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Abstract

Insect odorant binding proteins (OBPs) are thought to deliver odors to olfactory receptors, and thus may be the first
biochemical step in odor reception capable of some level of odor discrimination. OBPs have been identified from numerous
species of several insect orders, including Lepidoptera, Diptera, Coleoptera and Hymenoptera; all are holometabolous insects
belonging to the monophyletic division of insects known as the Endopterygota. Recently, an antennal protein with OBP-like
properties was identified from Lygus lineolaris, a hemipteran insect representing the Hemipteroid Assemblage, a sister division
to the Endopterygota. The full length sequence of Lygus antennal protein (LAP) is presented in this report. /n situ hybridization
analysis revealed LAP expression in cell clusters associating with olfactory sensilla; expression was adult-specific, initiating in
developing adult tissue during the transitional period that precedes the actual adult molt. Sequence analysis confirmed that
LAP is homologous with the OBP-related protein family, and most similar to the OS-E and OS-F proteins of Drosophila, the
ABPX proteins of Lepidoptera and the OBPRP proteins of the Coleoptera. Assuming that the OBP-related proteins represent one
homologous family, the identification of LAP significantly expands the phylogenetic depth of that family and its underlying role
in odor detection to encompass all members of the Endopterygota and Hemipteroid Assemblage, which comprise >90% of

all insect species.

Introduction

For insects, odorant binding proteins (OBPs) may be the
first specific biochemical step in odor reception. OBPs are
small, water soluble proteins, expressed in the support cells
of olfactory sensilla and secreted into the aqueous fluid
surrounding the olfactory neurons at concentrations as high
as 10 mM (Vogt and Riddiford, 1981; Vogt, 1987, 1995;
Prestwich et al., 1995; Pelosi and Maida, 1995; Pelosi, 1996;
Steinbrecht, 1996; Carlson, 1996; Breer, 1997; Kaissling,
1998). OBPs have also been identified in vertebrates (Pelosi
et al., 1982; Pevsner et al., 1988; Pelosi, 1996); however, the
vertebrate and insect OBPs appear unrelated by sequence. In
insects, OBPs are thought to facilitate the transport of
lipophilic odorants through the aqueous fluid from the
sensilla cuticle to membrane-bound receptors in the olfact-
ory neurons; several variations of this scheme currently
under investigation are detailed in Figure 1. Multiple OBPs
have been identified in single species and have been shown
to associate differentially with functionally distinct classes
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of olfactory sensilla (Vogt et al., 1991b; Steinbrecht et al.,
1992, 1995; Laue et al., 1994; Laue and Steinbrecht, 1997).
Several reports have demonstrated selective binding of
odorants to different OBPs derived from a given species
(Vogt et al., 1989; Du and Prestwich 1995; Prestwich et al.,
1995; Feng and Prestwich, 1997). The diversity of OBPs and
their differential expression has led to the suggestion that
OBPs might act as selective filters, influencing the range of
odor molecules which can gain access to the olfactory recep-
tors of a given sensillum (Vogt et al., 1991b; Steinbrecht,
1996). OBPs have also been suggested to have roles in signal
termination (Kaissling, 1998).

The OBPs present a narrow gateway through which odors
must pass before being recognized; therefore OBP variety
(paralogy) and variation (orthology) may reflect the
diversity of chemosensory behavior among the insects. But
are OBPs common features of insects? More specifically,
what is the distribution of OBPs among the insect orders?
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Figure 1 Models of OBP action. The three schemes represent the general
features of models currently under investigation (Vogt et al., 1985; Vogt,
1995; Prestwich et al., 1995; Steinbrecht, 1996; Ziegelberger, 1996;
Kaissling, 1998). In all three schemes, OBPs bind odor molecules as they
enter the sensillum via pores through the outer cuticle (cut); the OBPs
facilitate the transport of the lipophilic odor molecules through the aqueous
fluid surrounding the neurons (N). In (A), OBPs transport odor molecules
both to and from membrane bound odor receptors; the OBP—-odor complex
is not stable and odorants interact directly with receptors. In (B) the
OBP-odor complex is stable and interacts with the receptor as a complex. In
(C), a variation of (A), OBPs interact with a membrane bound docking
protein, possibly SNMP1 (Rogers et al., 1997), enhancing the off-loading of
odor molecules near the odor receptors. In all cases, antennal specific odor
degrading enzymes participate in the signal termination of the odor
molecules—shown in (A) only (Vogt and Riddiford, 1981; Vogt et al., 1985;
Rybczynski et al., 1989, 1990; Kaissling, 1998; Rogers et al., 1999).

Insects comprise the largest number of extant animal
species. There are currently ~1.2 million recognized animal
species including >800 000 insects, although the projected
estimates of the total number of insect species range from
1.5 to 30 million (Erwin, 1982; Freeman and Herron, 1998).
Insects are organized into 29 extant orders (Figure 2), with
the majority belonging to the division Neoptera with 25
extant orders, ~98% of species (Borror et al., 1989;
Kristensen, 1991). Fossil evidence suggests the Neoptera
emerged and its extant orders diverged ~300 million years
ago—the Carboniferous Era (Kukalova-Peck, 1991). The
diversification of insects has been popularly linked to the
evolution of angiosperms (flowering plants). However, the
majority of extant insect orders were present well before
the angiosperms first appeared ~130 000 million years ago
(based on fossil evidence); the diversification of insects at
the family level was also independent of the angiosperms
(Labandeira and Sepkoski, 1993). Insects were apparently
preadapted to exploit the ascendancy of the angiosperms,
resulting in enormous diversification at the species level
within successful, but preexisting, orders (Labandeira and
Sepkoski, 1993; Freeman and Herron, 1998).

