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Pheromone Components and Active Spaces: What Do 
Moths Smell and Where Do They Smell It? 

The pheromone-mediated flight behavior of male Oriental fruit moths was observed in 
the field to test the hypothesis that male activation far downwind of a female is 
initiated by the major, or most abundant, component of the pheromone blend. Males 
responded at significantly greater distances to the three-component pheromone blend 
produced by females than to the major component alone or to either binary mixture 
containing the major component and one minor component. These results support the 
alternative hypothesis that the active space of a multicomponent pheromone is a 
function of male perception of the female-released blend of components, rather than of 
the major component alone, and that so-called minor components have a greater 
impact on male behavior farther downwind of a female than previously thought. 

0 NE OF THE MAJOR QUESTIONS IN taenia velutinana (Walker)], and the cab- 
the study of lepidopteran multi- bage looper (CL) [T~ichoplwia ni (Hiibner)] 
component sex pheromones con- (10). Our results showed (i) that over the 

cerns the role of individual chemicals in dose series used the female-released blends 
influencing the dimensions of the active 
space, defined here as the area downwind of 
a calling female over which males are able to 
detect and respond to the pheromone (1,2). 
TWO conflicting hypotheses have been pre- 
sented to explain this problem. The first, or 
component, hypothesis states that the maxi- 
mum distance at which a male orients to the 
odor plume and initiates upwind flight is a 
function of the male's abilinr to detect the 

significantly enhanced the number of males 
activating and completing upwind flights to 
the source over that observed with the major 
component alone, and (ii) that male re- 
sponse to lower doses of the major compo- 
nent (at which no upwind flights were re- 
corded) was significantly enhanced by addi- 
tion of the complement of minor compo- 

major, or most abundant, component in the 28-12:OAc 
blend (3-7). Accordingly, minor compo- 
nents do not participate in long-range at- = Three-component blend i 
traction; rather, they initiate short-range 
approach, landing, and courtship behaviors. 
The second, or blend, hypothesis states that 60 

the female-released blend of components 
acts as a unit to effect optimal sensitivity in 
males over the entire response range (8, 9). - 
Even though minor components may be 
present in very small amounts (usually 5 40 

<lo% of the major component), these com- 
ponents are necessary for optimal levels of 
activation and upwind flight. 

To test these nvo hypotheses, we recently 
conducted a series of flight tunnel tests with 20 
three moth species, the Oriental fruit moth 
(OFM) [Gmpholita molesta (Busck)], the 
red-banded leaf roller (RBLR) [Awyvo- 

Dc aruncnt of Entornolop, New York State Agricultur- 0 
al lxperiment Station, Cofnell University, Geneva. NY ~ClIsePtum 1 10 100 1 10 100 
14456. Temp. 19" to 21°C 25" to 28°C 

nents (11). From these results we 
hypothesized that downwind of a female, 
represented in the flight tunnel by lower 
doses of pheromone, males are most respon- 
sive to the complete blend of components 
and that the act& mace of the ~heiomone 
is a function of male perception of the 
female-released blend and not simply the 
major component. Here we addi- 
tional evidence for the blend hypothesis 
from studies with the OFM in which the 
active space of the pheromone was measured 
under field conditions. We suggest that this 
hypothesis represents an important general 
principle in insect chemical communication 
systems and is most consistent with the 
existing paradigm stating that multicom- 
ponent pheromones in the Lepidoptera 
function as species-specific mating signals. 

The behavior of male 0Fh.I to synthetic 
pheromone [(Z)-8-dodecenyl acetate (28- 
12:OAc), with 6% (E)-8-dodecenyl acetate 
(E8-12:OAc) and 3% (2)-8-dodecenol (28- 
12:OH) (12)] was observed in a large open 
field (13). The pheromone plume mas local- 
ized bv a parallel stream of bubbles released 

J L 

at a point 1 m from the pheromone source 
(14). In the first test, males were exposed to 
the major component, 28 -12 :0~c ,  alone 
and to the threeIcomponent mixture at three 
doses (1, 10, and 100 kg) and over nvo 
temperature ranges (19" to 21°C and 25" to 
28°C) representing the extremes that occur 
during the activity period of this insect. 
Males exhibited vigorous wing-fanning and 
walking response; in significantly greater 
numbers and at greater distances at all three 
doses of the three-component blend than to 
the major component (Fig. 1) (15, 16). The 
distance at which males responded was ap- 
proximately doubled at the higher tempera- 
ture range. In the second test males were 

