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Abstract. We have isolated and characterized cDNAs
representing two distinct pheromone binding proteins
(PBPs) from the gypsy moth,Lymantria dispar.We use
the L. dispar protein sequences, along with other pub-
lished lepidopteran PBPs, to investigate the evolutionary
relationships among genes within the PBP multigene
family. Our analyses suggest that the presence of two
distinct PBPs in genera representing separate moth su-
perfamilies is the result of relatively recent, independent,
gene duplication events rather than a single, ancient, du-
plication. We discuss this result with respect to the bio-
chemical diversification of moth PBPs.
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Introduction

Pheromone binding proteins (PBPs) function in lepidop-
teran mate location by facilitating the delivery of hydro-

phobic sex-pheromone molecules to specific neural re-
ceptors in male antennae (Vogt 1987; Vogt et al. 1991a;
Prestwich et al. 1995). PBPs are a member of a larger
gene family, the insect Odorant Binding Proteins (OBPs;
Vogt 1991a), small, water-soluble proteins expressed in
the olfactory tissue of insects. Initially defined by their
ability to bind sex pheromone, PBPs are found in very
high concentrations (10 mM) in the aqueous fluid (the
sensillar lymph) that surrounds dendrites of pheromone-
sensitive neurons within the olfactory sensilla along the
antennae (Vogt and Riddiford 1981; Vogt et al. 1989).
Binding and expression studies have led to a model of
PBP function in which pheromone is bound into a hy-
drophobic pocket of the PBPs, allowing the long chain
hydrocarbons to cross the aqueous barrier of the sensillar
lymph and interact with specific receptors on the surface
of pheromone-sensitive neurons (Vogt et al. 1989;
Prestwich 1993; Du and Prestwich 1995). In their role of
binding and solubilizing pheromone, PBPs may act as
selective filters for the female pheromones by specifi-
cally binding, and solubilizing, the appropriate phero-
mone molecules.

Pheromone binding proteins have been described in
eight species of moths. Single proteins have been iden-
tified in five species (Krieger et al. 1993; Krieger et al.
1996; Gyorgyi et al. 1988; Raming et al. 1989), pairs of
PBPs have been described in the remaining three species
(Nagan-Le Meillour et al. 1996; Vogt et al. 1989;
Krieger et al. 1991). In species expressing two PBPs, the
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individual proteins have been demonstrated to differen-
tially bind the chemical components of the female phero-
mone (Vogt et al. 1989; Du and Prestwich 1995; Nagan-
Le Meillour et al. 1996). This differential binding
represents a fine tuning of PBP pheromone interaction,
making possible a greater specificity of pheromone sig-
nal recognition (Vogt 1989; Krieger et al. 1991; Du and
Prestwich 1995; Prestwich et al. 1995).

Given the potential for greater binding and substrate
specificity that duplicate PBPs allow, has selection acted
to alter PBP pheromone binding? Genes that code for
proteins that are involved in recognition of other mol-
ecules are often under diversifying selection (e.g., major
histocompatibility complex, Hughes et al. 1990; olfac-
tory receptors, Ngai et al. 1993; Hughes and Hughes
1993; immunoglobins, Tanaka and Nei 1989). In these
cases where selection has been documented, the pattern
of gene evolution has been firmly established. The first
step in investigating the possibility of selection in the
evolution of PBPs is to establish the pattern of evolution
of this multigene family.

The duplication of genes and their subsequent func-
tional divergence is a fundamental but incompletely un-
derstood process in the generation of protein diversity
and adaptive evolution (Li 1983; Hughes 1994). It has
been hypothesized that PBPs have evolved by a process
of gene duplication (Vogt 1989; Krieger et al. 1991), but
the pattern of duplication has not been reconstructed by
phylogenetic analysis. At least two alternatives present
themselves: a single, ancient duplication event followed
by losses in multiple taxa or multiple, relatively recent,
unique duplication events. These two scenarios have dif-
ferent implications for the role of duplication in the evo-
lution of these proteins. We report here the cloning and
sequencing of the complete coding regions of the two
Lymantria disparPBP genes (LdisPBP1 and LdisPBP2)
and present a phylogeny of the published PBP genes. We
show that for those examples in which two PBPs have
been identified, these duplicate PBPs are products of
recent, independent, gene duplication events.

