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We have cloned and characterized a lipocalin from the

bumblebee Bombus ignitus (Bi-lipocalin). The Bi-lipoc-

alin gene spans 2284 bp and consists of four exons cod-

ing for 270 amino acid residues. Sequence analysis

revealed that Bi-lipocalin possesses three structurally

conserved regions (SCTs) that characterize lipocalins.

Recombinant Bi-lipocalin, expressed as a 37 kDa pro-

tein in baculovirus-infected insect cells, was N-glyco-

sylated, indicating that the carbohydrate moieties are

necessary for secretion. Tissue distribution analysis

revealed ubiquitous expression of Bi-lipocalin in all tis-

sues examined. Bi-lipocalin transcripts were upregu-

lated by stress, such as wounding, H2O2 exposure, and

external temperature shock. These results indicate

that Bi-lipocalin is a stress-inducible protein that acts

on wounding, H2O2 overexposure and temperature

stimulation.

Key words: Bombus ignites, Bumblebee, Insect, Lipoc-

alin, Oxidative stress

Introduction

Members of the lipocalin protein family are typically

small secreted proteins that are found in vertebrates and

invertebrate animals, plants and bacteria (Charron et al.,

2002; Flower, 1996). They fulfill a variety of different

functions such as retinol transport, cryptic coloration,

olfaction, pheromone transport, prostaglandin synthesis,

immune regulation, and mediation of cell homeostasis

(reviewed by Flower, 1996). Despite common character-

istics and functions, the lipocalin family has been defined

largely on the basis of sequence similarity. The similarity

shows the lipocalin protein family to be composed of a

core set of closely related proteins, the kernel lipocalins,

and a smaller number of more divergent sequences, the

outlier lipocalins (Flower, 1996). Kernel lipocalins share

three conserved sequence motifs, which correspond to the

three main structurally conserved regions (SCRs) of the

lipocalin fold (Flower et al., 1993). The lipocalin folding

motif (Cowan et al., 1990; Flower, 1995) is an eight-

stranded anti-parallel â–barrel, open at one side and

encoding a binding pocket.

In plants, lipocalins were found to be key enzymes of

the xanthophylls cycle responsible for the protection

against photo-oxidative damage (Bugos et al., 1998). A

recent study reported a temperature stress-induced lipoc-

alin from wheat and Arabidopsis (Charron et al., 2002).

In insects, a study has found that lipocalins in Droso-

phila melanogaster are homologous to the grasshopper

Lazarillo, a singular lipocalin within this protein family

that functions in axon guidance during nervous system

development (Sánchez et al., 2000). A previous work

focused on the functional role of Lazarillo, a grasshop-

per lipocalin that is heavily glycosylated and is attached

to the extracellular side of the neuronal plasma mem-

brane (Ganfornina et al., 1995). Lazarillo is expressed in

the nervous system and excretory system (Sánchez et al.,

1995). 

Here, we report the molecular cloning and character-

ization of a lipocalin from the bumblebee Bombus igni-

tus (Bi-lipocalin). The Bi-lipocalin gene was identified

by searching for expressed sequence tags (ESTs) gen-

erated from a cDNA library obtained using whole bodies

of B. ignitus worker bees. Furthermore, we explored the

in vivo transcriptional induction of Bi-lipocalin in
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response to wounding, H2O2 exposure and temperature

shock. 

Materials and Methods

Animals

Bumblebees, Bombus ignitus (Hymenoptera: Apidae),

were reared under artificial conditions (28oC, 65% relative

humidity, and continuous darkness) at the Department of

Agricultural Biology, National Academy of Agricultural

Science, 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) that were generated from

a cDNA library using whole bodies of B. ignitus worker

bees (Choi et al., 2006). Plasmid DNA was extracted

using the Wizard mini-preparation kit (Promega, Madi-

son, WI, USA) and sequenced using an ABI 310 auto-

mated DNA sequencer (Perkin-Elmer Applied

Biosystems, Foster City, CA, USA). The sequences were

compared using the DNASIS and BLAST programs, pro-

vided by NCBI (http://www.ncbi.nlm.nih.gov/BLAST).

