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Abstract

Anopheles funestus, together with Anopheles gambiae, is responsible for most malaria transmission in sub-Saharan Africa, but little is
known about molecular aspects of its biology. To investigate the salivary repertoire of this mosquito, we randomly sequenced 916 clones
from a salivary-gland cDNA library from adult female F1 offspring of field-caught An. funestus. Thirty-three protein sequences, mostly
full-length transcripts, are predicted to be secreted salivary proteins. We additionally describe 25 full-length housekeeping-associated
transcripts. In accumulating mosquito sialotranscriptome information—which includes An. gambiae, Anopheles stephensi, Anopheles
darlingi, Aedes aeqgypti, Aedes albopictus, Culex pipiens quinquefasciatus, and now An. funestus—a pattern is emerging. First, ubiquitous
protein families are recruited for a salivary role, such as members of the antigen-5 family and enzymes of nucleotide and carbohydrate
catabolism. Second, a group of protein families exclusive to blood-feeding Nematocera includes the abundantly expressed D7 proteins
also found in sand flies and Culicoides. A third group of proteins, only found in Culicidae, includes the 30 kDa allergen family and
several mucins. Finally, 10 protein and peptide families, five of them multigenic, are exclusive to anophelines. Among these proteins may

reside good epidemiological markers to measure human exposure to anopheline species such as An. funestus and An. gambiae.

Published by Elsevier Ltd.
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1. Introduction

A highly anthropophagic mosquito, Anopheles funestus,
together with Anopheles gambiae, accounts for most malaria
transmission in sub-Saharan Africa. While An. gambiae
larval habitats are transient bodies of water created by rain,
An. funestus larvae develop in permanent water pools; for
this reason, An. funestus is the vector primarily responsible
for malaria transmission in the dry season. Both mosquito
species belong to the subgenus Cellia and are thus closely
related (Coetzee and Fontenille, 2004).

The salivary glands of the adult female mosquito serve a
dual function, assisting both blood and sugar feeding.
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Sugary solutions are delivered to the crop, a cuticle-lined,
inert organ from which food is slowly delivered to the
anterior midgut, while blood meals are delivered directly to
the midgut. Only adult females take blood meals, and this
is reflected in their much enlarged salivary glands, which
have distinct regions where glycosidases and lysozyme
(which prevent bacterial growth in the sugar meal) reside
along with anticlotting and other products assisting the
blood meal (Rossignol and Lueders, 1986; Marinotti et al.,
1990; Rodriguez and Hernandez-Hernandez, 2004).

In their adaptation to blood feeding, mosquitoes and
other blood-sucking animals have evolved a salivary
cocktail of pharmacologically active molecules that disarm
host hemostasis (platelet aggregation, blood clotting, and
vasoconstriction) and several arms of the inflammatory
response (Ribeiro, 1995; Ribeiro and Francischetti, 2003).
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Within the anophelines, this salivary cocktail has been
exposed through transcriptome analysis of the adult female
salivary glands. In An. gambiae, where a more extensive
sialotranscriptome analysis has been completed (Arca
et al., 2005), a catalogue of ~70 possibly secreted salivary
proteins has been identified assisting both sugar and blood
meals. Sialotranscriptome analysis of Anopheles stephensi
(Valenzuela et al., 2003) and Amnopheles darlingi (Calvo
et al., 2004) has been conducted before. In this work, we
describe the results from the analysis of 916 expressed
sequence tags (EST) generated from random sequencing
of a salivary gland cDNA library made from adult
An. funestus originating from Mali.

2. Materials and methods
2.1. Mosquitoes

Adult female An. funestus were caught in Niono
(irrigated area of Mali, 1415N 00600W) and sent to the
Malaria Research and Training Center of the University of
Bamako. The captured females were maintained in an
insectary under standard conditions for oviposition and the
F1 progeny used for salivary glands extraction.

Salivary glands (50 pair) were dissected and placed into a
solution of 75% RNA-Later (Ambion Inc.), 25% 1 x PBS
(RNAse free) and stored in 100% RNA-Later at —20°C
for isolating polyA" RNA at the Laboratory of Malaria
and Vector Biology (NIAID/NIH).

2.2. Library construction

An. funestus salivary gland mRNA was isolated from
50 salivary-gland pairs from adult females using the
Micro-FastTrack mRNA isolation kit (Invitrogen). The
polymerase chain reaction (PCR)-based cDNA library was
made following the instructions for the SMART cDNA
library construction kit (Clontech). Salivary gland polyA "
RNA was used for reverse transcription to cDNA
using PowerScript reverse transcriptase (Clontech), the
SMART 1V oligonucleotide, and the CDS III/3’ primer
(Clontech). The reaction was carried out at 42°C for 1h.
Second-strand synthesis was performed by a long-distance
(LD), PCR-based protocol using the 5 PCR primer and
the CDS III/3’ primer as sense and anti-sense primers,
respectively. These two primers also create Sfil 4 and B
restriction enzyme sites at the end of nascent cDNA.
Advantage™ Taq polymerase mix (Clontech) was used
to carry out the LD PCR reaction on a GeneAmp™
PCR System 9700 (Perkin-Elmer Corp.). The PCR condi-
tions were: 95 °C for 20s; 24 cycles of 95°C for 5s; 68 °C
for 6min. A small portion of the cDNA was analyzed
on a 1.1% agarose/EtBr (0.1 pg/ml) gel to check for the
quality and the range of the cDNA synthesized. Double-
stranded cDNA was immediately treated with proteinase
K (0.8pug/ml) at 45°C for 20min. Proteinase K was
removed using a Microcon YM-100 mini-column (100,000

MWCO; Millipore) following the manufacturer’s recom-
mendations.

