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T he specificity and sensitivity involved 
in moth sex pheromone communica- 

tion are remarkable and renowned Males 
are exquisitely sensitive and narrowly 
tuned to the female-emitted conspecific 
sex pheromone blend, which usually con- 
sists of two or three components (1, 2) 
Slight changes in the ratios of these com- 
ponents can shut off the upwind flight 
attraction response of males of one species 
and turn on the response of males from a 
different species For years, it had been 
assumed that blends are under a very high 
degree of stabilizing (symmetrical male- 
female) selection that would strongly re- 
sist any shifting off of 

came expressed As a result, the position 
of the double bond shifted in the phero- 
mone of females expressing the gene 
A convincing case is made (6) that the 
shift to the new pheromone was accom- 
plished by ancestral males via asymmetric 
tracking of females emitting the new 
blend Evidence comes from a very few 
broadly tuned unusual males found in 
their European corn borer, 0 nubzlalis, 
(Fig 1) laboratory population that were 
capable of flying upwind to the new 
pheromone blend molecules emitted by 
0 furnicalzs females as well as to those 
emitted by their own females 

It is only fitting that 
the species' norm (1, this stunning report (6) 

ft 
2) Recently, how- comes from the Roe- 
ever, this view has Males are sensitive lofs laboratory Their 
been questioned (3, and narrowly tuned to the pioneering work had 
4), and evidence has female-emitied conspecific ear lier hglPed show 
accumulated that an how the majority of 
asvmmetrv exists in sex pheromone blend. moth oheromone blend 
the strength of selec- 
tion pressures on fe- 
male senders and male receivers The 
asymmetry, with lower pressure exerted 
on females' signaling systems, should al- 
low for much higher variance in the fe- 
males' blends than had been assumed (3, 
4) The correspondingly higher selection 
pressure on males' response systems also 
should select for some subset of the male 
population to follow major variations in 
females' blends over generations by ad- 
justing their olfactory response spectrum 
through asymmetric tracking (4, 5) Until 
now (6), there had been no solid evidence 
from one pair of species to support this 
process, nor was there evidence for how 
a departure from the normal female 
blend might arise to initiate asymmetric 
tracking 

In this issue of PNAS, Roelofs et a1 (6) 
now provide compelling evidence that a 
saltational event occuned in an ancestral 
Ostrinza moth population and gave rise to 
a new pheromone and new species, the 
Asian corn borer, Ostrznza furnicalis A 

b 
pseudogene that had been unexpressed 
for millions of years in the genome of 
Ostrznza and that controlled desaturation 
of pheromone molecules, suddenly be- 

molecules can be ex- 
plained by the activities 

of a handful of enzymes in the female 
pheromone gland that sequentially modify 
fatty acyl chains ('7, 8) Most moth pher- 
omone molecules are monoenes of long- 
chain fatty acyl moieties that are con- 
verted into either alcohols, acetate esters, 
or aldehydes that are emitted into the air 
by females to attract males (1, 2) During 
pheromone biosynthesis in the female 
pheromone gland, members of one class 
of enzyme, the desaturases, create a dou- 
ble bond in a particular location in the 
fatty acyl chain by removing two hydrogen 
atoms Members of another class shorten 
the fatty acyl chain by two carbons Mem- 
bers of a third class, the reductases, reduce 
the fatty acid portion to create an alcohol 
Alcohols are sometimes emitted by fe- 
males as pheromone components but, 
more commonly, they are acetylated to 
form acetates or oxidized to form 
aldehydes 

Simply reversing the order in which a 
particular pair of desaturase and chain- 
shortening enzymes works can lead to an 
entirely different set of double bond po- 
sitions in fatty acyl chains (7, 8) Also, 
either of these same enzymes might per- 

form not just one but two 01 more rounds 
of activity on fatty acyl chains and by doing 
so create a still greater variety of mole- 
cules that are shorter, doubly desaturated, 
or both The affinity of reductases and 
acetylases for particular substrates is the 
final determinant of pheromone blend 
composition For example, some r educta- 
ses do not reduce fatty acids that are more 
than 14 carbons in length (9) Other re- 
ductases preferentially select fatty acyl 
chains with (2) double bonds for reduc- 
tion over those having an (E) configura- 
tion (10) 

