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Abstract

Pheromone Binding Proteins (PBPs) are one branch of a multigene family of lepidopteran Odorant Binding Proteins (OBPs) that
are known for their relatively high levels of expression in male antennae. However, PBP expression has been observed at low levels
in female antennae of the Saturniidae, Bombycidae and Lymantriidae, and at relatively high levels in members of the Noctuiidae. The
function of female PBP expression is unclear, as female lepidoptera are consistently noted for their failure to respond physiologically
or behaviorally to sex-pheromone. In this study, the sexual dimorphism of PBP expression was examined in the noctuiid moths
Helicoverpa zeaHeliothis virescensnd Spodoptera frugiperdaA PBP cDNA clone was isolated from femate zeag PBPHzea.

Northern blot analysis indicated relatively high levels of PBEea expression in both male and female antennae, though females
consistently expressed about 50% that of males. Western blot analysis of male and female PBP expression supported these relative
differences. Immunocytochemical analysis indicates discrete expression localized beneath olfactory sensilla of both male and female
antennae. These results suggest female noctuiids possess the biochemistry to detect at least components of their sex-pheromon
Alternatively, these results may suggest that PBPs have a more general function in noctuiids, possibly reflecting behavioral and
life history differences that distinguish this the Noctuiidae from other Lepidopteran faniili€2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction aqueous lumen of olfactory sensilla. OBPs are generally
thought to bind volatile odorants entering the sensillum,
Interaction between odor molecules and Odorant transport these odorants through the aqueous lumen, and
Binding Proteins (OBP) is the initial biochemical step deliver the odorants to receptor proteins situated in the
in odor recognition in many insect species (Vogt and membranes of olfactory neurons. One group of OBPs
Riddiford, 1981; Vogt et al. 1985, 1999; Prestwich et al., include the lepidopteran specific classes of Pheromone
1995; Pelosi and Maida, 1995; Pelosi, 1996; Steinbrecht, Binding Proteins (PBPs) and General Odorant Binding
1996; Carlson, 1996; Breer, 1997; Kaissling, 1998; Proteins GOBP1 and GOBP2 (Vogt and Riddiford,
Wojtasek and Leal, 1999; Krieger and Breer, 1999). 1981; Vogt et al. 1991a, 1999; Breer, 1997; Robertson
OBPs are small, water soluble proteins secreted into theet al., 1999). While GOBPs are generally noted to be
expressed at similar levels in both male and female
antennae (e.g. Vogt et al., 1991a,b), PBPs have been
" Corresponding author. Tel+1-662-320-7430; fax+1-662-320-  NOted for strong sexual dimorphism in being expressed
7528. primarily or most abundantly in male antennae (Vogt
E-mail addresscallahan@ra.msstate.edu (F.E. Callahan). and Riddiford, 1981; Vogt et al., 1991a; Qyyi et al.,
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1988; Raming et al. 1989, 1990; Krieger et al. 1991, pheromone (Schweitzer et al., 1976; Boeckh and
1996; Merritt et al., 1998). Indeed, the sex specific pres- Boeckh, 1979; Koontz and Schneider, 1987; Hildebrand,
ence of PBP in male antenna of the silk méththeraea  1996; Christensen et al., 1990; Chen et al., 1997).
polyphemus along with its observed interaction with Female expression of PBP may suggest that females are
sex-pheromone and localization to the extracellular responsive to sex-pheromone in an as yet undetected
lumen of sex-pheromone specific sensilla, provided the manner. Alternatively, such expression may suggest that
initial evidence that these proteins had a role in odor noctuiid PBPs are less specialized than the PBPs of other
detection (Vogt and Riddiford, 1981). lepidoptera regarding the processing of sex-pheromone
The actual degree of sexual dimorphism regarding the signals.
expression of PBP in male vs. female antennae differs
among those species studied. In early studies involving
N-terminal sequence analysis, Vogt et al. (1991a), noted2. Materials and methods
that the PBPs ofAntheraea polyphemwndHyalophora
cecropia(Saturniidae)Bombyx mor{Bombycidae), and  2.1. Moth tissue
Lymantria  dispar and Orgyia pseudosugata
(Lymantriidae) were all male specific, undetectable in  Helicoverpa zeaHeliothis virescensand Spodoptera
females. However, while expression of PBRManduca frugiperdawere obtained from laboratory reared colon-
