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We have characterized full-length cDNA encoding

Gall-6-tox protein, which was cloned from the fat body

of the immunized Galleria mellonella larvae. The

cloned cDNA of Gall-6-tox consists of 1301 nucleotides

and contained an open reading frame of 891 nucle-

otides corresponding to a protein of 296 residues that

includes a putative 16-residue signal sequence and a

280-residue mature peptide with a calculated mass of

30,707.73 Da. The deduced mature peptide contains

conserved tandem repeats of six cysteine-stabilized

alpha beta (Cs ) motifs, which was detected in scor-

pion toxins and insect defensins. In the sequence

homology search, mature Gall-6-tox showed 34% and

28% amino acid sequence homology with Bomb-6-tox

from Bombyx mori and Spod-11-tox from Spodoptera

frugiperda, respectively. Gall-6-tox orthologs were only

found in Lepidopteran species, indicating that this new

immune-related gene family is specific to this insect

order. RT-PCR analysis revealed that Gall-6-tox was

expressed primarily in the larval fat bodies, hemocytes,

and midgut against invading bacteria into hemocoel.

Moreover, the expression time course of Gall-6-tox was

examined up to 24 h in the fat bodies and midgut after

injection of E. coli. Altogether, these results suggest that

Gall-6-tox is derived from defensins and Gall-6-tox

may play a critical role in Lepidoptera immune system.
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Introduction

Over the last three decades, insect immunity has been

extensively studied in a variety of insect species. Immune

systems in insect hemocoel are comprised of humoral and

cellular components. These two immune systems coop-

eratively function in clearance of invading pathogens

from the hemolymph. The humoral system consists of

antimicrobial peptides production (Boman, 1998), mela-

nin formation and clotting via the activation of the proph-

enoloxidase cascade (Nagai and Kawabata, 2000) against

microbial infection. A number of antimicrobial peptides

have been purified from insect and they are composed of

20~40 amino acid residues, which have an α-helical or β-

sheet secondary structure. Insect antimicrobial peptides

are often classified into four groups according to their

structural patterns (Bulet et al., 1999), which are (1) α-

helical peptides, (2) cysteine-rich peptides, (3) proline-

rich peptides and (4) glycine-rich poly-peptides. Insect

defensins that belong to the group of cysteine-rich pep-

tides have been found in a number of insects (Dimarcq et

al., 1998). Insect defensins have a molecular mass of

3~6 kDa and contain six cysteine residues that may be

engaged in the formation of three intramolecular disulfide

linkages. These cationic peptides are active against a wide

range of microorganisms including bacteria, fungi and

viruses (Klotman and Chang, 2006). Although insect

defensin genes are known to be expressed mainly in the

fat body upon immune challenge, it has been reported that

they are also expressed in the midgut of some blood-suck-

ing insects (Lehane et al., 1997; Dimopoulos et al., 1997;

Nakajima et al., 2001). 

Recently a new family of immune-related gene,

restricted to Lepidoptera, has been reported (Taniai et al.,

2006). This family of genes encode the so-called X-tox
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proteins and phylogenetic analysis revealed that X-tox

proteins are evolutionary derived from lepidopteran

defensins (Girard et al., 2008). 

In this study, we have cloned a new family of immune-

related gene from the immunized fat body with E .coli of

the G. mellonella larvae. The expression pattern of the

Gall-6-tox gene was analyzed via RT-PCR using its

cloned cDNA. From its expression profile, it was postu-

lated that Gall-6-tox might function as an inducible medi-

ator for defense responses occurring in the various tissues.

