
This work describes the induction, purification and partial biochemical characterizations of an antimi-
crobial protein from the housefly larvae induced by ultrasonic wave. It has been purified to apparent
homogeneity by ammonium sulfate precipitation followed by Sephadex G-75, Bio-gel P6 gel filtration,
and CM-Sepharose Fast Flow cation exchange chromatography. The protein is a cationic protein with an
apparent molecular weight of 16315 Da determined by no-denaturing electrophoresis and SDS-PAGE,
respectively. Biochemical profile assays show that this protein has good thermal stability, and repeated-
ly frozen and defrosted durability. The optimum pH for antimicrobial activity is around pH5. The antimi-
crobial range of the protein includes Gram-positive, Gram-negative bacteria and some fungi. Results of
the membrane permeability assays suggest that the probable mode of action of this protein is membrane-
disrupting mechanism.

Keywords: Housefly – Musca domestica – antimicrobial protein – antimicrobial activity – membrane per-
meability

INTRODUCTION

During the evolution insects have developed a complex and effective innate immune
system, which apparently differs from the adaptive immune system of vertebrates.
Their defense mechanisms are rapid, only last up to a few days, but offer particular-
ly powerful resistances to microbial infections. Insects rely on the cellular and
humoral defense system to protect themselves from various pathogenic invasion or
septic injury. Cellular aspects include phagocytes and encapsulation of invading
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microorganisms by blood cells. Humoral immunity has been extensively studied, and
explained in part by the rapid synthesis of a battery of small sized, cationic antimi-
crobial peptides or proteins [6, 20]. The principal synthesis site is fat body [14, 37],
but also in hemocytes [5], cuticular epithelial cells [8], gut [13], salivary gland [27],
and the reproductive tract [33, 34]. To date, more than 200 different antimicrobial
peptides or proteins have been purified and characterized from various insect species.
They can be grouped into five families on the base of amino acid sequences and
antimicrobial activities: cecropin [1], defensin [15], attacin [10], proline-rich protein
[12], and lysozyme [26]. They also can be classified structurally into three major
groups: proteins with one α-helix conformation, cyclic and open-ended cyclic pro-
teins, and proteins with an extended structure [9].

Considering that the housefly (Musca domestica) adults and the larvae are contin-
uously exposed to the attacks of microbial from the environment and yet can survive
and multiply, they must have developed some efficient immune evasion strategies.
So far, only several reports were involved in antimicrobial proteins presenting in
housefly [16, 21, 24, 25, 30]. The present study describes the purification and bio-
chemical characterizations of an antimicrobial protein from the larvae induced by
ultrasonic wave. We hope that our findings can lay a foundation for studies of antimi-
crobial peptides or proteins from the housefly adult or larva, give an insight into the
innate immunity of invertebrate and produce templates for designing novel broad-
spectrum antibiotics.

MATERIALS AND METHODS

Reagents

Sephadex G-75 and CM-Sepharose Fast Flow (Pharmacia), Bio-gel P6 (Bio-Rad),
pepsin, p-nitrophenyl phosphate disodium salt and O-nitrophenyl-β-D-galactopyra-
noside (Sigma), trypsin (Invitrogen) and protease K (BBI).

Larvae induction and crude protein extract

The housefly larvae were kept in artificial medium (wheat barn/water/ protein pow-
der of corn = 10 : 20 : 1, v/v/v), 25 ± 2 °C with 24 h light condition, and 60–80% rel-
ative humidity.

The third-instar larvae were induced by ultrasonic wave (120 W, 35 kHz) for dif-
ferent times, then transferred into fresh artificial medium. Forty-eight hours later, the
larvae were collected, washed with Mili-Q water twice, air dried on a paper towel,
and then homogenized in three volumes of sterilized Mili-Q water containing 0.02%
2-mercapteothanol and 1 mM phenylmethane sulfonyl fluoride (PMSF). After cen-
trifuging the homogenate at 13,000 rpm for 20 min at 4 °C, the supernatant was col-
lected for later use.



