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A muscle-specific lipase gene of the bumblebee Bom-

bus ignitus was cloned and characterized. This gene,

which we named Bi-Lipase, consists of seven exons

encoding 317 amino acid residues. Bi-Lipase possesses

all the features of lipases, including GXSXG consensus

motif and Ser-Asp-His catalytic triad. Expressed as a

37-kDa polypeptide in baculovirus-infected insect Sf9

cells, recombinant Bi-Lipase showed an optimal pH of

9.0 and exhibited its highest catalytic activity at 40oC.

Furthermore, through the addition of tunicamycin to

the recombinant virus-infected Sf9 cells, recombinant

Bi-Lipase was found to be N-glycosylated. Northern

and western blot analyses indicated that Bi-Lipase was

expressed in the wing, thorax, and leg muscles. These

results show that Bi-Lipase is a muscle-specific lipase,

suggesting a possible role of Bi-Lipase in the utilization

of lipids for muscular activity in B. ignitus.
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Introduction

Lipids are an important fuel for muscular activity in

insects. Insects that engage in migratory flight activity

usually depend on lipids as an energy source for the flight

muscles (Haunerland, 1997). The flight muscles are the

most active muscles of insects, and their rate of lipid uti-

lization is very high (Haunerland et al., 1992). For

instance, in locusts, glycogen is used as substrate for ATP

production in the initial phase of flight, but they utilize

fatty acids almost exclusively to fuel sustained flight

(Beenakkers et al., 1981, 1985).

In insects, the main energy reserves of glycogen and tri-

acylglycerols are stored in the fat body (Gäde and Auer-

swald, 2003). After the onset of flight, the energy reserves

in the flight muscle are depleted, and the reserves in the

fat body must be mobilized (Gäde, 2004; Grönke et al.,

2007). Insect flight involves mobilization, transport and

utilization of endogenous energy reserves at extremely

high rates, and insect flight activity is powered by oxi-

dation of free fatty acids derived from endogenous

reserves of triacylglycerol (Van der Horst, 2003).

Insect lipases have been discovered in several species.

Lipase activity has been examined in the fat body of some

insects, where it is important for the mobilization of stored

lipids (Arrese and Wells, 1994; Auerswald et al., 2005;

Auerswald and Gäde, 2006). In addition, previous studies

have also shown the presence of lipase activity in the

insect gut, where it presumably acts in the utilization of

dietary triacylglycerol (Smith et al., 1994; Canavoso et

al., 2004; Grillo et al., 2007).

Although information on lipases in the fat body and gut

is available, information on lipases in the insect muscle is

largely limited. In this study, we report the cloning and

characterization of a muscle-specific lipase gene (Bi-

Lipase) from the bumblebee Bombus ignitus (Hymenop-

tera: Apidae), an important pollinator of various crops

(Yoon et al., 2002, 2004). We describe the gene structure,

expression, and tissue distribution of Bi-Lipase.
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Materials and Methods

Insects

The bumblebee B. ignitus was reared under artificial con-

ditions (28oC, 65% relative humidity, and continuous

darkness) in the Department of Agricultural Biology,

National Institute of Agricultural Science and Technology,

Rural Development Administration, Republic of Korea,

as described previously (Yoon et al., 2002, 2004).

cDNA library screening, nucleotide sequencing, and

data analysis

Clones harboring the cDNA insert were selected from

expressed sequence tags (ESTs) from a cDNA library that

had been generated using the entire bodies of B. ignitus

worker bees (Choi et al., 2006, 2008). The plasmid DNA

was extracted using the Wizard mini-preparation kit

(Promega, Madison, WI, USA) and sequenced using an

ABI 310 automated DNA sequencer (Perkin-Elmer

Applied Biosystems, Foster City, CA, USA). The

sequences were compared using the DNASIS and BLAST

programs provided by NCBI (http://www.ncbi.nlm.nih.g

ov/BLAST). MacVector (ver. 6.5, Oxford Molecular Ltd.)

was used to align the amino acid sequences of lipase.