sexta(Sphingidae) was very strong in male antennae, it ies each of which were annually infused with field-col-
was also clearly detectable in female antennae, albeit atlected insects and maintained at the USDA-ARS, Crop
relatively low levels (Gyagyi et al., 1988; Vogt et al., Science Research Laboratory, Mississippi State, MS
1991a). Immunological studies later showed that PBP (Davis, 1989; Jenkins et al., 1995). Pupae of each spec-
was also expressed in female antenna&.gfolyphemus  ies were sexed and placed in separate cages. Emerging
A. pernyiandB. mori, and several other related lepidop- adults were allowed to feed on 10% sucrose for about
tera, but always at very low levels compared to that in 5 d prior to collection. Moths were plunged into liquid
male antennae (Steinbrecht et al. 1992, 1995). In histo-nitrogen then lyophilized (Genesis 25LL, Virtis Co.,
logical studies ofA. polyphemusB. mori and M. sexta Gardiner, NY) at shelf temperatures e#40°C for 24 h,
female expression of PBP was observed to associate witiD°C for 4 h and 20C for 4 h. Antennae and legs of
a small number of specific, but otherwise, uncharac- freeze-dried insects were collected and storee &°C
terized subgroup of olfactory sensilla (Steinbrecht et al., until used for either protein or RNA isolation.
1995; Laue and Steinbrecht, 1997; Vogt, unpublished
data). 2.2. Protein electrophoresis/immunoblotting
In several studies of species of the Noctuiidae, rela-
tively high levels of PBP expression have been noted in  Total protein extracts of antennal and leg tissues were
female antennae, in the range of 50 to 100% of that seenprepared as described earlier (Dickens et al., 1995).
in male antennae (Steinbrecht et al., 1992; Nagnan-LeNative one-dimensional PAGE was performed as
Meillour et al., 1996; Mzbeche-Coisheet al., 1997). described by Laemmli (1970) except that SDS was omit-
Noctuiids differ from other lepidopteran families in ted from gel and running buffers. A 4.5% stacking and
which OBPs have been studied in that they have the 12.5% resolving gel was used for protein separation.
most complex pheromone composition in terms of the Gels were either stained to visualize the protein profiles
numbers of behaviorally significant components (Klun (Coomassie Blue R-250 or silver) or electroblotted onto
et al., 1980). It may therefore be that a family specific nitrocellulose for immuno-detection. Reaction and
difference in the expression or function of an odor detec- development of immunoblots with anti-PBERdispar
tion protein such as PBP reflects other olfactory differ- were as described previously (Vogt et al., 1989) except
ences such as pheromone composition or complexity ofblocking time was reduced to 4h and secondary anti-
chemosensory based behavior. body-conjugate complex was anti-rabbit IgG alkaline
In this study, we examined the sexual dimorphism of phosphatase.
PBP expression in the noctuiid mothkelicoverpa zea
Heliothis virescensand Spodoptera frugiperdaln gen- 2.3. Immunocytochemistry
eral, PBP expression was observed to be strong in both
males and females, although female antennae of all three Fresh S. frugiperdaantennae were opened at both
species were consistently observed to express about 50%nds and fixed in 2% paraformaldehyde (PFA) in PBS-
the level of PBP relative to male antennae. These resultsT (10 mM NgHPQ,, 150 mM NacCl, 0.1% Tween-20,
are consistent with previous observations concerningpH 7.0) for 1 h at 26C. Tissue was rinsed twice in PBS-
other noctuiid moths. The function of such female T, then treated in 20% DMSO in methanol overnight at
expression remains unclear, because female lepidoptera@°C (or stored at-20°C). For further processing, tissue
have often been noted for their lack of response to sex-was washed in PBS, dehydrated through a graded series
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of ethanol and toluene and incubated in melted paraffin using the Genetics Computer Group (GCG) software
(Periplast+1) for 2 h before embedding in plastic (Madison, WI, USA).
molds. Eight to 10um sections were made; ribbons of
sections were transferred to water droplets on glass2.5. Northern Blot analysis
slides coated with albumin (EM Diagnostic) and allowed
to dry overnight on a slide warmer at 7. Slides were Total RNA was isolated as described above from
dewaxed with toluene and rehydrated through a gradedantennae and legs of both sexes of atfulzea, H. vires-
series of ethanol to PBS. For immunoreaction, sectionscens,andS. frugiperdaand resolved on denaturing, for-