The clean, double-stranded cDNA was then digested
with Sfil restriction enzyme at 50°C for 2h, followed
by size fractionation on a ChromaSpin-400 drip column
(Clontech). The profiles of the fractions were checked
on a 1.1% agarose/EtBr (0.1 pg/ml), and fractions contain-
ing cDNA of more than 400bp were pooled and
concentrated by mini-column as described above. The
cDNAs were then ligated into a 4 TriplEx2 vector
(Clontech), and the resulting ligation mixture was pack-
aged using GigaPack® III Plus packaging extract (Strata-
gene) according to the manufacturer’s instructions.
The packaged library was plated by infecting log-phase
XL1-Blue Escherichia coli cells (Clontech). The percentage
of recombinant clones was determined by performing a
blue-white selection screening on LB/MgSO, plates
containing X-gal/IPTG. Recombinants were also deter-
mined by PCR, using vector primers (5 A TriplEx2 and
3" A TriplEx2 sequencing primers) flanking the inserted
cDNA and visualizing the products on a 1.1% agarose/
EtBr gel.

2.3. Sequencing of the An. funestus cDNA library

The An. funestus salivary gland cDNA library was plated
on LB/MgSO, plates containing X-gal/IPTG to an average
of 250 plaques per 150-mm Petri dish. Recombinant
(white) plaques were randomly selected and transferred to
96-well Microtest'™ U-bottom plates (BD BioSciences)
containing 100pul of SM buffer (0.1M NaCl, 0.01M
MgSO, -7 H,0, 0.035M Tris-HCI [pH 7.5], 0.01% gelatin)
per well. The plates were covered and placed on a gyrating
shaker for 30min at room temperature. The phage
suspension was either immediately used for PCR or stored
at 4°C for future use.

To amplify the cDNA using PCR, 4pl of the phage
sample was used as a template. The primers were sequences
from the A TriplEx2 vector and named pTEx2 S5seq (5'-
TCC GAG ATC TGG ACG AGC-3) and pTEx2 3LD (5-
ata cga ctc act ata ggg cga att ggc-3'), positioned at the 5
and 3’ end of the cDNA insert, respectively. The reaction
was carried out in 96-well flexible PCR plates (Fisher
Scientific) using Platinum SuperMix (Invitrogen) on a
GeneAmp®™ PCR system 9700. The PCR conditions were:
1 hold at 95 °C for 3 min; 25 cycles of 95 °C for 1 min, 61 °C
for 30s; 72 °C for 2 min. Amplified products were analyzed
on a 1.5% agarose/EtBr gel. cDNA library clones (1100
clones) were PCR amplified; those showing a single band
were selected for sequencing. Approximately 200-250 ng of
each PCR product was used for DNA sequencing. cDNA
sequencing was carried out using a BigDye®™ Terminator
v3.1 cycle sequencing kit (Applied Biosystems), and
reaction products were analyzed on an ABI 3730x] DNA
analyzer (Applied Biosystems). A total of 1017 cDNA
library clones were sequenced, of which 916 were used in
this work.
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2.4. Bioinformatic tools and procedures used

EST were trimmed of primer and vector sequences,
clusterized, and compared with other databases as pre-
viously described (Valenzuela et al., 2003). For functional
annotation of the transcripts, we used the program blastx
(Altschul et al., 1997) to compare nucleotide sequences to
the nonredundant (NR) protein database of the National
Center for Biotechnology Information (NCBI) and to the
gene ontology database (Ashburner et al., 2000). The tool
rpsblast (Schaffer et al., 2001) was used to search for
conserved protein domains in the Pfam (Bateman et al.,
2000), Smart (Letunic et al., 2002), Kog (Tatusov et al.,
2003) and conserved domains databases (Marchler-Bauer
et al., 2002). We also compared the transcripts with other
subsets of mitochondrial and rRNA nucleotide sequences
downloaded from NCBI, and to several organism pro-
teomes downloaded from the NCBI (yeast), Flybase
(Drosophila melanogaster), or ENSEMBL (A4n. gambiae).
All blast comparisons were done with the complexity filter
off, but segments of polymononucleotides of 20 bases were
masked. All six frame translations were used in the case of
blastx or rpsblast. To identify possible transcripts coding
for secreted proteins, segments of the three-frame transla-
tions of all ESTs (because the libraries are unidirectional,
we did not use six-frame translations) starting with a
methionine found in the first 100 predicted amino acids
(aa), or the predicted protein translation in the case of
complete coding sequences, were submitted to the
SignalP server (Nielsen et al., 1997) to help identify
translation products that could be secreted. O-glycosyla-
tion sites on the proteins were predicted with the program
NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/)
(Hansen et al., 1998). Functional annotation of the
transcripts was based on all the comparisons above.
Following inspection of all these results, transcripts
were classified as either Secretory (S), Housekeeping (H),
or of Unknown (U) function, with further subdivisions
based on function and/or protein families. Sequence
alignments were performed with the ClustalX (Thompson
et al., 1997) software package. Phylogenetic analysis
and statistical neighbor-joining bootstrap tests of the
phylogenies were carried out with the Mega package
(Kumar et al., 2004). The programs hmmbuild and
hmmcalibrate of the hmmer package (version 2.0)

