20. V. L. M. Herrera et al., unpublished data. When
various concentrations of intracellular Na* (5 to 25
mM) were used, ®Rb* influx was consistently less
in DS erythrocytes as compared to age-matched DR
erythrocytes. By immunoblot analysis only al was
detected in DS and DR erythrocytes, and the
amounts and size of al subunit polypeptide were
equivalent in both types of rats. Ouabain affinities
determined from erythrocyte and kidney membranes
were equal in DS and DR.

21. D. P. Felsenfeld and K. J. Sweadner, J. Biol. Chem.
263, 10932 (1988). Kidney membranes were isolat-
ed [P. J. Jorgensen, Biochim. Biophys. Acta 356, 36
(1974)] and quantitated by the Pierce protein assay.

22. T. V. Huynh, R. A. Young, R. W. Davis, in DNA
Cloning, D. M. Glover, Ed. (IRL Press, Oxford,
1985), vol. 1.

23. Nucleotide sequences of the S-al were obtained by
the Sanger dideoxy-chain termination sequencing
method of M13 single-stranded DNA [F. Sanger, S.
Nicklen, A. R. Coulson, Proc. Natl. Acad. Sd.
U.S.A. 74, 5463 (1977); J. Messing, R. Crea, P.
H. Seeburg, Nucleic Acids Res. 9, 309 (1981)] with
the use of two sequencing systems: the Kienow
fragment of DNA polymerase I (Pharmacia) (14)
and Sequenase (U.S. Biochemical) shown here.
Both sequencing gels revealed the T for A transver-
sion unequivocally. The R-al nucleotide sequences

were as previously published, obtained by Klenow
sequencing of single-strand DNA (shown here) (7),
and by Maxam and Gilbert sequencing (6). DNA
and protein analyses were done with the GenePro
computer software (Riverside Scientific Enter-
prises).

24. J. Castroand R. A. Farley, J. Biol. Chem. 254,2221
(1979).

25. P. L. Jorgensen, Biochim. Biophys. Acta 694, 27
(1982).

26. J. Kyte and R. F. Doolittle, J. Mol. Biol. 157, 105
(1982).

27. In vitro transcribed RNAs were obtained by SP6
RNA polymerase transcription of respective S-al
cDNA and R-al ¢cDNA subcloned into psp73 tran-
scription vector (Promega) according to manufac-
turer’s specifications. Equality of S- and R-al tran-
scripts were ascertained by densitometric quantita-
don of full-length nondegraded transcripts on
Northern blot analysis with random-primed 32P-
labeled ol ¢cDNA probe (14). Xenopus oocyte
expression experiments were done as described (16—
18) with 25 ng of SS- and RR-specific in vitro
transcribed al RNA with equimolar g1 in vitro
transcribed RNA in 50 nl of ddH,O. Microinjected
oocytes were apportioned for Rb* uptake assays
and immunoprecipitation with the al-specific
monoclonal antibody, MCK-1 (21). Immunoprecip-

itation was done as described (16, 17) with the
following modifications: 12 hours after microinjec-
tion, unhealthy oocytes were removed; only intact
oocytes were incubated in fresh modified Barth
saline with L-[*S]methionine (1 mCi/ml; specific
activity, 1146 Ci/mmol) for 60 hours with one
media change; before membrane isolation, oocytes
were again checked for integrity; oocyte membranes
were isolated by sucrose step-gradient centrifuga-
tion; membranes were incubated with MCK-1 anti-
body overnight at 4°C; affinity-purified goat anti-
body to mouse immunoglobulin G (CAPPEL) was
used for precipitation of the antibody-antigen com-
plexes.

28. Single-letter abbreviations for the amino acid resi-
dues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q. Gln; R, Arg; S, Ser; T, Thr; V, Val; W,
Trp; and Y. Tyr.

29. We thank A. V. Chobanian, J. F. Cloix, M. Canessa,
and J. Navarro; K. Sweadner for the MCK-1 anti-
body; and R. Levenson for the 1 ¢cDNA clone.
Supported by the National Institutes of Health (HL
01967, HL 39267, and HL 18318) and the Ameri-
can Heart Association Grant in Aid. V.L.M.H. is a
Syntex Scholar Awardee.

12 March 1990; accepted 21 June 1990

Sexual Role Reversal in Mate-Finding Strategies of

the Cabbage Looper Moth

PETER J. LANDOLT AND ROBERT R. HEATH

The mate-finding behavior of the cabbage looper moth Trichoplusia ni (Lepidoptera:
Noctuidae) includes both female- and male-produced sex pheromones used in distinct
mate-finding strategies. Both sexes release multicomponent pheromones attractive to
the opposite sex. Male pheromone is comprised of d-linalool, m-cresol, and p-cresol
released from abdominal hair pencils. Males exposed to host plant odor or to the
female sex pheromone (Z)-7-dodecen-1-ol acetate are more attractive to females,
suggesting stimulation of male pheromone release.

