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Proteomic profiling of the hemolymph at the fifth instar
of the silkworm Bombyx mori
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Abstract Two-dimensional gel electrophoresis (2-DE) followed by matrix-assisted laser
desorption ionization — time-of-flight/time-of-flight mass spectrometry (MS) analysis were
used to charaterize the hemolymph proteomic profiles of the silkworm, Bombyx mori. At
days 4 (V4) and 5 (V5) of the fifth (final) instar, when the larvae were at the fast-growing
stage, we found dramatic changes in spots representing proteins having an approximate
molecular weight (MW) of 30 kDa. Of these spots, four 30K proteins were highly up-
regulated, implying a close association with the growth and development of B. mori larvae.
To understand the molecular basis and underlying mechanisms involved in development
and metamorphosis, the proteome of whole hemolymph at V5 was analyzed using shotgun
liquid chromatography tandem mass spectrometry with an LTQ-Orbitrap. A total of 108
proteins were identified without any false discovery hits. These proteins were involved in
a variety of cellular functions, including metabolism, development, nutrient transport and
reserve, and defense response. Gene ontology analysis showed that 3.4% of these proteins
had nutrient reservoir activities and 5.7% were involved in the response to stimulus.
Pathway analysis revealed that 22 proteins with common targets were involved in various
cellular processes such as immunity, differentiation, proliferation and metamorphosis.
These results suggested that some key factors such as the 30K proteins in hemolymph play
important roles in B. mori growth and development. Moreover, the multiple functions of
hemolymph may be operated by a complex biological network.

Key words Bombyx mori, gene ontology, hemolymph, LTQ-Orbitrap, pathway,
proteomics

Introduction

Insect hemolymph, a complex mixture of proteins, lipids,
carbohydrates, nucleic acids, hormones and their degrada-
tion products, is primarily responsible for supplying nutri-
ents and transferring metabolic wastes to maintain normal
growth and development. Moreover, it is also important
for the insect innate immune system. Hemolymph cells
perform host defense through phagocytosis and signaling
and may employ a form of self-non-self recognition that is
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independent of microbial patterns (Brennan & Anderson,
2004).

The silkworm, Bombyx mori, is a holometabolous Lep-
idoptera insect. The final (fifth) instar phase of B. mori
is a critical period for its growth, development, metamor-
phosis and productivity. Days 4 (V4) and 5 (V5) of the
fifth instar are the very stages for B. mori fast-growing
when the larvae eat a large quantity of mulberry leaves.
Two groups of major plasma protein constituents, ‘30K
proteins’ and ‘storage proteins’ (SPs), are synthesized by
the fat body cells and released into the hemolymph in
a stage-specific manner during the final instar (Sakurai
et al., 1988; Mori et al., 1991; Kishimoto et al., 1999). In
some insects, the SPs are released in large quantities into
the hemolymph during the active feeding period. Then the
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SPs were selectively taken up by the fat body cells during
metamorphosis to be stored as protein granules that are
required for the development of adult tissues (Haunerland,
1996).

Due to the importance of hemolymph, its components
and their functions are being actively researched in var-
ious insects. One of the major tools used in this field
is proteomics, which has been applied to a wide range
of organisms, including Drosophila (Levy et al., 2004),
Anopheles (Paskewitz & Shi, 2005), Bombyx (Li et al.,
2006; Zhou et al., 2008; Hou et al., 2010) and Apis
(Bogaerts ef al., 2009). Most of these studies were based
on two-dimensional gel electrophoresis (2-DE), which
is suitable for comparative proteomics analyses. In the
present study, we compared the proteomic profiles of
B. mori hemolymph at V4 and V5 using 2-DE followed
by matrix-assisted laser desorption ionization — time-of-
flight (MALDI-TOF)/TOF mass spectrometry (MS) iden-
tification. Furthermore, we characterized the proteome of
whole hemolymph at V5 using the shotgun proteomics
approach, which is based on peptide separation and iden-
tification using liquid chromatography tandem mass spec-
trometry (LC-MS/MS). This method is apposite for the
large-scale identification of proteome components, by
which we have been able to identify thousands of pro-
teins in B. mori endocrine organs, embryos and heads (Li
et al., 2009a, b; Li et al., 2010a, b). The characterized
proteome profiles of hemolymph are expected to be use-
ful for a comprehensive understanding of its functions and
the underlying mechanisms of development and metamor-
phosis.