The desaturases, however, have re- 
ceived most of the research attention by 
pheromone biochemists, because differ- 
ent kinds of desaturases, which place dou- 
ble bonds in recognizable positions, leave 
obvious and easily interpreted biochemi- 
cal and genetic signatures of evolutionary 
importance Before the recent findings of 
Roelofs et a1 (6), it was known (11) that 0 
nubzlalzs, and all of the other O s t m a  
species studied thus far except 0 furnica- 
Us, use the common lepidopteran All-  
desaturase (7, 8) This desaturase acts on 
a chain-shortened 14-carbon fatty acyl 
chain to produce the pheromone blend 
comprised of (2)- and (E)-11-tetradecenyl 
acetate The work of the Lofstedt phero- 
mone group and collaborators (9, 12) also 
had shown that the lone Ostrinza species 
deviating from this plan, 0 furnicalis, uses 
A14-desaturase The A14-desaturase acts 
on a 16-carbon fatty acid and, after a 
subsequent round of chain shortening, 
produces a pheromone blend comprised 
of (2)- and (E)-12-tetr 

One revelation provi 
et a1 findings (6) is tha 
ling production of the 0 furnicalis A14- 
desaturase had been present as a pseudo- 
gene in the Ostrinia genome for millions of 
years, but it was not expressed in ancestral 
females until relatively recently Addition- 
ally, they show that the gene controlling 
the 0 nubilalis All-desaturase is present, 
but not expressed, in 0 furnicalis females, 
indicating that expression of this gene has 

See companion article on page 13621 
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new types of neurons, because old broadly 
tuned receptor neurons would alr eady 
have the necessary synaptic connections 
through the appropriate glomeruli of the 
olfactory lobe to result in attraction How- 
ever, moth pheromone receptois (and the 
intimately associated perireceptor envi- 
ronment that includes various binding 
proteins to feny molecules across to den- 
dritic membrane-bound receptors) are no- 
toriously strict in requiring that the pher- 
omone ligand have conect space-filling 
and electron-distribution properties (16) 
It would seem that, although such broadly 
tuned pheromone receptor neurons 
should be found only infrequently, their 
occurrence should coincide with alter - 

Fig 1 Females of the European corn borer, 0 nubilalis (Left), carry the gene for producing the unusual ations in the pheromone blend that have 
pheromone of the Asian corn borer but do not express it (6) A very small proportion of European corn occurred via changing the molecules 
borer males (Right) are capable of responding to  the Asian corn borer pheromone as well as t o  their own themselves (e g , the All- changed to the 
pheromone (6) Image courtesy of Marlin Rice, Iowa State University A12-tetiadecenyl acetates) 

Although it has been uncommon to find 

been switched off Roelofs et a1 (6) placed 
their findings in the framework of other 
previous morphology-based phylogenetic 
analyses, showing that 0 furmcalis had 
been derived from ancestral 0 nubzlahs 
populations They also per formed molec- 
ular phylogenetic reconstructions by using 
desaturase genes from across the Lepi- 
doptera to estimate the time course of 
events 

I suggest that the greatest impact of the 
Roelofs et a1 discovery (6) will be that it 
may explain the evolution of moth pher- 
omone communication systems in gen- 
eral The door has now been opened for us 
to contemplate the intriguing possibility 
that the evolutionary mechanism they de- 
scribed to explain a major blend shift may 
also have been responsible for creating 
all of the many more minor pheromone 
component blend-r atio differences that 
abound in moth pheromone systems Al- 
terations in the activities of any of the 
three major types of pheromone biosyn- 
thetic enzymes are capable of causing 
evolutionarily significant changes in the 
emitted pheromone blend Researchers 
have tended to focus on the most severe 
blend alterations, because these are the 
most definitive in providing proof foi the 
evolutionar y mechanisms involved How- 
ever, more subtle shifts, such as in the 
emitted ratios of two isomers used by two 
congeners, might be caused by a new 
mutant reductase that has different sub- 
strate preferences than originally Such a 
blend-ratio shift might not seem major, 
but it might be just as critical in orches- 
tiating divergence via asymmetric ti ack- 
ing as would be the more major change 
documented for Ostrinza (6) In both ex- 
amples, the expression of one gene is 
replaced by the expression of another 
How major these changes are is ultimately 
deter mined by the olfactory resolution 

abilities built into the responding males' 
olfactory systems 

An example of such a blend-ratio shift 
involves a mutation in the gene controlling 
production of a chain-shortening enzyme 
in the cabbage looper, Trzchoplusia ni (13) 
Females expressing the mutant enzyme 
emitted a ratio of pheromone components 
that was strikingly different from the ratio 
emitted by normal females (14, 15) The 
blend-ratio shift was so great, and differed 
so much from the normal wild-type blend, 
that T ni males were poorly attracted to 
the mutant female blend After =40 gen- 
erations of laboratory breeding, however, 
mutant T ni males broadened their spec- 
trum of response so that they were now 
attracted equally well to both the new 
mutant T ni blend ratio and the old one 
Asymmetric tracking (4, 5) of the mutant 
female blend by males would seem to be 
supported by these results 

