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Abstract

The genome of the silkkmoth Bombyx mori contains 44 genes encoding odorant-binding proteins (OBPs) and 20 encoding
chemosensory proteins (CSPs). In this work, we used a proteomic approach to investigate the expression of proteins of both
classes in the antennae of adults and in the female pheromone glands. The most abundant proteins found in the antennae
were the 4 OBPs (PBP, GOBP1, GOBP2, and ABP) and the 2 CSPs (CSP1 and CSP2) previously identified and characterized. In
addition, we could detect only 3 additional OBPs and 2 CSPs, with clearly different patterns of expression between the sexes.
Particularly interesting, on the other hand, is the relatively large number of binding proteins (1 OBP and 7 CSPs) expressed in
the female pheromone glands, some of them not present in the antennae. In the glands, these proteins could be likely involved
in the solubilization of pheromonal components and their delivery in the environment.
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Introduction

The silkmoth Bombyx mori is one of the most studied model
species for chemical communication in insects. Bombykol,
the sex attractant for males of this species, was the first pher-
omone to be identified (Butenandt et al. 1959) and the pher-
omone-binding protein (PBP) was among the very first
proteins of this class to be purified and characterized (Maida
et al. 1993). This was also the first odorant-binding protein
(OBP) of an insect, whose structure has been resolved
(Sandler et al. 2000) and the first to exhibit a conformational
change triggered by pH and ligand binding (Horst et al.
2001). However, the complexity of protein repertoire possi-

bly involved in chemical communication in this species was
not evident, until the sequencing of its genome (Xia et al.
2004, 2007) revealed the presence of 41 genes encoding olfac-
tory receptors (Wanner et al. 2007), 44 encoding OBPs
(Gong et al. 2009), and 20 encoding chemosensory proteins
(CSPs) (Gong et al. 2007).

OBPs and CSPs are small soluble polypeptides present in
the lymph of chemosensilla (Picimbon 2003, Wanner et al.
2004; Vogt 2005; Pelosi et al. 2006). OBPs are characterized
by 6 conserved cysteines paired in 3 interlocked disulfide
bridges (Scaloni et al. 1999; Leal et al. 1999; Tegoni et al.
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2004). In some insect species other proteins, assigned to the
OBP family contain a greater or lower number of cysteines
and have been classified as C-plus and C-minus, respectively
(Zhou et al. 2004; Forét and Maleszka 2006). Others have
been termed as “atypical” (Xu et al. 2003). CSPs present only
4 conserved cysteines with a different topology, where adja-
cent residues are paired (Angeli et al. 1999).

OBPs were regarded at the beginning as passive carriers of
hydrophobic semiochemicals across the aqueous sensillar
lymph. Recent data, however, have indicated more im-
portant and specific functions for these proteins in chemore-
ception. First, the discovery of conformational changes
associated with ligand binding in OBPs of different species
(Horst et al. 2001; Wogulis et al. 2006; Pesenti et al. 2008)
suggested the possibility of interactions with membrane-
bound olfactory receptors. Then evidence was provided that
an OBP mediates pheromone response in the silkmoth
B. mori (Popof 2004; Grosse-Wilde et al. 2006) and that si-
lencing the gene for LUSH, one of the Drosophila OBPs, sup-
presses both the electrophysiological and behavioral
response to the male sex pheromone (Xu et al. 2005). More-
over, using mutants of this protein, the same authors dem-
onstrated that LUSH can activate the specific olfactory
receptor even in the absence of pheromone but provided it
assumes the correct conformation (Laughlin et al. 2008).
The role of OBPs not only in olfactory detection but in
the fine discrimination of chemical stimuli was also con-
firmed at the behavior level by switching 2 genes that are
involved in attraction or repulsion by 2 fatty acids between
2 species of Drosophila (Matsuo et al. 2007).

