pri- 
marily by means of female-choice sexual selection They were the first to link behavioral data 
from moths with Darwin's (1898) ideas about sexual selection in order to explain the evolution of 
scent structures and displays in the Lepidoptera They hypothesized that a female preference and 
the preferred trait, the odor from male moth hairpencil structures, would become linked to result 
in amplified emissions and exaggerated organs If the displays and female discrimination were 
heritable, as they seem to be for some species (Phelan and Baker, 1986a), females that choose 
males with "better" displays would gain because their sons would be a t  a mating advantage 
amongst the discriminating females in the next generation (Darwin, 1898; Fisher, 1958; O'Donald, 
1962, 1967) As the limiting sex, females can exercise discrimination in selecting mates, consider- 
ing their larger parental investment in potential offspring However, for highly directional, "run- 
away" sexual selection to occur and drive this discrimination and the display together to an 
extreme level, a situation must occur in nature in which some males gain more matings at the 
expense of others (Fisher, 1958; O'Donald, 1962, 1967) Protandry (early seasonal emergence of 
male adults), or a skewed sex ratio with a predominance of males, are two conditions that could 
result in a proportion of the male population being excluded from mating, but in G molesta a third 
situation effectively creates a shortage of females during the mating period: most females mate 
only once, whereas males can mate an average of more than once per evening (Dustan, 1964) 

The fitness-related feature of the odor that would cause the original female preference for 
the G molesta male odor (perhaps originating during clasper extension in or dinar y courtship) 
would be the protection against interspecific mating mistakes with sympatric and synchronic 
congeners (Baker and Card6, 1979a) This might occur if there was incomplete specificity in the 
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female-emitted sex pheromone systems of G molesta and another species, and such cross-attrac- 
tion of males to females of the wrong species does sometimes occur with at least one species in 
New York state, Grapholzta prumvora (Baker and Card6, 1979a, b) G prumvora males also per- 
form a display of abdominal hairpencils toward their females, but the rhythm is much faster and 
females are not attracted Males must back into the females while displaying, forcing them to stop 
walking forward so that a copulatory attempt can be made (Baker and Card6, unpublished obser- 
vations) Cross-specific courtship is readily evoked between males and females of these two 
species due to the similarity in sex pheromone blends A blend deficient in 28-12:OH attracts G 
prunzvora as well as a few G molesta, and adding more of this alcohol to the blend effectively 
prevents G prumvora males from being attracted all the way to the source (Baker and Card6 
1979a) Cross-specific courtships are not successful Displaying G molesta males wait for the 
touch that never comes from the unattracted females of G prunzuora, and G prunzvora males 
disturb G. molesta females by continually bumping and backing into them rather than waiting for 
them to be attracted (Baker and Card6, unpublished observations) 

In the rest of the Lepidoptera, as  in G molesta, the scents that are truly courtship pheromones 
are nearly always closely structurally related to compounds peculiar to certain plants, and unlike 
female-emitted sex pheromones, depend directly on the ingestion of these compounds (e g , Edgar 
and Culvenor, 1974; Meinwald et a l ,  1969; Pliske and Eisner, 1969; Schneider et a l ,  1982; Conner et 
a l ,  1981; Krasnoff and Roelofs, 1989a; Nishida et a l ,  1985) One logical reason for the tendency for 
male scents to consist of minimally altered plant products is that in the initial steps of the evolu- 
tion of the pheromones, these are the compounds for which females would have already-existing 
receptors and behavioral response systems That is, if olfaction played a significant role during 
host-finding and acceptance, then females would already have a sensory system sensitive to such 
compounds (Edgar et a l ,  1974) The only thing lacking would be the initiation of a preference by 
females for this odor during mating in addition to during host-finding The fitness-related trigger 
to cause such a male-odor-based mating preference to arise could be interspecific mating mis- 
takes (Baker and Card6, 1979b; Phelan and Baker, 1987) or perhaps defense (Baker and Card6, 
1979b) Concerning mating mistakes, were males to ingest the same foodplant to which females 
were most olfactorily sensitive (as is likely for conspecifics or members of the same deme), then 
the re-emission of those same plant compounds by males during mating would be very likely if 
their tissues had retained some of the same compounds (Edgar et a l ,  1974) 