Genomic DNA isolation and genomic PCR

Genomic DNA, extracted from the fat body tissues of a

single B. ignitus worker bee using a Wizard Genomic

DNA Purification Kit (Promega), was used for PCR

amplification with oligonucleotide primers [F1 (1-24), 5’-

ATGACGGCCATGGTAAATGCATCA-3’ and R1 (909-

933), 5’-CCAACCGTGAGTGACCACGATGGT-3’; F2

(902-933), 5’-CAGACAAACCATCGTGGTCACTCAC

GGTTGG-3’ and R2 (1781-1805), 5’-GAAACTAGCTA

CGCGGCTAGCTAC-3’; F3 (1766-1792), 5’-AAGAAC

GTACCACGCGTAGCTAGCCG-3’ and R3 (2361-2385),

5’- TCGGAAGTACCAACAGAGATATCC-3’; F4 (2275-

2300), 5’-GAACACAAATTNTCGGTGGAAAGAG-3’

and R4 (2967-2993) 5’-TTAACTGCTAGTTTTGAA

GTGGTAGG-3’] designed from the Bi-Lipase cDNA

sequences. The PCR products were cloned into the pGem-

T vector (Promega). The construct was then transformed

into Escherichia coli TOP10F’ cells (Invitrogen, Carls-

bad, CA, USA). The nucleotide sequence was determined

using a BigDye Terminator cycle sequencing kit and an

automated DNA sequencer as described above.

RNA isolation and Northern blot analysis

B. ignitus worker bees were dissected on ice under a ste-

reo-microscope (Zeiss, Jena, Germany). Tissues were col-

lected and washed twice with phosphate-buffered saline

(PBS; 140 mM NaCl, 27 mM KCl, 8 mM Na2HPO4, 1.5

mM KH2PO4, pH 7.4). Total RNA was isolated from the

fat body, midgut, muscle, and venom gland using a Total

RNA Extraction Kit (Promega). Harvested total RNA (5

µg/lane) was separated on a 1.0% formaldehyde agarose

gel, transferred onto a nylon blotting membrane (Schle-

icher & Schuell, Dassel, Germany), and hybridized at

42oC with a probe in hybridization buffer containing 5×

SSC, 5× Denhardt’s solution, 0.5% SDS, and 100 µg/ml

denatured salmon sperm DNA. The cDNA clone was

labeled with [α-32P]dCTP (Amersham, Arlington Heights,

IL, USA) using the Prime-It II Random Primer Labeling

Kit (Stratagene, La Jolla, CA, USA) and was then used as

a probe for hybridization. After hybridization, the mem-

brane filter was washed three times for 30 min each in

0.1% SDS and 0.2× SSC at 65oC and then exposed to

autoradiography film.

Production of recombinant protein

A baculovirus expression vector system (Je et al., 2001),

consisting of Autographa californica nucleopolyhedrovi-

rus (AcNPV) and the insect cell line Sf9, was employed

for the production of recombinant Bi-Lipase proteins. A

cDNA fragment containing the full-length Bi-Lipase open

reading frame (ORF) was excised from pBlueScript- Bi-

Lipase by digestion with EcoRI and XhoI and inserted

into the same sites of the transfer vector pBAC1 (Clon-

tech, Palo Alto, CA, USA) for expression of Bi-Lipase

under the control of the AcNPV polyhedrin promoter.

Five hundred nanograms of the construct (pBAC1- Bi-

Lipase) and 100 ng of the AcNPV viral DNA

(bAcGOZA) (Je et al., 2001) were co-transfected into

1.0−1.5×106 Sf9 cells for 5 hrs using Lipofectin reagent

(Gibco BRL, Gaithersburg, MD, USA). The transfected

cells were cultivated in TC100 medium (Gibco BRL) at

27oC for 5 days. The recombinant AcNPV was propa-

gated in Sf9 cells, and the titer was expressed as plaque

forming units (PFU) per milliliter according to standard

methods (Je et al., 2001).