In B. mori, a single PBP and 2 general odorant-binding
proteins (GOBPs) were first described at the protein level
(Vogt et al. 1991). A gene encoding a fourth OBP, named
antennal binding protein X (ABPX), was also identified
(Krieger et al. 1996). The expression of these 4 proteins
was studied in various sensillum types through immunocy-
tochemisty (Maida et al. 2005). Later, 2 additional genes en-
coding proteins of the PBP subfamily have been described
(Forstner et al. 2006). In the same report, polymerase chain
reaction (PCR) experiments show that PBP2 and PBP3 are
almost equally expressed in the antennae of both sexes and
that their genes are localized only in 1 or 2 sensilla, different
from those expressing PBP1. The presence of microhetero-
geneity of OBPs was suggested in a study where proteins
were separated by preparative isoelectric focusing. Four pro-
tein bands cross-reacting with anti-PBP serum and 5 with
anti-GOBP2 serum were detected, but no evidence was pro-
vided on the number of genes involved (Maida et al. 1997).

Concerning CSPs, 2 abundant proteins of this class
have been purified from the antennae and characterized
by N-terminal sequencing. Cloning of the relative genes al-
lowed unambiguous assignment of these proteins to the CSP
family (Picimbon et al. 2000).

Recently, based on genome information, the expression
pattern of all the genes encoding OBPs (Gong et al. 2009)

and CSPs (Gong et al. 2007) in different organs of the silk-
moth has been studied. Of the 44 genes present in the genome
and encoding OBP-like proteins, 6 belong to the GOBP/PBP
group, including the 3 previously described proteins, 9 are
classified as plus-C, containing more than the 6 conserved
cysteines and 5 as minus-C, presenting only 4 of such resi-
dues. The others include 2 groups of ABPs and another
classified as chemoreceptor lymph—binding protein. It is re-
markable that of the 44 genes present in the genome, 11 were
not detected, using microarray techniques, at any develop-
mental stage and most of the others were not specific to sen-
sory organs. The expression of 4 genes, assigned on the basis
of sequence similarity to the PBP group, has been monitored
in the cited paper (Gong et al. 2009) by quantitative PCR in
the antennae of both sexes. OBP3 (formerly named PBP1) is
expressed significantly more in males than in females, in
agreement with previous reports, while OBP4 and OBP6
are expressed in similar amounts in both sexes. OBPS5, on
the other hand, is the least abundant of these proteins and
strongly female biased. The expression of genes encoding
CSPs in B. mori has been investigated using microarray tech-
niques and revealed interesting expression patterns during
developmental stages, with members expressed also in non-
sensory organs (Gong et al. 2007). A total of 20 sequences
encoding proteins similar to CSPs is present in the genome,
whereas the transcription products of 14 of these have been
identified in different organs at various stages of the larval
and adult life (Gong et al. 2007).

The great number of genes encoding OBPs and CSPs in
the genome of several insects and their expression in non-
sensory organs suggests alternative functions for these sol-
uble proteins. In some species, it has been reported that
OBPs or CSPs, depending on the species, are also expressed
in pheromone producing glands and could likely be in-
volved in the delivery of these semiochemicals. Known ex-
amples include CSPs expressed in the female pheromone
glands of the moth Mamestra brassicae (Jacquin-Joly
et al. 2001) and EjB, the ejaculatory bulb protein of Dro-
sophila melanogaster produced in the male pheromone
glands (Dyanov and Dzitoeva 1995) as well as OBP22 se-
creted in the sperm of Aedes aegypti (Li et al. 2008). In
mammals, the occurrence of the same OBPs in the olfactory
organs and in the pheromone delivery glands has been well
documented. The mouse urinary proteins (Cavaggioni et al.
1990; Cavaggioni and Mucignat-Caretta 2000) and the pig
salivary proteins (Marchese et al. 1998) represent the best
examples.

