
Characterization of expression, activity and role in antibacterial
immunity of Anopheles gambiae lysozyme c-1

Mayur K. Kajla, Olga Andreeva, Thomas M. Gilbreath IIIa, and Susan M. Paskewitz*
Department of Entomology, University of Wisconsin, Madison, Wisconsin, USA

Abstract
There are eight lysozyme genes in the Anopheles gambiae genome. Transcripts of one of these genes,
LYSC-1, increased in Anopheles gambiae cell line 4a3B by 24 h after exposure to heat-killed
Micrococcus luteus. Lysozyme activity was also identified in conditioned media from the cell line
from which the protein was purified to homogeneity using ion exchange and gel filtration. Mass
spectrometric analysis of the purified protein showed 100% identity to lysozyme c-1. Purified
lysozyme c-1 was tested against non-mosquito derived as well as culturable bacteria isolated from
mosquito midguts. Lysozyme c-1 had negligible effects on the growth of most mosquito-derived
bacteria in vitro but did inhibit the growth of M. luteus. Although Lys c-1 did not directly kill most
bacteria, knockdown of LYSC-1 resulted in significant mortality in mosquitoes subjected to
hemocoelic infections with Escherichia coli but not M. luteus thus suggesting that this protein plays
an important role in antibacterial defense against selected bacteria.
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1. Introduction
Lysozymes (EC 3.2.1.17) hydrolyze the β-1, 4-glycosidic linkage between N-acetylmuramic
acid and N-acetylglucosamine of peptidoglycan, a cell wall component of bacteria. They are
widespread in nature, occurring in bacteriophage, plants and animals. The role of this enzyme
as a defense molecule has been well documented in vertebrates (Jolles and Jolles, 1984; Markart
et al., 2004) and insects (Dunn, 1986; Hultmark, 1996; Powning and Davidson, 1973; Jolles
et al., 1979; Hultmark et al., 1980; Abraham et al., 1995). In both vertebrates and invertebrates,
lysozymes may act through multiple pathways to affect bacterial killing. First, these enzymes
directly inhibit or kill a number of bacterial species through both enzymatic and nonenzymatic
mechanisms (Nash et al. 2006). Lysozyme generally exhibits greater microbiocidal activity
against Gram positive than Gram negative bacteria. However, the degree of activity against
Gram negative bacteria varies interspecifically (Mai and Hu 2009; Yu et al. 2002) and is
affected by osmolarity, ionic concentration and the presence of synergistic co-factors (Skerritt
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2004). Second, lysozymes may play broader roles in regulating the overall response to bacteria.
For example, it has been suggested that the generation of small peptidoglycan fragments by
lysozyme is a key aspect of the pattern recognition process that functions to initiate antibacterial
responses in insects (Boman and Hultmark, 1987; Boman, 1991; Dunn et al., 1994). Indeed,
inhibition of lysozyme resulted in reduced activation of the melanization pathway in Tenebrio
molitor (Park et al 2007). Conversely, lysozymes may be essential to downregulation of the
inflammatory response in some situations. Knockout of a mouse lysozyme resulted in the
prolonged upregulation of an inflammatory response to infection by Micrococcus luteus,
suggesting that the degradation of peptidoglycan eliminates a key signal of infection (Markart
et al., 2004). Many invertebrates have more than one lysozyme and it is possible that these
actions are carried out by separate enzymes with specific peptidoglycan degrading activities
or temporal and spatial expression profiles.

In dipteran insects, a large expansion of the c-type lysozyme gene family has occurred (Daffre
et al., 1994; Li et al., 2005; Ursic-Bedoya et al., 2005). In the mosquito Anopheles gambiae,
there are eight c-type lysozymes with different tissue and stage expression profiles,
biochemical properties (pI and molecular weight), and with varying conservation of amino
acids critical for function (Li et al., 2005). One of these proteins, lysozyme c-1, is a typical
basic lysozyme with the required amino acids for muramidase activity. It is constitutively
expressed in most tissues of adult mosquitoes but is upregulated during bacterial infections
(Li et al., 2005; Dong et al., 2006; Dong et al., 2009). We previously reported detection of this
lysozyme in conditioned medium from An. gambiae derived 4a3B cells (Li and Paskewitz,
2006). To begin to clarify the roles of lysozymes in mosquito immunity, we now report on
purification of Lys c-1 from this source and tests of its activity against selected bacteria as well
as bacteria isolated from midguts of An. gambiae and An. stephensi females. We also conducted
lysozyme c-1 knockdown experiments in An. gambiae female mosquitoes and analyzed the
survival of mosquitoes after challenge with bacteria. Results of the Lys c-1 purification, its
antibacterial activity and whole insect responses after gene silencing are presented.