MacVector (ver. 6.5, Oxford Molecular Ltd.) was used to

align the amino acid sequences of lipocalins. 

Genomic DNA isolation and genomic PCR

Genomic DNA was extracted from the fat body tissue of

B. ignitus workers using the Wizard Genomic DNA Puri-

fication Kit (Promega) and used as a template for PCR.

The sequences of the oligonucleotide primers used for

amplification were forward 1 (1-13), 5’-CACCTAACAAT-

GAAGACCCTAT-3’, reverse 1 (1048–1029), 5’-ACGAAC-

TATCATTCGTGCCG-3’, forward 2 (919–941), 5’-

AGTGGGATGAATTATCCGTAATG-3’, and reverse 2

(2284–2264), 5’-CTAAGGAATCCATTCGACTTC-3’. The

amplification primers were designed using the Bi-lipoc-

alin cDNA sequences. All PCR products were verified by

DNA sequence analysis. 

Production and purification of recombinant protein

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

using the Autographa californica nucleopolyhedrovirus

(AcNPV) and the Sf9 insect cell line, was used to produce

recombinant Bi-lipocalin proteins. A cDNA fragment

containing the full-length open reading frame (ORF) was

inserted into the transfer vector pBac1 (Clontech, Palo

Alto, CA, USA) to express Bi-lipocalin under the control

of the AcNPV polyhedrin promoter. In total, 500 ng of the

construct (pBac1-Bi-lipocalin) and 100 ng of the AcNPV

DNA (Je et al., 2001) were co-transfected into 1.0−

1.5×106 Sf9 cells for 5 h using the 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. Recombinant proteins were purified

using a HisTrap column (Amersham Biosciences). The

protein concentration was determined with the Bio-Rad

Protein Assay Kit. 

Tunicamycin treatment 

The addition of N-linked carbohydrate by infected insect

cells was verified by culture in the presence of tunica-

mycin (5 µg/ml, Sigma) to prevent the addition of N-

linked carbohydrates (Wei et al., 2005, 2006). Sf9 cells

were infected with the recombinant virus AcNPV-Bi-

lipocalin in a 35-mm diameter dish (1×106 cells) and

incubated for 2 h at 27oC. The supernatants were replaced

with 5 ml of supplemented TC100 medium containing

5 µg tunicamycin per ml medium. After incubation at

27oC, total cellular lysates and culture supernatants were

harvested from infected cells at 1, 2, and 3 days p.i. Total

cellular lysates were subjected to 10% SDS-polyacryla-

mide gels for electrophoresis (SDS-PAGE) and western

blot analysis. Culture supernatants were analyzed by

western blot analysis.

Preparation of antibody and western blot analysis

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

with an equal volume (a total of 200 µl) of Freund’s com-

plete adjuvant (Sigma Chemical Co., St. Louis, MO,

USA) and injected into BALB/c mice. Two subsequent

injections were administered using antigens mixed with

equal volumes of Freund’s incomplete adjuvant (a total of

200 µl) at 1-week intervals, beginning one week after the

first injection. Blood was collected three days after the last

injection (antigen only) and centrifuged at 10,000 g for

10 min after clotting at 4oC overnight. The supernatant

antibodies were stored at −70oC until use.

Western blot analysis was performed using an enhanced

chemiluminescence (ECL) western blotting analysis sys-

tem (Amersham Biosciences, Piscataway, NJ, USA). Pro-

tein samples (5.0 µg/lane) were mixed with sample buffer,

boiled for 5 min, and loaded in 10% SDS-PAGE gels.