Table 1

Types of transcripts found in adult female Anopheles funestus salivary glands

(Eddy, 1998) were used to make a hidden Markov model
from clustal alignments, and the program hmmsearch was
used to search the NR protein database of the NCBI for
matches.

3. Results and discussion
3.1. ¢cDNA library characteristics

A total of 1017 clones were sequenced from which 916
(having less than 5% N and larger than 100 bp) were used
to assemble a clusterized database (Supplemental Table
S1), yielding 390 clusters of related sequences, 319 of which
contained only one EST. The consensus sequence of each
cluster is named either a contig (deriving from two or more
sequences) or a singleton (deriving from a single sequence);
in this paper, for simplicity sake, we will use the
denomination cluster to address sequences deriving both
from consensus sequences and from singletons. The 390
clusters were compared by blastx, blastn, or rpsblast
(Altschul et al., 1997) to several databases and to the
SignalP server. The EST assembly, BLAST, and signal
peptide results were transferred into an Excel spreadsheet
for manual annotation.

Four categories of expressed genes derived from the
manual annotation of the contigs (Table 1). The S category
contained 13.1% of the clusters and 54.4% of the
sequences, with an average number of 9.8 sequences per
cluster. The H category had 28.7% and 19.1% of the
clusters and sequences, respectively, and an average of 1.6
sequences per cluster. Fifty-seven percent of the clusters,
containing 26% of all sequences, were classified U because
no assignment for their function could be made; they had
an average of 1.0 sequence per cluster. A good proportion
of these transcripts could have derived from truncated 3’ or
5" untranslated regions of genes of the above two
categories, as was recently indicated for a sialotranscrip-
tome of An. gambiae (Arca et al., 2005). Indeed, the
average length of the U class was 344 bp, while the average
length for the S and H class were 710 and 630, respectively.
Probable transposable elements originated six singletons
representing either active transposition or, more likely,
expression of transposable element regulatory transcripts
in An. funestus. Notably, three of the transcripts code for
antisense transcripts of reverse polymerase enzymes. To the

Types of transcripts Clusters Sequences Sequences/cluster % of clusters % of sequences
Secreted (S) 49 496 10.1 12.6 54.1
Housekeeping (H) 113 176 1.6 29.0 19.2
Unknown (U) 222 238 1.1 56.9 26.0
Transposable elements (TE) 6 6 1.0 1.5 0.7

Total 390 916
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extent that our transcripts are unidirectional, these
transcripts may indicate that transposition suppression
may occur by antisense elimination of transposase mes-
sages. Transposable element transcripts have been a
regular finding in most sialotranscriptomes to date.

3.2. H genes

The 117 clusters (comprising 188 EST) attributed
to H genes expressed in the salivary glands of An. funestus
were further characterized into 14 subgroups according
to function (Table 2). As observed in previous sialotran-
scriptomes (Francischetti et al., 2002; Ribeiro et al.,
2004a, b), the two larger sets were associated with protein
synthesis machinery (76 EST in 31 clusters) and
with energy metabolism (18 clusters containing 30 EST).
We have also included in the H category a group of 16
singleton EST that code for conserved proteins of
unknown function presumably associated with cellular
metabolism. This group includes a protein previously
identified in the sialotranscriptome of An. gambiae,
possibly acquired in mosquito genomes by lateral transfer
from a prokaryote, and identified as a salivary membrane
protein associated with Plasmodium invasion of the
gland (Arca et al., 2005; Korochkina et al., 2006).
ESTs coding for proteins associated with signal transduc-
tion, protein modification, and protein export machineries
were also abundant. Transporters were also identified,
including those coding for two subunits of the V-ATPase
complex, which was found necessary for mosquito
salivation (Novak and Rowley, 1994; Novak et al., 1995).
Transcripts coding for V-ATPases are a common finding
in mosquito sialomes (Francischetti et al., 2002; Valenzuela
et al., 2002b, 2003; Calvo et al., 2004; Ribeiro et al.,
2004b). Additional inspection of each cluster for further
information can be done online with Supplemental
Table S1.

Table 2

Functional classification of the housekeeping genes expressed in adult female

3.3. S proteins and peptides

Inspection of Supplemental Table S1 indicates the
presence of several gene families previously described in
the salivary glands of mosquitoes, including the relatively
abundantly expressed D7, gSG6, gSG2, 30-kDa allergen,
antigen 5 (AGS5), and SGI families, as well as enzymes
associated with sugar (maltase) and blood (apyrase,
adenosine deaminase) feeding. A summary of these
transcripts organized by their abundance of protein family
is shown in Table 3.