In this work, we applied a proteomic approach to detect
the expression of OBPs and CSPs in the antennae of both
sexes of B. mori in order to verify which and to what extent
the genes transcripted in these organs were also translated,
identifying at the same time major differences, if present, be-
tween sexes. Moreover, using the same strategy, we have
searched for OBPs and CSPs expressed in the female’s
pheromone glands.
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Materials and methods

Insects

Cocoons of B. mori were reared at the Unita Ricerca Apicol-
tura & Bachicoltura, Padova, Italy. Pupae were separated
according to their sex and stored at room. Adults were frozen
at —20 °C within few hours after emerging and transferred to
a —80 °C few days later. Antennae and female pheromonal
glands were dissected under a stereoscopic microscope and
stored at —80 °C until extraction or were immediately used
for profiling experiments.

2D electrophoresis

For 2D gel electrophoresis, 60 antennae or 30 female pher-
omonal glands were homogenized in 0.5 mL of 0.1% aqueous
trifluoroacetic acid (TFA). The suspension was sonicated
and then centrifuged at 12 000 rpm for 40 min at 4 °C. Super-
natants were concentrated to 50 puL and then diluted to
400 uL with a buffer containing 7 M urea, 2 M thiourea,
2%  (wlv)  3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, 1% (v/v) Immobilized pH gradient
(IPG) buffer (GE-Healthcare), and 60 mM dithiothreitol
(DTT). The samples were loaded by rehydration for 13.5
h in IPG strips (pH 3-11, 11 cm). Isoelectrofocusing was per-
formed with an Ettan IPG Phor III system (GE-Healthcare)
using the following conditions. For the antennal samples:
50 V (2 h), 100 V (2 h), 500 V (1 h), 1000 V (2 h), 3000 V
(1.5 h), and 4000 V (1 h); for the gland extract: 100 V
(2 h), 500 V (2 h), 1000 V (3.5 h), 3000 V (2.5 h), and 5000
V (0.5 h). Strips were then equilibrated for 15 min in
a Tris=HCI 1.5 M pH 8.8 solution containing glycerol
29.3%, urea 6 M, sodium dodecyl sulfate (SDS) 2% (w/v),
DTT 1% and then for further 15 minutes in a Tris—-HCI
1.5 M pH 8.8 solution, containing glycerol 29.3%, urea 6
M, SDS 2%, and iodacetamide 2.5%.

The 2D electrophoresis was performed in 14% acrylamide
gels using a SE 600 Ruby equipment (GE-Healthcare). Gels
were stained with Brilliant Blue G-Colloidal Concentrate
(Sigma).

Identification of proteins from 2-D gel spots

Spots of interest (in the range of 10-20 kDa) were excised
from the gel and individually transferred to a 1.5-mL micro-
centrifuge tube. Spots were washed 3 times for about 10 min
in 40 pL of acetonitrile and then in 40 pL of a 0.1 M ammo-
nium bicarbonate water solution. The solution was removed
and 30 pL of a 1 ng/uL of modified trypsin (Promega) in
10 mM ammonium bicarbonate was added to each spot. Tube
were kept at 4 °C for 30 min, then the solution was removed
and replaced with 25 pL of 10 mM ammonium bicarbonate.
After overnight digestion at 37 °C, the supernatant was
recovered and the reaction blocked by addition of 1 puL of
10% TFA. Peptides were analyzed through nano High
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Performance Liquid Chromatography (HPLC)-Electro-
spray lonization (ESI) Fourier Transform Mass Spectrom-
etry (FTMS) analysis on an Ultimate 3000 (LC Packings
Dionex) coupled with an LTQ Orbitrap mass spectrometer
(Thermo Fisher). They were concentrated on a precolumn
cartridge PepMapl00 C18 (300 pm inner diameter [i.d.] x
5 mm, 5 pm, 100 A, LC Packings Dionex) and then eluted
on a C18 PepMapl100 column (75 pum i.d. x 15 cm, 5 um,
100 A, LC Packings Dionex) at 300 nL/min. The mobile
phases composition was H,O 0.1% formic acid/CH;CN
97/3 (phase A) and CH3CN 0.1% formic acid/H,O 97/3
(phase B). The gradient program was 0 min, 4% B; 10 min,
40% B; 30 min, 65% B; 35 min, 65% B; 36 min, 90% B; 40
min, 90% B; 41 min, 4% B; 60 min, 4% B. Mass spectra were
acquired in positive ion mode, setting the spray voltage at
1.9 kV, the capillary voltage and temperature, respectively,
at 40 V and 200 °C, and the tube lens at 130 V. Data were
acquired in data-dependent mode with dynamic exclusion
enabled (repeat count 2); survey mass spectroscopy (MS)
scans were recorded in the Orbitrap analyzer in the mass
range 300-2000 Th at a 15 000 nominal resolution, then
up to 3 most intense ions in each full MS scan were frag-
mented and analyzed in the Orbitrap analyzer at a 7500 nom-
inal resolution. Monocharged ions did not trigger MS/MS
experiments. The acquired data were searched using Bio-
works 3.2 (Thermo Fisher) using Sequest as search algorithm
against a database created by merging the sequences con-
tained in the database silkpept.fasta (downloaded from
http://silkworm.swu.edu.cn/silkdb/doc/download.html) with
the mature OBP and CSP sequences reported in Gong et al.
(2007, 2009). Searches and acceptance of the proteins iden-
tified followed the same criteria as described in Dani et al.
(2010). Each identified protein present in the gel at a position
compatible with its calculated molecular weight was submit-
ted to a basic alignment search tool in NCBI.