Materials and Methods

Insect and immunization

G. mellonella were cultivated on an artificial diet (42%

rice bran, 42% wheat bran, yeast extracts 2 g, vitamin B•C

complex 24 g, 6.4% honey, 6.4% glycerol and 3.2% DW)

at 30oC in a dark incubator. For immunization, log-phase

E. coli (5×103 colony forming units/larva) was injected

into the hemocoel of the final instar larvae.

cDNA cloning of Gall-6-tox

Total RNA was isolated from the immunized fat bodies of the

final instar larvae using an SV Total RNA Isolation kit

(Promega, USA). The first-strand cDNA was synthesized with

a reverse transcription system (Promega, USA). The following

primers: 5’-ATGTTAACGAAAATAATTTTAATTG-3’ for

the forward primer and 5’-CTATTTCAATTCATCGGAT-

GAAAG-3’ for the reverse primer were employed, respec-

tively. PCR was conducted in a reaction volume of 20 µl

under the following conditions: one cycle at 94oC for

2 min, 35 cycles at 94oC for 20 s, 48oC for 30 s, and 72oC

for 30 s, and one cycle at 72oC for 3 min. The PCR prod-

uct, with an approximate size of 900 bp, was identified on

an agarose gel and was eluted from the gel using a Gel

Extraction kit (Intron, Korea), then cloned into pGEM-T

Easy Vector (Promega, USA). Plasmids were isolated from

the selected colonies using a plasmid Extraction kit

(Qiagen, USA) and were sequenced using an automated

DNA Sequencer (Genetic Analyzer, ABI 310, USA).

To clone the end of the Gall-6-tox cDNA, a Rapid

Amplification of cDNA Ends (RACE)-PCR was con-

ducted with a MarathonTM cDNA Amplification kit

(Clontech, USA). The adaptor-ligated ds cDNA was sub-

jected to PCR under the following conditions: one cycle at

94oC for 30 s and 5 cycles at 94oC for 5 s and 72oC for

4 min and 5 cycles at 94oC for 5 s and 70oC for 4 min and

25 cycles at 94oC for 5 s and 68oC for 4 min. The adaptor

primer provided by Clontech was employed together with

a reverse primer (5’-CGAGCCGGCGACAAATGTCGT-

TGCAC-3’) for 5’-RACE and a forward primer (5’-

CCTGGGATTCACAGGCGGCGTTTGTG-3’) for 3’-RACE

designed from the internal sequence acquired from the

previous RT-PCR. The resultant PCR product was then

cloned into the pGEM-T Easy Vector (Promega, USA)

and finally sequenced.

RNA extraction and RT-PCR analysis

Total RNA samples were prepared from various tissues

using an SV Total RNA Isolation kit (Promega, USA). Fat

body, hemocyte, midgut, silk gland, integument, mal-

pighian tubule and trachea RNA samples were isolated

from naïve and E. coli-challenged G. mellonella larvae at

pre-determined time intervals. The first-strand cDNA was

then synthesized with 1 µg RNA, 0.5 µg oligo (dT)15, and

15 U AMV reverse transcriptase (Promega, USA) at 42oC

for 1 h. The G. mellonella actin gene was employed as an

internal standard to normalize the cDNA templates in a

preliminary PCR experiment using a forward primer (5’-

GTAACGAGAGGTTCCGCCCAG-3’) and reverse primer

(5’-GGGGCCGGACTCGTCGTATTCTTG-3’). The cycling

conditions were as follows: 94oC for 30 s; 63oC for 30 s; 72oC

for 30 s. Gall-6-tox cDNA fragments were amplified using

specific primer pairs under the cycling conditions empirically

selected to avoid saturation. The primers employed were: 5’-

GAACGCGTTGTTAGTTAACGG-3’ (forward) and 5’-CGT-

TGGTGTCTGTATCTATCG-3’ (reverse). The cycling con-

ditions were as follows: 94oC for 30 s; 49oC for 30 s; 72oC

for 30 s.

Results and Discussion

cDNA structure

The full-length cDNA and the deduced amino acid

sequence of Gall-6-tox were identified via a combination

of RT-PCR and RACE-PCR. As can be observed in Fig. 1,

the cDNA consists of 1301 nucleotides and contained an

open reading frame of 891 nucleotides corresponding to a

protein of 296 residues that includes a putative 16-residue

signal sequence and a 280-residue mature peptide. This is

followed by a stop codon (TAG) and a 3’ untranslated

region of 355 nucleotides before the poly (A) tail. Accord-

ing to its entire amino acid sequence, the calculated aver-

age mass of Gall-6-tox was determined to be 30,707.73 Da.