Materials and Methods

LdisPBP1 Cloning and Sequencing.Three hundred fifty-four base pairs
(bp) of the LdisPBP1 coding region were amplified from Complemen-
tary DNA (cDNA) synthesized according to manufacturer’s instruc-
tions (Superscript Preamplification System, Gibco BRL) using the
Polymerase Chain Reaction (PCR) (Saiki et al. 1988). Degenerate oli-
gonucleotides were designed from published lepidopteran PBP se-
quences. The forward primer (LdPBP44F) was designed from the first
30 amino acid residues of LdisPBP1 (Vogt et al. 1989). The reverse
primer (LPBP123R) was designed from an alignment of all published
PBP sequences:
LdPBP44F is, 58—TTYGCNAARCCNATGGARGC—38, and,
LPBP123R is, 58—GGNRCCCANTTIARMTYRAG—38,
(I 4 28—deoxyinosine; M4 A|C; N 4 A|C|G|T; R4 A|G; Y 4

C|T). PCR was carried out for 40 cycles under the following conditions:

denaturation at 95°C for 1 min, annealing at 48°C for 1 min, and
extension at 72°C for 1 min. PCR products were cloned into pGEM-T
vector (Promega) and sequenced manually. Dideoxy DNA sequencing
was performed with US Biochemicals Sequenase 2.0 kit and35S-dATP
as the label. At least three independent clones per PCR fragment were
sequenced on both strands.

The RACE method (rapid amplification of cDNA ends; Frohman
1990) was used to amplify the extreme 58 and 38 coding and untrans-
lated regions of the LdisPBP1 cDNA. RACE amplifications used gene-
specific primers designed from the LdisPBP1 cDNA clones:
LdPBP38 is, 58—GACGACCCATGCCAGACTATG—38 and,
LdPBP58 is, 58—CTTAGCGAGACAGAGGATGAC—38.
Conditions for the PCR, cloning, and sequencing were as described
above.

LdisPBP2 Cloning and Sequencing.First and second strand cDNA
were synthesized using the Stratagene ZAP-cDNA Synthesis kit from
100 mg of total RNA by oligo-dT priming. Double-stranded DNA was
methylated to protect internalEcoRI sites, blunt-end ligated toEcoRI
linkers, digested withEcoRI, and size selected to obtain cDNAs >500
bp in length. The cDNAs were ligated into lambda ZAP and amplified
on XL1-Blue (Stratagene). Approximately 100,000 plaque forming
units (PFU) were screened under expression conditions using rabbit
antiserum prepared against LdisPBP1 and LdisPBP2 (anti-LdisPBP;
Vogt et al. 1989). After overnight growth, duplicate plaque lifts were
obtained on 137-mm, 0.45 mm nitrocellulose (Schleicher & Schuell)
presoaked with 100 mM IPTG. Positive clones were identified using a
1:250 dilution of primary anti-LdisPBP in conjunction with a Promega
Immunoblot kit based on a goat anti-rabbit IgG coupled to alkaline
phosphatase. Following plasmid rescue from the lamda ZAP, plasmid
DNA was isolated using Qiagen miniprep reagents and protocols.
Dideoxy DNA sequencing was performed with US Biochemicals Se-
quenase 2.0 kit and35S-dATP as the label. Primers included T7 and T3
oligonucleotides for coding and anticoding strands, respectively, fol-
lowed by internal primers based on initial sequence data.

Phylogenetic Analyses.In addition to the twoL. dispar PBP (Ld-
isPBP1 and LdisPBP2) sequences reported here, insect OBP sequences
used in the phylogenetic analysis were obtained from the GenBank
database or the primary literature:Agrotis segetum(AsegPBP;
Prestwich et al. 1995);Antheraea pernyiPBP1 (AperPBP1; Raming et
al. 1990) and PBP2 (AperPBP2; Krieger et al. 1991);Antheraea poly-
phemusPBP (ApolPBP1; Raming et al. 1989);Bombyx moriPBP
(BmorPBP; Krieger et al. 1996);Heliothis virescensPBP (HvirPBP;
Krieger et al. 1993);Lymantria disparPBP2 (Prestwich et al. 1995);
Manduca sextaPBP (MsexPBP; Gyorgi et al. 1988);Antheraea pernyi
GOBP2 (Breer et al. 1990);Heliothis virescensGOBP1 and GOBP2
(Krieger et al. 1993);Manduca sextaGOBP1 and GOBP2 (Vogt et al.
1991b).