MALDI profiling

Experiments were performed on a Matrix Assisted Laser De-
sorption Ionization Time of Flight/Time of Flight mass spec-
trometer Ultraflex III (Bruker Daltonics) by using Flex
Control 3.0 as data acquisition Software, with a method sim-
ilar to that previously reported for Anopheles gambiae (Dani
et al. 2008). Single antennae of Bombyx females and males
and freshly dissected pheromonal glands were laid on an
MALDI target; 0.3 pL of matrix solution (sinapinic acid
20 mg/mL in 50:25:25 acetonitrile:acetone:water, 0.1%
TFA) were added all along the antennae and glands and al-
lowed to dry. This made the sample to stick to the target.
Spectra were acquired in linear mode over the m/z range
5000-22 000 (for a total of 800 shots) all along the antennal
surface and the gland area. The most intense signals were
obtained where the antennal cuticle was fractured, probably
because the extraction of internal soluble proteins was more
efficient. The instrumental parameters were chosen by
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Figure 1 2D gel electrophoretic separation of proteins extracted from
male (M) and female (F) antennae of Bombyx mori. Samples obtained from
60 antennae were loaded onto the gels. Circles indicate spots that have
been identified as OBPs, squares indicate CSPs. The full set of data on the
identified proteins is reported in Table 1 for OBPs and CSPs and in
Supplementary Table S1 for other proteins.

setting ion source 1 at 25 kV, ion source 2 at 23.45kV, lens at
6.0 kV, and pulsed ion extraction at 100 ns. The instrument
was externally calibrated prior to analysis using the Bruker
Protein I calibrant standard kit (5000-17 000 Da).

Protein nomenclature

For OBPs and CSPs, we have adopted the nomenclature of
Gong et al. (2007, 2009). For proteins previously described,
we also cited the traditional name.

Figure 2 2D gel electrophoretic separation of an extract from 30 female
pheromone glands of Bombyx mori. Circles indicate spots that have been
identified as OBPs, squares indicate CSPs. The full set of data on the identified
proteins is reported in Table 1 for OBPs and CSPs and in Supplementary
Table S2 for other proteins.

Results and discussion

The high number of genes encoding OBPs (44) and CSPs (20)
in the genome of B. mori, compared to the very few proteins
of both classes identified so far through classic biochemistry
(3 OBPs and 2 CSPs), prompted us to investigate the expres-
sion of these genes in the antennae of both sexes as well as in
the female pheromone glands of the adult moth.