Purification of recombinant protein

Insect Sf9 cells were infected with recombinant AcNPV

expressing Bi-Lipase at a multiplicity of infection (MOI)

of 5 PFU per cell. The culture supernatant was harvested

at 5 days post infection (p.i.) and clarified by centrifuga-

tion (10,000× g) at 4oC for 10 min. The culture super-

natant was supplemented with 1 M ammonium sulphate

and applied to a HisTrap column (Amersham Bioscience,

Uppsala, Sweden) followed by binding and elution with

30 mM and 500 mM imidazole, respectively. The frac-

tions were then subjected to a HiTrap desalting column

(Amersham Bioscience). The protein concentration was

determined with a Bio-Rad protein assay kit (Bio-Rad).
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Polyclonal antibody production

The purified recombinant Bi-Lipase (~ 5 µg) was mixed

with an equal volume of Freund’s complete adjuvant (a

total of 200 µl) and injected into Balb/c mice (Lee et al.,

2005). Two successive injections were administered with

antigens mixed with equal volumes of Freund’s incom-

plete adjuvant (a total of 200 µl) at one-week intervals

beginning one week after the first injection. Blood was

collected 3 days after the last injection with antigens only

and centrifuged at 10,000× g for 5 min. The supernatant

antibodies were stored at −70oC until use.

SDS-PAGE and Western blot analysis

Sf9 cells infected with the recombinant virus were washed

three times with PBS, mixed with protein sample buffer

(0.0625 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5%

β-mercaptoethanol, and 0.125% bromophenol blue), and

boiled for 5 min. The total cellular lysates were subjected

to 12% SDS-PAGE (Laemmli, 1970). Following electro-

phoresis, gels were fixed and stained with 0.1% Coo-

massie brilliant blue R-250. The recombinant Bi-Lipase

proteins, purified using a HisTrap column, were subjected

to 12% SDS-PAGE and stained with 0.1% Coomassie

brilliant blue R-250.

Western blot analysis was performed using an enhanced

chemiluminescence (ECL) western blotting analysis sys-

tem (Amersham Biosciences). The protein samples were

mixed with the sample buffer, boiled for 5 min, and

loaded on a 12% SDS-PAGE gel as described above. The

proteins were blotted onto a sheet of nitrocellulose trans-

fer membrane (Schleicher & Schuell). After blotting, the

membrane was blocked by incubation in a 1% bovine

serum albumin (BSA) solution, after which the membrane

was incubated with antiserum solution (1:1000 v/v) at

room temperature for 1 hr and then washed in TBST [10

mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.05% (v/v) Tween

20]. The membrane was incubated with 1:5,000 (v/v)

diluted anti-mouse IgG horseradish peroxidase (HRP)

conjugate and HRP-streptavidin complex. After repeated

washing, the membrane was incubated with ECL detec-

tion reagents (Amersham Biosciences) and exposed to

autoradiographic films.

Tunicamycin treatment

The addition of N-linked carbohydrates to Bi-Lipase in

infected insect cells was verified by culturing the cells in

the presence of tunicamycin (5 µg/ml, Sigma) to prevent

the addition of N-linked carbohydrates (Wei et al., 2005).

Sf9 cells were infected with the recombinant virus

AcNPV-Bi-Lipase in a 35-mm diameter dish (1×106

cells) and incubated at 27oC for 2 hrs. The supernatants

were replaced with 5 ml of supplemented TC100 medium

containing 5 µg tunicamycin per ml medium. After incu-

bation at 27oC, total cellular lysates were harvested from

infected cells at 1, 2, and 3 days p.i. Total cellular lysates

were subjected to 12% SDS-PAGE and western blot anal-

ysis.

