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Abstract

Lysozymes are enzymes characterized by their ability
to break down bacterial cell walls. In insects certain
lysozymes are only found in the midgut, whereas others
are only found in the haemolymph and fat body after
immune challenge. We identified two lysozyme-encoding
cDNAs from Aedes aegypti. Both deduced protein
sequences are basic in nature, contain 148 amino acids
including eight highly conserved cysteine residues,
and their genomic sequences contain a single intron.
Transcriptional profiles indicated that the predominant
form is constitutively expressed and up-regulated upon
immune challenge and blood feeding in adult mosqui-
toes.The second form is expressed during early develop-
mental stages, larvae and pupae, and at low levels in
adults after immune challenge. Lysozymes in Aedes
aegypti play both roles, defined by the spatial and
temporal regulation of their expression.
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Introduction

Insects have exploited almost every niche on Earth due
in part to their ability to mount a rapid and potent immune
response to limit pathogen development. Insects lack the
acquired immune response found in higher organisms
but possess a well-developed innate response. Cellular
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mediated defences include phagocytosis, nodulation or
encapsulation of bacterial pathogens (Lavine & Strand, 2002;
Hillyer et al., 2003), or the melanization of larger organisms
that may be killed directly or by the expression of reactive
intermediates of nitrogen or oxygen (Nappi & Vass, 2001).
Humoral defences are characterized by an extremely rapid
induction of immune peptides: transcripts for immune
peptides are found within minutes of bacterial insult, and
may last for weeks (Lowenberger, 2001).

Studies of mosquito immune responses have looked
for novel molecules expressed specifically as a defence
mechanism to limit the development of human pathogens.
Less well studied is the role of constitutively expressed
molecules, which may be used in more than one role.

Lysozymes, present in a large range of organisms, are
defined by their enzymatic cleavage of the B1,4-glycosidic
linkage between N-acetylmuramic acid and N-acetylglu-
cosamine found in certain bacterial cell walls. Lysozyme
function has been widely described in species that ingest or
harbour bacteria throughout their life cycles, such as Musca
domestica and Drosophila melanogaster, and are charac-
terized as digestive enzymes (Regel et al., 1998; Terra &
Espinoza-Fuentes, 1987). In mosquitoes, lysozymes have
been classified as important components of the immune
system (Gao & Fallon, 2000). We hypothesize that lysozymes
play a dual role: one in a digestive manner to break down
ingested bacteria in the gut, and two as a defence response
against pathogens that enter the haemocoel. We describe
here a novel lysozyme cDNA and propose defensive and
digestive roles for lysozymes in Ae. aegypti.

Results

cDNA clones for Ae. aegypti lysozymes

We obtained the full length of Ae. aegyptiLys-A, previously
identified from an immune challenged cell line (Gao &
Fallon, 2000), and the gDNA of which contains a 74 bp intron.
We obtained a novel lysozyme cDNA, designated Lys-E
(GenBank accession number AY693973), comprising 636 bp
with a 5” untranslated region of fifty-five bases, a start codon
ATG, 444 bases that correspond to a protein of 148 amino
acids, a stop codon, forty-five bases of 3’ untranslated
region, the putative polyadenylation signal (AATAAA), 83
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Figure 1. cDNA and translated amino acid sequences of Aedes aegyptilysozyme-E sequence (GenBank accession number AY693973). The ATG start codon
and the TGA stop codon are indicated in bold. The underlined sequence indicates the putative signal peptide region, and the putative polyadenylation consensus
sequence is italicized. The intron found in the genomic clone occurs in E (103) and is indicated (A).

bases and the poly A tail (Fig. 1). The peptide is produced as
a preprotein and is activated by a cleavage event. There is an
intron of seventy-two bases in the genomic sequence (Fig. 1).

Screening and sequencing of clones isolated from a
genomic phage library yielded the two sequences described
as Lys-A and -E. Sequencing up to 5 kb upstream of the
coding region from both genes (data not shown) revealed
the existence of a TATA box around position —72 and a NF-
«B-like regulatory motif which are known to regulate immune
genes in Drosophila melanogaster (Engstrom et al., 1993).
At the amino acid level, these two Ae. aegypti lysozymes
differ by twenty-three residues, representing 83% shared
identity, and are significantly different from lysozyme D found
in the salivary glands (Valenzuela et al., 2002) (43% shared
identity).