Until now, insect OBPs have only been observed in one
major division of the Neoptera, the Endopterygota (Figure
2) (Kristensen, 1991; Whiting et al., 1997). The Endoptery-
gota (11 extant orders, ~83% of species) are also referred to
as holometabolous insects, because of their unique develop-
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Figure 2 Phylogenetic relationships within the Insecta. The relationships
of orders and major divisions are shown; representative familiar insect
names are indicated. The tree is the conservative view of Kristensen
(Kristensen, 1991), also presented in ‘The Tree of Life’ (Maddison and
Maddison, 1998). Neoptera and Paleoptera form the two major groupings
of winged insects (Pterygota). Within the Neoptera, there is strong
consensus that the Endopterygota and Hemipteroid Assemblage are sister
groups of a single monophyletic division (indicated by the arrow); there is
less consensus for the relationships of the other groups shown (Boudreaux,
1979; Hennig, 1981). Previously, OBP-related proteins have been reported
only from species belonging to orders of the Endopterygota. LAP was
identified from L. lineolaris, a hemipteran insect belonging to an order of the
Hemipteroid Assemblage. The orthopteroids include the indicated orders,
and are often considered to be included within a monophyletic lineage
distinct from the Endopterygota and Hemipteroid lineage; this orthopteroid
lineage is not so represented because of ongoing debate on the placement
of other neopteran orders (Boudreaux, 1979; Hennig, 1981; Kristensen,
1991; Whiting et al., 1997).

ment; all undergo a complete metamorphosis from the
non-reproductive larval stage to the reproductive adult
stage. The Endopterygota include the orders Coleoptera
(beetles, >300 000 named species), Lepidoptera (moths and
butterflies, >150 000 named species), Hymenoptera (bees,
wasps and ants, >100 000 named species), Diptera (flies and
mosquitoes, >90 000 named species) and Siphonaptera



(fleas, ~2300 named species) (Borror et al., 1989; Kristensen,
1991). All have relatively simple worm-like or grub-like
juvenile stages (larvae) in contrast to their more complex
adult forms.

The remaining neopteran insects are referred to as hemi-
metabolous, because the non-reproductive juvenile stages
resemble the reproductive adult stage; the final develop-
mental molt from juvenile to adult primarily involves the
addition of adult characters to the adult-like juvenile form.
One major hemimetabolous group is the orthopteroids,
which includes the neopteran orders Orthoptera (grass-
hoppers and crickets, >12 000 named species), Phasmatodea
(walking sticks, >2000 named species), Dermaptera
(earwigs, >1100 named species) and the monophyletic
Dictyoptera (three orders, cockroaches, termites and
mantids, >7500 named species) (Borror et al, 1989;
Kristensen, 1991). Many recent phylogenies suggest the
orthopteroids are a monophyletic group, sharing a common
ancestor and forming a separate lineage from the Endop-
terygota (Hennig, 1981; Kristensen, 1991; Whiting et al.,
1997). This orthopteroid lineage is not so represented in
Figure 2 because of ongoing debate on the relationships of
some of the additional Neoptera orders (Maddison and
Maddison, 1998).

A third major neopteran group is the Hemipteroid As-
semblage (~11% of species). These are also hemimetabolous
insects; however, both morphological (Hennig, 1981;
Kristensen, 1991; Whiting et al., 1997) and molecular data
(Whiting et al., 1997) suggest they are a sister group to the
Endopterygota. These two lineages, the Endopterygota and
the Hemipteroid Assemblage, are viewed as forming a single
clade sharing a common ancestor distinct from the other
Neoptera orders. The Hemipteroids include the orders
Hemiptera (true bugs, cicadas and aphids, >25 000 named
species), Phthiraptera (lice, >5500 named species) and
Thysanoptera (thrips, >4000 named species) (Borror ef al.,
1989; Kristensen, 1991).

The identification of an OBP homologue within the
Hemipteroid Assemblage would suggest that OBP-related
genes were present in the species ancestral to both the
Endopterygota and Hemipteroids, and that OBPs may be
distributed throughout the species of these two groups
unless they were secondarily lost. Recently, an antennal
protein LAP (Lygus antennal protein) was identified from
the hemipteran insect Lygus lineolaris (Dickens et al., 1995,
1998; Dickens and Callahan, 1996). Lygus lineolaris is a
polyphagous insect broadly distributed throughout North
America and an important pest to many crops including
tomatoes, soybeans and cotton (Snodgrass et al, 1984;
Young 1986). LAP was suggested to have an OBP-related
function based on its antennal specific expression, small size
(~15-17 kDa), and extracellular location within olfactory
sensilla in the aqueous fluid surrounding the olfactory
neurons (Dickens and Callahan, 1996; Dickens et al., 1998).
In the study reported here, LAP was cloned, fully sequenced
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and confirmed to be homologous with several OBP-related
proteins. The diversity of the OBP-related proteins and their
distribution among the Neoptera insects was characterized.
This study strongly suggests a widespread distribution of
OBP-related genes throughout the Endopterygota and
Hemipteroid species, a distribution which may parallel both
the extraordinary success and the elaboration of olfactory
based behaviors of these groups.

Materials and methods

Animals and tissue

Lygus lineolaris (Palisot de Beauvois) were obtained as fifth

instar nymphs from a laboratory colony annually infused
with feral insects and maintained at the USDA-ARS
Southern Insect Management Laboratory, Stoneville MS,
USA (Snodgrass and McWilliams, 1992). Animals were
raised to adults on a diet of fresh green beans at 25°C and a
photoperiod of 14 h:10 h L:D (Dickens et al., 1998). When
necessary, developmental stages were determined based on
established morphological criteria (Schwartz and Foottit,
1992). For RNA isolation, antennae were removed from
adult males upon emergence and immediately frozen on dry
CO, and stored at —70°C until use. For histology, animals
were decapitated with antennae attached, the majority of
head material was trimmed away and the terminal antennal
segment cut; the resulting material was fixed overnight at
4°C in 4% paraformaldehyde (PFA) in phosphate buffered
saline (PBS; 150 mM NaCl, 10 mM Na-phosphate, pH 7.0)
containing 0.1% Tween-20 (PBST). Tissue was subsequently
washed several times in PBST, dehydrated to 70% methanol
in PBST and stored at —20°C until use.

Cloning and Sequencing LAP

Total RNA was extracted from 600 adult male antennae;
frozen tissue was homogenized in guanidinium thiocyanate
(600 pl) under liquid nitrogen and processed through an
acid—phenol extraction and isopropanol precipitation
(Chomczynski and Sacchi, 1987). Complementary DNA
was synthesized from 30% of the extraction product (20 pl
reaction using Superscript II reverse transcriptase, GIBCO-
BRL, following recommended protocols). Aliquots of the
crude reaction product were used undiluted for subsequent
polymerase chain reactions (PCR).