Amino acid sequences from each mature protein were aligned using
the ClustalV multiple alignment program (Higgins and Sharp 1992).
Minor adjustments were made to the alignment manually (Fig. 1). The
putative signal sequences (the first 19 and 20 amino acid residues of
LdisPBP1 and LdisPBP2, respectively) were excluded from the phy-
logenetic analyses because of difficulty recognizing homology across
the PBPs and because signal sequences have been shown to evolve at
different rates than the rest of a protein (Garcia-Maroto et al. 1991). A
phylogeny was constructed by the neighbor-joining method (Saitou and
Nei 1987) using the algorithm implemented in MEGA (version 1.0;
Kumar et al. 1993). Pairwise gamma distances were calculated accord-
ing to the formula of Nei et al. (1976), with thea parameter set to 2.05
(Uzzel and Corbin 1971). The pairwise deletion option for gaps and
missing data was used throughout the distance analyses. Bootstrapping
(Felsenstein 1985) was used to evaluate the degree of support for
particular groupings in the neighbor-joining analyses.
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Results

The twoLymantria disparPBPs previously identified by
protein purification (LdisPBP1 and LdisPBP2, Vogt et
al. 1989), were cloned and sequenced through a collabo-
rative effort between two laboratories. Screening of aL.
disparantennal expression library with an antibody pre-
pared against bothL. dispar PBPs identified two inde-
pendent clones of LdisPBP2, but failed to identify any
clones of LdisPBP1. The LdisPBP1 gene was obtained
using PCR with degenerate primers based on published
lepidopteran PBP sequences.

Sequence analysis of two clones identified by anti-
body screening revealed identical sequences differing
only in the length of their poly(A) tails. Both clones
contained the DNA sequence encoding the previously
identified LdisPBP2 N-terminus. An ATG start codon
preceded the N-terminal encoding region by 57 nucleo-
tides, defining a region encoding a signal peptide se-
quence typical of insect OBPs and other secreted pro-
teins (Vogt 1991b; von Heijne 1986). An in-frame stop
codon (TAG) was present in both clones 495 bp down-
stream of the start ATG. The sequence encodes a mature
protein of 145 amino acids (Fig. 1).

Sequence analysis of LdisPBP1 PCR products reveals

a cDNA consisting of 672 nucleotides, including an ATG
start codon, TAG stop codon, and 123 nucleotides of 38
untranslated sequence. The cDNA open reading frame
codes for an 162 amino acid protein (Fig. 1). As in PBP2,
the first 19 amino acids of PBP1 appear to form a signal
sequence, the remaining 143 amino acids forming the
mature protein. Comparison of the predicted amino acid
sequence with the N-terminalL. dispar PBP sequences
(Vogt et al. 1989) identified this protein as LdisPBP1.

LdisPBP1 and LdisPBP2 were aligned with all other
published moth PBPs using ClustalV (Fig. 1). A neigh-
bor-joining analyses of aligned PBPs is shown in Fig. 2.
The tree topology reflects currently accepted relation-
ships among higher lepidoptera (Minet 1991), indicating
two major groups that correspond to the superfamilies
Bombycoidea (Bombyx, Manduca, Antheraea) and Noc-
tuoidea (Lymantria, Heliothis, Agrotis). Bootstrapping
provided strong support for the separation of the two
superfamilies and an independent origin of the duplicate
pairs of PBPs (evidenced by sister taxa relationships of
PBPs within genera). Conversely, bootstrapping analyses
provided little support for groupings that united theA.
pernyiPBPs andL. disparPBPs. AperPBP1, AperPBP2,
and LdisPBP1 grouped together in only 2% of the boot-
strap trees. Similarly, AperPBP1, PBP2, and LdisPBP2

Fig. 1. Alignment of all published lepidopteran PBPs; putative signal sequences are not included (see Methods). Question marks represent missing
data. Note that the extra amino acids separate proteins along phylogenetic lines (see text for details).
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grouped together in only 1% of the bootstrap trees. In-
terestingly, the ApolPBP1 and AperPBP1 proteins
formed a highly supported clade that grouped with the
AperPBP2, suggesting that the duplication event that
generated the two PBPs preceded the common ancestor
between these twoAntheraeaspecies.

