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The discovery and mapping of cis-regulatory elements is important
for understanding regulation of gene transcription in mosquito
vectors of human diseases. Genome sequence data are available
for 3 species, Aedes aegypti, Anopheles gambiae, and Culex quin-
quefasciatus (Diptera: Culicidae), representing 2 subfamilies (Cu-
licinae and Anophelinae) that are estimated to have diverged 145
to 200 million years ago. Comparative genomics tools were used to
screen genomic DNA fragments located in the 5-end flanking
regions of orthologous genes. These analyses resulted in the
identification of 137 sequences, designated “mosquito motifs,” 7
to 9 nucleotides in length, representing 18 families of putative
cis-regulatory elements conserved significantly among the 3 spe-
cies when compared to the fruit fly, Drosophila melanogaster.
Forty-one of the motifs were implicated previously in experiments
as sites for binding transcription factors or functioning in the
regulation of mosquito gene expression. Further analyses revealed
associations between specific motifs and expression profiles, par-
ticularly in those genes that show increased or decreased mRNA
abundance in females following a blood meal, and those accumu-
lating transcription products exclusively or preferentially in the
midgut, fat bodies, or ovaries. These results validate the method-
ology and support a relationship between the discovered motifs
and the conservation of hematophagy in mosquitoes.

gene expression | hematophagy | Aedes | Anopheles | Culex

M any mosquito species are vectors of pathogens that cause
widespread human diseases. This medically significant role
makes these insects the center of research, the aim of which is to find
ways to reduce the burden these diseases impose (1). The genomes
of 3 species, Anopheles gambiae, Aedes aegypti, and Culex quinque-
fasciatus, were sequenced (2, 3, http://www.vectorbase.org), and the
information acquired has furthered the knowledge of many aspects
of their biology. For example, genome-wide studies focusing on
mosquito immunity (4), olfaction (5), and insecticide resistance (6),
have led to proposals for innovative alternatives for vector popu-
lation management and control of disease transmission.

The feasibility of using genetics-based technologies to control
transmission of vector-borne diseases, either by limiting the size
of vector populations (population reduction), or altering the
populations so that they do not transmit pathogens (population
replacement), is a major research focus (1, 7, 8). Further
knowledge of the mechanisms involved in regulation of gene
expression in vector species is necessary for development of
these technologies. Promoter and other cis-acting regulatory
DNA fragments are needed to regulate restricted expression of
selected antimosquito or antipathogen effector molecules. The
possibility of designing synthetic promoters comprising well-
defined cis-regulatory elements (CREs) to drive robust and
tissue-specific transgene expression stimulated active research in
both biotechnology and gene therapy (9), and would be bene-
ficial for mosquito-based disease-control strategies. The avail-
ability of the 3 mosquito genomes allows comprehensive explo-
ration of CRE:s for these purposes.

www.pnas.org/cgi/doi/10.1073/pnas.0813264106

The search for mosquito CREs is complicated by several
features of the species and their corresponding genomes. In
addition to relatively long divergence times (Fig. 1), An. gambiae,
Ae. aegypti and Cx. quinquefasciatus have noticeably distinct
genome sizes [278, 1310, and 575 million base-pairs in length,
respectively (http://www.vectorbase.org)] caused in part by vari-
ations in amounts of repetitive elements, especially near the 5'-
and 3’-end untranslated regions of genes (3). The long diver-
gence times and variability make difficult CRE discovery and
analyses that require regional sequence alignments. An algo-
rithm, motif discovery using orthologous sequences (MDOS)
was developed that does not require anchoring of orthologous
sequences (10). MDOS assigns a conservation z-score, which is
a statistical measure of how often a specific, short-DNA se-
quence (7-9 nucleotides in our study) is conserved in the
putative control DNA of orthologous genes. We apply it here to
one-to-one orthologous genes to discover putative CREs con-
served among all 3 mosquito species. We also present evidence
of conservation of CREs associated with blood meal-regulated
genes among mosquito species of the Culicinae and Anophelinae
subfamilies.