Antimicrobial protein purification

Crude extract was subjected to ammonium sulfate precipitation from 40 to 90% sat-
uration. The obtained pellets were dissolved in a minimal volume of Mili-Q water
and dialyzed overnight. The dialysate was concentrated, and then loaded onto a
Sephadex G-75 column (1.6×33 cm) equilibrated with approximately two bed vol-
umes of 0.05 M ammonium acetate (pH 5.1). The column was eluted with the same
buffer at a flow rate of 0.5 ml/min. Fractions of 2 ml were collected, dried under vac-
uum, reconstituted in Mili-Q water and used for antimicrobial activity test. Active
fractions were pooled and separated on a Bio-gel P6 column (1.5×45 cm) equili-
brated with 0.05 M ammonium acetate (pH 5.1). Elution was performed with the
same buffer at a flow rate of 0.2 ml/min. Fractions were collected and treated as
above. The last purification step was conducted on a CM-Sepharose Fast Flow col-
umn (1.5×18 cm). The column was eluted with a linear gradient of 0.1 ~ 0.6 M
ammonium formate (pH 6.6) at a flow rate of 0.3 ml/min. Fractions of 2 ml were col-
lected, and those with antimicrobial activity were pooled for later use.

All the purification processes were carried out at 4 °C. Column effluent was mon-
itored by UV absorption at 280 nm.

Polyacrylamide gel electrophoresis and protein determination

Denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was performed on a 3.75% stacking and 15% separating gel according to the method
of Laemmli [28]. The migration buffer consisted of 25 mM Tris, 0.2 M glycine, pH
8.5. Sample was mixed with the buffer containing 0.01 M Tris-glycine buffer (pH
6.8), 0.1% SDS, 1% 2-mercaptoethanol and 20% glycerol, and heated in boiling
water for 4 min, centrifuged at 1000 g for 3 min. The supernatant was loaded on the
gel. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250
in 50% methanol and 7% acetic acid, destained with 7% acetic acid, and scanned on
VDS scanning system to determine the molecular weight. In contrast, non-denatur-
ing PAGE was carried out according to Reisfeld’s method [32] using reducing con-
ditions with Glycine- and Tricine-based discontinuous buffer systems. Protein con-
centration was determined according to the method of Bradford [7] using bovine
serum albumin as standard.

Antimicrobial activity and minimum inhibitory concentration

Antimicrobial assays were performed as previously described [23] with modifica-
tions. Microbial strains used in this paper were listed in Table 2. For antibacterial
assays, the bacteria were grown in LB medium at 37 °C overnight with shaking. Cells
were harvested by centrifugation at 6000 rpm for 10 min, washed twice with 10 mM
sodium phosphate buffer (pH 7.4), and resuspended in the same buffer to give
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approximately concentration of 2 × 105 cells/ml. Sterilized Petri dish received 10 ml
LB medium with 3 μl bacteria suspension. After solidification of the agar, wells
(3 mm diameter) were punched into the plates. Each well received 10 μl samples.
The plates were incubated at 37 °C overnight, and the diameters of the clear zones
indicating bacterial growth inhibition were recorded after subtraction of the well
diameter.

For antifungal assays, sterilized Petri dish also received 10 ml medium (20% pota-
to extract, 2% Glucose, 0.3% KH2PO4, 0.15% MgSO4· 7H2O) and 100 μl spore sus-
pension (~104 spores/ml) or hypha (OD600= 0.2). Each well received 10 μl protein
samples and incubated at 30 °C overnight. Antifungal activities were also recorded
by the diameters of the growth inhibition zones.

Minimum inhibitory concentration (MIC) of the isolated protein was determined
in a microdilution assay [11]. Serial dilutions of the purified protein were made with
Mili-Q water. Fifteen μl of each dilution was placed in wells of a 96-well microtiter
cell-culture plate containing 130 μl LB medium. Wells were inoculated with bacter-
ial suspension (final concentration approx. ~2.5 × 105 cells/ml) and, after incubation
at 37 °C overnight. The MIC was taken as the lowest concentration at which the
growth was inhibited. Results were expressed as mean ± S.D. of three independent
experiments.

Effect of pH and thermal stability

The purified protein was dried under vacuum, dissolved, respectively, in the follow-
ing buffer of 50 mM sodium acetate (pH 4.2 ~ 5.4), 100 mM sodium phosphate (pH
5.8 ~ 7.1), and 50 mM Glycine-NaOH (pH 8.0 ~ 10.0). After incubating the protein
for 30 min at 4 °C, pH values were adjusted to 7.0. The residual antimicrobial activ-
ity was tested to evaluate pH effect. For thermal stability, the isolated protein was
dissolved in 50 mM sodium acetate (pH 5.0), then incubated in boiling water for dif-
ferent times, or repeatedly frozen and defrosted. The residual activity was tested
against E. coli DH5α.