Materials and methods
Silkworm rearing and sample collection

Silkworm strain p5S0 was reared on fresh mulberry
leaves under a 12 h light/12 h dark photoperiod at
26 £ 1°C with 70%—-85% relative humidity. The devel-
opmental stages were synchronized after the fourth molt
by collecting new larvae. The larvae began spinning after
7 days of the fifth instar. Whole hemolymph was collected
by cutting the caudal leg of the B. mori at V4 and V5. The
collected samples were immediately stored at —80°C for
subsequent use.

Sample preparation, gel electrophoresis and image
analysis

Sample preparation and separation for one-dimensional
sodium dodecyl sulfate-polyacrylamide electrophoresis
(1D SDS-PAGE) and 2-DE were carried out according to
our previously described methods (Zhou et al., 2008; Li

et al., 2009a, b). For the 2-DE, the separation was per-
formed by isoelectric focusing (IEF) with a 24-cm im-
mobilized pH gradient (IPG) strip (pH 3-10, linear)
(Amersham Biosciences, Piscataway, NJ, US), followed
by protein transfer to a 12.5% sodium dodecyl sulfate
— palyacrylamide gel electrophoresis (SDS-PAGE) gel.
The electrophoresed 1D and 2D gels were visualized by
Coomassie Brilliant Blue R250 (CBB-R250, Sigma, St.
Louis, MO, USA) and silver staining, respectively. Trip-
licate 2-DE replications were performed for each sample.
The 2-DE images were analyzed with ImageMaster 2D
software, v.6.0 (Amersham Biosciences, Uppsala, Swe-
den) for spot detection, spot matching and quantitative in-
tensity evaluation. Differentially expressed proteins were
regarded to have at least 2-fold changes on the spot inten-
sity ratio.

In-gel digestion and MS analysis

The protein spots were excised from 2-DE gels and sub-
jected to in-gel digestion followed by MALDI-TOF/TOF
MS analysis according to our previous report (Zhou et al.,
2008). The gel lane of 1D SDS-PAGE for the hemolymph
proteins at V5 was cut into 14 bands according to the
deepness of the Coomassie staining. The in-gel tryp-
tic digestion was performed as described previously (Li
et al., 2009b; Shevchenko et al., 2006). The digested
peptides were separated by online reversed-phase (RP)
nanoscale capillary liquid chromatography (nanoLC) and
analyzed by electrospray tandem mass spectrometry. The
Ettan MDLC nanoflow/capillary LC system (GE Health-
care, Pittsburgh, PA, USA) was equipped with a trap-
ping column [PepMap C18, 300-um id. x 5 mm,
3 um, 100 A (P/N 160454), Dionex, Sunnyvale, CA,
USA] and a nanocolumn [PepMap C18, 75-um i.d. x
15 cm, 3 pm, 100 A (P/N 160321), Sunnyvale, CA]. The
LC system was connected to an LTQ-Orbitrap mass spec-
trometer (Thermo Finnigan, Bremen, Germany) equipped
with a nanoelectrospray ion source (Proxeon Biosys-
tems, Odense, Denmark). The peptides were separated in
60-min gradients ranging from 5% to 60% of solvent B
(84% acetonitrile, 0.1% methanoic acid in water). Data-
dependent acquisition was performed on the mass spec-
trometer in the positive ion mode with the Xcalibur soft-
ware version 2.0 (Thermo Electron, San Jose, CA, USA).
The MS analysis was performed with one full MS scan
(m/z 300-2000) followed by MS/MS scans for the five
most intense ions with the following dynamic exclusion
settings: repeat count 2, repeat duration 30 s, and exclu-
sion duration 180 s. Collision-induced dissociation (CID)
was conducted with a normalized collision energy of 35%
for MS/MS.