Table 3
Classification of transcripts coding for putative secreted proteins in adult
female Anopheles funestus salivary glands

Types of transcripts Number of Number of % of all S-
clusters sequences type sequences
D7 6 72 14.5
2SG6 family 1 59 11.9
Others 8 53 10.7
2SG2 family 3 53 10.7
30-kDa allergen 2 48 9.7
2SG7 family 2 43 8.7
Mucins S 41 8.3
Anophelin 1 34 6.9
Antigen 5 1 31 6.3
SG1/Trio family 9 20 4.0
Maltase 1 17 34
Apyrase 2 10 2.0
Adenosine 1 5 1.0
deaminase
Immunity related 3 3 0.6
37.3-kDa family 1 3 0.6
Phospholipase A2 1 2 0.4
Peroxidase 1 1 0.2
Serpin 1 1 0.2
Total 49 496

Anopheles funestus salivary glands

Types of transcripts Clusters Sequences Sequences/cluster % of all clusters % of all sequences
Protein synthesis machinery 31 76 2.5 27.4 43.2
Metabolism, energy 20 32 1.6 17.7 18.2
Conserved 14 14 1.0 12.4 8.0
Signal transduction 10 12 1.2 8.8 6.8
Transporters 8 9 1.1 7.1 5.1
Protein modification 6 1.2 5.3 4.0
Protein export machinery 6 7 1.2 5.3 4.0
Cytoskeletal 5 S 1.0 4.4 2.8
Proteasome machinery 4 5 1.3 3.5 2.8
Transcription factors 2 2 1.0 1.8 1.1
Metabolism, carbohydrate 2 2 1.0 1.8 1.1
Nuclear regulation 2 2 1.0 1.8 1.1
Transcription machinery 1 1 1.0 0.9 0.6
Metabolism, oxidant 1 1 1.0 0.9 0.6
Metabolism, amino acid 1 1 1.0 0.9 0.6
Total 113 176
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3.4. Analysis of the adult female An. funestus
sialotranscriptome

Several clusters of sequences coding for H and putative S
polypeptides indicated in Supplemental Table S1 are
abundant and complete enough to extract consensus
sequences of novel sequences. Additionally, we have
performed primer extension studies in several clones
to obtain full- or near full-length sequences of products
of interest. A total of 58 novel sequences, 33 of which code
for S proteins, are grouped together in Supplemental
Table S2.

A detailed description of the transcripts found in the
salivary glands of adult An. funestus follows.

3.4.1. Secreted proteins belonging to ubiquitous protein
families

AGS5 family: This is a family of secreted proteins that
belong to the CAP family (cysteine-rich secretory proteins;
AGS proteins of insects; pathogenesis-related protein 1 of
plants) (Megraw et al., 1998). The CAP family is related to
venom allergens in social wasps and ants (Hoffman, 1993;
King and Spangfort, 2000) and to antifungal proteins in
plants (Stintzi et al., 1993; Szyperski et al., 1998). Members
of this protein family are found in the salivary glands of
many blood-sucking insects and ticks (Li et al., 2001;
Francischetti et al., 2002; Valenzuela et al., 2002b). In
An. gambiae, four such proteins were identified in
sialotranscriptomes, but only one (putative gVAG protein
precursor) had coding transcripts enriched in the adult
female salivary glands (Arca et al., 2005). The An. funestus
orthologue of the gVAG protein precursor (84% sequence
identity) was represented with 31 EST in the sialotran-
scriptome. The An. stephensi homologue was 85% iden-
tical. The function of any AGS5 protein in the saliva of any
blood-sucking arthropod is still unknown.

Enzymes: Supplemental Table S2 presents partial coding
sequences (truncated in the 5 region) for the enzymes
maltase, apyrase, 5’ nucleotidase, and adenosine deami-
nase. These enzymes are ubiquitously found in the salivary
gland of mosquitoes, where they assist in sugar feeding
(maltase) or in degradation of purinergic mediators of
platelet aggregation and inflammation.

3.4.2. Secreted protein families found exclusively in Diptera

D7 protein family: The D7 proteins belong to the
superfamily of odorant-binding proteins (Hekmat-Scafe
et al., 2000), but are peculiar to the salivary glands of
blood-sucking  Nematocera, including mosquitoes,
sand flies, and Culicoides (Arca et al., 2002; Valenzuela
et al., 2002a; Campbell et al., 2005). Short (~17kDa) and
long (~30kDa) forms are recognized, short forms being
found only in mosquitoes. Some of these proteins
have been associated with binding of biogenic amines
such as serotonin, histamine, and norepinephrine (Calvo
et al., 2006). Additionally, one short D7 protein from
An. stephensi, named hamadarin, was shown to prevent