Anautogeny, the requirement for a blood meal to promote egg
development, is conserved in the clades represented by An.
gambiae (Anophelinae) and Ae. aegypti/Cx. quinquefasciatus
(Culicinae) over divergence times estimated to be 145 to 200 Mya
(11). Hematophagy in mosquitoes stimulates a series of events
characterized by the induction and repression of specific genes
(12-14). The temporal-, tissue-, and sex-specific expression of
groups of these genes is hypothesized to be under some form of
coordinate regulation (15). Furthermore, it is proposed that this
coordinate regulation is achieved by the presence of common
CREs in control DNA in analogy to what is observed for
hormone-, heat shock-, or immune-modulated genes in insects
(16-18). Our findings support the conclusion that the shared life
history of hematophagy in mosquitoes is a selective force in the
conservation of CREs.

Results

Identification of Conserved Putative CREs in Mosquitoes. A separate
study produced the set of orthologous genes found between any
2 of the 3 mosquito species, An. gambiae, Ae. Aegypti, and Cx.
quinquefasciatus, analyzed here (http://www.vectorbase.org/
Other/ComparativeAnalyses). We focused on unique ortholo-
gous genes between pairs of species (one-to-one orthologues)

Author contributions: D.H.S., W.A.D., X.5.X., 0.M., and A.A.J. designed research; D.H.S. and
W.A.D. performed research; D.H.S., W.A.D., X.5.X.,, and K.M. contributed new reagents/
analytic tools; D.H.S., W.A.D., X.5.X., K.M., O.M., and A.A.J. analyzed data; and D.H.S.,
W.A.D., X.5.X,, K.M., O.M., and A.A.J. wrote the paper.

The authors declare no conflict of interest.
Freely available online through the PNAS open access option.
To whom correspondence should be addressed. E-mail: aajames@uci.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0813264106/DCSupplemental.

PNAS | March3,2009 | vol. 106 | no.9 | 3053-3058

—
S
Y
(4
o
-
=)
-]
[=]
w
S
o
Y
<

SCIENCES



http://www.pnas.org/cgi/content/full/0813264106/DCSupplemental
http://www.pnas.org/cgi/content/full/0813264106/DCSupplemental

Lo L

P

1\

=y

A
}Lalaeozoid Mesozoic | Cenozoic\
Permian | Tnassic__| Jurassic | Creataceou: | Tertiary |
I\:Iyrago . . . . 0
I I I I I T T
300 250 200 150 100 50 5
(40-60 mya)
+_ Drosophila virilis
Drosophila melanogaster
_[ Drosophila simulans
—_— |_Aedes aegypti
(22-52 mya)’ I—Culex quinquefasciatus
n Anopheles gambiae
(145-200 mya)
B Cq Ag Dm
Aa [ 7472 (7929) | 6967 (7021) | 5765 (6075)
Cq 7098 (7509) | 5645 (6279)
Ag 6509 (6817)
Fig. 1. Phylogenetic relationships of 6 dipteran species and numbers of

one-to-one orthologous gene pairs analyzed. (A) Schematic representation of
the deduced evolutionary history of Aedes aegypti, Culex quinquefasciatus,
Anopheles gambiae, Drosophila melanogaster, D. simulans, and D. virilis. The
nodes and branches depicted in the tree are derived from published data (11,
22,55). D. melanogaster and D. simulans represent the most divergent species
included in the Drosophila 12 Genomes Consortium Study (57). (B) Numbers of
pairs of one-to-one orthologous genes between species considered for the
discovery of conserved cis-regulatory elements. Numbers in parenthesis give
the gene pairsin the datasets before our screening procedures. Abbreviations:
Aedes aegypti (Aa), Culex quinquefasciatus (Cq), Anopheles gambiae (Aqg),
Drosophila melanogaster (Dm).

because selective pressures and drift may result in changes in the
sequences of control DNA in paralogous genes (19-21). Gene
pairs whose predicted assembly and primary structure were
ambiguous or uninformative were removed from this dataset,
resulting in 21,537 available combinations (see Fig. 1). Of these,
18,873 (87.6%) were present in all 3 mosquito species.