Such a link is known in some species In G molesta, gravid females in the field are known to 
be attracted from a distance to one of the hairpencil constituents, ethyl trans-cinnamate (Nishida 
et a l ,  1985), and cinnamic acid is a common allelopathic constituent of plants (N Fischer, this 
symposium) In one species of moth, Czsseps fulvzcoZlts, females as  well as males are attracted to 
hydroxydanaidal baits as well as to plant parts containing pyrrolizidine alkaloids (PA's) Hydrox- 
ydanaidal is found in the male coremata and is a possible courtship pheromone These results thus 
suggest that the compound used in the location of such plants and in courtship are one and the 
same (Krasnoff and Dussourd, 1989) The display of odor by the male, as well as the degree of 
preference for it, would be driven to extremes by "runaway" sexual selection (Baker and Card6 
1979b; Fisher, 1958) With the link to host-plant compounds, there is the possibility that extreme 
sexual preference may significantly influence female host-plant preference Likewise, selective 
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pressures that weaken female host-plant discrimination will likely lower the requirements for 
courtship displays of plant-specific compounds and hence contribute to the vestigiality of the 
displays, first behaviorally and chemically, then morphologically (Krasnoff and Roelofs, 1989b) 
This link should not be surprising in the context of female-choice sexual selection and the above 
discussion; the plants on which male larvae fed and sequestered odorous compounds were chosen 
by females that may have discriminated for those same odors before ovipositing It is now well 
known that host-plant feeding by larval males influences both the quantity and sometimes the 
quality of the PA-related odor in male coremata and hairpencils (Conner et a l ,  1981; Schneider et 
a l ,  1982; Wunderer et a l ,  1986; Krasnoff and Roelofs, 1989a; Conner et a l ,  1989; Krasnoff et a l ,  

A second evolutionary scenario for the evolution of hairpencils organs and scents has been 
advanced for those species, such as are found in the Danainae of the Nymphalidae and the 
Arctiinae of the Arctiidae, which are apparently defended by sequestered, distasteful compounds 
Adults (and larvae) of many of these species are aposematically colored, indicative of their distas- 
tefulness This hypothesis involves the use of these scents by females as ways to "assess" a male's 
ability to sequester such defensive compounds (and hence of his defensive fitness) (Conner et u Z ,  
1981; Eisner, 1980; Eisner and Meinwald, 1987; Dussourd et a l ,  1988), or to serve as a "measure" of 
his nuptial gift of defensive alkaloids to be transferred via his ejaculate during mating (Eisner and 
Meinwald, 1987; Dussourd et a l ,  1988) I suggest here that both of these hypotheses are inherently 
untestable and therefore unfalsifiable due to their teleological nature; they posit a motive on the 
part of the female However, there remains a legitimate question as to whether females discrimi- 
nate for males that emit more or higher-quality courtship pheromone, and also whether some of 
the compounds ingested by the male do aid in defending both the parents and their offspring and 
therefore add to the benefit accrued by discriminating females and by optimally odorous males 
(Conner et a l ,  1981; Eisner, 1980; Eisner and Meinwald, 1987; Dussourd et a l ,  1988) Such an extra 
fitness-related feature might enhance and amplify still further both the display of odor and the 
female discrimination for it that has evolved owing to the courtship value itself in the context of 
sexual selection (Fisher, 1958; Baker and Card6, 1979b; Baker, 1985; Phelan and Baker, 1986a, 
1987) Possibly, the defensive advantage might even serve as  the fitness-related initiator of sexual 
selection (Baker and Card6, 1979b) Thus these possibilities deserve further examination 