kallikrein activation by Factor XIIa (Isawa et al., 2002). In
An. gambiae, five short and three long D7 proteins were
shown to occur as tandem duplications in chromosome 3R.
In An. funestus, we presently describe one long and four
short D7 proteins (Supplemental Table S2). Overall, the
An. funestus D7 proteins vary between 64% and 75%
identity with their An. gambiae closest match. Phylogenetic
analysis of the known anopheline D7 sequences shows
strong bootstrap support for the separation between long
and short proteins (Fig. 1). Notice also that the short D7
proteins fall into three robust clades, those containing the
An. gambiae D7-r1 and D7-r4, D7-r2 and D7-r3, and D7r5.
D7r5 is poorly transcribed in An. gambiae (Arca et al.,
2005), and homologues are not described in any other
sialotranscriptome, probably because of its transcript
rarity. This cladogram indicates that D7r1 and D7r4
probably arose from a single gene duplication event, as did
D712 and D7r3. The four short An. funestus proteins co-
cluster with the orthologous An. gambiae proteins, some-
thing that is not observed for the three short forms of
An. stephensi proteins included in the cladogram. The inner
branches of the long D7 clade, however, do not give strong
bootstrap support for the observed clusters. The D7 family
of genes is highly represented in the sialotranscriptome of
An. funestus, with a total of 72 transcripts or 14.5% of the
EST of the S class (Table 3).

Other Diptera-specific families: The full-length sequence
of a peptide containing Gly—Gly-Tyr repeats is described.
AFC-383 is similar to a previously reported salivary
Ae. aegypti peptide and one An. gambiae sequence and
less so to D. melanogaster predicted peptides. It is rich in
repeats previously found in worm antimicrobial peptides
and may assist the antimicrobial function of saliva. AFC-
151 is 96% identical to a previously reported peptide in the
salivary glands of An. gambiae containing Drosophila
retinin domain. Its function is unknown.

3.4.3. Secreted protein families found exclusively in
mosquitoes

30-kDa antigen family: Transcripts coding for members
of this acidic protein family, first identified as the 30-kDa
Aedes allergen (Simons and Peng, 2001) and also named
GE-rich protein (Valenzuela et al., 2003), were found in
all previously described transcriptomes of both culicine
and anopheline mosquitoes. Only one gene is known in
An. gambiae, the expression of which is enriched in salivary
glands of adult females. The An. funestus homologue is also
abundantly expressed in the sialotranscriptome, with 48
transcripts (9.6% of the S-class EST). It shares 63%
identity with the An. gambiae orthologue. The function of
this protein family is still unknown.

Mucins: Supplemental Table S2 presents two full-length
and one partial coding sequences for three proteins
containing >20-58 Ser/Thr galactosylation sites. These
proteins have 10.5-35% Ser + Thr in their composition and
present high similarity to previously described salivary
proteins of mosquitoes.
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Fig. 1. Phylogram of the salivary D7 proteins of anopheline mosquitoes showing the short and long D7 clades. An. gambiae proteins are marked with an
oval box. An. gambiae sequences (starting with ANGA) originate from the annotation given by Arca et al. (2005) and can be accessed online here.
An. funestus sequences from this work can be recognized by the AF prefix. An. stephensi, Anopheles dirus, and An. darlingi sequences can be recognized by
the four letters originating from the genus and species name and by NCBI accession numbers. The numbers in the phylogram nodes indicate percent
bootstrap support for the phylogeny. The bar at the bottom indicates 20% amino acid divergence in the sequences. The three different background shades

indicate the three robust clades in the family.

Salivary peptide similar to that in Aedes: AF-41 codes for
a mature peptide of 7.3kDa that is similar to an
An. darlingi salivary peptide and weakly similar to salivary
peptides of Ae. aegypti and Ae. albopictus. No significant
similarities to An. gambiae proteins can be found when
comparing AF-41 to ENSEMBL or the NCBI NR
databases. However, comparison of AF-41 using tblastn
to previously reported salivary gland ESTs from
An. gambiae (Arca et al., 2005) yielded 63% identity to
Ag-contig_222, which has not been identified before as
coding for a putative secreted protein (the An. gambiae
peptide has now been deposited in GenBank). This family
of peptides appear to be unique to mosquitoes.

3.4.4. Secreted protein families found exclusively in
Anophelines

SG1 protein family: The SG1 (or gSG1) family is thought
to be found uniquely in anopheline mosquitoes (Arca et al.,