Fig. 1. Distance downwind (in meters) of a 
pheromone source that prompted male OFM 
wing-fanning and walking responses. Three doses 
of the major component (Z8-12:OAc) or the 
three-component blend (Z8-12:OAc with 6% 
E8-12:OAc and 3% 28-12:OH) were used over 
two temperature ranges. Response values are 
means + SD, n = 30, for each treatment. Values 
inside each bar are the number of responders. 
Comparisons of mean response values were made 
between the pair of treatments at each dose within 
each temperature range by analysis of variance. 
 means within each pair with different letters 
indicate a significant difference (P < 0.05). 
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Fig. 2. Distance downwind (in meters) of four 
pheromone treatments (Z8-12:OAc, Z8-12:OAc 
+ 3% Z8-12:OH, Z8-12:OAc + 6% E8-12:OAc, 
and the three-component blend) that prompted 
male OFM wing-fanning and walking responses. 
Temperature was 19" to 21°C; dose was 10 kg. 
Values are means t SD, n = 30, for each treat- 
ment. Values inside each bar are the number of 
responders. Means having no letters in common 
are significantly different according to analysis of 
variance and Student-Newman-Keuls test for sep- 
aration of means (P < 0.05). 

exposed to the major component alone, the 
three-component blend, and the two binary 
blends composed of Z8-12:OAc and one of 
the minor components. Again, males re- 
sponded in significantly greater numbers 
and at greater distances to the 10-pg dose of 
the female-released blend than to either of 
the two-component mixtures or to Z8- 
12:OAc alone (Fig. 2).  In the third test we 
observed male flight behavior in response to 
Z8- 12:OAc, the Z8IE8- 12:OAc mixture, 
and the three-component blend (17).  With 
Z8-12:OAc alone only 5 of 30 males took 
flight, and these exhibited random flight 
away from the cage. With the ZiE mixture 
15 males took flight, with 12 of these 
exhibiting stationary flight in the odor 
plume before flying away. With the three- 
component blend, all of the insects took 
flight, with 24 orienting in the plume and 
21 of those initiating upwind flight over a 
distance of at least 2 m (18). 

The results of these tests support the 
blend hypothesis by showing chit males 
were more sensitive to the complete blend of 
components at distances far downwind of 
the female than they were to the major 

comDonent alone. The results also demon- 
strate that minor components can have a 
significantly greater effect on male behavior 
downwind of a female than has previously 
been believed, and that they do not function 
simply as releasers of short-range courtship 
behaviors (19). 

The conclusion expressed here for OFM, 
and also in supporting flight-tunnel studies 
with CL and RBLR, represents a reversal of 
earlier results with these species that sup- 
ported the component hypothesis (3,4,  20). 
Our recent flight-tunnel and field studies 
were conducted as a result of reinvestiga- 
tions of the sex pheromone of each species, 
which showed that the female-produced 
blends were not the same as those previously 
identified and used in behavioral studies 
(12, 21). The earlier studies utilized partial 
blends or blends containing ratios of com- 
ponents different from those released by 
females, but blends that had proven to be 
very attractive in field-screening trials. It is 
clear that although these partial blends can 
elicit certain behaviors from male insects. 
these responses are inferior, both qualita- 
tively and quantitatively, to those exhibited 
with the female-produced blends. 

Our conclusion concerning the active 
space of the pheromone is also in better 
agreement with a major paradigm which 
states that multicomponent pheromones 
function as species-specific mating signals 
(2, 22). With respect to interactions involv- 
ing the chemical signal, males in a popula- 
tion face two major problems in locating a 
mate. The first is intraspecific competition 
from other males. Unmated females repre- 
sent a potentially limiting resource, and 
therefore the sensitivity of a male to the 
pheromone could be an important factor in 
his ability to respond quickly to conspecific 
females. Second, the signal serves as a barrier 
to cross-attraction between closely related 
species that utilize some chemical compo- 
nents in common (2 ) .  A male must be able 
to recognize not only the conspecific phero- 
mone blend but also variants of that signal 
that might resemble the pheromone of a 
closely related species. Thus a male who is 
able to assess the qualitative and quantitative 
nature of the signal at the farthest point 
possible downwind could have an advantage 
in locating mates. Future studies at the 
evolutionary, behavioral, and neurophysio- 
logical levels should focus on the problems 
related to perception of blend quality and 
quantity, rather than on the less heuristic 
search for functions of individual chemicals. 
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Evidence for Reduced Recombination on the recombination on the homologous chromo- 
somes undergoing nondisjunction. In this Nondisjoined Chromosomes 21 in Down Syndrome smdy, \rc tested these hrpotheses by com- 
paring linkage maps of chromosomes 21 

ANDREW C. WARREN,* ARAVINDA CHAIZRAVARTI, CORINNE WONG, that had disjoined normally and chromo- 

SUSAN A. SLAUGENHAUPT, SUSAN L. HALLORAN, PAUL C. WATIZINS, 21 that had nOndisJunc- 