© 2011 The Authors

Insect Science © 2011 Institute of Zoology, Chinese Academy of Sciences, 19, 441-454



Database search

The resulting files from MALDI-TOF/TOF MS de-
tection were subjected to the MASCOT search en-
gine (version 2.0; Matrix Science, London, UK) with
GPS Explorer software (Version 3.0; Applied Biosys-
tems, Foster City, CA, USA) against the National Cen-
ter for Biotechnology Information NCBInr nucleotide
database for peptide and protein identifications. The in-
house database for the query of RAW files from LC-
MS/MS was the same as described previously (Li etal.,
2010a) and comprised predicted B. mori protein se-
quences from the newly assembled silkworm genome
(14 623 entries) (International Silkworm Genome Con-
sortium, 2008) as well as the known Bombyx (1510
entries) and Drosophila (20735 entries) proteins from
the NCBI Refseq (Reference Sequence) database. The
raw data from LC-MS/MS were searched against the
in-house database with X!Tandem (http://www.thegpm.
org/TANDEM/instructions.html). The mass tolerances of
precursor and fragmentation ions were set to 1.2 Da and
0.1 Da, respectively. Two missing cleavage sites were al-
lowed. Static modification on cysteine and variable mod-
ifications on methionine were set. The database search
results were subjected to the Trans-Proteomic Pipeline
(TPP, v4.0 JETSTREAM rev 2) for further validation
with a ProteinProphet probability threshold of 0.9 (Keller
et al., 2005). Moreover, at least two peptides were re-
quired to identify a protein. To evaluate the credibility of
these identifications, the false discovery rate (FDR) was
calculated by searching against the combined forward and
reverse database (Li et al., 2010a,b; Elias & Gygi, 2007).

Bioinformatics analysis

The identified proteins were classified into Cellu-
lar Component, Molecular Function, and Biological
Process according to their annotations by searching
against the Gene Ontology (GO) database (http:/www.
geneontology.org) (Gene Ontology Consortium, 2008).
To understand the interaction networks related to these
proteins and their functions, a pathway analysis was car-
ried out with the Pathway Studio 7.0 software (Ariadne
Genomics, Rockville, MD, USA) against the latest at-
tached Drosophila database (Nikitin et al., 2003).

Results
2-DE patterns of the hemolymph proteomes
The V4 and V5 are the periods of rapid growth for

B. morilarvae, with the body weight increasing by approx-
imately 50% in one day (data not shown). A comparison
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of the 2-DE proteome patterns of the hemolymph on these
2 days revealed 155 & 12 and 148 =+ 8 spots with a 74.5%
match ratio average. The protein signal intensities around
MW 30 kDa were dramatically changed (Fig. 1). Several
proteins between p/ 5-7 were so highly expressed at V5
that they could not be separated well by 2-DE, while the
intensities of four protein spots between p/ 3.5-4.5 were
decreased significantly. In contrast, there were no obvi-
ous differences in the area of MW > 40 kDa. Four spots
of proteins that had a sharp increase in their expression
from V4 to V5 were successfully identified by MALDI-
TOF/TOF (Fig. 1, Table 1), and all were members of the
30K protein family with different p/s and MWs. Based
on their relative intensity ratios, the expression levels of
these proteins increased over two-fold in 1day.

Whole hemolymph proteome identification

To acquire comprehensive insight into the molecular ba-
sis of the hemolymph, the proteome of whole hemolymph
at V5 was characterized using shotgun LC-MS/MS anal-
ysis. A total of 108 proteins were identified with a min-
imum ProteinProphet probability of 0.9 and without a
false discovery hit. Partial identifications are presented in
Table 2. These proteins were involved in a variety of cellu-
lar functions, including metabolism, development, trans-
port and reserve, and the defense response. This list also
included one of the 30K proteins identified by MALDI-
TOF/TOF.