In a first series of experiments, we separated the proteins of
crude extracts from the antennae of both sexes, as well as
from female pheromone glands, by 2D gel electrophoresis
(Figures 1 and 2). Spots were then selected in the low molec-
ular weight region and subjected to digestion with trypsin,
followed by nano-HPLC mass spectrometry analysis, as de-
scribed in the Material and Methods. Peptides eluted from
the column, were characterized by their molecular mass
and partial sequence information, that enabled us to
uniquely identify the corresponding peptide among those
predicted in the genome.

In the male antenna, we were able to identify 4 OBPs, the
most abundant being the OBP3 (formerly named PBP1). The
other 3, present in much lower concentrations, were OBP2
(previously known as GOBP2), OBP20 (previously named
ABPX), and OBP27. Among the CSPs, only CSP1 and
CSP2 were clearly recognized, the same that had been pre-
viously identified at the protein level (Picimbon et al. 2000).
The gel of female antennae is richer in both OBPs and CSPs.
The most abundant spot is due to OBP2. Other very intense
spots are those of OBP27, CSP1, and CSP2. In addition,
there are 4 more OBPs (1 and 3 and 27 previously described,
respectively, as GOBP1, PBP1 and ABP, and OBP25) and
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2 more CSPs, 8 and 9, that have been unambiguously recog-
nized but are present at much lower levels (see Figure 1 and
Table 1).

MALDI profiling experiments, performed on single anten-
nae, confirmed the results obtained by 2D gels (Figure 3). In
fact, the most abundant peak in the male antenna is due to
CSP2, which also gave the most intense spot in the gel,
whereas other peaks can be assigned to CSP1, OBP3, and
OBP27, all present with spots of medium intensity in the gel.

In the female antenna, again CSP2 corresponds to the
most intense peak, while CSP1 and OBP27 can also be de-
tected. Although there is fairly good agreement between
the calculated masses and those measured for CSP1
(calc.12 888, accounting for 2 disulfide bridges and one pro-
ton added by the matrix, measured: 12 893 and 12 892) and
OBP3 (calc.15 879, accounting for 3 disulfide bridges and
one proton added by the matrix, measured: 15 879), the cal-
culated mass of CSP2 (12 048) is higher than the measured
values of 12 031 and 12 029, suggesting the occurrence of an
aminoacidic substitution. Unexpectedly, OBP2, that is
present in the gel with the largest spot, could not be iden-
tified in the MALDI profiling. Instead a large unidentified
peak of m/z 11168.8 could indicate a degradation product
of OBP2. The same peak, but of lower intensity, is also pres-
ent in the MALDI spectrum of male antennae, whose 2D
gel also contains a spot identified as OBP2, but weaker than
in the female gel. However, no conclusions can be drawn on
the basis of the available data.

Of the 4 proteins belonging to the PBP group (OBPs 3,4, 5,
and 6), whose expression had been monitored by PCR in the
antennae of both sexes, we could only detect OBP3 (the only
PBP previously described, Maida et al. 1993; Krieger et al.
1996), whereas we found no evidence of the other proteins in
our experimental conditions. In fact, PCR experiments indi-
cated levels of expression for OBP6, OBP4, and OBPS5 about
1, 2, and 3 orders of magnitude lower than OBP3, respec-
tively (Gong et al. 2009). It is possible, therefore, that these
proteins are present in the extract, but at levels lower than
our detection limit. Moreover, we could not detect PBP2
and PBP3 at the protein level neither in the MALDI spectra
nor in the 2D gels. This also could be due to the small
amount of these proteins expected to be present in the anten-
nae as the relative genes have been reported to be expressed
only in 1 or 2 sensilla (Forstner et al. 2000).