MDOS analyses identified a total of 1,001 motifs (391 7-mers,
432 8-mers, and 178 9-mers) between species pairs that were
conserved significantly (conservation z-scores =3) within DNA
fragments up to 2 kb in length located at the 5'-end gene
boundaries defined by VectorBase [supporting information (SI)
Table S1]. More conserved motifs (including reverse comple-
ment sequences) were found between Ae. aegypti and Cx. quin-
quefasciatus (n = 723) than between Cx. quinquefasciatus and An.
gambiae (n = 454), or Ae. aegypti and An. gambiae (n = 371). In
addition, comparisons between Ae. aegypti and Cx. quinquefas-
ciatus generally produced higher conservation z-scores. These
results are not surprising, given the more recent proposed
phylogenetic divergence between these 2 species (22). Uninfor-
mative “N” designations at the 5’- or 3’-ends were removed in
subsequent analyses and displays resulting in some motifs having
lengths of 6 nucleotides.

Of the 1,001 motifs, 153 were determined to be conserved
significantly (conservation z-scores =3) among all 3 mosquito
species (Table S1). MDOS comparisons also were made between
Drosophila melanogaster and each mosquito species to assess
conservation of the discovered motifs in a more evolutionarily
distant (=250 Mya) and nonblood feeding Dipteran. Sixteen of
the 153 motifs had conservation z-scores =2 among all four
Dipterans, and 4 of these (CGATCG, GATCGG, YGATCG,
and RCGATCR) were present with z-scores =3 in all mosquito-
fruit fly combinations. The remaining 137 show no consistently
significant conservation within 5'-end flanking regions of D.
melanogaster gene orthologues and these were designated “mos-
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quito motifs.” Twenty (14.5%) of the 137 mosquito motifs
received conservation z-scores =3 in only 1 pairwise D. mela-
nogaster/mosquito comparison, 6 (4.3%) received conservation
z-scores =3 in two D. melanogaster/mosquito pairwise compar-
isons, and none received a conservation z-score =3 in all 3 D.
melanogaster/mosquito comparisons. Mosquito motifs with
higher conservation z-scores among mosquitoes were in general
those receiving the lowest conservation z-scores in D. melano-
gaster/mosquito comparisons (Fig. 2). The TTTGACAG motif
and variations are associated with the highest conservation
z-scores in mosquitoes (Aa/Ag = 9.7, Aa/Cq = 11.4, Cq/Ag =
12.1), and have consistently negative conservation z-scores for D.
melanogaster/mosquito comparisons (Dm/Aa = -2.1, Dm/Ag =
-5.3, Dm/Cq = -0.4) (see Table S1).

A reciprocal MDOS analysis was applied to test whether the
results of the mosquito analyses were biased by the order in
which they were discovered. Drosophila melanogaster and mos-
quito orthologous genes were screened for conserved 8-mers
(Dmel-mosquito 8-mers) using the same criteria applied to the
mosquito pair analyses. Despite the discovery of 177 nonredun-
dant Dmel-mosquito 8-mers, none had a conservation z-score =3
in all three D. melanogaster/mosquito pairwise comparisons (see
Fig. 2 B-D; Table S1). Two motifs (ATCTWAATC and
CGATCKT) received conservation z-scores =3 in all mosquito/
mosquito combinations, and were designated previously as mos-
quito motifs (see Table S1). One, GTGGAAKT, received a
conservation z-score =2 in all 3 D. melanogaster/mosquito
comparisons and its biological function is currently unknown.