HE MATE-FINDING BEHAVIOR OF

the cabbage looper moth Trichoplusia

ni (Hiibner) has been depicted as a
system typical of other insects, particularly
other moths. The stationary calling female
produces a potent species-specific male at-
tractant (1-3), and males release possible
aphrodisiac pheromones during courtship
interactions (2, 4). This pheromone commu-
nication system was one of the first studied
and has served as a model for research on
insect sex pheromones. However, we dis-
covered an alternate mate-finding strategy in
this species that involves attraction of fe-
males to males (5). Observations of cabbage
loopers in field cages confirmed that male
attraction to females and female attraction to
males constitute separate mate-finding strat-
egies. Female visitation at cages of males
occurred principally at dusk, whereas male
visitation at cages of females occurred in the
fourth to ninth hours of the 10-hour night
(6).
Insect Attractants, Behavior, and Basic Biology Research

Laboratory, Agricultural Research Service, U.S. Depart-
ment of Agriculture, Gainesville, FL 32604.
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We report here the identification of a
male cabbage looper pheromone isolated
from hair pencils that is attractive to females.
We show that males release this pheromone
in response to female pheromone and that
males in an airstream of host odor or female
pheromone are more attractive to females.
Such behavior, as well as male attraction to
host plants and scent-marking on host
plants, suggests a resource-based mating
strategy, with host plants as natural sexual
rendezvous sites. We have identified a long-
range sex attractant from a male moth and
documented host plant kairomonal enhance-
ment of male attractiveness in Lepidoptera.

Because we previously isolated material
attractive to females from male cabbage
looper hair pencils (5), hexane extracts of
male cabbage looper hair pencils were frac-
tionated with capillary gas chromatography
(GC). Flight tunnel bioassays of GC frac-
tions showed that maximum attraction of
unmated females required the combination
of three fractions. Attraction response rates
were 0, 0, 13, and 44% for fractions 1, 2, 3,
and the three fractions combined respective-

ly (n = 45), with attraction to combined
fractions significantly higher (Duncan’s new
multiple range test, P =< 0.05, after arcsine
transformation of the data). Spectroscopic
analyses of compounds in these fractions
resulted in the identification of the active
components as d-linalool, m-cresol, and p-
cresol (7). Bioassay results confirmed that all
three compounds were required to entice
the cabbage looper moths to fly upwind for
contact with the pheromone dispenser.
Thirty-seven percent of 35 moths were at-
tracted to contact the dispenser baited with
all three compounds, compared to none for
cresols, 9% for d-linalool, and 34% for hair
pencil extract. The configuration of d-linalo-
ol was established via chiral derivitization
techniques (7).

Initial attempts to collect pheromone re-
leased by males were unsuccessful. We hy-
pothesized that males may be stimulated to
release pheromone by host plant chemicals,
by female pheromone, or by both. In a
previous study of cabbage looper moth at-
traction to cabbage plants [Brassica oleraceae
(L.)] (8), males arriving at plants called and
scent-marked. Also, male cabbage loopers
exhibit full hair pencil displays upon ap-
proaching calling females (9, 10), possibly
releasing the same pheromone blend we
isolated from these hair pencils. Experi-
ments were conducted to determine if male
pheromone release is stimulated by host
plant odor or by female pheromone and if
the pheromone released is the attractant we
isolated from extracts of hair pencils.