Protease cleavage profile

The isolated protein was mixed, respectively, with 15 μl 0.4% pepsin in 50 mM KCl-
HCl (pH 2.0), 0.25% Trypin in 0.1 M Tris-HCl (pH 7.2), and 0.1% protease K in 20
mM Tris-HCl with 2 mM CaCl2 (pH 8.2) buffer and incubated at 37 °C for 1.5 h.
After digestion proteases were inactivated and pH was adjusted to 5.0. The residual
antimicrobial activity against E. coli DH5α was tested. Mili-Q water instead of pro-
teases was used as control.



Membrane permeability assays

Outer membrane permeability was determined by testing the activity of alkaline
phosphatase (AP), which lies between the outer and inner membranes, using p-nitro-
phenyl phosphate disodium salt (pNPP) as the substrate [29, 31]. An overnight cul-
ture of E. coli DH5α and S. aureus were harvested, resuspended in LB medium, and
grew to an OD600 of 0.5~0.6 for coli DH5α and an OD650 of 0.2 ~ 0.3 for S. aureus.
Cells were harvested by centrifugation at 6000 rpm for 10 min, washed twice, and
resuspended in the same volume of 10 mM sodium phosphate buffer, pH 7.0. The
resuspended cells were mixed with 10 μl of the reconstituted protein solution, incu-
bated at 37 °C for 1.5 h, centrifuged at 5000 rpm for 10 min to collect the superna-
tant. AP activity assays were performed in 3.97 ml of 0.1 M Tris-HCl buffer (pH 8.0)
with 1 mM MgCl2, 5 mM pNPP, and 30 μl above supernatant at 37 °C for 10 min.
Fifty μl of 0.1 M NaOH was added to stop the reaction and measured OD at 410 nm.

Inner membrane permeability was determined by measuring the activity of galac-
tosidase in E. coli DH5α and S. aureus using ONPG as the substrate [29].
Logarithmic phase bacteria were harvested, washed with 10 mM sodium phosphate
buffer (pH 7.4) containing 100 mM NaCl, and then resuspended in 2 ml of the same
buffer containing 1.5 mM ONPG. The reaction was initiated by adding 10 μl of the
reconstituted protein solution. The time-course hydrolysis of ONPG was monitored
at 420 nm. In the control, an equivalent volume of Mili-Q water replaced the protein
solution.

GenBank data mining

Proteins from housefly evolved in antimicrobial activity were searched and down-
loaded from GenBank (http://www.ncbi.nlm.nih.gov/). Four protein sequences were
found: Cecropin (ABB17292), Attacin (AAU08203), Defensin (ABM66377) and
Lysozyme (AAQ20047). The molecular weight and isoelectric point were calculated
according to the deduced amino acid sequences using Compute pI/Mw online soft-
ware (http://expasy.org/tools/pi_tool.html).

RESULTS

Effect of ultrasonic wave on the induction of antimicrobial protein

Results indicated that ultrasonic waves could induce the housefly larvae to synthe-
size antimicrobial proteins (Fig. 1A). The optimum inducing time was 90 sec. Less
than 90 sec, the inducing strength was not enough. The more would cause the larvae
death. Two-minute inducing caused at least 95% mortality (data no shown). The rela-
tionship between the antimicrobial activity (Ŷ, diameter of growth inhibition zone)
and inducing time (X) was estimated by regression statistic analysis. The equation
was Ŷ = –0.0014X 2+ 0.2485X + 4.0932 (R2= 0.9508).
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To elucidate the optimal expression time of the antimicrobial proteins, relationship
between antimicrobial activity and the expression time was also analyzed. The fitting
equation was Ŷ = –0.0035X 2+ 0.3583X + 5.2 (R2= 0.9625), which showed that the
housefly larvae had the highest antimicrobial activity hours after induction (Fig. 1B).