were reacted in primary antiserum (anti-RB8§exta maldehyde agarose gels (L@/lane) (Sambrook et al.,
(Gyorgyi et al., 1988), 1:500 dilution and for comparison 1989). An outer lane containing RNA markers (Promega
anti-rGOBP2, 1:500) in 3% non-fat dry milk (NFDM) Inc.) was excised from the gel prior to blotting, stained
in PBS overnight at 4C. Antisera used were anti- with ethidium bromide and used for size estimations.
PBRVisexta(Gyorgyi et al., 1988 crude serum at 1:500 The resolved RNA was blotted onto Nytran membranes
dilution) and anti-rGOBPRIsexta (crude serum 1:500 using a Turbo Blotter (Scheicher and Schuell, Keene,
dilution); rGOBPMsextawas expressed from cDNA NH) and bound by exposure of the blot to UV light
(Vogt et al., 1991b; Feng and Prestwich, 1997) and anti- (Stratalinker, Stratagene, La Jolla, CA). Thizea7a
serum was generated in a rabbit using rGOBB&xta insert cDNA was®*?P-labelled by nick translation and
dissolved in 50% Fruend’s Complete Adjuvant used as a probe for overnight hybridization af@5n
(University of South Carolina Institute for Biological 50% formamide, 5X SSPE, 5X Denhardt’s, 0.1% SDS,
Research Technology Antibody Facility). 150 pg/ml denatured salmon sperm DNA. Final wash
Following repeated washing in NFDM-PBS, sections conditions for the RNA blots were 1 h at 82 in 0.2X
were reacted with secondary antibody [Goat anti-rabbit SSPE containing 0.1% SDS. Washed blots were exposed
IgG (H+L) Horseradish Peroxidase Conjugate (ICN), to X-ray film at room temperature for 4 h.
1:100 dilution, NFDM-PBS] fo 2 h at 20C. Following
4 washes in NFDM-PBS, sections were stained by
addition of DAB substrate (Sigma FAST DAB tablets). 3. Results
Finally, sections were washed with PBS and mounted
with Aqua Mount Medium (Lerner Laboratories) under  Proteins of male and female antennae and legs
coverslips. Sections were photographed using either nor-(equalized for protein concentration) from. zea H.
mal bright field or differential interference contrast virescensandS. frugiperdawere compared under non-
optics. denaturing PAGE. Native gels were either stained for
total protein (protein profile) or electroblotted onto nitro-
cellulose for reaction with antibody (anti-PBRdispar)
(Fig. 1). The antiserum recognized a single and appar-
ently identical immunoreactive band in both male and
Total RNA was isolated from approximately 3000 female antennal proteins (Fig. 1); no immunoreactive
female antennae (180 mg dry wt.) of adtit zeaby bands were observed among proteins of leg homogenates
homogenization in guanidinium thiocyanate as described (data not shown). The electrophoretic migration of the
in Technical Bulletin 087 (Promega Inc., Madison, WI). antennal PBP antigen corresponded with identifiable
Poly(AY'RNA was selected by affinity chromatography bands in the stained gels (protein profiles, Fig. 1). The
on oligo(dT)cellulose (Sambrook et al., 1989). First and level of PBP expression in female antennae for all three
second strand cDNAs were synthesized as per directionsspecies was estimated to be 40 to 50% of that in corre-
for the ZAP-cDNA Synthesis Kit from Stratagene (La sponding males based on densitometry of the original
Jolla, CA) using oligo(dT) linker/primer. Following size blots, averaged over several experiments.
selection 400 bp in length), the cDNAs were ligated To gain insights into the regulation and function of
to lambda Uni-ZAP XR vector. The amplified library the female expressed PBPs, we constructed a female
(insert range 0.5-1.4 kb) was plated and duplicate plaqueantennal cDNA library ofH. zea mRNAs and then
lifts were screened witl¥?P-labelled cDNA (959 bp)  screened it for sequences cross hybridizable to the pre-
encoding PBP1 oH. virescens(Krieger et al., 1993).  viously cloned, male PBP of closely relateld virescens
Ten clones were selected for $equencing, all of which  (Krieger et al., 1993). We selected and sequenced ten
encoded transcript from the same gene. The longeststrongly hybridizing clones; the consensus sequence
insert Hzea7a) was fully sequenced using dye primer (PBPHzea) of 912 bp is shown (Fig. 2). The PBiRfzea
or dye terminator cycle sequencing FS kits followed by cDNA sequence contains an open reading frame of 489
electrophoresis on an Applied Biosystem Model 373 nucleotides. Translation and peptide analyses of the open
DNA sequencer (Perkin-Elmer Corp., Foster City, CA, reading frame, alignments with other lepidopteran PBPs,
USA). The sequences were assembled and analyzednd the presence of an inframe ATG suggested a 20