Enzyme activity assay

The lipase activity assay was performed as described pre-

viously (Ruiz et al., 2002). Ten micromolar (mmol) p-

nitrophenyl butyrate (PNPB, Sigma) dissolved in aceto-

nitrile, ethanol, and 50 mM potassium phosphate buffer

(pH 7.5) were mixed at a final concentration of 1:4:95 (v/

v/v) to obtain the substrate solution (Bülow and Mosbach,

1987). Subsequently, the recombinant Bi-Lipase was

added into the substrate solution. After incubation at 37oC

for 30 min, the lipase activity was measured by monitor-

ing the absorbance at 406 nm. The recombinant Bi-Lipase

(0.25 µg) was mixed in substrate solution and incubated at

various temperatures ranging from 0oC−90oC at 10oC

intervals for 30 min to determine the optimal temperature,

and then the residual enzymatic activity was determined

by lipase activity assay. To determine the optimal pH,

recombinant Bi-Lipase (0.25 µg) was treated at various

pH ranges (pH 4.0−pH 12.0) at 37oC for 30 min, and the

residual enzymatic activity was measured. The buffers (50

mM) used were potassium phosphate (pH 4 to 6), Tris-

HCl (pH 6 to 8), glycine-NaOH (pH 8 to 10), and KCl-

NaOH solution (pH 11 and 12). One unit of the enzyme

was defined as the amount of enzyme that released 1

mmol of PNP per min under the assay conditions used.

For the determination of Km and Vmax values, PNPB (1−

40 µM) in buffer was used as a substrate.

Results and Discussion

Cloning, sequencing and data analysis of Bi-Lipase

gene

From a detailed examination of B. ignitus ESTs, Bi-

Lipase cDNA was identified as having homology to pre-

viously reported lipase genes. The cDNA clone, including

the full-length open reading frame (ORF), was sequenced

and characterized. The Bi-Lipase cDNA is 1209 bp long

and contains an ORF of 954 nucleotides capable of encod-

ing a 317 amino acid polypeptide (Fig. 1). The ORF had

both a start (ATG) and stop codon (TAA), indicating that

the sequences contained the complete coding region. A

putative polyadenylation signal, AATAAA, was located at

nucleotide position 1048-1053. The theoretical molecular

mass and pI of Bi-Lipase were evaluated to be 34.4 kDa

and 8.306, respectively. This Bi-Lipase cDNA sequence

has been deposited in GenBank under accession number
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EU391535.

A multiple sequence alignment of the deduced protein

sequence from Bi-Lipase cDNA with available cellulase

sequences is shown in Fig. 2. Alignment with the deduced

amino acid sequence indicated that the Bi-Lipase

sequence was related to the lipase of other insects. Pre-

diction of cleavage sites of signal peptides suggests the

presence of a potential site between positions 23 and 24

(Nielsen et al., 1997). Bi-Lipase contains the typical Ser-

Asp-His trypsin-like catalytic triad (Brady et al., 1990;

Winkler et al., 1990). In addition, the amino acid sequence

GHSLG, starting at position 176, fits with the GXSXG

consensus motif found within the entire spectrum of

lipases (Hide et al., 1992; Rosetto et al., 2003). The amino

acid sequence deduced from Bi-Lipase indicates that,

based on overall sequence similarity, consensus motif, and

conserved catalytic triad, Bi-Lipase is a member of the

lipase family.

To identify the genomic structure of the Bi-Lipase gene,

primer sets based on the sequences of the Bi-Lipase

cDNA were designed and bands were amplified from B.

ignitus genomic DNA using the primer sets. The PCR

Fig. 1. The nucleotide and deduced amino acid sequences of the Bi-Lipase cDNA. The start codon of ATG is boxed and the termi-

nation codon is shown with an asterisk. In the cDNA sequence, the polyadenylation sequence AATAAA is underlined. This cDNA

sequence has been deposited in GenBank under accession number EU391535.
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products were cloned and sequenced. Comparison of the

amplicon size and sequence between the genomic and

cDNA sequences revealed the presence of seven exons

and six introns in Bi-Lipase (Fig. 3).

Expression, purification, and enzymatic properties of

the recombinant Bi-Lipase

To assess the expression of the Bi-Lipase gene, the bac-

ulovirus transfer vector pBAC1-Bi-Lipase was con-

structed by insertion of Bi-Lipase cDNA into the vector,

where it was under the control of the AcNPV polyhedrin

promoter. The baculovirus transfer vector was used to

generate a recombinant virus expressing Bi-Lipase.