There are many questions concerning the hypothesis that male contribution to defense was a 
primary force behind the evolution of corematal and hair pencil emissions in PA-based lepidopter- 
an systems Why, for instance, are adult females of some species not found feeding on PA-contain- 
ing plants as often as are males and hence augmenting their chemical defense of their own bodies 
and of their eggs? For instance, Pliske (1975) reported that only adult male D a m  gilIppus feed on 
the available Crotalaria, Eupatonum, Helzot~opzum, and Seneczo plants that are rich in PA'S It has 
been shown that D gzlzppus adult males need to obtain PA'S in order to manufacture danaidone, 
their courtship pheromone, without which they are only about 20% as successful at mating as 
danaidone-emitting males (Pliske and Eisner, 1969) His observations resulted in well over 400 
males and not a single female observed feeding on such plants 

It should behoove D gzlzppus females to feed on these compounds directly from the plants 
rather than take the unnecessary risk of waiting for a perhaps insufficiently endowed male to give 
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them to her The risk of predation while flying about and finding such plants should be minimal, 
because females and males both are already defensively protected by the cardenolides they have 
ingested as larvae (Brower and Brower, 1964; Brower, 1968) Also, these butterflies benefit by 
being conspicuous, because bird predators learn quickly to avoid all members of the population 
after feeding on one of them and becoming ill from the cardenolides (Brower and Brower, 1964) In 
addition, if PA'S are an augmentation of the already-existing cardenolide defense (Eisner, 1980; 
Eisner and Meinwald, 1987), it would seem that females, who carry the eggs, are more in need of 
ensuring that they have this readily available extra protection than are males It is curious that 
they do not take every opportunity to do so 

In Pliske's study (1975) only in the Arctiidae were some species found whose females visited 
PA-containing plants more often than males It is interesting that one notable exception to the 
adult feeding was Utethesia ornatrix, which were abundant a t  lights but were never once found 
visiting the PA plant baits (Pliske, 1975) The larvae of this species feed on species of Crotalana, a 
PA-rich plant genus, and thus the adults already have acquired significant PA-associated defen- 

sive characteristics resulting from sequestration of these compounds as larvae (Eisner and 
Meinwald, 1987) However, depending on the part of the plant larvae feed upon, the adult males 
may have lower or higher titers of hydroxydanaidal and the associated PA's (Conner et a l ,  1989) 
If feeding on the wrong part of the plant as a larva could possibly translate into reduced defense of 
a male's offspring (Conner et a l ,  1989), it is surprising that males do not try to supplement their 
titer of hydroxydanaidal with adult visitations to PA-containing plants to ensure maximal num- 
bers of matings It is also surprising that females "care " a t  all (my quotes) as to whether males 
have PA'S to pass to them (as "assessed" by hydroxydanaidal emission levels), because they are 
already well-provisioned with PA'S by their own feeding as  larvae, resulting in sufficient pr otec- 
tion of themselves and their eggs (Dussourd et a l ,  1988) In fact, data from a recent study (Dus- 
sourd et a l ,  1988) show that the PA'S transferred by males to females in their ejaculate did not 
enhance the defense of U ornatnx eggs unless the female was completely devoid of PA'S herself, a 
situation that apparently cannot occur in nature because they are obligate feeders on Crotalaria 
spp , all of which have at least some level of PA'S in their tissues (Conner et a l ,  1989) Again as  
seen for cardenolide-endowed species, it appears that the odor itself, which can be peculiarly 
derived from PA'S, is most important, and U ornatnx males already have at least some level of it 
due to larval feeding 

Interestingly, in another species, Pyrrharctza zsabella, a value for passage of PA'S via the ejacu- 
late to the female has now been demonstrated, but it lies not in defense but in the pheromonal 
competence of the sons (Krasnoff and Roelofs, 1989a) This species is only a facultative feeder on v 