Fig. 1. Induction of antimicrobial proteins in housefly larvae treated by ultrasonic wave. (A) Inducing
strength. (B) Kinetic of antimicrobial protein under the optimum inducing time (90 sec). Activity testing

method was shown in materials and methods. All experiments were carried out in triplicate

Table 1

Antimicrobial activities of crude extract precipitated by different ammonium sulfate saturation

Ammonium sulfate saturation (%)
Microorganisms

40 50 60 70 80 90

Escherichia coli DH5α + + – + + +
Staphylococcus aureus + + – + + +
Aspergillus niger + + – + + +

Note: + with antimicrobial activity; – no antimicrobial activity.
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Fig. 2. Purification of antimicrobial protein from the housefly larvae. (A) Sephadex G-75 gel filtration.
(B) Bio-gel P6 gel filtration. (C) CM-Sepharose Fast Flow (CM-FF) cation exchange chromatography.
Each fraction was monitored for protein absorbance at 280 nm (——) and antimicrobial activity was

tested using E. coli. DH5α as the director (�——�)
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Antimicrobial protein purification and electrophoretic pattern

Results of antimicrobial activity of the reconstituted extract from 40–90% ammoni-
um sulfate saturation precipitation were shown in Table 1. Proteins precipitated from
40% ammonium sulfate saturation were separated on a Sephadex G-75 column
(Fig. 2A). Antimicrobial activity appeared in peak two. Active fractions were pooled
and separated on a Bio-gel P6 column (Fig. 2B). The second peak with antimicrobial
activity was furtherly purified by cation exchange chromatography on a CM-
sepharose Fast Flow column. Fractions from 17 to 20 exhibited high activity against
E. coli DH5α (Fig. 2C).

The purified protein appeared as a single band on the native PAGE gel (Fig. 3A)
and the denaturing SDS-PAGE gel (Fig. 3B), indicating that it was a cationic,
monomer protein with an apparent molecular weight of 16315 Da determined by
VDS scan system (Fig. 3B).

Thermal stability and pH effect

To investigate the stability of the antimicrobial protein, linear regression models
were used to analyze the correlation between the temperature, or pH values and the
antimicrobial activity. Regression equations were the followings and results showed
in Fig. 4 (A, for boiling water; B, for repeatedly frozen and defrosted; C, for room
temperature).

Fig. 3. PAGE of the purified antimicrobial protein. (A) No-denaturing-PAGE (Up: anode; Down: cath-
ode). (B) SDS-PAGE: Lane 1, molecular mass marker (up to down: ovalbumin 43 kDa, carbonic anhy-
drase 29 kDa, β-lactoglobulin 18.4 kDa, lysozyme 14.3 kDa, bovine trypsin inhibitor 6.2 kDa and insulin

2.85 kDa); Lane 2, the purified protein



A Ŷ = 19.13983 – 0.073366X (R2= 0.9623, p = 0.0001, p = 0.0005)

B Ŷ = 16.00073 – 0.075X (R2= 0.7903, p = 0.0001, p = 0.0074)

C Ŷ = 22.873979 – 1.26668X (R2= 0.9374, p = 0.0001, p = 0.0001)

All equations clearly indicated that there were significant correlations between the
antimicrobial activity and factors, which also suggested that the purified protein had
a good thermal stability. Meanwhile, this protein exhibited a good antibacterial activ-
ity around pH 5.0. The activity of the protein continuously decreased when the pH
was changed either to acidic or to alkaline values (Fig. 4D).
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Fig. 4. Biochemical characterizations of the purified protein. (A) Thermal stability in boiling water.
(B) Effect of repeatedly frozen and defrosted. (C) Effect of room temperature. (D) Effect of pH. Anti-
microbial activities were tested using E. coli DH5α as the director. All experiments were performed

three times
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Fig. 5. Left: Antimicrobial activity comparison between the purified protein and ampicillin (A) sterilized
Mili-Q water. (B) Sodium ampicillin (12.5 μg). (C) purified protein (12.5 μg). Right: Effect of protease
cleavage: 25 μg of the purified protein was mixed with proteases or sterilized Mili-Q water as control.
After the digestion, proteases were inactived and then the residual activities of the samples were tested.
(A) Untreated control. (B) Protease K. (C) Pepsin. (D) Trypsin. In both case, E. coli DH5α was used as

the director

Table 2

Antimicrobial activity spectrum of purified antimicrobial
protein from housefly larvae