2.4. Library construction/cDNA sequencing
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Helicoverpa zea 'Heliothis virescens Spodoptera frugiperda

Fig. 1. Relative levels of PBP in male and female antennae.afea H. virescensandS. frugiperda Protein profile: native-PAGE gels stained
with silver (H. zeaand S. frugiperda or Coomassie BlueH. viresceny Anti-PBP: immunoblots of duplicate gels reacted with anti-PBR..of
dispar. Boxes denote area of stained gel corresponding to immuno-detected PBP. Leg proteins were negative for reaction with anti-PBP (not shown).

amino acid signal peptide followed by a 143 amino acid analysis was performed on sections of antennae of male
mature protein terminated by an inframe stop codon. Fig. and femaleS. frugiperdausing PBP and GOBP2 antisera
3 shows an alignment of PBRzea sequence and the generated againd. sextaproteins. Immunoreactivity to
PBPs of the male noctuiidd. virescensand Mamestra PBP antiserum was abundant but focal; staining cells
brassicae as well as PBPs cloned from the male sphin- were localized beneath numerous sensilla of both sexes
gid M. sexta(Gyorgyi et al., 1988) and saturniiél. poly- (Figs. 5A and B). By comparison, patches of immunos-
phemus(Raming et al., 1989). The PBRzea amino taining using anti-GOBP were also observed in both
acid sequence shares 92 and 88% identity with the noc-sexes (Figs. 5C and D). In EM-immunohistological stud-
tuid PBPs oM. virescenandM. brassicaerespectively. ies of the noctuiidsSpodoptera littoralis Helicoverpa
Identity decreases to 68 and 60% for PBPdVbfsexta armigeraandAutographa gamméaPBP antigenicity was
(Sphingidae) andA. polyphemugSaturnidae), respect- localized to trichoid sensilla of male antennae, while
ively. PBPHzea shares amino acid sequence features GOBP antigenicity was localized to basiconic sensilla
that are common in all PBPs and most OBPs; namely, (Steinbrecht et al., 1996), suggesting the identities of the
conservation of the six cysteines (marked with asterisks respective sensilla types stained in Fig. 5.
in Fig. 3) and hydrophobicity in the region from amino
acids 40 to 60 (Krieger et al., 1993). This hydrophobic
region has been proposed to contain the ligand 4. Discussion
(pheromonal) binding domain (Du and Prestwich, 1995);
PBPHzea identity with the other PBPs in this region is These data confirm the relative abundant presence of
100, 90, 76 and 52% fdvl. brassicagH. virescensM. PBPs in female antennae of noctuiid moths. Molecular
sextaand A. polyphemusrespectively. biological studies suggest the existence of at least two
Northern blot analysis was performed to quantify the types of OBP in insect antennae. OBP-Type 1 includes
relative amounts of PBP-specific mRNA in the male and the more familiar OBPs including classes characterized
female moths. The PBPFzea cDNA probe hybridized by PBP, GOBP1, GOBP2, ABPX, and OS-E; so far,
to antennal RNA of approximately 1.0 kb from all three these proteins are known only in the single insect clade
moth species (Fig. 4). No signal was detectable in the of holometabolous (endopterygota) and hemipteran
leg tissue. Hybridization was weaker B. frugiperda (Hemipteroid Assemblage) insects (see Vogt et al.,
perhaps indicating a more divergent PBP as compared1999). A second group of proteins might be termed
to H. zeaandH. virescensThe blot affirmed significant OBP-Type 2, and includes the OS-D and SAP proteins
antennal expression of this mRNA in both sexes. Female(e.g. Mameli et al., 1996; Pelosi, 1996; McKenna et al.,
MRNA expression levels were about 50% to 100% that 1994; Robertson et al., 1999). The OBP Type 2 proteins
in males, consistent with the western analyses of proteinbelong to a gene family apparently independently
expression (Fig. 1). derived from the OBP-Type 1 proteins; Type 2 proteins
To obtain a direct view of the expression pattern of have been identified in Orthopteroid as well as the holo-
PBPs in male and female antennae, immunohistologicalmetabolous insects, suggesting they are widely rep-
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1 CCATGATGTCGGTCAAGCTGGCGCTGGTGGTGGCTGCGTG *
M M SV KL ALV V A AW .zea, SQDVIKNLSMNFAKPLEDCKKEMDLPDSVTTDFYNFWKE|G| 40