CATERINA METAXOTOU, STYLIANOS E . ANTONARAIZIS* tion. 
A linkage map of human chromosome 2 1 

was constructed with DNA polymorphisms 
Trisomy 21 usually results from nondisjunction during meiosis I. In order to adjacent to several single-copy DNA frag- 
determine whether nondisjunction results from failure of normal chromosome pairing ments derived from human chromosome 
or premature unpairing, recombination frequencies were estimated between DNA 21. The recombination values obtained be- 
polymorphic markers on the long arm of chromosome 21 in families containing one tween pairs of DNA markers are shown in 
individual with trisomy 21. The recombination frequencies on chromosomes 21 that Table 1. 
had undergone nondisjunction were then compared to those on chromosomes 21 that The DNA markers D21S1 and D21Sl l  
had disjoined normally. The data indicate that recombination is reduced between DNA are closely linked; no recombinants were 
markers on nondisjoined chromosomes 21. These results are consistent with the observed in over 135 meioses (6, 7). These 
hypothesis that reduced chiasma formation predisposes to nondisjunction, resulting in nvo markers were thus treated as a single 
trisomy 2 1 in humans. locus in subsequent analyses. Similarly, the 

DNA markers D21S3 and D21S23 are 

T RISOMY 21 RESULTS FROM CHRO- bidity and mortality. Trisomies occur in closely linked; one recombinant has been 
mosome nondisjunction, which oc- approximately 4% of clinically recognized observed in 23 meioses [this study and (7)]. 
curs most frequently in maternal pregnancies and trisomy 21 occurs in ap- The estimated recombi~ation value is 

meiosis I (1). Studies in other species, most proximately 0.1% of live births and 0.5% of 8 = 0.04 (LOD score Z = 5.14). Thus, 
notably D~osophila, have demonstrated re- all conceptions (3). Trisomy 21 (Doivn D21S3 and D21S23 were also treated as 
duced recombination frequencies on chro- syndrome) is the commonest known genetic one locus in subsequent analyses. 
mosomes undergoing nondisjunction dur- cause of mental retardation (3). Nondisjunc- Multilocus linkage analysis by the com- 
ing meiosis (2). We have estimated the tion of chromosome 21 is strongly influ- puter program package Linkage reveals that 
frequency of recombination between loci enced by maternal age (3, 4). the most probable location of CW2lpc is 
identified by DNA polymorphisms on hu- The following hypotheses have been pro- proximal to D21S13 (Table 2). The locus 
man chromosomes 21 that have undergone posed (5) to account for the abnormal segre- CW2lpc thus appears to be close to the 
nondisjunction. These frequencies were gation of chromosome 21 leading to Down centromere, as D21S13 maps proximal to a 
compared with the estimated frequencies of syndrome in humans: nondisjunction results breakpoint in band q21 ( 8 ) .  The linkage 
recombination between the same DNA loci from (i) asynapsis (failure of normal pairing map of chromosome 21q in control families 
(i) on chromosomes 2 1 from normal control of the homologous chromosomes at meiosis is illustrated in Fig. 1. 
families and (ii) on chromosomes 21 that I) or (ii) desynapsis (premature unpairing of The linkage map of chromosomes 21 
disjoin normally in the families containing the homologous chromosomes after normal from normal families was compared with the 
one individual with trisomy 21. These com- pairing). Theoretically, asynapsis during linkage map of human chromosomes 21 that 
parisons demonstrate that recombination is meiosis will lead to absence of recombina- have nondisjoined. Nondisjoined chromo- 
significantly reduced on chromosomes 21 tion, whereas desynapsis will lead to normal somes were identified in informative fam- 
that have undergone nondisjunction. 

Nondisjunction of chromosomes occurs 
commonly during meiosis, and the resultant Table 1. Values for recombination benveen polymor hic DNA markers on chromosome 21 presented 
aneuploidies cause significant human mar- with LOD scores. Tests of linkage in the control b m i e s  were performed with the maximum likelihood 

LOD score method of Morton (23) and the computer program Liped (24). For each LOD table, the 
maximum likelihood estimate 8 and the maximum LOD score Z were computed with the interpolation 

A. C. Warren, C. nrong, S. E. Antonarakis, Depanment formulas of Rao et al. (25). The 95% confidence limits on the recombination value were computed by 
of Pediatrics, Genetics Unit, and Program in Human 
Genetics. Johns Hopkins University School ofMedicine, the method of Buetow et a" (26)' 
Baltimore, MD 21205. 
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Locus pair 
University of Pittsburgh, Pittsburgh, PA 15261 limits 
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MA 01701. CW21pc-D21S13 0.14 2.05 0.01-0.27 
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