Discussion

We have cloned and sequenced the complete cDNAs
from the pair of pheromone binding proteins expressed
in male L. dispar. The L. dispar PBPs were initially
discovered as two male specific proteins in a non-SDS-
PAGE analysis of antennal protein extracts. Based on the
N-terminal sequences (30 amino acids) it was proposed
that these two PBPs were products of separate gene loci
(Vogt et al. 1989). It has been shown by Southern blot
that the two AperPBP proteins are encoded by separate
gene loci (Krieger et al. 1991). The level of sequence
divergence between the LdisPBP cDNAs reported herein
and direct comparison to the levels of divergence be-
tween the two AperPBP proteins further supports our
claim that the LdisPBPs are products of two separate
gene loci as opposed to allelic variants of a single locus.

With the sequencing of the twoLymantria PBPs,
complete coding sequences are now available from du-
plicate PBPs from two separate lepidopteran superfami-
lies. This allows us to address the question: Are the PBP
pairs the product of a single, relatively ancient, duplica-
tion event preceding the diversification of the two super-
families, or the product of two independent duplications
within the two superfamilies? The answer to this ques-
tion affects our interpretation of how multiple PBPs are
employed by different taxa. The maintenance of a single
ancestral duplication implies relatively ancient selective
pressure and a similar function for the two PBPs in the
different species. More recent, independent, duplications
imply independent selective pressures and more distinct
functions for the PBPs. The ancestral duplication hypoth-

esis requires four loss events, in addition to the single
duplication, to account for the pattern of single and du-
plicate genes in Fig. 2: a loss inB. mori,another loss in
M. Sexta,an apparent loss inA. polyphemus(protein
sequencing identifies only one PBP in this species; Vogt
and Riddiford 1981) and one loss in the common ances-
tor of H. virescensandA. segetum.The recent duplica-
tion, or independent origin, hypothesis only requires two
duplication events, one in the common ancestor ofA.
polyphemusandA. pernyi,one inL. disparand the single
apparent loss inA. polyphemus.The independent origin
hypothesis is the simpler, more parsimonious of the two
hypotheses. This independent origin hypothesis indicates
that the duplication events producing the LdisPBPs and
the AperPBPs occurred late in the diversification of the
two lepidopteran superfamilies.

In the earliest work on PBPs, using protein purifica-
tion and a limited number of species, single proteins for
each species were found (Vogt and Riddiford 1981). As
more species have been examined, using both protein
purification and PCR analysis, duplicate PBPs have often
been identified (Vogt et al. 1989; Krieger et al. 1991).
Recent protein purification and sequencing has identified
two PBPs in another noctuid moth,Mamestra brassicae
(Nagan-Le Meillour et al. 1996); the N-terminal se-
quence data is too short to include in our phylogenetic
analysis, but these proteins may represent a separate du-
plication within the Noctuoidea. Interestingly, N-
terminal protein sequencing indicates thatOrgyia pseu-
dotsugata,a moth within the same family asLymantria
dispar, has only a single PBP (Vogt 1991a). Although
insufficient sequence data is available to allow inclusion
in our analysis, this could represent either a loss of one
PBP gene, or place the duplication leading to the twoL.
dispargene later than the separation of these two genera.
Both of these points, and our phylogenetic analysis of the
L. dispar and A. pernyiPBP genes, argue that duplica-
tions of PBP genes are relatively common and relatively
recent events in the evolution and diversification of moth
species. Implicit in this argument of multiple, recent,

Fig. 2. Neighbor-joining phylogeny relating
lepidopteran PBPs. Bootstrapping values (500
replicates) from neighbor-joining analysis are to
the above left of each node. Although drawn as
unrooted, an analysis with insect odorant binding
proteins as outgroup taxa suggests that the root be
drawn between BmorPBP and the HvirPBP/Aseg
PBP clade. Arrows indicate location of two
putative gene duplication events.
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duplications are changes in selective pressure leading to
the maintenance of duplicate PBPs, changes that have
arisen independently in at least two separate instances.
These selective pressures are both intriguing, and to date,
elusive. Just as puzzling, given the number of modern
taxa with two PBPs is the lack of any evidence for an-
cient duplicate PBPs. In total, the evolution of PBPs
appears to be a story of multiple late, independent, gene
duplications; the actual frequency of these duplications
and their exact biological implications remain to be de-
termined.
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