GO annotation

The GO annotation analysis of the proteins identified
in this study contributed to a better understanding of their
locations and functions. Of the 108 identified proteins,
95 were classified into the Cellular Component, Molecu-
lar Function, and Biological Process categories using the
available GO annotations (Fig. 2). Most of the proteins
had an intracellular localization, including 29 from or-
ganelles and three from the membrane. Approximately
50% and 30% of proteins showed binding and catalytic
activities, respectively. In addition, 4.5% and 3.4% of
proteins had the transporter and nutrient reservoir ac-
tivities, respectively. Five proteins were involved in the
response to stimulus, including the antimicrobial re-
sponses. Furthermore, two proteins were related to the
molting cycle.

Biological networks

There were 78 matched entries to the Drosophila
database included in the Pathway Studio software using
the tBLASTn (Basic Local Alignment Search Tool that
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Fig. 1 Proteomic 2-DE patterns of the Bombyx mori hemolymph at V4 (a) and V5 (b). Hemolymph proteins were first separated by
isoelectric focusing (IEF) with 24-cm immobilized pH gradient (IPG) strips and then transferred to 12.5% sodium dodecyl sulfate —
palyacrylamide gel electrophoresis (SDS-PAGE) gels. The protein spots were visualized by silver staining. The four marked proteins
were greatly up-regulated at V5. The intensities of the protein spots in the rectangular areas changed dramatically and four of these

proteins were successfully identified.

Table 1 Significantly up-regulated proteins at V5 identified with MALDI-TOF/TOF followed by MASCOT database searching.

Intensity
Protein Accession Peptides Sequence Theoretical ratio (%)
Spot name no. Score  C1(%) matched coverage (%) pI//MW (kDa)
V4 V5
S1 Mature 30K lipoprotein 2i[1335608 142 100 12 44.1 6.4/28.4 025 0.79
S2 Low molecular 30 kda 2i|112984502 118 100 14 70.6 6.1/29.7 0.64 201
lipoprotein PBMHP-6
precursor
S3 Low molecular 30 kda gi|156119322 108 100 13 51.7 6.9/29.2 1.21 250
lipoprotein PBMHPC-19
S4 Low molecular 30 kda gi|156119320 111 100 11 42.5 6.8/30.0 210 432

lipoprotein PBMHP-12
precursor

searches translated nucleotide database using a protein
query) results. Using the criterion of at least two proteins
being involved in the same biological process, 22 pro-
teins were determined to have common targets (Fig. 3).
Three proteins, peptidoglycan recognition protein (PGRP-
SA), profilin (chic) and plexin A (plexa), localized to the
membrane and might play important roles in cell signal-
ing. PGRP-SA and chic are involved in the cell immune
response, and plexa and chic are involved in protein mi-
gration. Five proteins, chic, alpha-tubulin (alphatub84b),

cytosolic malate dehydrogenase (cg5362), abnormal wing
disc-like protein (awd), and ribosomal protein L23A
(rpl23a), were multifunctional, participating in more
than five biological processes. For example, awd is in-
volved in larval development, metamorphosis, matura-
tion, differentiation and other processes (Timmons ef al.,
1993; Dammai et al., 2003). In addition, glyceraldehyde-
3-phosphate dehydrogenase (gapdh2) was located in
mitochondria, and protein disulfide isomerase (pdi)
was located in the endoplasmic reticulum. Seven
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Fig. 2 Gene ontology (GO) categories of the identified proteins from the Bombyx mori hemolymph at V5. The annotations for the
identified proteins were retrieved by searching against the GO database with their sequences. The proteins were classified into Cellular
Component (a), Molecular Function (b) and Biological Process (c) according to their GO annotations.