Growth
Strains inhibition MIC (μg/ml)

zone

Gram-negative bacteria
Escherichia coli DH5α +++ 5.2±0.5
Phaseolus vulgaris ++ 9.5±0.35
Pseudomonas aeruginosa ++ 8.36±1.5
Aeromonas hydrophila ++ 8.1±0.56

Gram-positive bacteria
Micrococcus luteus – ND
Bacillus subtilis ++ 10.2±1.2
Staphylococcus aureus ++ 9.76±0.85
Bacillus megatherium + 18.2±0.6
Sarcina lutea – ND

Fungi
Macrophoma kawatsukai + ND
Aspergillus niger ++ ND
Aspergillus flavus Link ++ ND
Cercospora arachidicola ++ ND
Rhizoctonia solani +++ ND
Colletotrichum coccodes + ND
Saccharomyces cerivisiae +++ ND
Rhizopus stolonifer – ND

Diameter of growth inhibition zone is noted as following:
+, 2 to 4 mm; ++, 4 to 8 mm; +++, 8 to 12 mm; –, no inhibi-
tion. ND means no detection.



Activity comparison and protease cleavage profile

To test antimicrobial efficiency, we compared the antimicrobial activity of ampicillin
and the isolated protein. The diameter of growth inhibition zone was larger but not
clearer than that caused by ampicillin (Fig. 5 (left)). Effects of protease on the antimi-
crobial activity were examined by hydrolysis of protease K, trypsin and pepsin.
Results showed that the purified protein was more sensitive to protease K, and pepsin
than to trypsin (Fig. 5 (right)).

Antimicrobial spectrum and probable mode of action

Antimicrobial activities of the purified protein were tested against four Gram-nega-
tive bacteria, five Gram-positive bacteria and eight fungi. Results showed that this
protein had a broad range of antimicrobial activity against reference strains (Table 2).
It showed higher antibacterial activity against Gram-negative bacteria (with MIC
values from 5.2 to 9.5 μg/ml) than Gram-positive bacteria (with MIC values from
9.76 to 18.2 μg/ml). However it had no antimicrobial activity against M. luteus,
S. lutea and R. stolonifer.

To investigate the probable mode of action, permeability assays were performed
by monitoring the kinetics of membrane permeability of E. coli DH5α and S. aureus.
Results showed that the protein caused fast permeability of the outer and inner mem-
branes of E. coli DH5α, and it had the same effect with a somewhat slower initial
kinetics on the outer and inner membranes of S. aureus (Fig. 6). This lag time eluci-
dated that the primary target was the outer membrane of E. coli DH5α and S. aureus,
subsequently the cytoplasmic membrane. In addition, it also suggested that Gram-
negative bacteria were more sensitive to this protein than Gram-positive bacteria.

DISCUSSION

The present study described the induction, purification and partial biochemical char-
acterizations of an antimicrobial protein from the housefly larvae induced by ultra-
sonic waves. Besides of ultrasonic wave challenge, H2O2, oral feeding with live or
dead bacteria, prick, prick with bacteria, heat shock and freezing also could induce
the housefly larvae to synthesize antimicrobial proteins (data not shown).

Most of the methods described for the purification of insect antimicrobial peptides
or proteins were involved in the gel filtration and ion-exchange chromatography and
started with 30–100 ml hemolymph [19]. The purification yield was low only with
1~10% recovery. It was very difficult to obtain enough hemolymph from the house-
fly larvae for antimicrobial protein purification, because the amount of hemolymph
was poor in each one. Therefore we homogenized whole larvae to get crude antimi-
crobial proteins extract for the purification.
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Antimicrobial assays showed that the reconstituted crude extract from ammonium
sulfate saturation precipitation from 40 ~ 50%, 70 ~ 90% had antimicrobial activity
against E. coli DH5α, S. aureus and A. niger. Based on our previous studies [2], we
concentrated our analysis on the pellets from 40% ammonium sulfate saturation pre-
cipitation. After two steps of gel filtration and one step of cation exchange chro-
matography, the purified protein appeared as a single band on the native PAGE gel
and the denaturing SDS-PAGE gel with an apparent molecular weight of 16315 Da.
It was different from the molecular weight of cecropin (4271.98 Da), attacin

Fig. 6. Activity comparison of alkaline phosphatase and galactosidase in E. coli DH5α (A) and S. aureus

(B) treated by the purified protein. In both case, Tris-HCl, pH 8.0 was used as alkaline phosphatase
control, and MiliQ water was used as galactosidase control



(19688.46 Da), defensin (7366.35 Da) and lysozyme (13816.36 Da). All of them
were cationic proteins because they had higher isoelectric point (10.56, 9.81, 8.63
and 7.69, respectively). So we speculated the purified protein was a new kind of
antimicrobial protein in housefly larvae based on the comparison of the molecular
weight size.