2. Materials and methods
2.1. Mosquitoes, bacteria, and cell line

The G3 and 4a rr strains of Anopheles gambiae were acquired through the Malaria Research
and Reference Reagent Resource Center (MR4, American Type Culture Collection Manassas,
VA, USA) and the Center for Disease Control and Prevention and have been in culture for at
least 5 years at the Department of Entomology, UW-Madison. A colony of An. stephensi was
acquired through Johns Hopkins University (gift of Prof. Marcelo Jacobs Lorena) and has also
been in culture for 5 years at UW. Mosquitoes were reared as described previously (Paskewitz
et al., 1999). These mosquito colonies were used for the isolation of midgut bacteria. The G3
strain was used for gene silencing experiments.

A list of selected bacteria used in this study and their sources is given in Table 2. Some strains
of bacteria used in this study were selected on the basis of previous reports of mosquito midgut
bacterioflora (Lindh et al., 2005;Favia et al., 2007;Gusmao et al., 2007;Dillon and Dillon,
2004;Azambuja et al., 2005;Demaio et al., 1996). These included Bacillus subtilis,
Enterobacter sp., Asaia sp. (gifts from Dr. Nichole Broderick, Dept. of Plant Pathology, UW
Madison). Bacteria were maintained on Luria Broth (LB) plates as well on tryptic soy broth
(TSA) plates. Glycerol stocks were maintained at −80 °C.

Anopheles gambiae cell line 4a3B was provided by Dr. Hans-Michael Mueller (Müller et al.,
1999). This cell line has been in culture since 2000. Cells are routinely cultured in Schneider's
Drosophila medium (Lonza, Walkersville, MD, USA) supplemented with 5-10% fetal calf
serum and an antibiotic/antimycotic mixture containing 10,000 units of penicillin (base),
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10,000 μg of streptomycin (base), and 25 μg of amphotericin B/mL utilizing penicillin G
(sodium salt), streptomycin sulfate, and amphotericin B as Fungizone® Antimycotic in 0.85%
saline (Invitrogen Corporation, Carlsbad, CA, USA) used at a final dilution of 1:100. For the
purpose of Lys c-1 purification, cells were cultured in serum-free medium to confluence before
conditioned medium was harvested. Conditioned medium was collected after removal of cell
debris by centrifugation and then stored at −20 °C.

2.2. Isolation and identification of culturable bacteria from mosquito midguts
For the isolation of culturable bacteria, 2-3 day old female mosquitoes were cold anaesthetized
for 5 min on ice and subsequently surface sterilized twice in 70% ethanol for 2 min. Mosquitoes
were transferred to sterile saline (0.9% NaCl w/v in water) and were dissected under aseptic
conditions. Ten midguts were transferred to 500 μL sterile saline and were homogenized using
sterile pestles with a motor driven hand homogenizer (Kimble/Kontes, Vineland, New Jersey,
USA).

Homogenates were sonicated in a water bath sonicator which operated at 125 watts for 2 min
to facilitate the release of bacteria from the gut tissues. Serial dilutions (from 10−1 to 10−5)
from this homogenate were prepared in 0.9% sterile saline and 100 μl from each dilution were
plated onto tryptic soy agar (3 g/L tryptic soy broth and 1.5% agar w/v). Plates were incubated
at 28 °C for 48 h. Bacteria were analyzed for their morphology, color, texture and size. Bacterial
colonies with unique morphologies were picked from different dilutions and streaked on TSA
plates to isolate pure cultures. After three serial isolation steps, the bacteria were stored as
glycerol stocks at −80 °C. For the identification of bacteria, genomic DNA from each isolated
bacteria was prepared using the Master Pure Gram Positive DNA purification kit (Epicenter
Biotechnologies, Madison, WI). Approximately 50-100 ng genomic DNA was used as a
template for PCR amplification of the 16S rRNA gene using 27F and 1492R primers (gift of
Dr. Jo Handlesman, Dept. of Bacteriology, UW Madison, WI). The sequences for these primers
are: 27F: 5-AGR GTT TGA TYM TGG CTC AG-3; 1492R: 5-GGY TAC CTT GTT ACG
ACT T-3. Amplification conditions were as follows: 94 °C - 4 min; followed by 30 cycles of
94 °C - 45 s; 58 °C - 45 s; 72 °C - 1.5 min; final extension of 72 °C - 10 min. PCR products
were analyzed on 1% agarose gels stained with ethidium bromide. A DNA band of
approximately 1.4 kb was excised from the gels and purified using a QIAquick gel extraction
kit (QIAGEN Sciences, Maryland, USA). The purified PCR product was sequenced with the
same primer sets used for PCR amplification (Biotech Center, UW Madison, WI, USA) and
analyzed by FinchTV software (Geospiza Inc., Seattle, WA). Each manually corrected
sequence over the entire length of the 16s RNA gene (1327-1411bp) was blasted against NCBI
nr/nt database. Searches yielding the highest identity scores are reported as the closest matches
for each respective bacterial sequence. Sequences from midgut derived bacteria were submitted
to GenBank and the accession numbers are given in Table 2.