An initial round of PCR was performed on antennal
cDNA using oligo(dT) as an antisense primer and two
degenerate sense primers encoding the same region of the
previously sequenced N-terminus (Dickens et al, 1998)
(LAP-Sla, GARYTNCCNGARGAAATG; LAP-S1b,
GARYTNCCNGARGAGATG; Figure 3). This PCR was
performed under the following final conditions: 1X buffer
(50 mM KCI, 10 mM Tris—HCI, pH 9.0, 1% Triton X-100),
1.5 mM MgCl,, 0.2 mM dNTP, 1.5 pM LAP sense primer,
0.5 pM oligo(dT) antisense primer, 0.03 U/ul Taq DNA
polymerase (Promega) in 100 pl reaction against 20% of the
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LAP sequence. The ¢cDNA and deduced amino acid sequence of LAP is shown. The previously determined N-terminal sequence is in bold type;

the suggested leader sequence is in italics. The suggested start ATG and stop TAA and TAG codons are in bold italics. The positions of sense (LAP-S1 and
LAP-S2) and antisense (LAP-AS1 and LAP-AS-2) oligonucleotides used for PCR are indicated.

cDNA reaction product. Reactions were performed on a
Cetus PCR1000 thermocycler: 94°C (2.5 min); five cycles of
94°C (30 s), 37°C (2 min), 2 min ramp, 74°C (3 min); 35
cycles of 94°C (30 s), 47°C (2 min), 2 min ramp, 74°C (3
min); 74°C (15 min).

To further select cDNA for cloning, an aliquot of the
initial reaction was re-amplified using three different an-
chored oligo(dTs) (HT |G, HT;A and HT;;C) as antisense
primers and two degenerate sense primers encoding a single
region of the N-terminus, downstream of the initial LAP-S1
primers (LAP-S2a, AGTGCNCARGGNCT; LAP-S2b
AGTGCNCARGGNTT; Figure 3). Aliquots of all PCR
reactions (primary and secondary) were analyzed on a 1.5%
agarose gel.

For cloning, the product generated by first round ampli-
fication with LAPSIA and second round amplification
by LAPS2A vs HT;;G was re-amplified using the LAPS2A
and HT;;G primers under the following conditions: 1X
buffer (50 mM Tris—-HCI, pH 8.3, 2.5 mg/ml BSA, 1% Ficoll,
1 mM tartrazine); 2 mM MgCl,, 0.2 mM dNTP; 2 uM sense
primer; 0.5 pM antisense primer; 0.03 U/ul Taq DNA
polymerase (Promega) in 50 pl reaction against a 0.01
aliquot of the primary band elution. Reactions were per-
formed in sealed glass capillaries on an Idaho Technology
Thermocycler: 94°C (60 s); 40 cycles of 94°C (15 s), 45°C
(15's), 74°C (30 s). The products of four such reactions were
pooled (200 ul), and purified by extraction in phenol—
chloroform followed by chloroform. DNA was precipitated
by addition of 1/10 volume of 10x STE buffer (1M NaCl,
200 mM Tris-HCI, pH 7.5, 100 mM EDTA), 1 volume of
4 M ammonium acetate and 2.5 volumes of EtOH (room
temperature) and immediate centrifugation at room tem-
perature for 1 h (12 000 g). The resulting pellet was washed

in 70% ethanol, dried, and dissolved in 10 pl TE (10 mM
Tris—=HCI, 1 mM EDTA, pH 7.5). DNA ends were polished
with Pfu polymerase (Stratagene) and ligated into pCR-
Script (Stratagene), following recommended protocols.

To obtain the N-terminal and 5' cDNA sequence, 5 RACE
was performed using the 5'/3' RACE Kit (Boehringer
Mannheim) following recommended protocols. The re-
mainder of the cDNA that yielded the initial LAP clone
(above) was desalted using an Ultrafree-MC 30K spin filter
(Millipore), and an aliquot was A-tailed at its 5' end, and
amplified by PCR using anchored oligo(dT) sense primer
(5'/3" RACE kit) vs a LAP specific antisense primer
(LAP-AS1; GATTACCATGAAGTTTACAG; Figure 3).
A 10 pl PCR reaction was performed using the Expand
Long Template PCR System (Boehringer Mannheim) and
an Idaho Technology Thermocycler using recommended
primer concentrations, Expand Long Template enzyme,
supplied buffer No. 2, and the following reaction conditions:
94°C (1 min); 10 cycles of 94°C (1 s), 55°C (10 s), 68°C
(1 min); 10 cycles of 94°C (1 s), 55°C (10 s), 68°C (2 min); 10
cycles of 94°C (1 s), 55°C (10 s), 68°C (3 min). The resulting
product was analyzed on a 1.5% agarose-TAE gel and
appeared as a smear extending above 600 bp; a gel fragment
corresponding to the upper 25% of this range was isolated,
and DNA was eluted by freezing followed by centrifugation.
Eluted DNA was re-amplified in 50 pl reactions using a
specific sense primer (supplied) vs an internal LAP specific
antisense primer (LAP-AS2; CCACCTTCTGGAGG-
CACTTG; Figure 3), and conditions similar to those used
for the primary cloning: Idaho Technologies Thermocycler;
Taq DNA polymerase; reaction conditions: 94°C (2 min); 35
cycles of 94°C (15 s), 55°C (15 s), 74°C (40 s); 74°C (2 min).
The resulting PCR products were ligated into pCRScript



(Stratagene) as described above. Cloned inserts were
analyzed by PCR using vector specific primers; several
clones containing the largest inserts were sequenced.

Plasmid DNAs were purified (Qiagen) and sequenced by
ABI Prism Dye Terminator cycle sequencing (Applied
Biosystems; Florida DNA Sequencing Core Laboratory,
Gainesville FL, USA). All sequences were confirmed in
both directions. Sequences were initially analyzed for
possible homologues the NCBI (National Center for
Biotechnology Information) BLAST network server
(Altschul et al., 1997).

In Situ Hybridization

Digoxigenin labeled RNA probes were used for in situ
hybridization studies following protocols modified from
Byrd et al. (Byrd et al., 1996) and Rogers et al. (Rogers et al.,
1997). In brief, the initial LAP clone was linearized and
RNAs (antisense and sense) were synthesized using T7 or
T3 RNA polymerase (Stratagene) following recommended
protocols (Genius System, Boehringer Mannheim) and in
the presence of 40 units RNasin (Promega). For in situ
hybridization studies, RNA was alkaline degraded to ~150
base length (Byrd et al., 1996). Probe quality was confirmed
under denaturing conditions by formaldehyde agarose gel
electrophoresis (Maniatis et al., 1982); probes were stored at
—70°C until use.