41 GTTGTTCATCACGGTGGACGCGTCGCAAGATGTTATTAAG VAL, e eMe e m oo
L F I RV DA S Q D V I K S -
.sexta -P--M---CL--G-A-DE--A--N-S--IKD--A---V-

81 AACCTGTCTATGAATTTCGCTAAGCCCCTAGAAGACTGTA
N L. S M N F A K P L E D C K -poly.
121 AGAAAGAGATGGATCTCCCAGACTCGGTGACGACAGACTT

PRI mm

-PEIM- - --N- -G-AMDQ- -D-LS- - - - - VA-L----- D

XK EM D L P D S V T T D F H.zea, 80
161 CTACAACTTCTGGAAGGAAGGCTACGAGTTCACGAACAGA H.vir.
Y N F W K E G Y E F T N R M.bra.
201 CAGACAGGCTGCGCCATCCTCTGCCTCTCCTCCAAGCTGG M.sexta
Q T 6 ¢ A I L C L S S K L E A.poly.
241 AGCTGCTGGACCAGGAGCTCAAGCTGCATCACGGCAAGGC . N N
) L' L DQELKLHHEGK A H.zea, GADDAMAKQLVDLIHGCAQSTPEVVDDPCMKTLNVAKCFK 120
281 GCAGGAGTTCGCCAAGAAACACGGCGCTGACGATGCTATG - .virf. ____________ Mo -8 - -DAT— o m e m o Ao
Q E F A K K H G ADUDAM M.bra. ---E-------m-mma- T----D-AR-----A----M-§-
321 GCTAAGCAGCTGGTAGACCTGATCCATGGCTGCGCGCAGT M.sexta ---E------L-I--N-EN---P§N--A-L---DI-~----
A XK Q L VD L I H G C A O S A.poly. ---ET--Q----I----EK-A-P#N--K----ID--M---
361 CTACTCCTGAAGTGGTAGATGACCCCTGCATGAAGACCCT
T pPEVVDD®PCMKTL H.zea, AKIHELNWAPSMDLVVGEVLAEV 143
401 CAACGTGGCCAAGTGCTTCAAGGCCAAGATACACGAGCTC H:virf ____________ Boemoem
N VvV A K C F K A K I H E L M.bra. T-Ve---e-n- VE-I----=-=---
441 AACTGGGCGCCCAGCATGGACCTCGTCGTCGGAGAAGTCT M.sexta KE--K----- Neommemmmmmm e =
N W A P S M D L V V G E V L A.poly. KE--K---V-N----I-------
481 TGGCCGAAGTTTAGACTTGCCTGGAGATTTCTGATACCTT ) ) ) o
A E V Fig. 3. PBPHzea alignment with male PBPs identified from other

moth species. Bars designate identical amino acids relative to PBP-
Hzea. The male sequences are frdreliothis virescengKrieger et
al., 1993),Mamestra brassicagMaibeche-Coisneet al., 1998)Mand-
uca sexta(Gyorgyi et al., 1988) andAntheraea polyphemu&aming