Mosquito Motif Enrichment Within Temporally and Spatially Defined
Gene Clusters. The 137 mosquito motifs were classified into 18
families (a—r) based on sequence similarity (Fig. S1 and Table
S1). Although sequence-based clustering defines putative CRE
families, each of the 137 mosquito motifs was tested individually
in subsequent analyses for association with genes that display
similar expression profiles, because different members of a motif
family may act as either activators or repressors of gene expres-
sion during reproductive development in mosquitoes (23, 24).
Expression data derived from Marinotti et al. (13, 14) on 8,661
An. gambiae genes were screened and used to cluster 4,067 of
these according to the time course (TC) of their mRNA abun-
dance profiles following a blood meal (103 TC clusters) or to
their exclusive or preferential accumulation in a specific tissue (9
clusters) (Table S2). A total of 624 associations comprising 122
of the 137 mosquito motifs (89%) were found within the 5'-end
flanking regions of genes whose mRNA abundance varied
significantly (P-value =0.01) in response to a blood meal (Fig.
S2, Table S3). Notable examples include the association of
GATA-containing motifs in the g family with genes up-regulated
at 3 h after blood meal (hPBM) (Fig. 3). Motif families a, b, c,
and e also showed significant association with genes whose
mRNAs increased in abundance following a blood meal. Sixty-
four motif-cluster associations identified 35 (26%) of the 137
mosquito motifs as enriched significantly (P-value =0.01) within
5'-end flanking regions of tissue-specific/enhanced gene clus-
ters, especially in those expressed within the midgut (23) (17%)
(see Fig. 3; Table S3). Of the mosquito motifs identified, 23 are
enriched significantly (P-value <0.01) in putative regulatory re-
gions of genes induced in the midgut of Ae. aegypti after a blood
meal (12) (Fig. S3; Table S4). Nine of the 23 are shared among
genes expressed in the midguts of Ae. aegypti and An. gambiae.
The motif/cluster associations were validated by shuffling the
nucleotides within each mosquito motif to produce random
permutations followed by expression-cluster enrichment analy-
ses. Permutations that did not maintain nucleotide composition
resulted in only 1 motif with associated P-value =0.001 (data not
shown). Permutations constrained to maintain nucleotide com-
position resulted in few shuffled motifs enriched (P-value
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Fig. 2.

Evolutionary conservation of motifs as evaluated using MDOS within 5’ flanking regions of orthologous genes. (A) Conservation z-scores for 137

mosquito enriched motifs derived through species pair-wise comparisons of the 5’ flanking regions of one-to-one orthologous genes shared between Aedes
aegypti (Aa), Anopheles gambiae (Ag), and Culex quinquefasciatus (Cq), evaluated in species pair-wise comparisons of orthologous genes of Aa, Ag, Cq and
Drosophila melanogaster (Dm). (B-D) Conservation z-scores for the 177 Dmel/mosquito 8-mers derived from species pairwise comparisons of either Dm and (B)
Aa, (C) Ag, or (D) Cq and evaluated in species pairwise comparisons of orthologous genes of Aa, Ag, Cq, and Dm. The dotted lines denote a conservation z-score

equal to 3.

=0.001) within the 5'-end flanking regions of genes whose
mRNA increased in abundance following a blood meal (11
motifs), or enriched in genes expressed in the midgut, fat body,
or ovaries (2 motifs) (Fig. S4). These results support the con-
clusion that the previously established associations are not
determined by nucleotide composition (for example, AT richness).

The sequences of 41 of the 137 conserved mosquito motifs
align with transcription factor binding sites (TFBS) identified
previously in 8 genes from mosquitoes using experimental
approaches, such as electrophoretic mobility shift assays, DNase
I footprinting, and deletion/mutational analysis (Table S5). Nine
motifs (GATAAGA, GATAAGM, GATAAGR, WGATAAG,
WGATAAGM, TGATAAG, WGATAAS, ATAAGATAA,
and YGATAAS) align perfectly or with 1 mismatch to GATA-
factor binding sites characterized for the promoter of the Ae.
aegypti vitellogenin-encoding genes [VgAl, 1.41842; VgB,
AY380797; VgC, AY373377 (25)] or the vitellogenin receptor-
encoding gene [VgR, L77800 (26)]. The TGATAAG motif also
is found in the putative cis-regulatory regions of vitellogenin
genes of Cx. quinquefasciatus, An. gambiae, An. stephensi, and An.
albimanus [CP1J001358, AF281078, DQ442990, AY 691327, re-
spectively; present study, (27)]. GATA-binding factors are both
positive and negative regulators of vitellogenesis (23, 28), and
discernible mRNA accumulation patterns are associated with
distinct members of the GATA-motif family. For example,
GATAAGAT and WGATWAGAT are enriched in An. gambiae
gene clusters whose mRNAs increase in abundance following a
blood meal, and WGATAAS is associated with both increases
and decreases (see Fig. 3). Three other conserved motifs
(TGACCTY, TGACCTC, TGACCT) align to known mosquito
TFBS of the ecdysone receptor and ultraspiracle complex (25,
29), and RTGACGTC aligns with a recognition sequence in a
gene encoding vitellogenin binding protein (30). These TFBS are
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associated with the regulation of vitellogenesis (31), and the
enrichment of the vitellogenin binding protein and ecdysone
receptor and ultraspiracle TFBS within specific gene-expression
clusters is consistent with this function (gene clusters induced
after a blood meal and those enriched within fat body). Finally,
6 motifs (YGATCKT, TTTGACAG, TATCAGY, YTAT-
CAGY, TWATCAGY, and TTTTATAC) aligned to putative
trypsin response elements (PTRE) or coordinating elements
located directly 5’ to the PTRE. The PTRE and its associated
elements have been implicated in the regulation of early and late
trypsin genes in response to the blood meal in anopheline
mosquitoes (32).