In the previous studies, Gall-6-tox-like genes identified

only in Lepidoptera (B. mori, S. frugiperda, Heliothis vire-

scens, Heliconius erato (EST), Papilio dardanus (EST)). No

Gall-6-tox-like genes were found in other Insecta, suggesting

that this protein family is specific to the Lepidoptera.

Sequence analysis of Gall-6-tox

According to the results of our homology search, we
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determined that the primary structure of Gall-6-tox

closely resembles to Bomb-6-tox protein from B. mori

and other toxin-2 like domains in S. frugiperda and H.

virescens. Our homology search revealed that Gall-6-tox

shares an identity of 34%, 28% and 32% in the amino acid

sequence to Bomb-6-tox, Spod-11-tox and Heli-3-tox,

respectively (Fig. 2A). Gall-6-tox consists of six repeats

of the toxin-2 like domain which harbors 6 conserved Cys

residues. This conserved domain is known for cysteine-

stabilized alpha beta (Csαβ) motif. Scorpion short toxins

(30~40 residues) and insect defensins use this similar

folding pattern (Cornet et al., 1995). This Csαβ motifs

show invariant consensus sequence {C-x(4)-C-x(3)-C-

x(7)-G-x-C-x(4)-C-x-C} including Gall-6-tox and this

Fig. 1. The complete nucleotide and deduced amino acid sequences of Gall-6-tox cDNA in the wax moth, G. mellonella. The puta-

tive signal sequence is indicated in bold-type. The signal peptide predicted using the SignalP 3.0 Server (http://www.cbs.dtu.dk/ser-

vices/SignalP/) .The bold underlines indicate the toxin-2-like domains. The asterisk indicates a termination codon (TAG).
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repeated motif organization has never been reported for

defensins. Although this pattern of consensus sequence

has been conserved in the species, the Csαβ motifs are

different from each other and the spacing regions are con-

served neither in size nor in sequence. Therefore the result

of homology search showed rather low identity. However,

based on this consensus sequence insect defensins and

scorpion toxins have structural similarities and it was

speculated that defensins and scorpion toxins could have a

common ancestor with a similar structural organization

(Bontems et al., 1991).

Gall-6-tox has conserved tandem repeats of six Csαβ

motifs same as Bomb-6-tox (Fig. 2B), while S. frugiperda

has 11 Csαβ motifs (Spod-11-tox). In case of H. vire-

scens, this motif consists of three tandem repeats. There-

fore, it was previously suggested that this new protein

family named X-tox protein (Girard et al., 2008).

Expression of the Gall-6-tox gene

The production of Gall-6-tox in a variety of tissues was

evaluated via RT-PCR analysis (Fig. 3A). The expression

profile revealed that the expression of Gall-6-tox gene

was up-regulated primarily in the larval fat bodies,

hemocytes, and midgut in response to E. coli. In addition

to these tissues, Gall-6-tox was up-regulated in the mal-

pighian tubule and trachea at low levels but not in the silk

gland and integument against E. coli. Furthermore, the

expression time courses of Gall-6-tox was up-regulated at

6 h in the fat bodies and midgut, and reached its maxi-

mum at 12 h in the fat body or 24 h in the midgut after

Fig. 2. Sequence comparison of Gall-6-tox with Csαβ motifs from lepidopteran insects. (A) Sequence alignment (first domain, D1)

and percent identity of X-tox proteins from G. mellonella (Gm), B. mori (Bm), S. frugiperda (Sf) and H. virescens (Hv). The Cys

residues conserved in all sequences are marked with a box. (B) Protein sequence alignment of Gall-6-tox with Bomb-6-tox from B.

mori. Asterisks indicate identical amino acids. Underlines indicate the toxin-2-like domains, which contain six cysteine residues.

Bars indicate gaps for the optimization of the sequence alignment.
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injection of E. coli into hemocoel (Fig. 3B). These results

indicated that the expression of the Gall-6-tox gene is

inducible upon a bacterial challenge as in cases of anti-

microbial proteins (Lee et al., 2004; Taniai et al., 2006).

Overall, these results led us to surmise that Gall-6-tox

might be associated with an immune response. 