PA-containing plants, and thus under field conditions there may be adult females that are lacking 
PA'S in their body tissues When PA-deprived females were mated with PA-fed males, the cor- 
emata of their male offspring were able to evoke the ultrasonic click from females that indicated 
they had detected the pheromone, hydroxydanaidal; male offspring from parents that had both 
been deprived of feeding on PA'S were unable to evoke this response (Krasnoff and Roelofs, 
1989a) Thus the vidence in moths thus far implicates the nuptial transfer of PA'S as having evolu- 
tionary significance due to this transfer's transovarial pheromonal value, and not to its defensive 
value Such a direct inheritance of male signalling competence, in this case the very chemicals 
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themselves from the father through the mother's egg, could not have been envisaged by Darwin 
(1898) or Fisher (1958) 

These findings (Krasnoff and Roelofs, 1989a) support still further the hypothesis that what- 
ever the fitness-related factor triggering the initiation of a female preference, the evolution of 
male lepidopteran pheromones proceeded primarily by the inheritance of the mating advantage by 
sons, gained from the chemicals' pheromonal effect (Baker and CardE, 1979b) Such transovarial 
transfer of pheromonal competence should be looked for in species, such as in the Danainae, which 
practice male-biased adult feeding on PA-containing plants, the adult females being devoid of PA'S 
initially This will perhaps reveal that the true value of PA acquisition by males and discrimina- 
tion of it by females is in the direct transfer of the chemicals to their sons (in addition to the 
genetic transfer of the behavior) to ensure mating competence in the next generation 

Another interesting question stemming from the defense hypothesis involves cardenolides; if 
male hairpencil displays have evolved to indicate defensive capability due to protective chemicals 
to be passed to the female, why are cardenolides or their metabolites not used? Cardenolides are 
perhaps the most powerful and best-studied plant-derived defensive compounds in insects, yet the 
male danaids that feed on them curiously have not found a need, or a way, to display to females 
how much they have ingested The ability of D gzlzppus butterflies to sequester such compounds 
from their Asclepzas host plants as  larvae has been shown to be nearly as good (77%) as  that of 
monarchs (Brower et a l ,  1982) and they are protected by them (Brower and Brower, 1964), yet 
males instead visit other plants in order to acquire PA'S for manufacturing danaidone The pos- 
sible lack of volatility of potential cardenolide metabolites compared to those of PA'S might be a 
factor were it not for the fact that the display and transfer of danaidone to females' olfactory 
pathways is essentially performed by contact chemoreception; cuticular dust particles loaded with 
danaidone are sprinkled onto female antennae (Pliske and Eisner, 1969) It would seem that pos- 
sibly even the lowest-volatility cardenolide metabolites could be easily transferred by means of 
the existing system, but they are not 

Interestingly, the male bias in adult feeding on PA-containing plants that is prevalent in the 
Lepidoptera extends also to monarch butterflies, Danaus plexippus, although the overall frequency 
of visitation is very low compared to that of D gzlz$pus (Pliske, 1975) The male hairpencils of the 
monarch are known to be entirely lacking in danaidone, the PA-derived courtship pheromone 
used by D gilzppus and Lycorea ceres (BopprE, 1978; Meinwald and Meinwald, 1966; Meinwald et 
a l ,  1969; Edgar et a l ,  1971, 1973) Monarch males do not need this compound in order to have a 
high success rate in mating, although it is often overlooked that 33% of males in Pliske's (1976) 
study of monarch courtship gave a hairpencil display and evoked settling by females without the 
need of a forcible takedown The chemicals, if any, involved in this percentage of males able to 
induce female quiescence are not known, but again, as  for D gzlzppus, it would seem to be more 
important for males to display evidence of defensive ability gained from ingestion of cardenolides 
rather than PA'S Again, if females were in need of supplementing their defense through PA'S, they 
would do better to go out and get them themselves Danger to females in performing such feeding 
should be minimal, since they are already protected by cardenolides, either directly or by Muller- 
ian or auto-mimicr y (Br ower and Br ower, 1964; Br ower , 1968) 