2.3. One dimensional SDS-PAGE and immunoblotting
Purified Lys c-1 was fractionated by 10% SDS-PAGE gels (NuPage, Invitrogen, USA). The
gels were silver stained or used for immunoblotting. Polyclonal antibodies were produced to
a peptide specific to Lys c-1 and do not cross react with other lysozymes (Li et al., 2005). In
all experiments, the anti-Lys c-1 antibody (9122) was used at a 1:500 and blots were incubated
overnight at 4 °C. Bound antibodies were detected by a peroxidase labeled goat anti-rabbit IgG
(Kirkegaard and Perry Labs, Maryland, USA) at 1:5000 using a diaminobenzidine reagent
(DAB; Sigma-Aldrich) as per supplied instructions.

2.4. Immune challenge to the cell line
The 4a3B cells were cultured in Schneider's Drosophila medium as described above. For
immune challenge, M. luteus was grown overnight in tryptic soy broth medium (30 g/L). This
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culture was then heat inactivated by autoclaving (121 °C for 15 min). The cells were pelleted
by centrifugation at 7800 g for 10 min at room temperature and the pellet was resuspended in
0.1 M MOPS, pH-6.5. Five hundred microliters of a bacterial cell suspension (A600 of 1.0)
were added to each T25 flask containing 10 mL of 4a3B cells three days after passaging and
were further incubated at 28 °C for 24 or 72 h. Conditioned medium was collected from three
different flasks and lysozyme activity was monitored from each of three flasks by turbidometric
assays.

2.5. Purification and identification of Lys c-1
Frozen conditioned medium was thawed at room temperature. The pH of the medium was
raised to 8.0 with 0.1 N NaOH without any loss of lysozyme activity. Changing the pH of the
conditioned medium caused the medium to become turbid. The precipitates were removed by
filtration through 0.8 μm membrane filters. Clean filtrate was allowed to pass through an ion
exchange column (1×10 cm) packed with CM C-25 Sephadex beads pre-equilibrated with 0.1
M Tris-Cl pH-8.0 containing 0.15 M NaCl. The column was washed with 20 mL of 0.1 M Tris-
Cl pH 8.0, 0.15 M NaCl. Lysozyme activity was eluted with 0.6 M NaCl in 0.1 M Tris-Cl pH
8.0. The fractions with highest lysozyme activity were pooled and 300 μL of this mixed sample
was loaded onto a pre-equilibrated Sephadex G-75 (Sigma) gel filtration column (1 × 20 cm).
Lysozyme was eluted with 0.1 M Tris-Cl, pH 8.0 containing 0.15 M NaCl and 0.01 % Triton
X-100. Each fraction was assessed for lysozyme activity via turbidity assays and for purity on
SDS-PAGE. Protein concentration was measured by Biorad's protein assay reagent (Biorad)
and/or EZQ™ Protein Quantitation Kit (Invitrogen). About 200 μL (0.01 mg/mL) of the
purified sample was loaded on a 12.5% preparative polyacrylamide gel (NuPage, Invitrogen,
USA). The protein band at the molecular mass of 14 kDa was excised from the gel using a
sterile scalpel blade and processed for MS analysis. In gel digestion and mass spectrometric
analysis was done at the Mass Spectrometry Facility (Biotechnology Center, University of
Wisconsin-Madison). The digestion was performed as outlined on the website:
http://www.biotech.wisc.edu/ServicesResearch/MassSpec/ingel.htm. The digested peptides
were subjected to Matrix-Assisted Laser Desorption/Ionization-Time of Flight-Time of Flight
(MALDI TOF-TOF) mass spectrometer (Applied Biosystems Inc., Foster City, CA). The
peptide fingerprint was subjected to subsequent tandem MS analysis. Raw data was
deconvoluted using GPS Explorer™ software (Applied Biosystems) and submitted for peptide
mapping and MS/MS ion search analysis against non-redundant NCBI database with an in-
house licensed Mascot search engine (Matrix Science, London, UK).