2005). Six genes of this family are known in An. gambiae,
five of which reside in chromosome X (four of them
in a tandem configuration), while the gene coding for the
TRIO protein is in the 2R chromosome arm. All mature
proteins have molecular weight near 41kDa. Their
transcripts are found uniquely or enriched in the salivary
glands of adult females, suggesting a function in blood
feeding (Arca et al., 2005). They do not yield significant
similarities by blastp to other proteins in the NCBI
database except for other anopheline proteins. In
An. funmestus, we presently report full-length sequences
for two of the six An. gambiae orthologues, plus two
truncated sequences of two others. We additionally provide
one allele of gSG1b (Supplemental Table S2). Overall,
these five sequences are only 52-61% identical to the
An. gambiae orthologues. Members of this protein family
may be good immunological markers of human anopheline
exposure.
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gSG2 family: In An. gambiae, two genes code for the
glycine- and proline-rich proteins SG2 and SG2A, which
have mature molecular weights of 9.5 and 15.5kDa,
respectively. Their genes reside close to each other in
chromosome 2L and may be similarly regulated. Their
transcripts are found in female salivary glands and in whole
males but not in female carcasses deprived of the salivary
glands, indicating expression in both male and female
salivary glands, where they may assist sugar feeding,
possibly as an antimicrobial, or some other unique
glandular function. Their glycine-rich composition is
reminiscent of some antimicrobial peptides (Otvos, 2000).
In An. funestus, 53 transcripts were found coding for these
two family members, accounting for 10.7% of the S-class
transcripts. The An. funestus homologues are quite
divergent, having 54% and 62% identity with the
An. gambiae orthologues. Two orthologues were also
found in the An. stephensi sialotranscriptome (Valenzuela
et al., 2003). The New World species 4An. darlingi appears
to have at least three members of the family. Alignment of
the nine protein sequences shows that the SG2a of
An. gambiae acquired a 30-aa insertion (Fig. 2A). The
phylogram separates well the members of the Cellia
subgenus from the New World Nyssorhynchus. Notice
also that the two subgenus sequences diverged to the point
that no strong bootstrap support is found to join the Old
World and New World protein sequences, indicating the
fast evolutionary pace for this protein family. A hidden

A

Markov model was built from the alignment (excluding the
first 20 aa in the signal peptide region) and used to search
the NR database in an unsuccessful attempt to find other
family relatives (results not shown).

gSG6 peptide: The gSG6 peptide was first described in
An. gambiae (Lanfrancotti et al., 2002) and found to be a
unique protein sequence coding for a mature peptide of
~10kDa with 10 cysteine residues making probably five
disulphide bonds (Fig. 3). A homologue was later found in
the sialotranscriptome of An. stephensi. We here describe
the An. funestus orthologue, AF-1, having 81% and 76%
identities with An. stephensi and An. gambiae polypeptides,
respectively. Fifty-nine EST were found in the An. funestus
sialotranscriptome coding for AF-1, accounting for 12% of
all S-class transcripts. The spacing of the 10 cysteines is
unique to this protein family; when the pattern was
searched against >3.5 million sequences on the NR
database, only gSG6 proteins resulted with the 10 perfectly
spaced residues (not shown).

In An. gambiae, the transcript coding for gSG6 was
found specifically in adult female salivary glands by RT-
PCR, a result also supported by the Affymetrix chip array
indicating the gSG6 gene expression to be 16 times larger in
whole females than in males (Arca et al., 2005). The
function of this peptide is not known but is possibly
associated with the blood-feeding function.

gSG7 family: Two genes for this uniquely anopheline
family are known to exist in An. gambiae. Both gene
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Fig. 2. (A) Clustal alignment of the unique SG2 family of anopheline salivary peptides. The sequences shown are from An. darlingi (AD), An. stephensi
(AS), An. funestus (AF), and An. gambiae (AG). (B) Neighbor-joining phylogram. The numbers in the phylogram nodes indicate percent bootstrap
support for the phylogeny. The vertical bars show the Cellia and Nyssorhynchus subgroups. The bar at the bottom indicates 10% amino acid divergence in

the sequences.
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Fig. 3. Clustal alignment of the unique SG6 family of anopheline salivary peptides. The ten cysteines are shown in black background. Identities are
marked with “*’, strong amino acid conservations with “’, and other conserved amino acids with ‘.”. The sequences shown are from An. stephensi (AS),

An. funestus (AF), and An. gambiae (AG).
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AF_gSG7_2 LNRMVDKARQHENKFYARFTYAGMKTHAEYSSD@MESGRPMYYRNLRNLVKQTEK@WKL-- 118
AS_gSG7 LYKMVDKARQHENKFYARFTYAGKQHTEYSADGLESGRPLYYQALONLVKETLK@WTL-~- 118
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AD_SG7 LNALVDEAREHENKFYADFTYNGEGHIGTSYPO®LEKGRETYYENLKALEASTAK@RNM-- 118
AF_gSsG7 LKQMVTKVKDLEESFYAGFSYN@GHEHDQYSMQLEAAEPEYLNGLKELATETEK@LLQS- 119
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Fig. 4. (A) Clustal alignment of the unique SG7 family of anopheline salivary peptides. The sequences shown are from An. darlingi (AD), An. stephensi
(AS), An. funestus (AF), and An. gambiae (AG). The signal peptide region is not shown. Cysteines have black background, conserved amino acids (aa)
yellow background. Positions of similar aa are shown with bold characters on white background. (B) Neighbor-joining phylogram. The numbers in the
phylogram nodes indicate percent bootstrap support for the phylogeny. The bar at the bottom indicates 10% aa divergence in the sequences.

transcription products were shown enriched in adult female
salivary glands. The An. funestus sequences are 69% and
67% identical to the An. gambiae orthologues, and one of
them is 70% identical to one previously described
An. stephensi salivary protein. The New World species
An. darlingi also has two members of the family, 49% and
47% identical to the An. funestus orthologues. Alignment
of the seven known protein sequences of this superfamily
(Fig. 4A) shows a conserved framework of four cysteines
and also that a subset of three sequences has an extra odd
cysteine found only in the protein sequences of the Old
World SG7_2 subfamily (Fig. 4A). Similarly to the SG2
family, the phylogram (Fig. 4B) indicates the ancestral
mosquito originating these four species had both members

of the gene family, because the interspecies and not
intraspecies sequences form a cluster with strong bootstrap
support.