As first discussed by BopprE (1978), mimicry may in fact be the key to understanding the use 
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of PA-derived metabolites during courtship of these day-flying, aposematically colored insects, 
although he did not include runaway sexual selection as  part of the evolutionary pathway The 
adaptive response to interspecific mating mistakes (Baker and CardE, 1979b; Phelan and Baker, 
1987) by members of a mimicry complex that all rely primarily on vision to make their long-dis- 
tance approach to females could trigger a female preference to arise that is based on odor This 
would allow the individuals to maintain their visually similar appearance (BopprE, 1978) for pur- 
poses of defense based on cardenolides (Edgar et a l ,  1974), while sexual selection could drive PA 
-based courtship systems to extremes (Baker and CardE,1979b) The mimicry that proliferates in 
such systems involving distasteful Lepidoptera, whether visual or possibly even sonic in nocturnal 
Lepidoptera, thus would promote mating mistakes if these modalities were also used for mate 
location or courtship, as they both are known to be (Brower et a l ,  1965; Conner, 1987) Of course in 

1 
nocturnal moths, the real analog to long-distance visual cross-attraction in a butterfly mimicry 
complex is cross-attraction due to incomplete specificity of female sex pheromones Significant 
levels of pheromonal cross-attraction among congeners is in fact associated with courtship use of 
hairpencil structures and associated scents in palatable Lepidoptera (Phelan and Baker, 1986b, 
1987) 

It would thus seem that the most likely primary reason for adult males of most species of 
Lepidoptera to be more predisposed than females to visiting plants rich in PA'S is merely to obtain 
the asssociated odor itself, consisting of danaidone, hydroxydanaidal, or danaidal, for their own 
mating success and hence also that of their sons, whether this competence is genetically or directly 
(transovarially) passed along Thus the wide array of male courtship pheromones and scent-dis- 
seminating structures, whether based on defense-related compounds or on compounds of no 
known defensive value, all can be explained by the model invoking an adaptive response to inter- 
specific mating mistakes followed by runaway female choice sexual selection (Baker and CardE, 
1979b; Phelan and Baker, 1987) The acquisition of such compounds from plants would be no differ- 
ent from the known uptake of floral odors by male euglossine bees, which later display these fra- 
grances and form leks by attracting other males, and eventually females (BopprE, 1984; Dodson, 
1975; Dressier, 1982) These floral compounds have no known defensive value, yet are actively 
sought after and used by males The evolution of danaine butterflies away from larval feeding on 
PA-containing plants (Edgar et a l ,  1974) is not inconsistent with this evolutionary scenario Edgar 
et a1 (1974) viewed the PA-derived volatiles as functioning only to evoke alightment of females 
due to their (former) host-odor behavior -mediating properties, and not necessarily as  providing 
defense or a token stimulus of defense, which would still be provided by cardenolides (Edgar et a l ,  
1974) x 

For male butterflies, secondarily there may be an extra benefit conferred directly to males in 
the form of self-defense, as evidenced by males of some species everting their brushes upon han- 
dling (Muller, 1878) In the butterflies, this behavior only occurs in a few genera (e g ,  Lycorea, 
Ituna, Euploea) (Brower and Brower, 1964; Chow and Tsai, 1988), but curiously not in Danaus 
(Br ower and Brower, 1964) During the course of this symposium, the participants had the opportu- 
nity to visit the beautiful Kenting National Park in the southernmost part of Taiwan Here, Pro- 
fessor Y S Chow demonstrated the way in which males of several danaine (Euploeae) butterfly 
species display their hairpencils in an apparently defensive mode when they are handled (see 
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photos in Chow and Tsai, 1988) It is not known which, if any, of these butterflies emit compounds 
sequestered from plants as  part of their courtship displays, or whether the males also acquire 
extra defensive protection from their displays during handling We are attempting to develop a 
cooperative research project between our research group and groups from Taiwan in order to 
address these and other questions 

CONCLUSION 

Many questions concerning lepidopteran pheromone communication have been answered by 
research on the oriental fruit moth Many others remain, but should provide powerful new insights 
when they are explored and answered in the future with new lines of experimentation Concerning 
the evolution of the lepidopteran courtship pheromones, an intriguing link is now emerging 
between female host-plant acceptance and runaway sexual selection that is a potentially powerful 
key to understanding the process of speciation If female discrimination (sensory and behavioral 
thresholds) for host-related chemical cues can be significantly influenced by highly directional 
sexual selection for these same host-plant related cues during courtship, then host preference and 
acceptance may be channeled deeply by sexual preference This would be a profound interaction 
indeed, and it seems to me that further inquiry along this line should yield important and interest- 
ing results 
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QUESTIONS, ANSWERS, AND COMMENTS 