2.6. dsRNA mediated silencing of Lys c-1 and bacterial infections in the KD mosquitoes
An in vitro transcription template was produced using a one-step PCR protocol. The primers
used to prepare the templates for LYSC-1 and GFP contains T7 sequence on both forward and
reverse primers at the 5′-end. The primer sequences are: (Fwd 5′-
TAATACGACTCACTATAGGGATGAAAGTGTTTTCCACAGTTTTG-3′, Rev 5′-
TAATACGACTCACTATAGGGAAAAACAGGAGCTAACATTCGG -3′). These primers
were used to amplify a product from mosquito cDNA. The unrelated GFP sequences (Fwd:
5′-TAATACGACTCACTATAGGGCGTGATCAAGCCCGACA-3′, Rev: 5′-
TAATACGACTCACTATAGGGCTTCGGCGTGCTC-3′) were used to amplify a product
from phMGFP vector (Promega). The PCR product was purified using a QIAquick gel
extraction kit (QIAGEN) and 1-2 μg of the product were used as template for transcription.
The MEGAscript™ RNAi kit (Ambion, Austin, Texas) was used for transcription and the
production of dsRNA following the instruction manual. All dsRNA preparations were
quantified by measuring absorbance at 260 nm, checked for integrity on an agarose gel, and
stored at −80 °C.
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One day old An. gambiae G3 females were injected with 1.4 μg dsLYSC-1 RNA or dsGFP
RNA (as control). After 24 h the mosquitoes were injected with 0.1 μL live E. coli (A600=0.004)
or M. luteus (A600=0.4). The survival rate of the mosquitoes was monitored for seven days and
specificity and efficiency of the knockdown were examined using RT-PCR. Survival of the
mosquitoes after infection with bacteria were analyzed using Log-rank and Gehan-Breslow-
Wilcoxon tests (GraphPad Software Inc., CA, USA). At least 45 mosquitoes were alive at the
start of the monitoring period (beginning 24 h after bacterial challenge) for each experiment.
A subset of mosquitoes were also examined for melanotic nodules following M. luteus
inoculation. The results of two independent experiments are presented. Expression of LYSC-2,
LYSC-8, defensin (DEF1) and cecropin (CEC1) was also monitored in bacteria challenged
mosquitoes after LYSC-1 KD using RT-PCR.

2.7. Real time quantitative (QPCR) and semiquantitative RT-PCR
Real time PCR was used to compare relative levels of LYSC-1 transcripts in the cell line before
and after treatment with heat killed M. luteus. The protocol used for real time PCR was has
been described previously (Paskewitz et al., 2008). Briefly, total RNA was isolated from 1 mL
cells (~ 1.5×106 cells/mL) using MasterPure™ Complete DNA and RNA Purification Kit
(Epicentre Biotechnologies, Madison, WI, USA) according to the supplied instructions. Total
RNA was treated with RQ1 DNAse (Promega) at concentration of 1 unit/μg RNA preparation
to remove genomic DNA. RNA concentration was measured with micro-spectrophotometry
(Nanodrop NT1000, Thermo Fisher Scientific, Waltham, MA). RNA quality was assessed on
an Agilent 2100 bioanalyzer (Agilent Technologies, Inc. Santa Clara, CA, USA) using the
Agilent RNA 6000 Nano Kit. Total RNA was also checked for genomic DNA contamination
with each set of primers used and across all conditions/replicates. Threshold cycle (Ct) values
above 32 in the QPCR amplification were considered free of significant genomic DNA
contamination. Five hundred nanograms of total RNA were used to synthesize cDNA using a
High-Capacity cDNA Archive Kit (Applied Biosystems). The resulting cDNA was stored at
−20 °C.

Primers based on An. gambiae cDNA sequences for internal reference genes (ribosomal protein
S7 (Salazar et al., 1993) actin and RPL31) and LYSC-1 were designed using the Beacon designer
software (Premier Biosoft International, Palo Alto, CA, USA). The primers were synthesized
by IDT Technologies (Coralville, IA, USA). The treatments are compared to the calibrator as
control cells (minus M. luteus) at zero hour time point versus 24 and 72 h post challenge with
M. luteus.

Semiquantitative RT-PCR was performed to analyze transcript abundance in adult female
mosquitoes following RNAi and bacterial challenge. Total RNA was isolated from five
mosquitoes from respective treatments as described above. One hundred nanograms of total
RNA were used to synthesize cDNA using a High-Capacity cDNA Archive Kit. The resulting
cDNA was stored at −20 °C until use. Primers based on An. gambiae cDNA sequences for
immune effector genes LYSC-2, LYSC-8, cecropin (CEC1) and defensin (DEF1) were designed
using the Beacon designer software; other primers were as described above. Sources and
sequences of gene specific primer sets are given in Table 1. Final concentrations of reagents
used for RT-PCR were 1X buffer, 200 μM dNTPs, 0.5 μM each primer, 0.2 μL (4 units)
Advantage Taq polymerase (Clontech Laboratories Inc., CA, USA). PCR cycle conditions
were: an initial denaturation at 95 °C for 3 min; then repeated cycles of 95 °C for 30 s, 60 °C
for 30 s, 72 °C for 30 s; and a final extension step at 72 ° C for 10 min. For LYSC-1, LYSC-2,
LYSC-8, CEC1 and DEF1, 35 cycles were used while 25 cycles were used for S7.
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2.8. Lysozyme activity assays
2.8.1. Turbidometric assay—For turbidometric assays, 30 μL of the protein (0.01mg/mL)
sample was incubated with 970 μL of M. luteus cells (0.3 mg/mL of purchased Micrococcus
lysodeikticus cells; Sigma) prepared in 0.1 M MOPS, pH 6.5. Decreases in turbidity were
monitored at 475 nm over a period of 60 s using a preset program in a Genesys 5
Spectrophotometer (Spectronic Instruments Inc. Rochester, NY, USA). For simplicity the
absorbance values versus time were plotted directly.