Deduced physico-chemical properties and similarity to
other lysozymes

Aedes aegyptilys-E and -A have twenty-seven and twenty-
eight strongly basic residues (K and R), respectively,
accounting for nearly 18% of the total number of residues;
this confers the basic nature of these proteins with an
estimated isoelectric point of 9.40 and 9.45. The N terminus
of each protein is hydrophobic, suggesting the presence of
a signal peptide, with a predicted cleavage site between
positions A23 and K24 (EA-KK) (SignalP v.1.1). Cleavage
of the signal peptide produces active peptides of 14.3 and
14.4 kDa for Lys-E and -A, respectively, but does not alter
their isoelectric points. Protein sequence alignment with other
lysozymes from selected organisms (Fig. 2a) indicates they
belong to the chicken c-type, with eight highly conserved
cysteine residues at positions 29, 50, 84, 97, 101, 115, 135
and 146, the conserved active site glutamic acid (E55) and
aspartic acid (D72).

Phylogenetic analysis of insect lysozymes

cDNA and protein sequences were used to determine
the closest associations among insect lysozymes (Fig. 2b).
The data suggest an early divergence of lysozymes from a
common ancestor of Lepidoptera and mosquitoes. We
find a dichotomy between recruitment of lysozyme for a
digestive function (mainly in Cyclorrhapha flies) and as an
immune peptide (Lepidoptera). There also is a divergence
within the mosquitoes in that the salivary gland lysozyme is
quite distinct from the other mosquito lysozymes. It has
been suggested that this lysozyme serves to control the
microbial population ingested with a sugar meal (Rossignol
& Lueders, 1986). Although Lys-E and -A are expressed in
the midgut, an exclusive recruitment of these lysozymes
to a digestive function has not occurred: they are more
closely related to Lepidoptera immune genes than to
cyclorrhaphan digestive lysozymes or anopheline salivary
gland lysozymes.

Developmental, tissue specificity and induction of
lysozyme transcription in Ae. aegypti

We used real-time quantitative PCR (Q-PCR) to quantify
spatial and temporal expression of lysozyme transcripts.
Both lysozymes described here are found in all samples but
Lys-A transcripts were far more abundant. Transcripts for
both lysozymes were found in low levels in larvae and white
pupae, and only in these stages did transcript numbers of
Lys-E exceed those of Lys-A. In black pupae there was a
fifteen-fold increase in Lys-A transcripts but no significant
difference in Lys-E transcripts over levels found in white
pupae. There was a three-fold greater number of Lys-A over
Lys-E transcripts in recently emerged adults. Inoculation of
bacteria into the haemocoel induced a three-fold increase
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Figure 2. (A) Alignment of Aedes aegyptilysozymes with other selected insect lysozyme sequences. Gaps used to maintain optimal alignment are indicated
by dashes. Alignments were made using MEGALIGN (DNASTAR) by J. Hein method PAM 250. (B) Phylogenetic analysis of selected insect lysozymes. Topologies
were obtained using PAUP v.4.0b10 (Swofford, 2002). Accelerated likelihood explorations were performed using likelihood ratchets (Vos, 2003) in conjunction
with PAUP Rat (Sikes & Lewis, 2001). A strict consensus of the trees with the same best likelihood was considered the best phylogenetic tree. The sequences
used in the upper and lower panels are: Ae. aegypti A (gi|12044523|), Ae. aegypti B (gi|42764190|), Ae. aegypti C (gi|42763735|), Ae. aegypti D (gi|18568288),
Ae. albopictus (gi|20159661|), Armigeres subalbatus (gi|42765599|), Anopheles darlingi (gi|2198832|), Anopheles gambiae (gi|2133628|), Drosophila melanogaster
(gi|17975524|, gi|17985959|, gi|24654998|, gi|17136660|, gi|17136658| and gi|17136652|), Musca domestica (gi|33504660| and gi|33504658|), Hyalophora
cecropia (gi|159204|), Samia cynthia (gi|12082297|), H. virescens (gi|4097238|), Bombyx mori (gi|567099|) and Triatoma infestans (gi|32454476|).
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Figure 3. Real-time quantitative PCR (Q-PCR) profile of Aedes aegypti
lysozymes-A and -E in whole bodies or specific tissues after stimulation.
Standard curves were established for Lys-A, Lys-E and actin. Products from
each sample were normalized to actin levels in each cDNA. The bar charts
(mean + SD) represent differences in lysozyme transcripts over an average
of four replicates. Lanes: 1, 4th instar larvae; 2, white pupae; 3, black pupae;
4, adult naive; 5, adult 24 h post inoculation with bacteria; 6, fat body
dissected from naive adults; 7, fat body dissected 24 h post inoculation with
bacteria; 8, midguts dissected from naive adults; 9, midguts dissected from
adults 24 h post inoculation with bacteria; 10, midguts from adults 2 days
post blood-feeding; 11, midguts from adults 5 days post blood-feeding.