Several CSPs had been reported to be expressed in the an-
tennae of adults, on the basis of PCR experiments (Gong
et al. 2009). High amplification was obtained for CSPs 1,
2, 4,9, 11, 14, 15, 16, whereas CSPs 6, 7, 8, 12, 13, and
17 gave much weaker bands. Some of these were also found
at the protein level in our investigation, but there is no com-
plete agreement between our protein data and the gene anal-
ysis. In fact, among all the genes reported in the antennae, we
could detect the abundant expression products only for
CSP1 and CSP2, whereas CSP8 and CSP9 were present at
much lower levels.
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Most interestingly, the analysis of the pheromone glands
extract (Figure 2) revealed the presence of 7 members of
the CSP family, no. 1, 2, 6, 8, 9, 11, 15, and one OBP
(OBP11).

In particular, CSP6 produced the most intense spot while
was not detected in the antennae of either sex. Interest-
ingly, some of the other CSPs 8 and 9 were also found
in female antennae (but not in males), whereas others
(11, and 15) were not detected in the antennae of neither
sexes.

A comparison of our results with the gene expression of
CSPs in the pheromone glands, evaluated by PCR (Gong
et al. 2009) does not show good agreement. In fact, such
analysis indicated CSPs 9 and 11 as the most expressed,
whereas CSPs 6, 14, and 17 gave weaker amplification sig-
nals. Such disagreement, when it only concerns different lev-
els of expression of RNA and protein, as in the cases of CSPs
6,9, and 11, could be still acceptable. More difficult to justify
are the strong spots produced in the gel by CSPs 2 and 8, as
well as the weaker but reliable spots of CSP1 and CSP15,
although their RNA had not been detected by PCR. We
could speculate that perhaps the samples used in the 2 types
of experiments were from insects in different physiological
states, but such aspect needs to be further investigated before
any hypothesis could be suggested.

The abundant expression of CSP6 is also evident from the
MALDI profiling spectrum (Figure 4), where it gives by far
the most intense signal. Also the presence of CSP2 is clearly
confirmed in the same spectrum of pheromone gland with
a peak of moderate intensity.

Our results show that of the 44 OBPs and 20 CSPs pre-
dicted in the genome of B. mori, only a small number of these
genes are expressed at the protein level, at least in concentra-
tions above our detection limits. In particular, we have iden-
tified OBPs 1, 2, 3, 20, 27, and 25 in the antennae of adults
and OBP11 in the female pheromone glands. We can inciden-
tally observe that only the last 2 proteins had not been pre-
viously described.

As for CSPs, besides the known CSP1 and CSP2, we de-
tected CSP8 and CSP9 in the antennae and 3 more (CSPs 6,
11, and 15) in the pheromone glands that are not expressed in
the antennae.

The fact that only few of the proteins predicted by the ge-
nome can be detected, at least in reasonable concentrations,
deserves some comment. At the beginning, OBPs of insects
were regarded as a class of proteins specifically involved in
chemoreception with the defined role of binding odorants
and pheromones. For CSPs, instead, the idea that only a sub-
set of these proteins could be directly involved in the percep-
tion of chemical stimuli was more acceptable, on the basis
that CSPs were detected also in nonsensory organs and
sometimes could be almost ubiquitous. Apart from those ex-
pressed in pheromone glands, such as the ones described and
those cited in this work (for which a function in chemical
communication is still likely), CSPs could be performing
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Table 1  OBPs and CSPs identified in male and female antennae and in female pheromone gland

Spot # Code (Gong et al. Name? No. of peptides Coverage® Mw< P(pro) consensus score
2007, 2009)