2.8.2. Zonal inhibition assay—The zonal inhibition assay was carried out as described
previously (Nasr et al., 2003). A solution of 1% agarose was prepared in 0.1 M sodium
phosphate buffer pH 6.5 containing 0.05 M NaCl. The melted agarose was mixed with
lyophilized powder of M. luteus cells to give a final concentration of 0.5 mg/mL cells and then
poured in sterile petri-plates. After solidification, 1.5 mm wells were made and 10 μL (0.01mg/
mL) of test samples were added to the wells. Plates were incubated at 37°C overnight. Buffer
served as negative control. In addition to lyophilized M. luteus, Lys c-1 activity was tested
against growing bacteria isolated from mosquitoes as well as representative non-mosquito
derived Gram-positive and Gram-negative bacteria. Each bacterium was grown on TSA
(Tryptic Soy Broth 30g/L containing 1.5% agar) plates. Wells (1.5 mm in diameter) were
punched in the agar using sterile plastic tip and 10 μL (of 0.01 mg/mL) of the purified lysozyme
preparation was applied to wells. Plates were incubated at 30 °C for overnight and the zone of
clearance was measured.

3. Results
3.1. Lysozyme activity in the 4a3B cell line following bacterial challenge

The abundance of LYSC-1 transcripts was measured by real time quantitative PCR before and
after treatment of 4a3B cells with heat-killed M. luteus (Fig. 1A). Expression of the LYSC-1
transcripts increased dramatically (15.8 fold; average of three replicates) 24 h after treatment
in three replicate experiments and remained significantly elevated at 72 h post treatment (10
fold).

To monitor muramidase activity in conditioned medium from the 4a3B cell line, turbidity
assays were performed. Results (Fig. 1B) indicated that lysozyme activity increases in
conditioned medium for a prolonged period following exposure to heat-killed M. luteus and
remains elevated through 120 h post challenge. Correspondence of this activity with elevated
levels of Lys c-1 (rather than another of the An. gambiae lysozymes) in the conditioned medium
24 h post challenge was confirmed by Western blotting with anti-Lys-c-1 antibodies (Fig. 1C).

3.2. Purification and identification of lysozyme c-1 from the conditioned medium
Lysozyme was purified from the cell culture medium of 4a3B cell line using a two step
purification protocol. Almost all of the lysozyme activity could be recovered following the
first ion exchange step (Fig. 2A). Gel filtration on Sephadex-G75 of fractions exhibiting the
highest lysozyme activity (Fig. 2B) from the ion exchange step yielded one major purified band
of about 14 kDa and a very faint band (probably in the femtograms range) running below the
lysozyme band (Fig. 2C). We confirmed this upper protein as Lys c-1 (GenBank accession no.
AAC47326) by ESI-MS and MS/MS (Biotech Center, UW Madison). The lower protein band
could not be identified as even a 10X concentrated protein sample was below the detection
limit of the MS instrument.
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3.3. Zonal inhibition assays against midgut-derived bacterial isolates and other bacteria
Because several lysozymes have been reported as active against Gram-negative bacteria
(Abraham et al., 1995; Ibrahim et al., 2001), we tested the mosquito enzyme for its activity
against Gram-negative as well as Gram-positive bacteria. For these assays, we chose bacteria
that were isolated from the midguts of laboratory colonies An. gambiae and An. stephensi, as
well as other bacteria from various sources. The respective bacteria were grown on tryptic soy
broth plates and the purified enzyme was applied to the wells. The results are described in
Table 2. We tested antibacterial activity in two samples, one from the peak fraction of the ion
exchange step and second in the purified fraction after second step of gel filtration. The
antibacterial activity was higher in the partially purified fraction of the first ion exchange step
as compared to the pure Lys c-1 indicating that additional antibacterial proteins are secreted
in the conditioned medium that exert antibacterial effect in concert. In this partially purified
fraction, the growth of most bacteria was inhibited except mosquito-derived Elizabethkingia
meningoseptica, Asaia krungthepensis, non-mosquito derived Asaia sp., Serratia
marcescens and Pseudomonas aeruginosa (data not shown). By contrast, purified Lys c-1 was
strongly active only against M. luteus and Bacillus subtilis. It had trace activity against two
mosquito-derived bacteria (GS-3 and GS-4; Table 2). Unexpectedly, Lys c-1 was not active
against a mosquito-derived strain of M. luteus from An. gambiae G3.

3.4. Lysozyme c-1 knockdown reduces the survival of mosquitoes upon infection with
bacteria

Since Lys c-1 did not directly kill many bacteria but is strongly induced by bacteria in
hemolymph from whole insects (Fig 3A) and in 4a3B cells (Fig. 1), we tested whether gene
knockdown would affect survival after exposure to mildly pathogenic bacterial strains. RT-
PCR results documented efficient KD of LYSC-1 that persisted to at least seven days after
injection of E. coli. The survival of mosquitoes injected with dsLYSC-1 was compared to
control dsGFP injected mosquitoes in two independent experiments using Log-Rank and
Gehan-Breslow-Wilcoxon test of survival curves. Silencing of LYSC-1 caused significant
mortality in the mosquitoes infected with E. coli as compared to a control group (p<0.0001
experiment 1 and p<0.005 in experiment 2; Fig. 3B and C). The majority of the mortality was
concentrated in the first 3 days after administration of the bacteria.