Discussion

The role CRE:s play in regulating gene expression during devel-
opment is well-established (33), and the development of tools for
their identification is an active area of research following the
publication of genome sequence and associated genome-wide
expression datasets. However, the discovery in silico of CREs is
challenging because typically they are short, degenerate, and
contained within vast amounts of intergenic genomic DNA.
Despite these limitations, various computational approaches
have been developed for their discovery (34-37). Comparative
genomics represents a powerful extension to CRE discovery that
diminishes these effects. Functional gene regulatory elements,
including CREs, are proposed to diverge at much lower rates
compared to neutral sequences because of selective pressures,
and therefore may stand out from surrounding neutral DNA by
virtue of their greater levels of conservation among orthologous
sequences. Previous work has demonstrated the utility of this
concept (38—40) and comparative genomics of insects has been
applied successfully to map putative CREs in the genomes of
relatively closely related Drosophila species, [divergence times
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Fig.3. Associations of mosquito motifs with gene expression profiles in An.
gambiae. Motif enrichment within (A) 5’-end flanking regions of genes in
clusters responsive to blood meal ingestion, and in (B) 5'-end flanking regions
of genes in clusters enriched in selected tissues. The significance of motif
enrichment is indicated by pseudocolor of -logio (P-value) determined
through hypergeometric statistics, and the median expression profile of each
gene cluster is shown below each respective column. Red and green colors
represent higher and lower relative mRNA accumulation, respectively. Aster-
isks (*) indicate a match to a previously described mosquito TFBS (Table S5).
Heatmaps were created with Matrix2png (58). FB, fat body; hPBM, hours post

blood meal; MG, midgut; OV, ovaries; TC, time course clusters (Table S2).

estimated =50 Mya (39)], in which orthologous intergenic
sequences are aligned more easily. The work presented in the
present study includes mosquito species with phylogenetic rela-
tionships spanning 20 to 200 Mya with genomic comparisons
complicated by large amounts of dispersed repetitive elements (3).
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The MDOS algorithm (10) was designed to mitigate these
problems by not requiring alignment of orthologous sequences,
and incorporating features that account for the greater proba-
bility for the co-occurrence of a motif because of shared ancestry
in orthologous sequences. The application of MDOS for com-
putational discovery of putative CREs shared among mosqui-
toes resulted in the identification of mosquito-specific or en-
riched motifs. These motifs demonstrate that MDOS can identify
related DNA sequences in diverged mosquitoes and may be
useful in similar scenarios in which genome sequences are being
analyzed for species that have no other closely related genomes
available. Furthermore, the identification in silico of GATA-
factor and other TFBS that are identical to those whose function
was established experimentally (25, 26, 28-30, 32, 41, 42) serves
as a powerful positive control for these analyses. The 5'-end
regions of immune-related genes from An. gambiae and D.
melanogaster were screened for conserved motifs, and AT-rich
domains were found to associate with NF«xB response elements
(43). These sequences were not identified in our analyses be-
cause the restrictions on the dataset we used eliminated many of
the immune-related genes where one-to-one orthology may be
difficult to establish. In addition, most AT-rich domains discovered
in their study were =6 nucleotides in length, and our analysis only
addressed those recovered with lengths of 7 to 9 nucleotides.