Male and female antennae

3(M, ) BGIBMGA002626 OBP27¢ (ABP) 16 1-119 13180°  23x 1073
100% 170.3

3a (F) BGIBMGA002626 OBP27¢ (ABP) 16 1-119 13180F 2.3x 1073
100% 170.3

3a (F) BGIBMGA002627 OBP25 2 81-91; 115-119 13077 28x 1077
13.45% 20.2

3c (F) Bmb018112 cspod 9 23-61; 98-108 12533 21x1078
46.30% 110.2

3d (F) Bmb018111 cspg? 9 44-59; 69-81; 90-109 12769 1.5%x107°
44.04% 90.1

6 (M, F) Bmb008613 csprde 5 22-35; 42-57; 83-93 12883F  26x1077
36.13% 50.2

6a (F) Bmb008613 csprde 4 42-57; 83-93 12883F  22x1077
30.63% 40.2

12 (M) BGIBMGA002308 OBP20¢ (ABPX) 5 15-44 12791 35x107°
25.42% 203

13(M, ) BGIBMGA012615 OBP39© (PBP1) 11 1-21;39-119 15868 9.1x 1072
71.83% 190. 3

13 (F) BGIBMGA012611 OBP19¢ (GOBP1) 6 47-78; 90-110; 114-124 17179 6.5x 1078
43.84% 60.2

13a (F) BGIBMGA012611 OBP19¢ (GOBP1) 19 1-29; 47-124 17179 1.1 %1078
73.29% 230.4

13b (F) BGIBMGA012611 OBP1%¢€ (GOBP1) 5 58-78; 100-110; 114124 17179 1.4%107°
29.45% 50.2

13b (F) BGIBMGA012614 OBP2%¢ (GOBP2) 12 1-14; 59-78; 90-119 16130 1.1 %x 107"
45.39% 150.3

13b (F) BGIBMGA012615 OBP39© (PBP1) 3 1-14; 79-99 15868"  2.8x10°®
24.65% 50.1

13c (F) BGIBMGA012611 OBP19¢ (GOBP1) 14 1-20; 47-110; 114-124 17179 39x107"
80.14% 190.2

14 (M, F)  Bmb030868 csp2de 5 43-57; 94-104 12046 1.1 x107%°
25.00% 30.3

14a (F) Bmb030868 csp2de 3 43-57; 68-74; 94-104 12046 148 x107°
31.73% 30.1

14b (F) BGIBMGA012611-PA  OBP14¢ (GOBP1) 16 1-20; 47-124 17179 1.1 % 107°
67.12% 160.2

18 (M, F)  BGIBMGA012614 OBP2%¢ (GOBP2) 4 1-34; 47-78; 90-141 16130 1.1 %x 107"
83.69% 350.4
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Spot # Code (Gong et al. Name® No. of peptides Coverage® MW* P(pro) consensus score
2007, 2009)
Female pheromone glands
2 Bmb018112 Cspod 19 22-61; 65-108 12533 1.2x107°
77.78% 190.3
2 Bmb018109 csped 5 1-27; 87-105 12273f 5.4 % 107°
43.81% 40.2
2a Bmb018109 Csped 4 1-27, 44-56 12273f 52x10°°
38.10% 40.1
4 Bmb018109 csped 14 1-27; 41-56; 71-105 12273 63x 107"
74.29% 190.3
5 Bmb018111 CSP8 8 44-59; 70-105 12769 7.2 %1077
47.71% 80.1
7 Bmb028718 csp1d 6 47-57; 69-78; 97-108 12646 1.7 x 10778
27.78% 60.1
8 BGIBMGA008354 OBP11 8 1-53; 55-72; 76-88; 111-122 13981 9.2x107°
73.85% 100.2
8 Bmb008613 CSP1 4 22-33; 42-64 12883 42x107°
33.33% 50.2
9 Bmb030868 CSpP2 13 3-57; 68-104 12047 2.7 x1079°
85.0% 130.3
10 Bmb037504 CSP15 3 7-20; 45-56; 92-105 12370 3.0x107°
38.1% 40.1

“Names as reported in Gong et al. (2007, 2009). In brackets traditional names.

bAminoacidic positions in the mature protein (Gong et al. 2007, 2009).
“Average molecular weights of the mature proteins.

dPreviously reported as transcript (see text) in the same organ.
CPreviously reported as protein (see text) in the same organ.

fSignals corresponding to the expected mass for the mature protein were observed in profiling experiments.