M. luteus infection in the LYSC-1 KD mosquitoes did not have any significant effects on their
survival (Fig. 4A). These bacteria are rapidly melanized in A. gambiae and LYSC-1 KD did
not alter that response. However, in contrast to the results for E. coli, LYSC-1 transcripts re-
appeared 96 h after M. luteus injection of KD mosquitoes (Fig. 4B). This result was repeated
in three independent experiments, although the timing of re-appearance of the transcript varied
somewhat.

3.5. Effects of LYSC-1 knockdown on transcript abundance of defensin, cecropin, LYSC-2
and LYSC-8 in mosquitoes

Since Lys c-1 does not kill bacteria directly but does enhance survival of the insects after
bacterial exposure, we hypothesized that this protein might produce small peptidoglycan
fragments which are needed to upregulate signaling cascades resulting in the production of
antimicrobial peptides. We measured transcript abundance for LYSC-2, LYSC-8, DEF1 and
CEC1 following LYSC-1 knockdown and after the introduction of E. coli. These four genes
were selected because they are all induced by bacterial inoculation. This was compared with
dsGFP mosquitoes that were challenged with bacteria and with dsLYSC-1 mosquitoes that
were not challenged. We found no evidence that LYSC-1 knockdown affected transcript
abundance for the other immune genes after bacterial injection (Fig. 5).
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4. Discussion
Expression of eight lysozyme genes in An. gambiae has been documented (Li et al., 2005;
Kang et al., 1996) but the functional roles of these proteins are unknown. Transcripts of several
lysozymes were more abundant in adult An. gambiae mosquitoes following infection with
bacteria or malaria parasites (Dong et al., 2006; Li et al., 2005). LYSC-1 and LYSC-2 transcript
abundance increased when adult female mosquitoes were challenged with E. coli or M.
luteus (Li et al., 2005) which suggested a possible role for these proteins in immunity.
Upregulation of LYSC-1 was even more striking in the An. gambiae 4a3B cell line after bacterial
challenge and we used this finding to further investigate the activity of this enzyme and its role
in mosquito immunity.

Lysozymes are defined by their ability to cleave peptidoglycan in the cell wall of bacteria and
this generally limits direct growth inhibition to Gram-positive bacteria (Nakimbugwe et al.,
2006) although there are a growing number of exceptions (Clarke and DuPont, 1992; Yu et al.,
2002; Gandhe et al., 2007). We investigated whether Lys c-1 can affect the growth of mosquito
midgut-derived bacteria since the midgut is likely to be the most common site of entry in natural
settings. Most of the bacteria identified in this study have been previously reported from
mosquitoes, including some insects that had been field-collected (Straif et al., 1998; Gonzalez-
Ceron et al., 2003; Favia et al., 2007; Lindh et al., 2008; Dong et al., 2009). Nine out of eleven
mosquito-derived bacteria belonged to the Gram-negative group suggesting that the midgut
environment is favorable for this type of bacteria. Gram-negative bacteria are generally
considered resistant to lysozyme, due to the outer layer of lipopolysaccharide and protein which
shields the peptidoglycan layer (Masschalck and Michiels, 2003). Secretion of lysozyme
inhibitors also has been proposed as a resistance mechanism of several bacteria (Masschalck
and Michiels, 2003). In keeping with these strong defense mechanisms, purified Lys c-1 did
not show growth inhibitory attributes against most bacteria when cultured under neutral
conditions in vitro. Perhaps most surprisingly, no activity was detected against a mosquito-
derived M. luteus strain (Table 2) suggesting that this Gram positive strain may exhibit unique
adaptations for life in the mosquito gut. Lys c-1 is expressed in the midgut and in the salivary
glands so resident gut bacteria are likely to be exposed to this protein. Purified Lys c-1 did
exhibit activity against non-mosquito derived strains of M. luteus and Bacillus subtilis, against
a commercially available preparation of lyophilized M. luteus, and against two mosquito-
derived bacteria, Klebsiella oxytoca (GS-4) and GS-3 (most closely related to an uncultured
bacterium from an ant lion (Dunn and Stabb, 2005).