in Lys-A transcription but a significant decrease in Lys-E
expression (Fig. 3). In dissected tissues we find constitutive
fat body expression for both lysozymes. After bacterial
inoculation Lys-A transcripts increased nine-fold in the fat
body whereas Lys-E expression did not change significantly.
In the midgut, bacterial inoculation induced a nine-fold
increase in Lys-A transcription, whereas there was no
significant change in Lys-E transcripts (Fig. 3). Blood-feeding
induced significant expression of Lys-A transcripts over

naive insects or expression levels of Lys-E, but returned to
background levels within 5 days.

Lysozyme transcripts were found in all tissues; Lys-E
transcripts were found at low levels, with the highest relative
amounts found in larvae and black pupae. Transcripts were
found in adults or specific tissues in response to either
bacterial challenge or blood-feeding (Fig. 3b), but not to the
same level as for Lys-A. The expression of Lys-E seems to
be similar to that of Lys-X in D. melanogaster, which is
expressed in late larvae and early pupal midguts (Daffre
etal., 1994).

Discussion

In insects, lysozymes have been identified from larval and
adult digestive tracts and from salivary glands, suggesting
their role in digestion, whereas other reports have indicated
a major role in immune responses to pathogens. The data
presented here suggest a dual role of two closely related
but differentially expressed lysozyme genes in Ae. aegypti.
A primary digestive role is deduced for Lys-E (GenBank
accession number AY693973) during early developmental
stages where larvae primary feed on bacteria, a phenome-
non also observed in other insect larvae. In cyclorrhaphan
flies such as D. melanogaster and Musca domestica that
routinely feed on decomposing material containing bacteria,
midgut lysozymes may serve as digestive enzymes (Lemos
& Terra, 1991; Regel et al., 1998), and these enzymes may
have been modified to operate optimally at the acidic pH
of the midgut environment. In addition D. melanogaster
lysozymes are not expressed significantly in the fat body, and
are not induced in parallel with previously identified immune
peptides (Daffre et al., 1994). However, five D. melanogaster
lysozymes were shown to be up-regulated after oral infec-
tion by a protozoan parasite (Roxstrom-Lindquist et al.,
2004). In many nematocerans, lysozymes are found in the
haemolymph but not in the gut (Lemos & Terra, 1991), and
thus the recruitment of lysozymes as digestive enzymes,
and their adaptation to an acidic midgut (as opposed to the
mosquito midgut of pH 9.5-10.1), may have occurred after
the divergence of the Cyclorrhapha from the Nematocera.
During the metamorphosis of mosquitoes, many larval
tissues are histolysed and replaced with adult tissues
and structures. Within the pupa there must be provisions to
prevent the spread of bacteria from the gut throughout
the body. The expression of Lys-E in the larval and pupal
stages, as well as defensin expression in pupae, may
prevent bacteria-induced septicaemia within these insects.
In D. melanogasterLys-X is only expressed in the midgut of
early pupae and may play a similar protective role (Daffre
etal., 1994).

Lys-A appears to be the principal lysozyme in adult Ae.
aegypti. It is constitutively expressed, and is up-regulated
in the fat body and in gut tissues upon immune activation

© 2005 The Royal Entomological Society, Insect Molecular Biology, 14, 89—94



or after a blood meal, suggesting a multifunctional role for
this gene. However, the up-regulation of Lys-A after a blood
meal in Ae. aegypti contrasts with findings in Anopheles
gambiae, in which lysozyme expression increased with
sugar feeding but not with blood feeding (Kang et al., 1996).
Induction of Lys-A in midgut tissues is also observed after
inoculation of bacteria into the haemocoel, suggesting that
this enzyme can be exported bidirectionally to the gut and
also into the haemolymph, or that signalling cascades com-
municate between immune-competent tissues allowing for
expression of peptides in one tissue (midgut) after stimula-
tion of another (fat body) as has been described for other
immune peptides (Lowenberger, 2001). The expression
profile of mosquito lysozymes demonstrated here is similar
to that of other recognized immune peptides, and the simul-
taneous expression of several peptides may allow them to
act synergistically to eliminate bacteria from the haemocoel:
Escherichia colibecomes more susceptible to lysozymes in
the presence of attacins and the concentration of cecropin
required to Kill E. colidrops by an order of magnitude in the
presence of lysozyme (Chalk et al., 1994). The synchronized
expression of several effector molecules allows the insects
to clear potentially lethal microbial infections.