For sectioning, fixed tissue (stored in 70% methanol at
-20°C, see above) was transferred to 70% ethanol, de-
hydrated though a graded series of ethanol and toluene,
and incubated in melted paraffin (Periplast +) for 2-4 h
before being embedded in plastic molds. Antennal tissue
was oriented using the attached heads. Longitudinal and
cross-sections (10 pum) of the antennae were transferred to
water drops on electrostatically charged microscope slides
(SuperFrost 11, Fisher); slides were dewaxed in xylene. In situ
hybridization steps were as described in Rogers et al.,
(Rogers et al., 1997). Antisense or sense LAP probes were
applied at 100 ng/ml in hybridization solution at 45°C,
following prehybridization. Post-hybridization washes and
staining were as described elsewhere (Rogers et al., 1997).
Tissue was photographed to color transparencies which
were digitized and processed using Adobe Photoshop.

Phylogenetic analysis

OBP-related sequences were initially identified using the
NCBI BLAST network server, and retrieved using NCBI
Entrez from GenBank, Swiss-Prot or EMBL data bases, or
directly from publications for unsubmitted sequences. The
Manduca sexta sequences credited to Robertson and
co-workers (Robertson er al., 1998) were obtained from
GenBank as nucleic acid sequences and translated for this
analysis. Sequences were aligned in Clustal X (Thompson et
al., 1994). Select sequences identified as most similar by
BLAST analysis were prealigned using the multiple align-
ment function in Clustal X; these groups were then aligned
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to each other using the profile alignment function. The
prealigned groups were (A) PBP, (B) GOBPI, (C) GOBP2,
(D) ABPX, (E) BI-Tmol, B2-Tmol, Lipocalin-Gmel, and
(F) all the remaining sequences shown. These groups were
then profile aligned in the order: B+ C, BC + A, D + F, DF
+ E, BCA + EDF.

An unrooted neighbor joining tree (Saitou and Nei, 1987)
was constructed using PAUP (Version 4.0b1 for Macintosh),
based on mean character difference (distance). The data
matrix was trimmed to exclude leader sequences which
would be cleaved during protein secretion; several additional
bases were removed to even the 3' end. All other characters
were included; the program calculated pairwise differences,
ignoring missing characters resulting from alignment
gapping. Bootstrap support values were determined based
on 1000 neighbor joining replicates, again using the PAUP
program. The tree presented only includes nodes with 50%
or higher bootstrap support; branch lengths are pro-
portional and indicate mean distance (percentage difference)
between the sequences.

Nomenclature

In general, the names of proteins discussed in this
manuscript are those used in the original publications. The
abbreviation translations and their relevant publications are
as follows: PBP, pheromone binding protein (Vogt and
Riddiford, 1981); GOBP, general odorant binding protein
(Vogt et al, 1991b); OS-E, OS-F, olfactory specific-X
(McKenna et al., 1994); PBPRP, pheromone binding
protein related protein (Pikielny et al., 1994); LAP, Lygus
antennal protein (Dickens et al, 1995); LUSH, a gene in
Drosophila which, when mutated, results in increased
behavioral affinity to alcohol (Kim ez al., 1998); CSRBP,
chemosensory related binding protein (Ozaki ez al., 1995);
ASP2, antennal specific protein (Danty et al., 1997).

The first member identified of this family was called PBP
because of its demonstrated interaction with sex-pheromone
(Vogt and Riddiford, 1981). With the identification of the
GOBP homologues (Vogt et al., 1991b), the more general
designation of ‘odorant binding protein’ (OBP) was applied
to the entire family with subclasses given consistent but
functionally relevant names (Vogt et al., 1991b). Additional
proteins were subsequently reported and arbitrarily named
in the absence of functional or sequence data. In this report
we have taken the liberty of referring to several of these
additional proteins as OBPRP, or odorant binding protein
related proteins, on the basis of their sequences and tissue
distributions. We have also taken the liberty of indicating
the species of origin following the designations, so that the
functional/structural class of protein can more easily be
identified. Finally, for the purpose of clarity, we have
assigned numbers to the PBPs recently identified from M.
sexta by Robertson and co-workers ((Robertson et al.,
1998), assigning PBP1 to the protein initially cloned by



486 R.G.Vogtetal.

Gyorgyi et al. (Gyorgyi et al., 1988), which is also the most
abundant of the PBPs in this species.

Results

LAP sequence analysis

The full length sequence of the LAP protein is shown in
Figure 3. The N-terminal sequence of the mature protein
was previously determined by direct amino acid sequencing
(Dickens et al., 1995). The 5'-Race results independently
identified the cDNA sequence encoding this N-terminus,
verifying the cDNA identity as that of LAP. The location of
the start methionine is suggested by an in-frame ATG 16
codons upstream of the mature N-terminus; this length is
consistent with leader sequences of secreted proteins
including those of other insect OBPs (Vogt et al., 1991a).
The location of the 3' terminus is suggested by the presence
of two in-frame stop codons immediately downstream from
this site. These results predict a mature secreted protein of
116 amino acids and a mass of 12.5 kDa, somewhat smaller
than the 15-17 kDa previously estimated by SDS-PAGE
(Dickens and Callahan, 1996); the overall length and size of
the predicted protein are consistent with other similar
OBP-related proteins.

A data base search using the NCBI BLAST network
server indicated that LAP shared significant sequence
similarity with several OBP-related proteins, including: the
OS-E and OS-F proteins previously cloned from Drosophila
melanogaster (McKenna et al., 1994; Pikielny et al., 1994);
several antennal proteins designated as ABPX from
Lepidoptera, for example ABPX-Hvir (Krieger et al., 1996);
and two antennal proteins from Coleoptera, for example
OBPRP-Pjap (Wojtasek et al., 1998). Probability values
derived from this search ranged toward 5 X 10°!°, where
values <0.05 are considered statistically significant (Karlin
and Altschul, 1990) (Table 1). An alignment of LAP with
several of these proteins is shown in Figure 4; percentage
identities between LAP and these proteins ranged from
31 to 37% (Table 1). Of particular note is the presence of
six conserved cysteines; both the presence and spatial
distribution of these cysteines is a consistent hallmark of all
the proteins so far identified as OBP-related insect proteins
(Breer et al., 1990; Vogt et al., 1991a; McKenna et al., 1994).