proteins, including awd, rpl23a, Y-box protein (yps), ribo-
somal protein S3 (rps3), heterogeneous nuclear ribonucle-
oprotein at 87F, isoform A(Hrb87F), heterogeneous nu-
clear ribonucleoprotein at 98DE, isoform (hrb98de) and
La autoantigen-like (l1a), were found in the nucleus. Other
proteins, such as alphatub84b, imaginable disk growth
factor (idgf4), thiol peroxiredoxin (jafracl), knockdown
protein, isoform A (kdn), cg5362, Bmsqd-1 (sqd), riboso-
mal protein PO (rplp0), elongation factor 1alpha48D, iso-
form A (eflalpha48d), fructose 1,6-bisphosphate aldolase
(ald) and translation elongation factor 2 (ef2b) were dis-
tributed in the cytoplasm. yps and sqd are both transcrip-
tion factors involved in RNA localization and implicated
in oogenesis, mRNA splicing, and larval development,
respectively. All these components composed a complex
network that regulated biological processes.

Discussion

2-DE analysis combined with MALDI-TOF MS and shot-
gun LC-MS/MS are two complementary approaches for
proteomic research. Bogaerts et al. (2009) analyzed the
proteome of honeybee hemolymph with the two methods
and only found about one-quarter of common identifi-

cations. The proteome profiles of B. mori hemolymph
during different developmental stages were analyzed with
2-DE followed by MALDI-TOF MS, and dozens of identi-
fied differential expression proteins were predicted to be
involved in the metamorphosis, programmed cell death
and biosynthesis of silk protein (Li et al., 2006; Hou
et al., 2010). In the present study, we employed the
two methods to characterize the proteome profiles of B.
mori larval hemolymph. Four 30K proteins up-regulated
sharply during the active feeding period were identified by
MALDI-TOF MS. These proteins, including PBMHP-6
precursor, PBMHP-12 precursor and PBMHPC-19, were
also validated by Hou et al. (2010). The obvious up-
regulation of these proteins seems the result of disap-
pearance of juvenile hormone in the hemolymph which
leads to the sharp increase of their mRNAs in the fat body
(Ogawa et al., 2005). These results suggest that these 30K
proteins may be the key factors promoting the growth and
development of B. mori during these late larval stages.
In addition, the shotgun proteomic analysis revealed a
complex protein aggregation involved in metabolism, de-
velopment, transport and reserve, and immunity.

The 30K proteins of B. mori are synthesized in the fat
body and released into the hemolymph from the third day

© 2011 The Authors
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Fig. 3 Network of the proteins identified in Bombyx mori hemolymph with common targets. The proteins (red) in the network are the
Drosophila homolog of our identifications. These proteins take part in various cell processes (yellow) with positive or negative effects.
At least two identified proteins were involved in each biological process. Pathway Studio software was used to map the networks of the
identified proteins based on characterized Drosophila pathways. The subcellular localization of the proteins was also predicted based

on the descriptions in the database.

of the fifth instar (Izumi et al., 1981). These proteins are
also considered to be essential for normal development of
the B. mori embryo (Zhong et al., 2005). Taken together,
these observations indicate that the highly expressed pro-
teins are the 30K proteins that are released from the fat
body cells, which reach peak levels in the hemolymph at
V5. Furthermore, their high expression levels were ac-
companied by the rapid growth and development of the
larvae, implying an association between these proteins
and rapid growth.

LC-MS/MS analysis showed eight proteins were related
to nutrient transport, including five for lipid transport

© 2011 The Authors

(Table 2). For example, ferritin and the predicted protein
BGIBMGAO011424-PA, a homolog of Drosophila trans-
ferrin 1, are involved in the storage and transportation of
iron ions. During the late larval stage, holometabolous
insects need to reserve a large amount of energy and
materials for the development of adult tissues during
metamorphosis. Therefore, abundant SPs are usually ex-
pressed to store amino acids for the production of adult
proteins (Haunerland, 1996; Wheeler et al., 2000). In B.
mori, SPs occur in two forms, SP1 and SP2, and accumu-
late in a stage-dependent fashion in the larval hemolymph
(Sakurai et al., 1988; Kishimoto et al., 1999). Many of