cES5/ Anophelin family: Thirty-four EST from An. funes-
tus sialotranscriptome matched uniquely anopheline pep-
tides similar to the previously described antithrombin of
Anopheles albimanus named anophelin (Francischetti et al.,
1999; Valenzuela et al., 1999). An. funestus anophelin is
only 59% identical to the An. gambiae orthologue. Notice
that overall there is less than 50% identity among five
known family members, including two New World species
that have shorter carboxyterminal regions when compared
with Old World species (Fig. 5). The alignment shows
three distinct regions: the conserved aminoterminus
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AG APQYARGDVPTYDEEDFDEESLKPHSSSPSDDGEEEFDPSLLEE-HADAPTARDPGRNPEFLR - -NSNTDEQASAPAASSSDS - - - 79
AF APQYAQGEEPTYDED - -DDEPVKPHSSADPDASYEEFDPSQLTE-YAN- - TAQDPGRRPHFLEQANSNNGDQLPSQSDSSSESTEH 83
AS APQYTHGEEPEYDEDDGADEPVQPHSSSNHADTEDDFDLSLLDKPYANAPENADPGRRPEFLK - - QHNNENQSDSSSGSTEN- - - - 80
AD APQYAPGEEPSYDEDTDD - -KLIENDTSITDEDYAEIEASLSQA--FG--TAADPGRR---LG----------- E--GKKP----- 59
AA APQYAPGDEPSYDEDTDDSDKLVENDTSITDEDYAAIEASLSET— -FN--TAADPGRR---LG----------- E--GSKP----- 61

**** *: * *** . ] . * **** *
Fig. 5. Clustal alignment of the anopheline family of antithrombin peptides. The sequences shown are from An. gambiae (AG),
An. funestus (AF), An. stephensi (AS), An. darlingi (AD), and An. albimanus (AA). The signal peptide region is not shown. Acidic amino acids (aa) are

red on yellow background. Identical aa are marked in yellow background. Other symbols are as in Figs. 3 and 4.

AG EEASTAAEKEQTTTEAS----- DSDEAAEKPDVEKDDSPKDKPDID-PVDFLVDVIKNGMKRVSG-FRDAISVLPFSFSG 73

AF KPATTAADKEQTTAAPESEKGANPTESVDSPDVKTDDKAKPRPDMK-PIEITIQQVIKDAIERVSGGLTESAKFPLFHF-- 77

AS APVAEP-EKEQTTAAPKADDD-SQKESVETPNVKTDDS PRDKPDMS - QVDFMQQVITSVMKQVADGFKDRLKVLPEFVL-- 76

AD KGVPVPEEGKEETTTVA----- ASTTTAAADSATTDTAKGDKPGIGSPPSFLKNIIDKAMNSLPPNIKERIQVIGLNF-- 73
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Fig. 6. Clustal alignment of the 8.2-kDa family of peptides. The sequences shown are from An. gambiae (AG), An. funestus (AF), An. stephensi (AS), and
An. darlingi (AD). The signal peptide region is not shown. Serine and threonine amino acids (aa) are marked in red on yellow background. Identical aa are
marked in yellow background. Other symbols are as in Figs. 3 and 4.
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Fig. 7. Clustal alignment of the 6.2-kDa family of peptides. The sequences shown are from An. gambiae (AG), An. funestus (AF), An. stephensi (AS), and
An. darlingi (AD). Symbols above sequences are explained in Figs. 3 and 4.

Ala—Pro—GIn-Tyr, which may be important for forming
the pyroglutamic acid in the aminoterminus (Abraham and
Podell, 1981; Valenzuela et al., 1999), and an acidic region
that might be important for interaction of the peptide with
the anion-binding exosite of thrombin. It is tempting to
speculate that the conserved Asp—Pro—Gly—Lys may be the
residue that locks into the enzyme active site.

8.2-kDa family: Sixteen EST from the sialotranscriptome
of An. funestus coded for a peptide having ~42% identity
to the 8.2-kDa salivary peptide of An. stephensi and similar
proteins from An. gambiae and An. darlingi. Peptides of
this family have a high composition of serine and threonine
aa (10% in AF-9, while the average on all proteins of
Supplemental Table S2 is 2.7, including the mucins) and no
cysteine residues in the mature peptide (Fig. 6). There are
nine predicted N-acetyl-galactosylation sites. In An. gam-
biae, this peptide was found enriched in adult female
salivary glands, suggesting a role in blood feeding.

6.2-kDa family. The first member of this peptide family
was described in a sialotranscriptome of An. gambiae (Arca
et al., 2005), where it was found enriched in adult female
salivary glands compared with other tissues. The
An. funestus member of this family is 61% identical to
the An. gambiae homologue, and 53% identical to an An.
darlingi peptide. Alignment of the three peptides (Fig. 7)
shows a remarkable conservation on the middle and
carboxyterminal regions. The aminoterminal region of
the mature peptide has three conserved prolines probably
making two loops with variable lengths, with the An.
darlingi sequence being the minimalist in this region,
lacking the third conserved proline.