Proteins were blotted onto a nitrocellulose transfer mem-

brane (Schleicher & Schuell). After blotting, the mem-

brane was blocked by incubation in a 1% bovine serum

albumin (BSA) solution, incubated with antiserum solu-

tion (1:1,000 v/v) at room temperature for 1 h, and

washed in TBST (10 mM Tris-HCl, pH 8.0, 100 mM

NaCl, 0.05% (w/v) Tween 20). The membrane was then
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incubated with 1:5,000 (v/v) horseradish peroxidase–con-

jugated anti-mouse IgG. After repeated washing, the

membrane was incubated with ECL detection reagents

(Amersham Biosciences) and exposed to film.

Collection of tissues

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

reo-microscope (Zeiss, Jena, Germany). Tissue samples

(fat body, midgut, muscle, and epidermis) were collected

and washed with phosphate-buffered saline (PBS;

140 mM NaCl, 27 mM KCl, 8 mM Na2HPO4, 1.5 mM

KH2PO4, pH 7.4). The collected tissue samples were used

without further processing.

RNA isolation and northern blot analysis

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

reo-microscope (Zeiss). Tissues were collected and

washed twice with PBS. Total RNA was isolated from the

fat body, midgut, muscle, and epidermis using a Total

RNA Extraction Kit (Promega). Harvested total RNA

(5 µg/lane) was separated on a 1.0% formaldehyde aga-

rose gel, transferred onto a nylon blotting membrane

(Schleicher & 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 Bi-lipocalin cDNA

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 used as

a probe for hybridization. After hybridization, the mem-

brane filter was washed 3 times for 30 min each in 0.1%

SDS and 0.2× SSC at 65oC and exposed to autoradiog-

raphy film. Images of northern blots were analyzed using

a computerized image analysis system (Alpha Innotech

Co., San Leandro, CA, USA). Alpha Imager 1220 (ver.

5.5) was used as an aid in the analysis. The integrated den-

sity value was used to determine the area of each band.

The relative levels of mRNA are shown as the means of

three measurements, calculated relative to the expression

recorded for the control (shown as 100%).

Results and Discussion 

Cloning and sequence analysis of Bi-lipocalin

A Bi-lipocalin cDNA that included the full-length open

reading frame (ORF) was identified by searching for B.

ignitus ESTs. The nucleotide sequence of Bi-lipocalin has

been deposited in GenBank under accession number

GU228487. The Bi-lipocalin cDNA contains an ORF of

810 nucleotides that encodes a 270 amino acid polypep-

tide (Fig. 1). Comparison of the amplicon size between

the genomic DNA and cDNA sequences revealed that the

Bi-lipocalin gene spans 2284 bp and contains 4 exons

(Fig. 1B).

A multiple sequence alignment of the deduced protein

sequence of the Bi-lipocalin gene against available lipoc-

alin sequences indicated that the Bi-lipocalin sequence is

closely related to other insect lipocalins (Fig. 2). Com-

parative analysis indicated that the Bi-lipocalin possesses

the three lipocalin SCRs and the four cysteines involved

in the formation of two alternative disulfide bonds

(Sánchez et al., 2000). Therefore, based on sequence and

structure similarity, Bi-lipocalin is proposed to belong to a

member of the lipocalin family. Interestingly, the N-ter-

minal region of Bi-lipocalin is very similar to other insect

lipocalins, while the C-terminal of Bi-lipocalin is rather

Fig. 1. cDNA sequence and genomic organization of Bi-lipoc-

alin. (A) The nucleotide and deduced amino acid sequences of

the Bi-lipocalin cDNA. The start codon, ATG, is boxed, and the

terminal codon is shown by an asterisk. The cleavage site for

the predicted signal sequence (vertical arrowhead) is indicated.