The 3 mosquito species included in this study require a blood
meal for successful reproduction. Although this trait is not
unique to this group of arthropods, acquiring the necessary
nutrients for egg development from ingested blood is a special-
ized adaptation in insects. There is debate on when and how
hematophagy arose in mosquito evolution (44), but it is hypoth-
esized that the occurrence of this trait in the larger clade is
monophyletic (45, 46). Most of the discovered mosquito motifs
are associated with blood meal-regulated genes. Thus, these data
support a common hematophagous ancestor for all mosquitoes,
and indicate that hematophagy acts as a selective force for
conservation of CREs.

The functionality of some of the discovered motifs was
supported further in An. gambiae and Ae. aegypti by their
association with genes displaying enriched transcription product
accumulation within tissues responsible for blood meal digestion
and reproduction. These findings bolster the conclusion that
these mosquitoes share a regulatory code controlling expression
levels for some genes regulated after hematophagy. The avail-
ability of additional genome-wide studies of gene expression for
all 3 mosquito species will facilitate discovery of other associa-
tions of the motifs with specific gene-regulation patterns.

The present study and similar genome-wide approaches to
identify putative CRE in mosquitoes (43) are furthering our
understanding of the mechanisms involved in gene regulation in
this group of vector insects. An expanded set of putative
mosquito CREs will allow the definition of genome-wide motif-
association maps and the identification of cis-regulatory modules
comprising multiple, linked CREs that convey specific patterns
of gene expression. Experimental validation of the functionality
of each discovered motif and regulatory module is necessary and
will provide support for the development of mosquito synthetic
promoters that deliver desired and predetermined expression
patterns in transgenic mosquitoes. Promoters that direct expres-
sion of transgenes specifically to the germ cells would be useful
for the development of gene-drive mechanisms for spreading a
desired (pathogen-resistance) trait in a mosquito population
(47). Gene-specific knockdown or robust expression of exoge-
nous odorant receptors or odorant binding proteins in the
antenna of anthropophilic mosquitoes could redirect their pref-
erences toward other animals (48). Targeted expression of
antipathogen effector genes in the midguts, salivary glands, and
hemolymph (via fat body-specific control DNA), 3 sites of
interaction of most pathogens with their insect vectors, could

Sieglaff et al.
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reduce mean intensities of infection to zero, preventing pathogen
transmission and disease (49). The availability of defined syn-
thetic mosquito promoters that direct controlled, local gene
expression in response to pathogens also would be a major
advance. These promoters will allow engineering of mosqui-
toes with increased parasite or virus resistance. These and
similar envisioned applications for mosquito control and the
control of mosquito-borne disease transmission will benefit
greatly from a better understanding of gene regulation mech-
anisms in these insects.

Materials and Methods

Sequence Datasets. Orthologous gene pairs among Culex quinquefasciatus
(genebuild CpiJ1.2), Aedes aegypti (genebuild AaeglL1.1), Anopheles gam-
biae (genebuild AgamP3.4), and Drosophila melanogaster (genebuild
BDGP4.3) were determined using the Ensemble Compara pipeline (50). This
pipeline is based on maximum likelihood phylogenetic gene trees built from
the gene transcripts and representing the evolutionary history of gene fam-
ilies. Duplication or speciation events are differentiated by comparing the
gene trees to the species tree. This method is analogous to the reciprocal
best-hit approach in the simple case of unique orthologous genes (one-to-one
orthologues). The resulting lists of genes are available from Vectorbase at
http://www.vectorbase.org/Other/ComparativeAnalyses.

All mosquito gene coordinates were obtained from VectorBase and D.
melanogaster data were from Ensembl APl (Ae. aegypti: Ensembl 49 geneb-
uild Aael1.1; An. gambiae: Ensembl 49, genebuild Agam3.4; Cx. quinquefas-
ciatus: VectorBase, genebuild CpiJ1.2; D. melanogaster: Ensemble 49, gene-
build BDGP4.3). Repeat-masked Cx. quinquefasciatus sequences were
obtained from VectorBase and all other genome sequences were retrieved
premasked using the Ensembl perl API (http://www.vectorbase.org/Help/
Help:Does_VectorBase_provides_masked_sequences). The one-to-one mos-
quito orthologous datasets were evaluated further before using in the MDOS
analyses. The pronounced intron elongation in 5’- and 3’-end UTRs resulting
from the insertion of repetitive elements within these regions (3) and the
presence of coding sequence incorrectly included in annotated UTRs were
mitigated by only using sequences found within fragments 2 kb in length at
the 5’-end of the annotated gene boundaries. Overlaps of these DNA se-
quences with adjacent genes were determined through use of fjoin (51) and
the sequences truncated accordingly. Only sequences with a final size =10
base (bp) were analyzed. Pairwise comparisons were conducted with MDOS
limits set for the discovery of 7-, 8-, and 9-mers.