Although purified Lys c-1 from the 4a3B cell line did not show significant growth inhibitory
activity against most mosquito-derived bacteria, the protein increased in conditioned media
after exposure to heat-killed bacteria and in hemolymph from adult insects after injection of
live M. luteus. An increase in c-type lysozyme gene expression following immune challenge
has been reported for several Lepidoptera (Fujimoto et al., 2001; Lee & Brey, 1995; Sun et al.,
1991; Mulnix and Dunn, 1994) and for adult mosquitoes (Li et al., 2005) and cultured cells
from Aedes aegypti or A. albopictus (Gao & Fallon, 2000; Hernandez et al., 2003). The strong
increase in Lys c-1 activity after immune challenge with Gram-negative or Gram-positive
bacteria is intriguing since Lys c-1 can directly kill only a small number of Gram-positive
bacterial species in vitro. To verify that Lys c-1 was important for mosquito survival after
bacterial challenge, we silenced the gene through RNA interference. The impact of Lys c-1
depletion varied by bacterial species demonstrating specificity in the response to the two
bacteria. Silencing of LYSC-1 in adult mosquitoes reduced their survival upon subsequent
infection with E. coli. In the absence of LYSC-1, the mosquitoes died at a rapid rate during the
first three days after infection but thereafter the mortality curve plateaued. By contrast, no
significant mortality was observed after M. luteus infection in the KD mosquitoes although
this bacterium is susceptible to Lys c-1 activity in vitro. Redundancy in antibacterial
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mechanisms could account for this observation. M. luteus is melanized within the hemocoel
within a few minutes or hours after introduction. This response appears to be quite effective
since M. luteus is rapidly cleared from the insect, unlike E. coli which persists for many days
after infection (Gorman and Paskewitz, 2000). In the beetle, Tenebrio molitor, melanization is
regulated by lysozyme which is necessary for the generation of peptidoglycan fragments that
are bound by a peptidoglycan recognition protein (Park et al. 2007). However, knockdown of
A. gambiae LYSC-1 did not affect rapid melanization of M. luteus.

We also considered the possibility that these effects (plateau and failure to affect survival after
inoculation with M luteus) resulted from lack of persistence of the silencing phenotype. When
we examined mosquitoes that had been silenced and then injected with E. coli, no transcripts
were detected at any time out to 7 days after the bacterial inoculation. However, LYSC-1
transcripts reappeared 48-96 h after M. luteus infection. This result indicates that silencing is
not systemic and that LYSC-1 may be expressed in a unique subset of cells only after M.
luteus introduction. Since extensive melanization of this bacteria occurs along the dorsal vessel
(unpub. obs.) and in hemocytes (Baton et al. 2009), we hypothesize that the generation of
replacements for the hemocytes involved in this reaction occurs and that these new cells now
express Lys c-1. Finally, we note that studies that rely on gene silencing to examine functional
roles of proteins over extended timeframes will need to incorporate controls to verify the
persistence of silencing during the entire observational period.

Since Lys c-1 did not directly kill E. coli in in vitro assays but did affect survival after exposure
to this organism, we considered three other possible roles for the enzyme. First, Lys c-1 might
produce peptidoglycan fragments that could activate transcription pathways that result in the
production of antimicrobial peptides, in a manner similar to that identified for Gram positive
bacteria and the TOLL pathway by Park and colleagues (2007). Second, Lys c-1 might assist
in the removal of peptidoglycan, thereby downregulating an antimicrobial response that is
likely to be costly to the insect. Finally, this lysozyme might act synergistically with other
antimicrobial mechanisms to destroy bacteria.

We tested the hypothesis that the loss of Lys c-1 might affect the expression of other
antimicrobial proteins which are responsible for clearing bacteria. Bacterially-induced
upregulation of AMP (antimicrobial peptide) gene expression might not occur if a failure to
produce small peptidoglycan fragments resulted in inefficient activation of the antibacterial
peptide signaling cascades. Conversely, AMP gene expression might be hyper-elevated if most
peptidoglycan fragments were not rendered non-immunogenic. In Drosophila, this latter
function is attributed to catalytic peptidoglycan recognition proteins (PGRPs) that hydrolyze
amide bonds between N-acetylmuramic acid and L-alanine moieties of PGN (peptidoglycan),
thereby “scavenging” PGN and downregulating AMP transcription pathways (Mellroth et al.,
2003; Zaidman et al., 2006). We examined transcript levels of CEC1, DEF1 or LYSC-2/8 in
LYSC-1 KD and E. coli challenged adult female mosquitoes. However, no significant
differences in transcript levels were noted in comparison with control insects following
introduction of E coli.

It remains possible that Lys c-1 acts synergistically with other antimicrobial mechanisms, and/
or affects key immune functions. Chalk et al. (1995) reported synergy between a chicken
lysozyme and insect cecropin (but not defensin) at physiological concentrations against E.
coli. Human peptidoglycan recognition proteins (i.e. PGLYRP) have been documented to act
synergistically against both Gram-positive and Gram-negative bacteria in conjunction with
lysozyme and lysostaphin (Lu et al., 2006; Cho et al., 2005; Wang et al., 2007). This synergism
is likely to occur in vivo because both PGLYRPs and lysozyme are found within granules in
the most abundant phagocyte, the polymorphonuclear leukocyte (Lu et al., 2006; Wang et al.,
2007). Phagocytosis by granulocytic hemocytes is important for clearance of bacteria in insects
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(Strand, 2008; Hillyer et al., 2003; 2004) and some insect PGRPs as well as Lys c-1 (Castillo
et al. 2006) are produced by hemocytes. Therefore, it is possible that Lys c-1 depletion may
cause impairment in removal of bacterial loads through synergy with other antibacterial
peptides in the hemolymph plasma or following phagocytosis by granulocytes.