Phylogenetic analysis of LAP with other OBP-related
sequences

All currently available OBP-related sequences were identi-
fied and collected using NCBI Entrez and BLAST network
servers, and aligned in Clustal X (Table 2, Figure 5). Figure
6 shows an unrooted neighbor joining tree derived from
this character matrix, representing the relationships of all
these OBP-related proteins. This analysis suggests that the
OBP-related proteins can be organized into several different
classes, some of which appear monophyletic with respect to
orders or species of origin based on currently available data,

Table 1 Comparisons of OBP-related proteins

Taxon %2 Prob.P Taxon %  Prob.P
OBPRP-Pjap 37.2 5e-19 GOBP2-Bmor 16.1 >1
ABPX-Hvir 37.5 5e-14 OBPRP-Msex  15.8 >1
OS-F-Dmel 32.2 3e-11 PBPRP1-Dmel 15.4 >1
B1-Tmol 309 3e-6  GOBP1-Msex 14.1 >1
CSRBP-Preg 23.2 0.003 ASP2-Amel 13.7 >1
PBPRP5-Dmel 22.8 0.071

LUSH-Dmel 23.5 047

Sericotropin-Gmel 19.3 0.14  OSF: PBPLdis1 14.5 0.003
PBPRP2-Dmel 16.7 >1 OSF: PBPLdis2 17.9 0.003
PBP-Apol 16.7 >1 OSF: PBPAper1 17.2 0.004

Percentage of amino acid identities with LAP, except for OSF-PBP
comparisons.

bProbability values from LAP homology search using NCBI BLAST network
server; values <0.05 are considered statistically significant (Karlin and
Altschul, 1990).

while others are clearly polyphyletic. For example, the
OS-E/OS-F group is so far a species-specific class, unique to
Drosophila; however, a survey of additional dipteran species
would likely broaden this representation. The lepidopteran
PBP and GOBP classes remain order-specific classes
identified from multiple moth species; no closely related
sequences have been identified outside the Lepidoptera.

LAP appears to belong to a strongly polyphyletic class of
proteins which includes the lepidopteran ABPX proteins
(Krieger et al., 1996) and the coleopteran OBPRP proteins
(Wojtasek et al., 1998). The percentage identities between
LAP and representative sequences from this analysis are
shown in Table 1. The only proteins which show significant
similarities with LAP are the lepidopteran ABPX proteins,
the coleopteran proteins, and the dipteran proteins OS-E,
OS-F and CSRBP. There was no significant direct support
for a relationship between LAP and the lepidopteran PBP/
GOBP proteins based on sequence alone. However, this
relationship is weakly supported through the dipteran OS-F
protein; NCBI BLAST comparison of OS-F and certain
lepidopteran PBPs yield probability values of 0.003-0.004
which are considered significant (Karlin and Altschul,
1990), although the percentage identity values between
OS-F and these PBPs are very low (<20%, Table 1).

In situ hybridization studies of LAP expression

In situ hybridization analysis was performed using a dig-
oxigenin incorporated LAP antisense-RNA probe against
tissue sections of adult male and female L. lineolaris an-
tennae, as well as final instar nymph antennae. Localized
hybridization was observed within the olfactory epithelia of
both adult male and female antennae (Figure 7A, B), in a
pattern similar to that previously observed using antiserum
prepared against synthetically produced LAP N-terminus—
see Figure 7D (Dickens and Callahan, 1996; Dickens et al.,



Insect Odorant Binding Protein Diversity and Distribution 487

1 2 3
LAP-Lygus GELP-EEMREMAQGLHDGCVEETGVDNGLIGPCAKGN-FADDQKLRCYFKCVFGNLGVIS
ABPX-Hvir AVAMDEDMAELARMVRENCAAETGADVALVERVNAGADLMPDDKLKCYIKCTMETAGMMA
OBPRP-Pjap ---MSEEMEELAKQLHDDCVSQTGVDEAHITTVKDQKGFPDDEKFKCYLKCLMTEMAIVG
OSF-Dmel ENYPPPGILKMAKPFHDACVEKTGVTEAAIKEF SDGE-THEDEKLKCYMNCFFHEIEVVD
OSE-Dmel GEWPPPATILKLGKHFEDICAPKTGVTDEAIKEFSDGQ-THEDEALKCYMNCLFHEFEVVD
* ok ok Kk K kk gk pEkk * * & **gE& *& *
4 5 6
LAP-Llin DEGELDAEAFGSILP--DNMQELLPTIRGCAGTTGADPCELAMNFNKCLOKVDPVNFMV I
ABPX-Hvir D-GEVDIEAVLALLP-PELAEHNAPSLRACGTVRGADHCDTAFRTQQCWQNANKADYFLI
OBPRP-Pjap DDGVVDVEAAVGVLP-DELKAKAEPIMRKCGFKPGANPCDNVYQTHKCYYETDAQSYMIV
OSF-Dmel DNGDVHLEKLFATVP-LSMRDKLMEMSKGCVHPEGDTLCHKAWWFHQCWKKADPKHYFLP
OSE-Dmel DNGDVHMEKVLNAIPGEKLRNIMMEASKGCIHPEGDTLCHKAWWFHQCWKKADPVHYFLV

& * * g* *&

KRG &* & * & * k%

Figure 4  LAP alignment with OBP-related proteins. LAP is shown aligned with sequences identified as significantly similar using the NCBI BLAST network
server. The positions of six conserved cysteines are indicated by numbers. LAP amino acids which are conserved throughout these sequences are indicated by
an ampersand (&), and those which are represented in at least two additional sequences are indicated by an asterisk (*). The alignment was done in Clustal

X; sequence names are identified in Table 1.

1998). Close examination revealed LAP hybridization in
clusters of cells which associated with sensory hairs or
sensory hair-related structures (Figure 8A—C). The cell
clusters appeared to include three or four cells; each cell is
discernible as a ring of stained cytoplasm surrounding a
negatively staining nucleus. These cellular distributions were
spatially consistent with the distribution of LAP protein
visualized using the LAP-antiserum (Figure 8D). The LAP
expressing cells are presumably the sensilla support cells, by
analogy to the OBP expressing cells observed in Lepidop-
tera and Diptera (Steinbrecht er al., 1992, 1995; Hekmat-
Schafe et al., 1997). However, there appear to be more cells
within each LAP cluster than is typically observed for OBP
expression in Lepidoptera or Diptera.