The potential N-glycosylation sites are underlined. (B)

Genomic structure of the Bi-lipocalin gene. Numbers indicate

the position in the genomic sequence. GenBank accession

numbers are GU228487 (Bi-lipocalin cDNA) and GU228488

(Bi-lipocalin genomic DNA).
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long. Grasshopper Lazarillo has a long C-terminal region

that represents a glycosyl-phosphatidylinositol (GPI)

anchoring signal (Ganfornina et al., 1995; Sánchez et al.,

2000). However, the Bi-lipocalin C-terminus is hydro-

philic and does not resemble a GPI signal.

Expression of recombinant Bi-lipocalin

To assess the Bi-lipocalin gene, a baculovirus transfer

vector was constructed by inserting the Bi-lipocalin gene

under the control of AcNPV polyhedrin promoter. The

recombinant baculovirus, which we have termed AcNPV-

Bi-lipocalin, was produced in insect Sf9 cells. To examine

the expression of Bi-lipocalin driven by the recombinant

virus in insect cells, protein synthesis in Sf9 cells infected

with the recombinant virus was analyzed by SDS-PAGE.

The recombinant Bi-lipocalin protein was expressed as a

37 kDa polypeptide in cells infected with the recombinant

virus (Fig. 3A). The recombinant Bi-lipocalin protein was

purified from baculovirus-infected insect cells and

injected into mice to produce polyclonal antibodies (data

not shown). 

To assess whether the expected addition of an N-linked

carbohydrate moiety on the two potential N-glycosylation

sites at 61-63 (NYT) and 193-195 (NNS) amino acid res-

idues of Bi-lipocalin was occurring, recombinant bacu-

lovirus (AcNPV-Bi-lipocalin)-infected cells were incubated

with tunicamycin, which is a specific inhibitor of the addi-

tion of N-linked oligosaccharides, and the total cellular

lysates were subjected to SDS-PAGE (Fig. 3A). Concom-

itantly, culture supernatants were subjected to western blot

analysis (Fig. 3B). Fig. 3A shows an apparent shift in the

Fig. 2. Amino acid sequence alignment of Bi-lipocalin. Identical residues are shown in solid boxes. Dashes represent gaps intro-

duced to preserve alignment. The three SCRs are indicated by bold lines. The conserved cysteine residues are indicated by asterisks.

The accession numbers of the sequences in the GenBank are as follows: Bombus ignitus (GU228487; this study), Galleria mel-

lonella (AAA85089), Drosophila melanogaster (AAF85707, NP_523727), Bombyx mori (NP_001036872), Pieris brassicae

(P09464), and Manduca sexta (Q00630, P00305).

Fig. 3. Expression and N-Glycosylation of the Bi-lipocalin in

baculovirus-infected insect cells. Sf9 cells were infected with

recombinant AcNPV (AcNPV-Bi-lipocalin) at an MOI of 5

PFU per cell. Cells were cultured without (lanes 4, 5 and 6) or

with (lanes 7, 8 and 9) tunicamycin (5 mg/ml). Total cellular

lysates (A) and culture supernatants (B) were collected at 1

(lanes 4 and 7), 2 (lanes 3, 5 and 8) and 3 (lanes 6 and 9) days

p.i. and then subjected to 10% SDS-PAGE (A, left) and west-

ern blot analysis (A, right and B). The N-glycosylated

(37 kDa) and nonglycosylated (34 kDa) Bi-lipocalin polypep-

tides are indicated in that order by arrows. 
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molecular weight of the recombinant Bi-lipocalin in tuni-

camycin-treated Sf9 cells. The results indicated the pres-

ence of 37 kDa and 34 kDa bands corresponding to N-

glycosylated and nonglycosylated recombinant Bi-lipoc-

alin, respectively. The effect of tunicamycin on the secre-

tion of the recombinant Bi-lipocalin into the culture

medium was determined by western blot analysis (Fig.

3B). The results showed that the recombinant carbohy-

drate-deficient Bi-lipocalin was not secreted into the cul-

ture supernatant. It is noteworthy in this regard that the Bi-

lipocalin secretion is dependent on carbohydrate moieties.