The increase of transcripts in fat body and guts after
bacterial inoculation supports our hypothesis that Lys A plays
a role mainly as a defence molecule. Surprisingly, we also
observe an up-regulation after blood-feeding in adult guts,
which may indicate that this gene shares regulatory elements
with other genes involved in digestion and could be turned
on to control the bacterial population ingested when sugar
feeding.

Lysozyme expression is controlled by a complex spatial
and temporal gene expression pattern, which defines its
functional use in the organism. Our initial data revealed
«B-like motifs in the genomic upstream region of each gene,
suggesting a strong similarity with mammalian regulatory
mechanisms and a conservation of such mechanisms among
organisms. With the sequencing of the Ae. aegyptigenome
underway, and the increasing number of EST libraries being
constructed (Bartholomay et al., 2004), it is very likely that
additional lysozyme genes in the mosquito will be identified.

Experimental procedures

Mosquito rearing

Aedes aegypti were reared as described previously (Lowenberger
et al., 1999). Immature stages (larvae, white pupae and black pupae),
and naive adults, were collected from rearing pans and immediately
frozen at —80 °C for subsequent nucleic acid isolation.

Immune activation

Adult Ae. aegypti were anaesthetized with CO,, maintained inac-
tivated on wet ice and immune activated as described previously
(Lowenberger et al., 1999).
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RNA extraction and reverse transcription

Total RNA was extracted from selected tissues or whole bodies of
adults orimmature stages, and cDNA synthesis was performed as
described by Lowenberger et al. (1999).

cDNA amplification and molecular cloning

Degenerate forward primers designed against consensus sequences
for several insect lysozymes were used in a standard PCR reaction
of 95 °C (4 min), and thirty-five cycles of 95 °C (10 s), 50 °C (10 s)
and 72 °C (30 s) on an Indy Air thermocycler (Idaho Technology).
PCR products were size fractionated on a 1.2% LMP agarose gel,
and bands were excised from the gel. Ligations, transformation,
plasmid preparations and DNA sequencing were performed as
described previously (Lowenberger et al., 1999). Because several
clones shared significant identity with published lysozyme
sequences we designed specific primers that we used in 5" and 3’
RACE using the Marathon cDNA synthesis kit (Clontech) to obtain
full-length cDNA sequences that were cloned, transformed and
sequenced as described above.

Sequence and identity analysis

Identity analysis of the deduced amino acid sequence of all sequences
was done using BLASTp (http://www.ncbi.nlm.nih.gov/Blast/).
Prediction of the signal peptide was performed using SignalP v.1.1
(http://www.cbs.dtu.dk/services/SignalP/output.html).

Transcriptional analysis

We used the cDNAs constructed from each developmental stage,
tissue or adult treatment group (naive, bacteria inoculated and
blood-fed) in a Q-PCR analysis using a Rotor-Gene 3000 (Corbett
Research) to quantify the amount of message for each lysozyme
sequence. Initial standard curves were constructed with known con-
centrations of our purified lysozyme cDNAs. We used actin to
standardize our cDNA samples. Standard 25 ul PCR reactions
were used but included SYBR-Green (Molecular Probes). Prim-
ers used were Lys-E-forward: 5-ATGGGAAACGCAAAGTTGCC-
3" and Lys-A-forward: 5-TCAGAATGAGAAACT TGAATTTAT-3
and lysozyme Q-reverse: 5-GTGTCGCTTGTAGATCTTTTTC-
3’. The PCR protocols used to quantify message were: Lys-A:
95 °C 3 min, and then thirty-five cycles of 95 °C for 15 s, 60 °C for
15s, 72°C for 25s; and Lys-E: 95 °C for 3 min and thirty-five
cycles of 95 °C for 15 s, 62 °C for 15 s and 72 °C for 25 s. Quanti-
fication, melt curve analysis and sample comparison were per-
formed with the Rotor-Gene v.5 software (Corbett Research).
Quantification compared levels of each lysozyme transcript
per unit of actin in the same samples. A three-fold difference in
transcript numbers was considered significantly different.

Phylogenetic analysis

Sequences were aligned using the Jotun Hein method within
the Megalign program from DNASTAR with PAM 250 residue
weight table. Topologies were obtained using PAUP v.4.0b10
(Swofford, 2002). Accelerated likelihood explorations were
performed using likelihood ratchets (Vos, 2003) in conjunction
with PAUP Rat (Sikes & Lewis, 2001) A strict consensus of the
trees with the same best likelihood was considered the best
phylogenetic tree.
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