Recombinant AcNPV, which we have termed AcNPV-Bi-

Lipase, was produced in insect Sf9 cells by cotransfection

with wild-type AcNPV DNA and the transfer vector. To

examine the expression of Bi-Lipase by recombinant

viruses in insect cells, protein synthesis in Sf9 cells

infected with the recombinant virus was analyzed using

SDS-PAGE (Fig. 4A). The recombinant Bi-Lipase was

present as a single band possessing a molecular mass of

37 kDa in the cells infected with the recombinant virus.

In order to further characterize Bi-Lipase, recombinant

Bi-Lipase with a molecular mass of 37 kDa was purified

from the culture supernatants using a HisTrap column

(Fig. 4B). The purified recombinant Bi-Lipase was iden-

tified and injected into mice for antibody generation.

The mature amino acid sequence of Bi-Lipase encodes a

protein of 294 amino acid residues that possesses two

potential N-linked glycosylation sites located at positions

1-4 (NYTI) and 11-14 (NPSL). In order to determine

whether the potential N-linked glycosylation sites are

being utilized, recombinant baculovirus (AcNPV-Bi-

Lipase)-infected cells were incubated with or without

tunicamycin, which is a specific inhibitor of N-linked oli-

gosaccharides addition (Elbein, 1984). The total cellular

lysates were subjected to SDS-PAGE and western blot

analysis (Fig. 5). Fig. 5 shows an apparent shift in the

Fig. 2. Alignment of the amino acid sequence of Bi-Lipase with known insect lipases. Identical residues are shown in solid boxes.

Dashes represent gaps introduced to preserve alignment. The vertical arrow indicates the end of the signal peptides. The catalytic

triad is indicated by asterisks. The GXSXG consensus sequence is bold underlined. The active site flap/lid is double underlined.

GenBank accession numbers are: B. ignitus (this study, EU391535), Bombyx mori (BAC00960), Aedes aegypti (EAT41287),

Antheraea yamamai (BAD22559), Tribolium castaneumr (XP_967063), and Drosophila melanogaster (AAY55331). The Bi-

Lipase sequence was used as a reference for the identity/similarity (Id/Si) values.

Fig. 3. Genomic structure of the Bi-Lipase gene. Genomic structure of the Bi-Lipase gene revealed by PCR amplification from Bi-

Lipase cDNA. Numbers indicate the position in the genomic sequence. This genomic DNA sequence has been deposited in Gen-

Bank under accession number EU443786.
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molecular weight of the recombinant Bi-Lipase in tuni-

camycin-treated Sf9 cells. SDS-PAGE and western blot

analyses reveal two bands, one of 37 kDa and one of 35

kDa, corresponding to the N-linked glycosylated and non-

glycosylated recombinant Bi-Lipase, respectively, sug-

gesting that Bi-Lipase is N-linked glycosylated. Indeed,

our findings are consistent with several reports showing

that N-glycosylation sites are present in lipases (Pistillo et

al., 1998; Hirata et al., 1999).

The activity of the purified recombinant Bi-Lipase was

determined at pH 7.5 at temperatures ranging from 0oC to

90oC. The optimum temperature of the recombinant Bi-

Lipase activity was found to be 40oC (Fig. 6A). By incu-

bating the enzyme at 37oC for 30 min, the optimum pH of

the recombinant Bi-Lipase was determined to be in a pH

range of 4.0−12.0, with pH 9.0 being most optimal (Fig.

6B). The Km and Vmax values for PNPB digestion were

282.56 µM and 11.656 µM/min ·µg, respectively.