Biochemical profile assays exhibited that the purified protein shared some com-
mon features with other antimicrobial proteins such as relatively low molecular
weight, positively charged, amphiphilicity and thermal stability [18]. This protein
was sensitive to pepsin and protease K, which was similar to the results of Guo et al.
[17]. It exhibited higher activity against E. coli DH5α around pH 5.0, but the activ-
ity continuously decreased when the pH was changed either to acidic or to alkaline
values. The explanation was that the charge forming, distribution and conformation
of the molecules were different under different pH, which resulted in the different
antimicrobial efficiency.

To date, defense reactions mediated by the inducible antimicrobial proteins against
bacterial infection had been well characterized in a broad range of animals including
mammals and insects. Generally, antimicrobial proteins exerted their activities by
binding to the cell surface of microbia and changing membrane permeability of tar-
get cells [36]. Two main mechanisms were involved in membrane permeability: In
the barrel-stave model, protein monomers associated and formed a bundle of helices
embedded in the membrane to form a transmembrane channel [3, 4]. In the carpet-
like model [22, 35], proteins bound to the lipid membrane surface until a threshold
concentration was reached and α helices associated with lipids then insert into the
bilayer to form a toroidal pore, which ultimately disrupted the membrane. In both
cases, the physical properties of helices (charge, length, amphiphilicity, etc.) played
an essential role in the mechanism at the different steps occurring at the surface and
in the membrane.

To investigate the mode of action of the purified protein, membrane permeability
assays were performed based on the activity testing of alkaline phosphatase and cyto-
plasmic glycosidase. This protein showed permeability kinetics of the outer and inner
membranes of E. coli DH5α and S. aureus, but a somewhat slower initial kinetic with
the S. aureus. This result elucidated that this protein initially permeabilized cell wall,
and subsequently cytoplasmic membrane. This time lag between E. coli DH5α and
S. aureus could be explained by the different hydrophobicity of the outer membranes.
Therefore, we speculated that the probable mode of action of the isolated 16 kDa
antimicrobial protein was to permeabilize the microbial membranes.

The isolated protein displayed antimicrobial activities against Gram-positive and
negative bacteria and fungi. The MIC value of the purified protein for Gram-positive
bacteria was about twice higher than for Gram-negative bacteria. The different MIC
suggested that this protein killed Gram-negative bacteria slightly more effective than
Gram-positive bacteria. The cell wall of Gram-positive bacteria is thicker (15 ~ 80
nm), consisting of several layers of peptidoglycan complexed with molecules of tei-
choic acids than the cell wall of Gram-negative bacteria (10 nm), composing of a
single layer of peptidoglycan surrounded by a membranous structure. Thus, the outer
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membrane is more hydrophobic in the Gram-negative than in the Gram-positive bac-
teria and constitutes the target for attack by hydrophobic agents and other antibiotic
agents.

In conclusion, this protein is a novel member of antimicrobial proteins in house-
fly larvae. Mechanism of action is to permeabilize the membrane of target cells.
Further studies should be directed to the determination of amino acid sequence, the
activity toward different microorganisms including specific insect pathogens, mole-
cular biology, even gene engineering. Although the actual antimicrobial mechanism
is not clear, antimicrobial proteins have attracted much attention as a novel class of
antibiotics, especially for antibiotic-resistant pathogens. Diversity of antimicrobial
proteins makes the antimicrobial mechanisms complex. Moreover, studies related to
antimicrobial proteins may provide insight into the innate immunity of invertebrates
and produce templates for designing novel broad-spectrum antibiotics. The discov-
ery of the 16 kDa antimicrobial protein from the housefly larvae adds a new exam-
ple to the increasing family of antimicrobial proteins.
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