Another impact of the Roelofs et a1 
results (6) is that they reemphasize the 
need to understand male moth olfaction, 
now with regard to the ability of males7 
pheromone olfactory response systems to 
be sufficiently broadly tuned to respond to 
odd molecules or to changes in the blend 
ratios of the existing pheromone blend 
molecules These two different kinds of 
shifts in pheromone blends might require 
different kinds of corresponding changes 
to occur in males' olfactory systems. For 
males to be responsive to novel molecules 
in female emissions, receptor neurons 
must be present that are capable of being 
stimulated by the new molecules Thus, for 
the rare 0 nubilalis males (6), we might 
expect to find broadened tuning exhibited 
by the pheromone receptor neurons them- 
selves Pheromone receptor neurons that 
had broadened their acceptance spectrum 
to include the new molecules would be at 
an advantage compared with completely 

even a slightly broadly tuned pheromone- 
component receptor neuron in moths, the 
few examples that do exist are instructive 
and thus far seem to coincide with appar- 
ent major chain-shortening or desatura- 
tion-enzyme-related alterations in species' 
pheromone emissions (17-21) A good 
example comes from extensive research 
on the European ermine moth species 
complex, genus Yponomeuta (3, 17) Only 
a single species, Yponomeuta rorellus, of 
the many sympatric species in this group, 
does not use either (Z)- 01 (Â£')-!I 
tetradecenyl acetate as the major compo- 
nent of its pheromone blend (17) Rather, 
it uses the saturated analog tetradecan- 
1-01 acetate (tetradecyl acetate) as its only 
pheromone component It is logical to 
speculate that in ancestral populations 
giving rise to Y rorellus, the A l l -  
desaturase enzyme in some females ap- 
parently became nonfunctional (similar to 
the mutant T nz system) Possibly the 
All-desaturase gene suddenly became a 
pseudogene, as it now seems to be in 0 
furnicalis (6) 

For desaturase-lacking females of Y 
rorellus to successfully mate (and pass on 
the mutation), some proportion of males 
in the population would have to be capa- 
ble of responding to the saturated acetate 
with their existing olfactory apparatus, 
beginningwith receptor neurons that were 
able to be stimulated by this compound 
Male Y rorellus antennae do have an 
abundance of receptor neurons that are 
stimulated by tetradecyl acetate (21) 
What sets this particular type of neuron 
apart from the typical lepidopteran sex 
pheromone receptor neuron, however, is 
that it is at least as responsive to the (E)- 
and (Z)-11-tetradecenyl acetate mole- 
cules emitted by other sympatric 
Yponomeuta species as to its own satu- 
rated tetradecyl acetate pheromone (21) 
This neuron is also very sensitive to sev- 
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er a1 other pheromone-like compounds, 
including (E)-6-tetradecenyl acetate and, 
most interestingly, with regard to the 
Roelofs et a1 report (6), to (E)- and (Z)- 
12-tetradecenyl acetate 

This type of Y rorellus pheromone re- 
ceptor neuron is thus unusually broadly 
tuned and strikingly also exhibits exactly 
the kind of acceptance of the A12- 
tetradecenyl acetate isomers expected in 
ancestral 0 nubilalis males' pheromone 
receptor neurons (and perhaps also in 
those of present-day rare broadly respond- 
ing 0 nubzlalzs) Comparative studies on 
receptor neuron breadth of tuning of 
"rare" males as well as "normal" males in 
these two Ostrznza species need to be 
performed and include not only Al l -  and 
A12-tetradecenyl acetates but also tetra- 
decyl acetate to determine whether there 
are any similarities to the Y rorellus 
neurons 

One process left somewhat unex- 
plained in the asymmetric tracking sce- 
nario described for the divergence of 0 
furnzcalzs from 0 nubzlalis (6) was the 
mechanism that might accentuate males 
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