Discovery of Evolutionarily Conserved Putative CREs Among Mosquitoes. Motifs
receiving a conservation z-score =3 in all 3 mosquito pairwise comparisons
were combined into a nonredundant list. To discover motifs with greater
exclusivity within the 3 mosquitoes, the conservation z-scores for each motif
in 2-kb 5’-end flanking regions of shared D. melanogaster orthologues also
were determined. A reciprocal analysis was conducted in which 8-mers conserved
in 5’-end flanking regions of one-to-one orthologs of D. melanogaster and each
mosquito species also were determined (conservation z-score =3), followed by
conservation z-scores determination of these motifs in the other 2 mosquito
species. This analysis addresses the effect of the order of motif discovery, and
whether the discovery process was biased by first discovering conserved motifs in
mosquitoes followed by assessment in D. melanogaster or vice versa.

The discovered motifs were grouped by a ‘“Familial Binding Profile’’ con-
struction through use of the STAMP program (52, 53), using default settings
(Metric = PCC, Alignment = SWU, Gap-open = 1,000, Gap-extend = 1,000,
nonoverlap-align Multiple Alignment = IR, Tree = UPGMA). Putative identi-
fications of the discovered motifs were determined using STAMP through
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comparisons to mosquito TFBS reported in the literature, with acceptable
matches defined as those with E-values <1 X 107> and no more than 1
mismatched nucleotide.

Clustering of Temporal- and Spatially Regulated An. gambiae Genes. Preexisting
microarray data (13, 14) were used to identify groups of genes with specific
temporal- or spatial-mRNA accumulation profiles. Alignments of probe se-
quences to the An. gambiae genome (Ensembl 49) were provided by Nathan
Johnson (Ensembl group, EBI). Probe-sets aligning to multiple genes or with
=2 probes with more than 1 mismatch were not included. One-way ANOVA
was performed to identify probe-sets (genes) with significant changes in
expression with a conservative false discovery rate of 0.001 (54), followed by
k-means clustering with Euclidean distance separation using open-source
software (MeV MultiExperiment Viewer v4.1.01, TM4 [55]). The probe sets
showing significant dynamic expression patterns following a blood meal were
clustered into distinct TC groups. To further refine the expression gene/cluster
assignments, probe-sets that align to the same gene were required to have a
Pearson’s Correlation Coefficient =0.9; otherwise, the respective gene was
removed from further analysis.

Expression values from 4 samples (whole-body females, midguts, fat body,
and ovaries, all processed at 24 hPBM) were analyzed by one-way ANOVA.
Probe-sets (genes) from each sample displaying =3-fold enrichment over the
remaining samples as well as having a P-value =0.05 (Tukey honest significant
difference) were considered to be enriched within the respective sample.

Determination of Association of Mosquito Motifs Within Expression Clusters.
The 5’-end flanking sequences of genes within each An. gambiae expression
cluster were scanned for the occurrence of the mosquito motifs, and their
enrichment scored using the hypergeometric distribution. The number of
genes containing a particular motif in their 5'-end flanking sequences is
designated K, and those occurring within a specific expression cluster, k. If the
total number of 5’-end sequences analyzed is N, and the number of genes in
that particular cluster is represented as n, all sequences without the motif
(“negative set”) would be N - K and those within the sample n - k. The
probability of observing by chance at least k matches within the cluster n can
be calculated through the equation:

e () (4 =)
min(n, K) k, n— k,

AT

n

Distributions of P-values obtained from mosquito-motif associations with
expression clusters were compared with those derived from alternative se-
quences. To generate alternative sequences, mosquito motifs were shuffled
following 2 different procedures: the first used a translation key (A = G; G =
T, T = C, C = A) to substitute the nucleotides at each position; the second
produced random permutations by shuffling the order of motif constituents,
maintaining the nucleotide composition.
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