521 ACCTCGATTTATTTTTATGTCTATATCTTTTTATTTTTCT
561 TACATACCTTTAAAAGCAGGAAGCATAACTATACTTAACT
601 GTTCCTTTGTGTTGTATTATTTGTCGCTTGCGAAAATTCT

641 GTCTGCTTTCGACATTATGCCTACGCATACTTCGTTGCGG et al., 1989). Asterisks denote six conserved cysteines, a common fea-
681 CCCTTTATACAATGCTGTGTATAATCTTTGTAGTATCTGA ture of moth OBPs. The shaded box indicates a hydrophobic region

721 TTATTTCTCTTATGTTATTTATTAGTTGATGTTCAAACAG (amino acids 40 to 60) proposed to contain the ligand-binding domain

761 CCTGGCATGTTCAACGGACCGCGGATAGAGTAAGTCGTGC (Du and Prestwich, 1995).

801 AAGTGAATCTTCCGCCTCGCCAGCGCGTCAAGGGAAGGGT
841 AGTCTTAAGCTGCAATACTTGATGTGATCTTATTAAAGCA

881 AATCTACATCAAAAAAAAAAAAAAAAAAAAAA H. zea H. virescens _S. frugiperda

Fig. 2. PBPHzea cDNA sequence and deduced amino acid
sequence. The positions of start ATG and stop TAG codons are in

(@ m
bold. A typical leader (signal) sequence is underlined. (GenBank
(

ANT LEG ANT LEG ANT LEG
1 m f m t m f m t m f
b) '
resented at least among Neopterous insects (see Vogt € m

al, 1999). Among the Type 1 OBPs, the PBPs and Fig. 4. Relative levels of MRNA encoding PBP in males and females
GOBPs appear to be lepidopteran specific. Multiple of H. zeg H. virescens and S. frugiperda (A) total RNA from

PBPs are knOW_n in several |epid0p__te\ran Spepi?s (VOogt antennae and legs of each sex were resolved on formaldehyde-agarose
et al., 1989; Krieger et al., 1991; Mache-Coisnheet gels, blotted, and probed with the full-length cDNA isolated from

al., 1998; Robertson et al., 1999)_ While PBPs appearfemaIeH. zea(Fig. 2). The hybridization signal is approximately 1.0
widespread among moth families, species diversity is kb; (B) portio_n of duplicate gel stain_ed yvith ethidium bror_nidg to show
thought to have occurred within lineages relatively spe- rRe'I\la:vbeaLodadmg of RNA on gel as indicated by the major ribosomal
cific to a given species (Merritt et al., 1998). In our cur- '

rent study, a PBP was identified by sequence only in

females. The presence of this PBP in maledHofzea possible heterogeneity of PBPs within these species.
H. virescensand S. frugiperdawas suggested by West- Nevertheless, PBPs define a distinct class of OBP which
ern blot using antiserum against the PBPd.ofdispar has been consistently shown to associate with sex-phero-
and by Northern blot using the femalé¢. zeaderived mone specific sensilla (e.g. Vogt et al., 1989; Laue and
probe. Similarly, PBP was localized in the antennae of Steinbrecht, 1997; Rogers et al., 1999). The expression
S. frugiperdausing antiserum against the PBP1 Mdf of a PBP in females strongly suggests its association
sexta It may be that these probes detected multiple PBPswith sensilla with functions more specialized, for
displaying differential expression patterns, given the example, than the generic detection of plant volatiles.

accession number AF 090191).
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Fig. 5. Immunocytochemical localization of PBP and GOBP within antennae of male and f8pwdeptera frugiperda_ongitudinal section of

male (A) and female (B) antennal segments revealing focussed immunostaining of PBP in epidermal cells below long olfactory sensilla. Immunos-
taining with anti-GOBP is focussed in discrete patches in antennal epidermis beneath shorter olfactory sensilla of males (C) and females (D).
Arrows indicate representative staining in each panel; size bar applies to all panels.