In flight tunnel experiments, noncompeti-
tive comparisons were made of unmated
female T. ni responses (upwind-oriented
flight and contact) to males, potted cabbage
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plants, and males on cabbage plants. Attrac-
tion to cages containing five males and a
plant was significantly greater than to five
males in a cage or to a plant in a cage (Table
1). In a second experiment, odors from
males, from a plant, or from both males and
a plant in glass holding chambers were piped
into the flight tunnel. Females were tested
for responses to airflow from over five
males, from over a cabbage plant, or from
over males exposed to cabbage odor. Again,
more females were attracted to volatiles
from the combination of males and a plant
than to either alone (Table 1). In a third
experiment, comparisons were made of fe-
male attraction to male odor, to the major
component of the female sex pheromone
[(Z)-7-dodecen-1-0] acetate (Z7-12:Ac)]
(3), and to males exposed to Z7-12:Ac.
Significantly more females were attracted to
the five males exposed to Z7-12:Ac than to
the unexposed males or to only Z7-12:Ac
(Table 1). We interpret the significantly
higher female response rates to males ex-
posed to either plant odor or Z7-12:Ac as
an indication of stimulation of male phero-
mone release by plant odor or Z7-12:Ac.
We then collected volatile compounds
emitted by groups of five males (11, 12).
Collections were made from males (n = 11),
from males exposed to airflow from over a
cabbage plant (n = 5), from males exposed
to airflow containing Z7-12:Ac (n = 5),
and from males exposed to both cabbage
odor and Z7-12:Ac (n = 5). Linalool, p-
cresol, and m-cresol were present in all col-
lections made from males exposed to Z7-
12:Ac and to the combination of Z7-12:Ac
+ cabbage odor (Table 2). Males released
significantly more pheromone in response
to Z7-12:Ac and cabbage odor than to
either Z7-12:Ac or cabbage odor alone. The
absence of linalool and cresols (<200 pg)
from males exposed to cabbage odor sug-
gests that the high female response rates to
plant odors and males may be a result of

Table 2. Male pheromone components (mean + SD) collected from airflow over male T. ni (n = 5)
exposed to odors, in 15-min collections. Amounts followed by the same letter are not significantly
different by Duncan’s new multiple range test, P = 0.05.

Male pheromone components (ng)

Treatment n
d-linalool p-cresol m-cresol

Control 0a 0 0 11

Cabbage Oa 0 0 5

Z7-12:Ac 5.0 = 2.3b 0.3 0.2 0.1 0.1 5

Z7-12:Ac + cabbage 9.0 + 4.3¢c 0.6 = 0.3 0.2 +0.1 5

synergism between plant odor and male
pheromone or the result of additional pher-
omones emitted by calling or scent-marking
males exposed to host plants. In the labora-
tory, male T. ni scent-marking occurred in
response to foliage of cotton, cabbage, soy-
bean, and celery, but not in response to wet
filter paper or the nonhost plant Sefcreasea
purpurea.

Most of the sex pheromones studied have
been female-produced male attractants,
which are consistent with contemporary sex-
ual selection reasoning in that males have
more to gain and females more to lose from
increased expenditures of time and energy
on sexual activities, including search behav-
ior. Other mate-finding strategies are
known where males attract females. Howev-
er, such cases are considered exceptional,
resulting from unusual selection pressures
such as male shortages, male control of
resources, signaling risks, or opportunities
for female mate choice at male aggregations
(13).

Female cabbage looper moths may be
attracted to male pheromone for mate-
choice opportunities if male cabbage looper
moths aggregate, as do Estigmene acrea (14),
or for access to resources. Effects of host
stimuli on sex pheromone behavior in cab-
bage looper moths, whether stimulation of
male pheromone release or synergizing of
female attraction to males, suggests that
females could obtain greater access to hosts

Table 1. Comparisons of percentages of unmated female T. ni responding to a cabbage plant, male T.
ni, or both, in a cage in the flight tunnel, and to cabbage plant odor, Z7-12:Ac, male (n = 5) odor, and
combinations piped into the tunnel. Percentages followed by different letters are significantly different

(P = 0.01, x?).
Attracted Contact
Treatment (%) (%) n
In flight tunnel
Cabbage 3la 22a 95
Male T. ni 23a 22a 95
Cabbage + male T. ni 61b 47b 95
Piped odor

Cabbage 16a 6a 50
Male T. ni 10a Oa 50
Cabbage + male T. ni 44b 14a 50
Z7-12:Ac 0.0a 0.0a 30
Male T. ni 6.7a 3.3a 30
Z7-12:Ac + male T. ni 60.0b 47.0b 30
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by responding to male pheromone. Such
access may offset female investments in time
and energy for search behavior and explain
this exception to researchers’ expectations of
Lepidoptera female signaling and male
searching. Females may also gain resources
directly from male spermatophores, as sug-
gested for other Lepidoptera (15).

Perceived limitations to the widespread
use of sex pheromones in pest control are
due largely to sexual competition among
males reducing treatment efficiency (16).
Past attempts to trap-out populations with
female pheromones as male lures or as mat-
ing disruptants were often ineffective, pre-
sumably because of high ratios of sexually
active males to females and the resultant
competition for mates. Attractants for fe-
males, like those reported here for the cab-
bage looper moth, should be more effective
when used as trap lures in obtaining pest
population reductions, by direct removal of
their reproductive potential, particularly if
mated females are also susceptible. The pos-
sibility of pheromonal or kairomonal trig-
gering of male pheromone release provides
an initial experimental framework for
searching for such male-produced female
attractant pheromones in other pest moths
and in other insects.
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The Minimal Number of Class II MHC—Antigen
Complexes Needed for T Cell Activation