Lygus lineolaris is a hemimetabolous insect with five
juvenile or nymph stages all of which resemble the adult
stage in general appearance. The olfactory antennae become
larger with each stage with an accompanying increase in
the number of sensilla; an adult antenna has ~300% more
sensilla than that of a fifth (last)-stage nymph (Chinta et al.,
1997). In situ hybridization studies were performed on
fifth-stage nymphs collected during the active feeding period
when olfactory activity would be high. No LAP expression
was observed in fifth-stage nymphal antennae (data not
shown), supporting a previous report based on Western blot
analysis that LAP expression is adult specific (Dickens and
Callahan, 1996).

In preparation for the molt from the fifth-stage nymph to
adult, the adult antennae must pre-form within the nymph
antenna; at the molt from nymph to adult, the outer cuticle
of the nymph antenna is shed, revealing the adult antenna.
In situ hybridization studies of such transitional antennae
revealed LAP expression in localized patterns which resem-
bled the adult pattern (Figure 8E). Between the epithelium
expressing LAP and the outer pigmented cuticle, an unpig-
mented cuticle complete with sensilla was clearly observed;
this unpigmented cuticle was the pre-forming adult cuticle.
These results indicate LAP expression initiates in adult
tissue but prior to the nymph-adult molt, suggesting that L.

lineolaris may emerge as adult animals with a fully func-
tional olfactory system. Pre-molt expression of OBPs has
also been observed during adult development of several
lepidopteran species (Vogt et al., 1989, 1993), although adult
antennal development in these holometabolous insects is
markedly different than that in the hemimetabolous L.
lineolaris.

Discussion

LAP and the OBP-related proteins

LAP was previously purified from the adult antennae of
the hemipteran insect L. lineolaris (Dickens et al., 1995). A
partial amino acid sequence was obtained, the N-terminus
was synthesized and polyclonal antiserum was generated
against the synthetic peptide. Western blot analysis
indicated that LAP was uniquely expressed in adult
antennae (Dickens and Callahan, 1996). Immunocyto-
chemistry at the electron-microscopic level showed that
LAP was localized within the olfactory sensilla, in the fluid
surrounding the olfactory neurons (Dickens et al., 1998).
LAP was consequently proposed to have an OBP-like
function based on its size, relative abundance and localized
expression. This view is supported by the current study,
where the complete LAP sequence has been deduced and
shown to be significantly similar to other OBP-related
proteins, including the Drosophila OS-E and OS-F proteins
(McKenna et al., 1994; Pikielny et al., 1994), the lepidop-
teran ABPX proteins (Krieger ez al., 1996, 1997; Robertson
et al., 1998), and the coleopteran proteins OBPRP-Pjap and
OBPRP-Aosa (Wojtasek, et al., 1998). The in situ hybridiza-
tion results confirmed the adult specific expression of LAP
and strongly suggest that the function of LAP associates
with adult specific behavior, possibly reproduction.

The application of the term OBP to these proteins derives
from the initial demonstration that sex-pheromone bound to
a male antenna-specific protein that was localized within the
pheromone-specific sensilla of the silk moth Antheraea
polyphemus; this protein was consequently called phero-
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Table 2 OBP-related proteins used in phylogenetic analysis

Order Species Name Accession no. Reference
Lepidoptera (moths) Antheraea polyphemus  PBP-Apol EMBL-X17559 (Raming et al., 1989)

Antheraea pernyi PBP1-Aper EMBL-X96773 (Raming et al., 1990)
PBP2-Aper EMBL-X96860 (Krieger et al., 1991)
GOBP1-Aper EMBL-Y10970 (Mameli et al., 1997)
GOBP2-Aper EMBL-X96772 (Breer et al., 1990)
ABPX-Aper EMBL-AJ002519 (Krieger et al., 1997)

Bombyx mori PBP-Bmor SP-P34174 (Krieger et al., 1996)
GOBP1-Bmor SP-P34170 (Krieger et al., 1996)
GOBP2-Bmor SP-P34171 (Krieger et al., 1996)
ABPX-Bmor EMBL-X94990 (Krieger et al., 1996)

Manduca sexta PBP1-Msex GB-M21798 (Gyorgyi et al., 1988)
PBP2-Msex GB-AI172627 (Robertson et al. , 998)
PBP3-Msex GB-AI172639 (Robertson et al. , 998)
GOBP1-Msex GB-M73797 (Vogt et al., 1991a)
GOBP2-Msex GB-M73798 (Vogt et al.,, 1991a)
ABPX-Msex GB-AI187633 (Robertson et al. , 998)
OBPRP-Msex GB-AI172726 (Robertson et al. , 998)

Heliothis virescens PBP-Hvir SP-Q27388 (Krieger et al., 1993)
GOBP1-Hvir SP-Q27226 (Krieger et al., 1993)
GOBP2-Hvir SP-Q27288 (Krieger et al., 1993)
ABPX-Hvir EMBL-AJ002518 (Krieger et al., 1997)

Helicoverpa zea PBP-Hzea GB-AF090191 (Callahan et al., 1998)

Mamestra brassicae PBP1-Mbra GB-AF051143 (Maibeche-Coisne et al., 1998a)
PBP1-Mbra GB-AF051142 (Maibeche-Coisne et al., 1998a)
GOBP2-Mbra GB-AF051144 (Maibeche-Coisne et al., 1998b)

Lymantria dispar PBP1-Ldis GB-AF007867
PBP2-Ldis GB-AF007868 (Merritt et al., 1998)

Agrotis segetum PBP-Aseg GB-1345183 (Prestwich et al., 1995)

Galleria mellonella Sericotropin GB-L41640 (Filippov et al., 1995)

(non-olfactory)

Coleoptera (beetles) Popillia japonica OBPRP-Pjap
Anomala osakana OBPRP-Aosa
Tenebrio molitor B1-Tmol

Diptera (flies)

Drosophila melanogaster

Phormia regina

Hymenoptera (honeybee) Apis mellifera

Hemiptera (True Bugs)

Lygus lineolaris

GB-AF031491
GB-AF031492
GB-M97916

B2-Tmol (non-olfactory) GB-M97917

OS-E Dmel
OS-F Dmel
PBPRP1-Dmel
PBPRP2-Dmel
PBPRP3-Dmel
PBPRP5-Dmel
LUSH-Dmel

CSRBP-Preg (taste)