Hypothetical family 13: AFC-202 has 46% identity to a
polypeptide previously identified in a sialotranscriptome of
An. gambiae annotated as hypothetical protein 13 (Fran-
cischetti et al., 2002), which codes for a mature peptide of
3.6kDa of unknown function. This peptide was found
ubiquitously expressed in An. gambiae tissues, and it is
possible that it plays a housekeeping or antimicrobial role.

Hypothetical family 15/17: AF-24 is 56% identical to an
An. gambiae salivary peptide previously annotated as
hypothetical salivary protein 15 (Francischetti et al.,
2002) and is also 40% identical to the salivary hypothetical
protein 17 of the same mosquito. In An. gambiae, the two
genes coding for this protein family are found as a tandem
repeat in chromosome X. Both gene transcripts are
enriched in adult female salivary glands, indicating a role
in blood feeding for this peptide family. An. stephensi and
An. darlingi also have protein family members as deducted
from previous sialotranscriptomes. Alignment of all known
sequences of this family (Fig. 8) shows only 11 absolutely
conserved residues in the mature peptide region. No
cysteines are found in the mature peptides.

Hypothetical 10/12 family: Previous anopheline sialo-
transcriptomes (Francischetti et al., 2002; Valenzuela et al.,
2003) identified a family of related peptides coded by two
similar genes and their products named hypothetical 10
and hypothetical 12 salivary proteins. The genes coding for
the An. gambiae protein lie as a tandem repeat on
chromosome arm 3R. Mature peptides have predicted
mass of 7.5-8kDa. Both gene transcripts were over-
represented in female salivary glands and in males
compared with female carcasses deprived of salivary
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Fig. 8. Clustal alignment of hypothetical family 15/17 of salivary peptides. The sequences shown are from An. gambiae (AG), An. funestus (AF),
and An. darlingi (AD). Symbols above sequences are explained in Figs. 3 and 4.
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Fig. 9. Clustal alignment of hypothetical family 10/12 of salivary secreted peptides. The sequences shown are from An. gambiae (AG), An. funestus (AF),
and An. stephensi (AS). Cysteines are marked in black background. Conserved amino acids (aa) are shown in yellow background. Conserved aa in either
the 10 or 12 amily are shown in red over yellow background. Symbols below sequences are explained in Figs. 3 and 4.

glands, suggesting a salivary role common to male and
females mosquitoes, possibly antimicrobial (Arca et al.,
2005). An. funestus putative salivary protein AF-29 is 46%
and 43% identical to An. gambiae proteins 12 and 10,
respectively, and 55% and 34% identical to the homo-
logous proteins of An. stephensi. This protein family has
four conserved cysteines in the mature peptide (Fig. 9) and
only eight positionally conserved aa; however, within each
family, a higher conservation is observed (29 and 19
residues for families 10 and 12, respectively).

3.4.5. H proteins

Supplemental Table S2 presents 25 additional proteins
that are classified as H, including in this group five
hypothetical conserved proteins, nine ribosomal proteins,
two cytoskeletal proteins, five enzymes involved in energy
metabolism, and proteins related to the protein modifica-
tion and protein export machineries. This group of 25
proteins is 95.9% +0.84 (mean+SE) identical to their
closest anopheline match in the NR protein database, as
opposed to 66.7% =+ 1.9 identity observed for the group of
salivary proteins, a highly significant difference similar to a
previous comparison made between the An. stephensi and
An. gambiae proteins that indicated a fast pace of evolution
for salivary proteins of mosquitoes (Valenzuela et al.,
2003).

3.4.6. Concluding remarks

The accumulating information on mosquito sialotran-
scriptomes, including An. gambiae, An. stephensi, An.
darlingi, Ae. aegypti, Ae. albopictus, Culex pipiens quinque-
fasciatus, and now An. funestus, is allowing a pattern to
emerge in the complex salivary composition of mosquitoes.
First, ubiquitous protein families are found recruited for a

salivary role, such as members of the AGS5 family and
enzymes of nucleotide and carbohydrate catabolism.
Second, a group of protein families exclusive to Diptera
includes the abundantly expressed D7 proteins, also found
in sand flies and Culicoides. A third group of proteins is
found only in Culicidae, including the 30-kDa allergen
family and several mucins. Ten protein and peptide
families, five of which are multigenic, are exclusive to
anophelines. Among these proteins may reside good
epidemiological markers to measure human exposure to
anophelines, and even between anopheline species such as
An. funestus and An. gambiae. Finally, among the 33
proteins presented in Supplemental Table S2 as possibly
secreted, we can ascribe at least one function for only 10 of
them, including the enzymes, the D7 proteins, and
anophelin, based on previous studies with homologous
proteins. The addition of An. funestus salivary proteins to
this protein pool of unknown function represents a natural
‘mutagenesis’ experiment that might help future studies
attempting to solve the function of these proteins involved
in blood or sugar feeding or antimicrobial activity.
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