STEPHANE DEMOTZ, HOWARD M. GREY, ALESSANDRO SETTE*

Major histocompatibility complex (MHC) molecules are exposed to large quantities of
self and nonself antigens. It is not known what fraction of MHC molecules needs to be
occupied by antigen to induce a T cell response. A quantitative study of naturally
processed antigen indicated that T cells could be activated when only 0.03 percent of
the total I-E? purified from antigen-presenting cells (APCs) was occupied with
antigen. B cells and macrophages processed hen egg lysozyme (HEL) with different
efficiencies, but similar degrees of occupancy were required for T cell stimulation.
Higher occupancy was needed for I-E%-transfected L cells, possibly reflecting the

requirement for other accessory molecules for efficient APC-T cell interaction.

HE HEL PEPTIDE THAT CORRE-
sponds to the I-Ed-restricted deter-
minant, HEL(107-116), can be iso-

" lated from naturally processed antigen (1).
When HEL concentrations of 1 mg/ml are
added to APCs, a substantial fraction (10 to
40%) of I-E? molecules is occupied by
HEL-derived antigen fragments (7). We
have conducted experiments to estimate the
minimal number of MHC-antigen complex-
es necessary to induce T cell activation.
Large numbers (~10°) of the B lymphoma,
2PK3 (2), were pulsed with various concen-
trations of HEL. After 24 hours, cell sam-
ples were washed, and their capacity to
activate the I-Ed-restricted, HEL(107-
116)-specific, T cell hybridoma, IE5, was
assessed (3). Doses above 1 pg/ml gave an
optimal response, and a dose of 0.5 pg/ml or
less induced suboptimal interleukin-2 (IL-2)
release from IES5 cells (Fig. 1). In parallel to
these studies with intact APCs, I-E¢ (includ-
ing I-E-HEL peptide complexes) was puri-
fied by affinity chromatography (1) from

each of the cell populations pulsed with the
various HEL concentrations, and subse-
quently these preparations were inserted
into planar membranes and used to stimu-
late TES cells (Fig. 2A). For HEL concentra-
tions below 250 pg/ml, the relative potency
of the different I-E4 preparations varied as a
function of the HEL concentration used in
the antigen pulse. To obtain a quantitative
estimate of the fraction of I-EY molecules

that were occupied by the HEL(107-116)
epitope in the various preparations, we also
assessed the relative potency of HEL(107—
116)-I-E complexes formed in vitro. At
the same time, the concentration of antigen—
I-EY complexes formed was determined by
Scatchard analysis (1, 4). In this way, IL-2
production could be related to the amount
of HEL(107-116)-1-E¢ complexes used in
the T cell hybridoma assay (1) (Fig. 2B).
Concentrations of 0.7 nM of HEL(107—-
116)-1-E¢ complexes were required to stim-
ulate IL-2 production at 40 U/ml from IE5
cells. About 230 nM of I-E¢ purified from
cells pulsed at the lowest concentration of
HEL that gave stimulatory planar mem-
branes (4 pg/ml) was necessary to achieve
similar levels of IL-2 production. It can
therefore be estimated that 0.7/230 (0.3%)
of the I-E® molecules purified from 2PK3
pulsed with HEL at 4 pg/ml were occupied
by antigenic material. When similar calcula-
tions were performed for the other HEL
concentrations used to pulse 2PK3 cells, a
linear relation resulted (Fig. 2C). If linearity
is assumed at low pulsing antigen concentra-
tions, then an estimate of the percentage of

Table 1. Minimal number of I-E-antigen complexes required for T cell activation in various APCs.

The numbers of I-E molecules per cell was determined by radiolabeling and immunoassay (5) with
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labeled 14-4-4 monoclonal antibody to detect I-E? and is stated as the average of two independent
experiments. Experiment to experiment variability was contained within 40% of the mean. HEL dose is
stated as micrograms per milliliter. Percent occupancy was determined from the capacity of I-E¢ isolated
from antigen-pulsed cells to stimulate IE5 cells in a planar membrane system, as described in Fig. 2.
Average of two independent experiments. Occupancy levels for each cell type varied less than fourfold in
replicate experiments.

APC types
Measure
2PK3 B cells BMMdé CA36.2.1
Number of I-E molecules per cell 1.8 x 10° 0.8 x10° 1.1 x10° 10°
HEL dose required for suboptimal 0.3 2 256 32
responses (320 U/ml)
Percent occupancy 0.03 0.14 0.25 4.6
Number of complexes 60 110 280 4600
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