Fig. 4. Expression and purification of recombinant Bi-Lipase. (A) SDS-PAGE of Bi-Lipase expressed in recombinant baculovirus-

infected insect cells. Sf9 cells were mock-infected (mock) or infected with wild-type AcNPV (wt-AcNPV) and recombinant

AcNPV (AcNPV-Bi-Lipase) at an MOI of 5 PFU per cell. Cells were collected at 1, 2, and 3 days p.i. Total cellular lysates were

analyzed by 14% SDS-PAGE. The arrow on the right side of the panel indicates the 37 kDa recombinant Bi-Lipase polypeptide.

Molecular weight standards were used as size markers. (B) Purification of recombinant Bi-Lipase expressed in baculovirus-infected

insect cells. The purified recombinant Bi-Lipase was analyzed by 14% SDS-PAGE.

Fig. 5. N-linked glycosylation of the Bi-Lipase in baculovirus-infected insect cells. Sf9 cells were infected with recombinant

AcNPV (AcNPV-Bi-Lipase) at an MOI of 5 PFU per cell. Cells were cultured without (−) or with (+) tunicamycin (5 µg/ml). Total

cellular lysates were collected at 1, 2 and 3 days p.i., and subjected to 12% SDS-PAGE (Left) and western blot analysis (Right). The

N-linked glycosylated (37 kDa) and nonglycosylated (35 kDa) Bi-Lipase polypeptides are indicated by arrows.
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Tissue distribution of Bi-Lipase

To gain insight into the potential role of Bi-Lipase in B.

ignitus, we determined its pattern of expression in B. igni-

tus bees. We first performed Northern blot analysis using

mRNA obtained from the fat body, midgut, muscles, or

venom glands of B. ignitus bees and found that Bi-Lipase

was expressed in the muscles of worker, male, and queen

bees (Fig. 7A). To further confirm whether Bi-Lipase

shows muscle-specific expression, we also performed a

Northern blot analysis with total RNA from the wing, tho-

rax and leg muscles (Fig. 7B). Bi-Lipase was present as a

single band in the all muscles tested. We then performed

Western blot analysis with Bi-Lipase antiserum (Fig. 8).

As observed from the Northern blot, Bi-Lipase was

expressed in the muscles of B. ignitus.

Most studies on insect lipases have been conducted in

different tissues of insects. Lipase activity has been

observed in the fat body (Arrese and Wells, 1994), saliva

(Kerlin and Hughes, 1992), reproductive tract (Van Antw-

erpen et al., 1998), gut (Smith et al., 1994), and accessory

glands (Smith et al., 1994; Rosetto et al., 2003). Lipo-

protein lipase activity was observed in the flight muscles

of Manduca sexta (Van Heusden, 1993). The expression

of phospholipases has also been detected in bee venom

glands (Kuchler et al., 1989). In the present study, tran-

scriptional and translational analyses of the Bi-Lipase

gene showed the presence of a muscle-specific Bi-Lipase.

This localization strongly suggests its relevance to mus-

cular activity, even though its physiological role is not

clear yet. A possible role of Bi-Lipase might be the uti-

lization of lipids stored in muscles that are the reserves of

lipids for energy metabolism.

In summary, we have cloned and characterized a lipase

gene, Bi-Lipase, in the bumblebee B. ignitus. Our study

broadens the species-origin and expression profile of

insect lipases by demonstrating that Bi-Lipase is ex-

pressed in the muscles of B. ignitus.

Fig. 6. Enzymatic properties of recombinant Bi-Lipase ex-

pressed in baculovirus-infected insect cells. (A) Optimum tem-

perature of recombinant Bi-Lipase. (B) Optimal pH of the

recombinant Bi-Lipase.

Fig. 7. Northern blot analysis of Bi-Lipase in B. ignitus. (A) Northern blot analysis of Bi-Lipase. Total RNA was isolated from the

fat body, midgut, muscles, and venom glands of queen, worker, and male bees, respectively. mRNA was analyzed by Northern blot.

RNA gel stained with ethidium bromide shows uniform loading. (B) Northern blot analysis of Bi-Lipase in the muscle of B. ignitus

worker bees. Total RNA was isolated from the wing, thorax and leg muscles of worker bees, respectively.
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