Question: Dr Lovett to Dr Baker Concerning your statement about Lepidoptera females 
producing fatty acid derivatives for their sex-pheromones and males producing plant-related com- 
pounds: is this true for all insect orders or just for Lepidoptera? 

Answer: Thus far, for the Lepidoptera in general this pattern is persisting However, the only 
other order that we have similarly extensive information about is the Coleoptera, and here things 
apper to be somewhat different Some of the families, such as bark beetles, have male-based as 
well as female-based communication systems that involve a mixture of host plant volatiles plus 
host volatiles that have been slightly altered into pheromone components Other families have 
female-based pheromone systems that appear to be derived from fatty acid precursors, and others 
have male-based systems involving complex compounds apparently not derived from plants 

Comment by Dr Baker: To  begin with, lepidopterous pheromone components have been 
established by toxicological tests to be completely nontoxic; it is difficult to even measure an LDso 
for them since they are metabolized so easily by mammalian systems because of their close rela- 
tionship to common fatty acids Esterases, oxidases, and epoxidases in insect tissues are known to 
convert the behaviorally active pheromone molecules to inactive forms very quickly, with half- 
lives (depending on the tissues) on the order of milliseconds to minutes In the environment, pher- 
omone molecules emitted at high concentrations from synthetic lures can sometimes be adsorbed 
onto plants and be re-emitted for hours, as  evidenced by the persistent behavioral responses of 
male moths attracted to the plants long after the lure has been removed There is some evidence 
that a pheromone emitted at the usual low rates by insects may last for a few minutes on plant 
surfaces, after which it is dissipated by volatilization and degradation Active pheromone mole- 
cules, probably only at the picogram or ferntogram levels, are also known to persist on human 
skin and clothing, especially leather articles, for days or weeks, presumably because they are 
protected from enzymatic degradation on such surfaces Evidence of their re-emission again 
comes from behavioral responses of male moths attracted to the (human) emitter a t  inopportune 
moments, often to the amusement of onlookers 

Question: Dr Zenda Munro to Dr Baker: The GC-EAD should give an accurate determination 
for compounds, but from your presentation it looks like this may not always be the case Is there 
any reason why an EAG signal cannot be always obtained for behaviorally active compounds? 

Answer? In most cass, the GC-EAD will accurately detect the compound or compounds of 
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major behavioral importance However, for some minor components, there may not be enough 
receptors on the antenna devoted to the detection of these compounds to generate a signal that we 
researchers can see after electronic amplification In the moth brain, on the other hand, sufficient 
amplification of the signal from these relatively rare receptors does i fact occur due to conver- 3 
gence of thousands of such receptors, and the animal has no problem in adding the signal from 
these minor component receptors to the signal from the total blend An example of this comes 
from work by Van Der Pers and L~fs ted t  (1986) on Ag~otzs segetum, the turnip moth Only one or 
two sensory hairs out of every hundred on male antennae contain sensory neurons that are sensi- 
tive to a minor but behavior ally important pheromone component, (2)-9-tetradecenyl acetate, 
whereas the rest of the hairs contain cells sensitive to the two major components These two 
components evoke significant EAG's and good GC-EAD signals, whereas (2)-9-tetradecenyl ace- 
tate does not Normally, the GC-EAD technique is very good during the first stages of pheromone 
identification in which even the most abundant components of the blend need to be isolated and 
identified After that, however, behaviorally important components that were undetectable by 
GC-EAD may still need to be identified by means of good old-fashioned recombination of GC or 
HPLC fractions coupled with behaviorally discriminating assays such as those that measure up- 
wind flight in wind tunnels 