Although PBPHzea is the first reported full-length  this context, the presence of PBPs in olfactory sensilla
cDNA for a female PBP, previous work has provided of female antennae suggests that females may detect
evidence of female expression of PBPs. @Gy et al. either their own sex-pheromone, or at least certain
(1988) observed low levels of PBP expression by both components of their sex-pheromone. Indeed, female
Northern and Western blot analyses Nh sexta Vogt autodetection of sex-pheromones has been demonstrated
et al. (1991a) surveyed antennal specific proteins fromfor several species (reviewed in Schneider et al., 1998),
six lepidopteran species: iM. sexta a low abundance including several species of Tortricidae (Ross et al.,
female antennal protein was identified as PBP by N-ter- 1979; Den Otter et al. 1978, 1996), the arctitdnaxia
minal sequence analysis; however, no PBP was detectedjuadripunctaria(Schneider et al., 1998) and the noctui-

in female antennal homogenates Af polyphemusH. ids Spodoptera littoralis(Ljtingberg et al., 1993; Ochi-
cecropig B. mori, L. disparor O. pseudosugaiNever- eng et al., 1995) andrichoplusia ni(Seabrook et al.,
theless, EM-immunocytochemistry on male and female 1987).

antennae of bot. polyphemusndB. morirevealed a An alternative view is that PBPs have a dual function,

small population of PBP immunoreactive sensilla basi- transporting pheromone odorants in the sex-pheromone
conica in female antennae (Laue et al., 1994; Steinbrechtspecific sensilla, but possibly other odorants in a subset
et al., 1995; Laue and Steinbrecht, 1997); the same hasf plant volatile sensitive sensilla of both male and
been observed in histological in situ hybridization stud- female antennae. Such a view would suggest a more
ies inM. sexta(Vogt, unpublished). Immunoblots of the complicated set of selective pressures at work in the
noctuiid Autographa gamaising anti-PBRpolyphemus  evolutionary design of PBPs than has previously been
suggested equivalent levels in male and female antennaesuggested (Vogt, 1987; Vogt et al. 1985, 1999). Further-
(Steinbrecht et al., 1992). Finally, N-terminal sequence more, the varying degrees of male—female difference
analyses of antennal proteins of the noctiMdmestra  with respect to the amount of PBP expression observed
brassicaerevealed identical PBP sequences in both male between the Saturniidae, Sphingidae, Lymantriidae and
and female antennae (Nagnan-Le Meillour et al., 1996; Noctuiidae may indicate that the PBPs of saturniids,
Maibeche-Coisneet al., 1997). sphingids, and lymantriids are far more specialized than
The function of PBPs has, from the start, been impli- the PBPs of noctuiids, a difference which would likely
cated in the detection of sex-pheromone molecules (e.g.be reflected in behavioral and life history differences
Vogt and Riddiford, 1981; Vogt et al. 1985, 1999; which define these Lepidopteran families. Although, it
Prestwich et al., 1995; Pelosi and Maida, 1995; Pelosi, is also possible that family based expression differences
1996, Steinbrecht, 1996; Breer, 1997; Kaissling, 1998; are due to comparative degrees of morphological sexual
Wojtasek and Leal, 1999; Krieger and Breer, 1999). In dimorphism; male antennae of Saturniidae, Sphingidae
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and Lymantriidae may have a much greater elaborationBreer, H., Krieger, J., Raming, K., 1990. A novel class of binding
of sex-pheromone specific sensilla (a|0ng with gene pro- proteins in the antennae of the silkmoXmtheraea pernyilnsect

) Biochem. 20, 735-740.
ducts related to pheromone detection) than do those OfCarIson, J.R., 1996. Olfaction iDrosophila from odor to behavior.
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