It is now well established that lipocalins are secreted as

glycosylated proteins (Ganfornina et al., 1995; Flower,

1996). In general, it has been reported that glycans of

secreted proteins are important for secretion and biolog-

ical activity (Wei et al., 2005, 2006). Our findings indicate

that Bi-lipocalin is a secreted and glycosylated protein,

demonstrating that the carbohydrate moieties are neces-

sary for Bi-lipocalin secretion. 

Transcriptional expression profile of Bi-lipocalin

To confirm the expression of the Bi-lipocalin gene in B.

ignitus, northern blot analysis was performed using

mRNA prepared from fat body, midgut, muscle, and epi-

dermis. The hybridization signals of Bi-lipocalin tran-

scripts were present in all tissues examined (Fig. 4). 

To determine the transcriptional expression profile of

Bi-lipocalin in the fat body after H2O2 exposure, B. ignitus

worker bees were injected with H2O2 and RNA samples

were isolated from a pool of three workers at different

time points. The transcripts of Bi-lipocalin in the fat body,

induced by PBS (wounding) or H2O2 injection, were ana-

lyzed by northern blot using a specific probe for Bi-lipoc-

alin. We found that the transcriptional induction of the Bi-

lipocalin gene in the fat body was significantly increased

in treated worker bees (Fig. 5). The mRNA expression of

the Bi-lipocalin gene peaked at 6 h after wounding and 3 h

after H2O2 injection and then declined, indicating that the

Bi-lipocalin gene was transiently upregulated following

wounding or H2O2 injection.

To determine the transcriptional expression profile of

Bi-lipocalin in the fat body after an external temperature

stimulus, B. ignitus worker bees were exposed to 4oC or

37oC for 1 h or 3 h, respectively, while controls were

maintained at 25oC. Northern blot analysis revealed that

the transcriptional induction of the Bi-lipocalin gene in

the fat body increased during exposure to low- and high-

temperature conditions compared to controls (Fig. 6). 

Our results revealed that Bi-lipocalin is upregulated by

stresses, such as wounding, H2O2 exposure, and external

Fig. 4. Northern blot analysis of Bi-lipocalin expression in B.

ignitus worker bees. Total RNA was isolated from the fat body,

midgut, muscle, and epidermis. RNA was separated by 1.0%

formaldehyde agarose gel electrophoresis, transferred onto a

nylon membrane, and hybridized with radiolabeled Bi-lipoca-

lin cDNA (lower panel). Bi-lipocalin transcripts are indicated

by an arrow. The ethidium bromide-stained RNA gel shows

uniform loading (upper panel). 

Fig. 5. Expression profiles of Bi-lipocalin induced by PBS

injection and H2O2 overload. Untreated B. ignitus worker bees

were used as a control (0 h). Total RNA from B. ignitus worker

bees injected with PBS or H2O2 was isolated from the fat body

at different time points (n = 3), as indicated above the corre-

sponding lanes. (A) Northern blots were performed with a spe-

cific probe for Bi-lipocalin mRNA. (B) The levels of Bi-

lipocalin mRNA are shown as the mean of three measure-

ments, calculated relative to the expression recorded in the

control (shown as 100%).
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temperature shock. In insects, antioxidant protein genes

are induced when the organisms are faced with oxidative

stress caused by wounding, external temperature shock, or

H2O2 stimulation (Kim et al., 2005, 2007, 2008; Lee et al.,

2005; Choi et al., 2006). Interestingly, a study of lipocalin

gene expression revealed that lipocalin transcripts in

plants are upregulated during cold acclimation and heat-

shock treatment (Charron et al., 2002). Taken together,

our results indicate that Bi-lipocalin functions as a stress-

inducible antioxidant protein. Furthermore, the expression

of Bi-lipocalin in all tissues examined suggests that Bi-

lipocalin plays a vital role in protecting the cells from oxi-

dative damage caused by stresses.
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