Insect Science © 2011 Institute of Zoology, Chinese Academy of Sciences, 19, 441-454
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the peptides in this analysis were used to identify the
sex-specific storage-protein SP1 and arylphorin (SP2).
Because these proteins had an MW of approximately 85
kDa, equal to that of the subunits of native SP (Tojo e? al.,
1980), there seemed no obvious up-regulation at V5 seen
from the 2-DE gels. Although the SPs are accumulated in
large quantities in the hemolymph during the active feed-
ing period in some insects (Haunerland, 1996), these data
indicate that B. mori released the accumulation of SPs at
the fast-growing stages.

Another major role of hemolymph is metabolism, which
is carried out with multifarious enzymes. We identi-
fied 28 (25.9%) proteins with different enzyme activities
that were related to metabolism. Of these enzymes, the
alcohol dehydrogenase was proven to be specially
expressed at the late stage of the fifth instar by 2-DE
analysis (Li et al., 2006). Other enzymes were involved in
glycolysis, lipid metabolism and (adenosine triphosphate)
synthesis. These results implied the multiple functions of
hemolymph and the important roles of these enzymes in
maintaining normal life processes.

The growth and development of B. mori have close
relationships with the dynamics of hemolymph compo-
nents. The most well-known components involved are
the juvenile hormone and ecdysones. However, for the
protein components, several with important roles were
identified in the present study. The Bmsqd-1, homolog
of Drosophila SqdA which performs important roles in
Gurken localization during oogenesis (Norvell et al.,
1999; Zha et al., 2005), may be related to development of
the reproductive system. The imaginal disk growth fac-
tor, which was considered to be secreted from fat body
(Kawamura et al., 1999), is likely to be involved in the
development of insect embryo and larva. The homolog
of Drosophila imaginal disk growth factor has been pu-
rified from Bombyx hemolymph and was proposed that
its expression in hemolymph was regulated by the fat
body in response to nutritional conditions (Wang ef al.,
2009).

Insect innate immunity is based on the recognition
of microbial molecules, such as peptidoglycans and
lipopolysaccharides, by specific receptors and the subse-
quent activation of cellular responses. Peptidoglycan frag-
ments that have some definite structure are recognized as
signal molecules and elicit the synthesis of antibacterial
proteins in the fat body (Iketani et al., 1999). PGRP-
SA, which is found in the B. mori hemolymph and was
identified in this study, has an affinity for peptidoglycan
and the ability to trigger the prophenoloxidase cascade
upon binding to peptidoglycan (Yoshida et al., 1996). The
PGRP-SA together with lysozyme, alpha-tubulin and the
predicted protein BGIBMGA002907-PA in hemolymph,

compose part of the immune system that responds to bac-
terial challenges.

Chemosensory protein 11 is a member of the chemosen-
sory protein (CSP) family, but its functions are still
not clear. It has been identified in B. mori larval en-
docrine organs, embryos and head (Li et al., 2009a,b; Li
etal., 2010 a, b). The expression levels of chemosensory
protein 11 and some immunity-related proteins such as
the PGRP-SA were higher in the hemolymph of B. mori
reared on an artificial diet compared with those reared on
fresh mulberry leaves (Zhou et al., 2008). Interestingly, in
addition to PGRP-SA, a unique odorant-binding protein
(OBP), antennal binding protein 7, was also up-regulated
in B. mori plasma after bacterial infection (Song et al.,
2006). These results suggest that some chemoreception
molecules might be involved in insect innate immunity,
although GO annotation showed that antennal binding
protein 7 was related to embryonic development (Table 1).

Multi-functional proteins always participate in multiple
biological processes, while each pathway may involve a
lot of molecules. The bioinformatic analysis can help us
to classify and localize the proteins and uncover the in-
teractions with other members. Bioinformatic analysis of
the hemolymph proteome components revealed a com-
plex biological network that controlled differentiation,
apoptosis, metamorphosis and immunity. This network is
likely involved in maintaining the normal development of
B. mori.
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