ASP2
LAP-Lygus

GB-U02543
GB-U02542
GB-U05980
GB-U05981

GB-U05982 (Os-F)

GB-U05985
GB-AF001621
PIR-S65458

GB-AF091118

(Wojtasek et al., 1998)
(Wojtasek et al., 1998)

(Paesen and Happ, 1995)
(McKenna et al., 1994)
(McKenna et al., 1994)
(Pikielny et al., 1994)
(Pikielny et al., 1994)
(Pikielny et al., 1994)
(Pikielny et al., 1994)
(Kim et al., 1998)
(Ozaki et al., 1995)
(Danty et al., 1997)
this publication

mone binding protein or PBP (Vogt and Riddiford, 1981).
The ability of these proteins to discriminate odors was
subsequently demonstrated for the PBPs of the gypsy moth
Lymantria dispar (Vogt et al., 1989; Prestwich, 1991) and the
silk moths Bombyx mori (Krieger et al., 1992) and Antheraea
pernyi (Du and Prestwich, 1995). Two additional classes of
Lepidoptera OBP were identified as the general odorant
binding proteins GOBP1 and GOBP2 (Vogt and Lerner,

1989; Breer et al., 1990; Vogt et al., 1991b); these associate
with plant-volatile-sensitive olfactory sensilla (Vogt et al.,
1991a, 1991b; Laue and Steinbrecht, 1997). A protein
identified as GOBP2 in A4. polyphemus (Vogt et al., 1991b)
was previously observed to bind a sex-pheromone odorant
(Vogt and Riddiford, 1981), and interactions between a
variety of odorants and the M. sexta GOBP2 were recently
characterized in detail (Feng and Prestwich, 1997).
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The first non-Lepidoptera OBP-related proteins identi-
fied were the Drosophila antennal proteins OS-E and OS-F
(McKenna et al., 1994), and PBPRP 1, 2, 3 and 5 (Pikielny
et al., 1994). NCBI BLAST analysis indicates that OS-F has
a weakly significant probability of sequence relationship
with three lepidopteran PBPs (0.003-0.004, Table 1), but
otherwise these Drosophila proteins share little sequence
identity with the lepidopteran PBP and GOBP proteins
and are consistently smaller (see Figure 5). However, the
Drosophila proteins do contain six cysteines which are
distributed in a similar spatial pattern to the lepidopteran
proteins, and appear to be a hallmark feature of the entire
group of OBP-related proteins (see Figures 4 and 5). The
Drosophila proteins were suggested to be related to the lepi-
dopteran OBPs on the basis of size, abundance, antennal
specific expression, and presence of the six hallmark
cysteines (McKenna et al., 1994; Pikielny et al, 1994).
Recent histological analysis has shown that OS-E and OS-F
are localized within the sensilla fluid surrounding the
olfactory neurons (Hekmat-Schafe et al., 1997), in a manner
consistent with that of the lepidopteran OBPs (Vogt and
Riddiford, 1981; Steinbrecht et al., 1992, 1995; Laue et al.,
1994; Laue and Steinbrecht, 1997). This OS-E/OS-F related
group is now known to be broadly distributed, with homo-
logues identified in Lepidoptera (e.g. ABPX), Coleoptera
(for example, OBPRP-Pjap) and now Hemiptera (LAP).

Recently, the olfactory role of the insect OBPs was
directly affirmed using the LUSH protein in Drosophila
(Kim et al., 1998). An enhancer trap induced mutation was
identified that caused an increased behavioral attraction to
alcohols such as ethanol and propanol; wild type flies
normally avoid these alcohols. LUSH uniquely expresses in
the olfactory tissue of both larvae and adults, associating
with olfactory sensilla. NCBI BLAST analysis indicates
LUSH shares significant sequence similarity with the
coleopteran OBPRP and lepidopteran ABPX proteins
(probability values = 0.0025-0.0003). Because LUSH
appears to be an OBP-related protein uniquely expressed
in olfactory sensilla, the alcohol avoidance defect was
interpreted to be a failure to effectively detect the alcohols,
which might be consistent with the proposed odor transport
function of the OBPs. In another dipteran system, antibody

Figure 6 Neighbor joining tree of OBP-related sequences. Branch lengths

are proportional and the scale of distance is indicated. Bootstrap support
values (%) based on 1000 replicates are indicated. Seven M. sexta sequences
are indicated by an asterisk (*). In an earlier publication, the L. dispar PBP
sequences were shown as a monophyletic group within the PBP group
marked by the arrow (Aseg, Hvir, Hzea and Mbra) (Merritt et al., 1998). The
more basal position of the L. dispar PBPs in this tree is most likely due to their
considerable sequence difference from the other PBPs in this group. The
earlier interpretation is more parsimonious and consistent with the species
phylogeny and may suggest L. dispar is undergoing a more rapid evolution
than the other species (Merrit et al., 1998), a view which is currently under
investigation.
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Figure 7

In situ hybridization and immunohistological analysis of LAP expression in adult tissue. (A) Male antenna; (B) female antenna hybridized with

antisense LAP probe. (C) Negative control, hybridized with a probe encoding the zebrafish odor receptor 1A (Byrd et al., 1996). (D) Immunohistological
localization of LAP protein in a female antenna, after Dickens et al. (Dickens et al., 1998). Large arrows point to representative staining, while small arrows
point to the outer cuticular portions of the representative sensilla. All images are at the same magnification.

blocking experiments to the OBP-related CSRBP, which
associates with taste sensilla in the fly Phormia regina,
resulted in decreased electrophysiological response to
odorant-like stimulants, offering further direct support for a
functional role in stimulant detection for the OBP-related
proteins (Ozaki, et al., 1995).