completely different physiological functions. The best de-
scribed example is perhaps the CSP5 of the honeybee, that
is only found in the eggs (Forét et al. 2006) and was clearly
shown to be essential for embryo development (Maleszka
et al. 2007). Although we do not have similar examples
for insect OBPs, the expression of some of them in nonsen-
sory organs, particularly in Diptera (Xu et al. 2003; Zhou
et al. 2004; Calvo et al. 2009), could suggest roles different
from that of binding semiochemicals. Particularly interesting
is a group of proteins found also in the saliva of Diptera and
containing 2 or more OBP sequences linked in tandem that
are shown to bind biogenic amines (Calvo et al. 2009).

On the other hand, vertebrates’ OBPs are only a small sub-
set of proteins in the large family of lipocalins (Flower 1996;
Breustedt et al. 2006). They include not only binding proteins
for different types of molecules, such as retinol-binding pro-

tein and fatty acid-binding proteins, but also enzymes and
even proteins attached to the membrane. The OBPs of in-
sects, therefore, as we know them now, could be only a part
of a larger group of proteins performing different functions
in insects.

Particularly interesting is the relatively large number of
CSPs in the pheromone glands, 6 in total, and their high
abundance in the secretion. The occurrence of CSPs in non-
sensory organs has been previously reported and in some
cases related to a role of pheromone delivery in the environ-
ment. Such cases include the moth M. brassicae (Jacquin-
Joly et al. 2001), where CSPs with binding activity to the
sex pheromone have been identified in the female pheromone
glands and the fruit fly D. melanogaster, where the so-called
EjB protein, also a member of the CSP family is produced in
the same site as the male sex pheromone vaccenyl acetate
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Figure 3 MALDI profiling on antennae of male (M) and female (F) of Bombyx mori. The antenna was laid on the MALDI target and the matrix (sinapinic acid)
applied across its length. CSPs and OBPs have been identified on the basis of their molecular weight.
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Figure 4 MALDI profiling on female pheromone glands of Bombyx mori. Individual glands were laid on the MALDI target and covered with the matrix
(sinapinic acid). CSPs and OBPs have been identified on the basis of their molecular weight.
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(Dyanov and Dzitoeva 1995). In both cases, a role of pher-
omone carrier for these proteins has been suggested. In other
species, such role could be accomplished by OBPs, as in the
mosquito 4. aegypti, that expresses OBP22 in the male sex
organs (Li et al. 2008). In the silkmoth, CSPs seem to be bet-
ter candidates as pheromone carriers in the pheromone
glands, on the basis of their variety and abundance, although
we cannot exclude OBP11 from such function that, however,
was detected at much lower level. In particular, we can ob-
serve that CSP6 (spot #4 in Figure 3) represents one of the
most abundant protein in the female pheromone glands and
is absent in the antennae of both sexes.

The occurrence of pheromone-binding proteins in both ol-
factory organs and in pheromone-secreting structures is well
documented in mammals. The urinary proteins of mice are
very similar or even identical with some OBPs of the nasal
tissue (Cavaggioni et al. 1990); the salivary proteins of the
boar, carriers of the male pheromones in the saliva, are also
expressed in the nose (Marchese et al. 1998) and; the hamster
aphrodisin, abundantly secreted in the vaginal fluid, is also
a member of the OBP family (Briand et al. 2000). In insects,
a similar mechanism seems to be active, where binding pro-
teins function both as receivers and as releasers of the pher-
omonal messages. However, in insects, the existence of 2
classes of binding proteins, OBPs and CSPs, in the same spe-
cies, often produces a situation where members of one class
are used in detection of semiochemicals and members of the
other family in their release. This apparently illogical strat-
egy could be the result of evolution, during which more ef-
ficient proteins (OBPs) have replaced CSPs in more critical
functions, as in recognizing chemical stimuli, but not in their
release, where their role is merely that of a reservoir.

Supplementary material

Supplementary material can be found at http://www.chemse.
oxfordjournals.org/.
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