In B. mori, Bomb-6-tox transcript was induced in the fat

bodies and hemocytes against LPS (Taniai et al., 2006).

This expression profile is similar with Gall-6-tox. How-

ever, it is note worthy that Gall-6-tox was up-regulated in

the midgut but Bomb-6-tox was not express in the midgut.

Thus Gall-6-tox may play a certain role in the midgut dur-

ing immune response. In addition, Spod-11-tox was

induced in hemocytes in response to bacteria and quan-

titative RT-PCR revealed that spod-11-tox expression was

strongly up-regulated in hemocytes than in the fat bodies

against E. coli (Girard et al., 2008). This result suggested

that spod-11-tox may contribute to cellular immune

response. In time-course induction experiment, Gall-6-tox

in the fat body and midgut and Bomb-6-tox from ovary

cell line was induced gradually up to 24 h (Taniai et al.,

2006), while spod-11-tox in the hemocytes was induced

rapidly at 3 h up to 9 h and decreased at 12 h (Girard et

al., 2008). These differences indicated that X-tox proteins

may play a different role upon tissue distribution. 

For the biological role of the Gall-6-tox protein as an

immune related molecule, three possibilities can be envis-

aged. First, this protein could be involved in a defense

mechanism. Both in B. mori and in S. frugiperda the fat

bodies and/or hemocytes of the larvae synthesize X-tox

protein in response to immune stimulation. Since X-tox

proteins are derived from defensins, they may play as an

antimicrobial agent. For instance, apidaecins are small

proline-rich antibacterial peptides produced in honeybee

upon bacterial infection (Casteels-Josson et al., 1993).

These peptides are generated from a single precursor pro-

tein by proteases, which recognize and process the con-

served spacer regions (Casteels-Josson et al., 1993).

Alternatively, the Gall-6-tox protein could be involved

in cellular immunity during immune response. The X-tox

proteins were primarily induced in the hemocytes in B.

mori and S. frugiperda against LPS or E .coli. In case of

S. frugiperda, spod-11-tox existed in plasmatocytes and

granulocytes (Destoumieux-Garzon et al., 2009), which

represent approximately 85~95% of all hemocytes in last

instars larvae (Nardi et al., 2003). Moreover, immuno-

electron microscopy of granulocytes revealed that spod-

11-tox located in granule-like vesicles. Thus granule-like

vesicles containing spod-11-tox are released into the

plasma upon infection (Ribeiro and Brehelin, 2006) and

may contribute to cellular immune response. 

Finally, the Gall-6-tox protein could be involved in non-

self recognition as a pattern recognition receptor (PRR).

In our previous study, Galleria defensin purified from

immunized cell-free hemolymph of wax moth was iden-

tified as a fungus-binding protein (Lee et al., 2004).

From the results presented in this study, it was postu-

lated that Gall-6-tox plays a role in immune response

mechanism, which may contribute to defense mechanism

during infection. Overall, our results suggest two possible

Fig. 3. RT-PCR analysis of the expression of Gall-6-tox mRNA. (A) Tissue-specific expression of Gall-6-tox. Total mRNA

extracted from fat body (Fb), hemocytes (Hc), midgut (Mg), silk gland (Sg), integument (It), malpighian tubule (Mt), and trachea

(Tc) of the naïve larvae (N) or E. coli-injected larvae (I) at 6 h. (B) Induction time course of Gall-6-tox in the fat body and midgut of

the larvae immunized with E. coli at 1, 3, 6, 12 and 24 h. Actin was employed as an internal marker (lower panel).
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physiological functions of Gall-6-tox: (i) Gall-6-tox was

induced in the various tissues in response to E. coli infec-

tion, thereby contribute to control microbes in the hemo-

coel as an antimicrobial agent; (ii) Gall-6-tox may affect

to hemocytes during infection, based on expression level

in the hemocytes, it is capable to activate cellular immune

response such as phagocytosis, nodule formation and

encapsulation.

X-tox proteins were discovered in the lepidopteran spe-

cies only, and this protein family may have a pivotal role

in the immune system and their physiological functions

remains to be elucidated.
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