In conclusion we have isolated and purified a lysozyme corresponding to Lys c-1 from a
mosquito-derived cell line 4a3B. Lys c-1 had limited direct effects on the growth of culturable
bacteria isolated from the community in mosquito midguts. However its depletion through
RNAi led to increased mortality in adult mosquitoes following challenge with Gram-negative
bacteria. We found this system a useful tool to produce, isolate and characterize an important
but neglected immune protein in vitro given the challenge in isolating it from whole mosquitoes
in sufficient amounts for biochemical studies. Future studies will investigate the kinetics of
Lys c-1 against specific targets under various conditions. Combining the cell culture system
and selective gene inhibition by RNA interference will allow further investigation of the role
of lysozyme c-1 in antibacterial immune responses.
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Figure 1.
Lysozyme expression in the Anopheles gambiae 4a3B cell line. A. Quantitative PCR for
LYSC-1 expression in 4a3b cell line following exposure to heat killed M. luteus. 0 TP as
Calibrator=Zero time point as calibrator. B. Muramidase activity in the conditioned medium
of control and bacteria challenged cells. Lysozyme activity was assayed via turbidometric assay
from 0 to 120 h in three replicates. Error bars represent standard deviation of the mean of three
independent measurements. C. Western blot of conditioned media from 4a3b cell line before
(lane 1) and 24 h after (lane 2) M. luteus induction.
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Figure 2.
Purification of lyoszyme c-1 from conditioned medium of 4a3B cells. A. Ion-exchange
chromatography of the crude cell culture medium. B. Gel filtration chromatography of peak
fractions from A. on Sephadex G-75. C. Silver stained gel from ion-exchange peak and G-75
fractions; Lane IE- ion exchange peak, lanes marked 19-25 are the respective fractions from
B. Fraction 22-24 were used for characterization of activity under varied conditions. Lysozyme
band is seen at an apparent molecular mass of 14 kDa marked by an arrow.
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Figure 3.
Induction and silencing of lysozyme c-1 in adult mosquitoes. A. Western blot demonstrating
induction of lysozyme c-1 in mosquito hemolymph following inoculation with M. luteus
(C=control; hpi= hour post infection; M=molecular mass marker. B and C. Kaplan Meier
survival curves of mosquitoes showing effect of LYSC-1 silencing after E. coli injection in two
independent experiments. One day old An. gambiae females were injected with 1.4 μg
dsLYSC-1 or an equal concentration of dsGFP as control. After 24 h the mosquitoes were
injected with E. coli. The mortality was monitored over seven days.
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Figure 4.
Effect of LYSC-1 KD on survival of mosquitoes after M. luteus injection. A. Mortality curve
following M. luteus infection 24 h after LYSC-1 KD. Results of four independent experiments
are shown. Error bars depicts standard deviation. B. Semiquantiative RT-PCR analysis of
LYSC-1 transcripts following injection of M. luteus.
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Figure 5.
Semiquantitative RT-PCR analysis of selective immunity gene transcripts in LYSC-1 KD and
E. coli injected mosquitoes over 72 h.

Kajla et al. Page 18

Comp Biochem Physiol B Biochem Mol Biol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kajla et al. Page 19

Table 1

Sources and sequences of primers used for semiquantitative RT-PCR and real time PCR.

Gene GenBank
Accession no.

Sense primer 5′-3′ Antisense primer 5′-3′

LYSC-1(RT-PCR) DQ007317 ATGAAAGTGTTTTCCACAGTTTTG AAAAACAGGAGCTAACATTCGG

LYSC-1(real time PCR) DQ007317 AATGTGAACTGGCAAAGG AGTCGTTTGAACCGTAGC

LYSC-2 AY659929 CTACCATCAGAAAGCAAATCAG TAGCCTCACCAACGGAAC

LYSC-8 DQ004402 AACGAGAGCCGATACGATAC CGCACCAGTAGTAGTTGTTG

Cecropin (CEC1) AF200686 CCAACAACAATGAACTTCTCC CTGCTGCCTTGAACACTC

Defensin (DEF1) X93562 AAGAGGGTGTGCCGTTCC GCCTGTGTTGTAAACTATTATCC

RPL31 XP 320630 TGGACAGCATTTGGGACGATTC TCACCTGGCAACGAAGTAAAGC

RPS7 L20837 CGCTATGGTGTTCGGTTCC TGCTGCAAACTTCGGCTAT
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