Multiple classes of insect OBPs

The tree analysis presented here suggests a strongly sup-
ported separation of insect OBP-related proteins into
multiple classes. There is strong support (100% bootstrap)
for a distinct Lepidoptera PBP/GOBP class and respective
subclasses. There is also strong support for the CSRBP/
PBPRP2/PBPRPS class (98% bootstrap), but only weak
support that this should be considered distinct from the
other non-PBP/GOBP OBP-like sequences (53% bootstrap).
While many of the major branches define species or order
specific lineages (OS-E and OS-F, B1 and B2, OBPRP-Pjap

and OBPRP-Aosa, PBPs/GOBPs, ABPX), these divisions
may also indicate functionally distinct classes of OBPs. For
example, in Drosophila, there appear to be strong separa-
tions between respective branches containing OS-F/OS-E,
LUSH, PBPRPI, and PBPRP2/PBPRPS5. Some of these
divisions may collapse as sequences from other dipteran
species become available, but they suggest different func-
tional roles within Drosophila for the respective groups.
Among the Lepidoptera, there is strong support for multiple
classes consisting of PBP, GOBP1, GOBP2 and ABPX
(100% bootstrap). To date, M. sexta has yielded the largest
number of OBP sequences, including three PBPS, GOBPI,
GOBP2, ABPX and the OBPRP-Msex sequence (see Table
2). Among the PBPs, the strongly supported branch which
includes PBP2-Msex, PBP3-Msex and PBP1-Mbra may
define a distinct class of PBPs, separate from those previ-
ously identified. Ongoing histological analysis is indicating
that many of these proteins are differentially expressed in
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Figure 8

In situ hybridization and immunohistological analysis of LAP expression in adult and molting tissue. (A) Adult male antenna; (B) and (C) adult

female antennae hybridized with antisense LAP probe. (D) Immunohistological localization of LAP protein in an adult female antenna. (E) Transitional female
antenna, in the process of preparing to molt, hybridized with antisense LAP probe. In (E), NYMPH identifies the outer and darker cuticle of the 5th stage
nymph antenna, and ADULT identifies the inner and unpigmented cuticle of the developing adult antenna. Large arrows point to representative staining,
while small arrows point to cuticular components of the sensilla. A-D are at the same magnification; scales are indicated.

association with functionally distinct types of olfactory
sensilla, supporting the view that different OBPs associate
with sensilla mediating different olfactory based behaviors
(Vogt et al., 1991Db; Steinbrecht, 1996; Laue and Steinbrecht,
1997).

If the collection of sequences gathered here do belong to a
single homologous group, derived from a common ancestral
gene, then LAP indicates the phylogenetic depth of this gene
family. Figure 2 shows a conservative view of the cladistic
relationship of the insect orders, and illustrates the mono-
phyletic relationship of the sister groups Endopteryota and
Hemipteroid Assemblage. All of the OBP-related sequences
presented here, except for LAP, derive from species (moths,
flies, beetles and bees) belonging to the Endopterygota. The
identification of LAP as an OBP-related protein from the
Hemipteroid Assemblage argues that the insect OBP family
was represented in the ancestral form that was the common
origin of these two divisions. This further argues that

OBP-related genes should be represented throughout the
species belonging to the Endopterygota and Hemipteroid
Assemblage, unless they were secondarily lost.

It is curious that the PBPs and GOBPs are so strongly
supported as a lepidopteran specific group (Figure 6). It
may be that close homologues have simply not yet been
identified in non-lepidopteran orders. However, the apparent
diversification of PBPs and GOBPs within the Lepidoptera
may reflect the great extent to which these animals rely on
highly specific olfactory cues in coordinating their behavior.
This would suggest that the lepidopteran OBPs should make
a very useful model system for investigating the diversi-
fication and evolution of chemosensory based behavior.

OBP-like proteins outside the Endopteryogota and
Hemipteroid Assemblage

To date, no OBP-related sequences have been identified
outside the Endopterygota and Hemipteroid groups. A



thorough survey of antennal proteins from walking-sticks
(Phasmatodea) identified several abundant proteins from
chemosensory organs, but these proteins have no support-
able sequence relationship to the OBP-related proteins
discussed here (Mameli et al., 1996; Pelosi, 1996). However,
some of the walking-stick antennal proteins do share
significant sequence similarity to a Drosophila antennal
protein referred to as OS-D (McKenna et al., 1994, SP-
Q27377). OS-D related proteins have also been identified in
Lepidoptera, for example: M. sexta (Robertson et al., 1998,
GB-AI172733); M. brassicae (Bohbot et al, 1998);
Orthoptera—Ilocust (Angeli et al., 1998, GB-AF070961);
and Dictyoptera—cockroach (Nomura ez al, 1992, GB-
AF030340). Recently, the lepidopteran OS-D related
protein from M. brassicae was shown to bind several
odorants, suggesting that these proteins may have an
OBP-like function (Bohbot et al., 1998).

In the context of chemoreception, there are two puzzling
features of the OS-D related proteins. First, they are often
not antennal specific in their expression; a homologue from
the cockroach Periplaneta americana expresses in regenerat-
ing leg tissue—leg regeneration protein p10, GB-AF030340
(Nomura et al., 1992) and another from Drosophila
expresses in the ejaculatory bulb (Dyanov, H.M., direct sub-
mission, GB-U08281). Second, the OS-D related proteins
are highly conserved across distantly related insect orders.
For example, pairwise identity comparisons between OS-D
homologues of different orders range from 43 to 59% (Dip-
tera—Drosophila, OS-D, SP-Q27377; Orthoptera—Schisto-
cerca gregaria, CSP-sgl, GB-AF(070961; Dictyoptera—
P, americana, GB-AF030340; Lepidoptera—Cactoblastis
cactorum, GB-U95046). These values seem high if the role
of the proteins is related to chemosensory function. Chemo-
sensory function is often adaptive with life history, and the
life histories of the various insect groups are quite different.
Greater sequence divergence might be expected to match the
life-history differences, as is observed for the OBP-related
proteins; pairwise identity values range from 10 to 38%
between PBP1-Msex, ABPX-Msex, OBPRP-Pjap, OS-E and
LAP. Certainly, additional functional and expression
analyses are necessary to clarify the role of the OS-D related
proteins. If the OS-D related proteins prove to have an
OBP-like function, it will be useful to distinguish them from
the proteins discussed here, perhaps as OBP-Type 1 (PBPs,
GOBPs, OS-E, etc.) and OBP-Type 2 (OS-D, etc.).

Many questions remain regarding the function and
activity of the OBP-related proteins in olfactory processing,
especially concerning the nature of the OBP-odorant inter-
action with respect to on—off rates, the specificity of
OBP-odorant interactions, the spatial and developmental
patterns of expression of multiple OBPs, and the regulation
of OBP expression in developmentally and phenotypically
appropriate contexts. Also, in light of the recent iden-
tification of presumptive odor receptors from Drosophila
(Clyne et al., 1999; Vosshall et al., 1999), characterizing the
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interactions between OBPs and such receptors may prove
important.
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