
Mosquito RUNX4 in the immune regulation of PPO
gene expression and its effect on avian malaria
parasite infection
Zhen Zou1, Sang Woon Shin1,2, Kanwal S. Alvarez, Guowu Bian3, Vladimir Kokoza, and Alexander S. Raikhel2

Department of Entomology, University of California, Riverside, CA 92521

Edited by Kathryn V. Anderson, Sloan–Kettering Institute, New York, NY, and approved October 8, 2008 (received for review May 13, 2008)

Prophenoloxidases (PPOs) are key enzymes of the melanization
reaction, which is a prominent defense mechanism of arthropods.
The mosquito Aedes aegypti has ten PPO genes in the genome,
four of which (PPO1, PPO3, PPO5, and PPO8) were expressed in
response to microbial infection. Cactus depletion resulted in tran-
scriptional activation of these four genes, suggesting this up-
regulation to be under the control of the Toll pathway. The
silencing of Cactus also led to developmental arrest and death of
the avian malaria parasite, Plasmodium gallinaceum. We discov-
ered that RUNT-related transcription factor 4 (RUNX4), the ortho-
logue of Drosophila Lozenge, bound to the RUNT binding motif in
the promoter of mosquito PPO genes and stimulated the expres-
sion of Drosophila PPO-A1 and PPO3 in S2 cell line. The immune
effects caused by Cactus depletion were eliminated by double
knockdown of Cactus/RUNX4. These findings suggest that RUNX4
regulates PPO gene expression under the control of the Toll pathway
and plays a critical role in restricting parasite development.
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Mosquitoes are important vectors of numerous human dis-
eases, most notably malaria and Dengue fever. Current

research in mosquito immunity focuses on specific interactions
between pathogens/parasites and their vectors to develop novel
pest control strategies. Similar to Drosophila melanogaster, mos-
quitoes have two major immune signal transduction pathways—
Toll and IMD—which lead to the activation of two NF-��B
transcription factors—REL1 and REL2, respectively. In addi-
tion, the melanization reaction serves as an important defense
mechanism in the mosquito immune response (1). Melanotic
encapsulation (the production and deposition of melanin pig-
ments on the surface of pathogens or parasites) is a common
phenomenon found in many arthropods, including flies and
mosquitoes. This reaction requires the proteolytic activation of
prophenoloxidase (PPO). After initiation of the reaction by
pathogen pattern-recognition proteins, a serine protease (SP)
cascade is sequentially activated to finally cleave PPO to attain
its oxidase activity. The PPO activation cascade is negatively
regulated by serpins (serine protease inhibitors), such as D.
melanogaster Spn27A (2, 3), Anopheles gambiae Serpin-2 (4), and
Manduca sexta Serpin-3 (5).

The D. melanogaster genome contains three PPO genes—
PPO-A1, PPO-A3, and PPO3. Black cells (bc), which encode
PPO-A1, have been used as a maturation-specific marker of
hematopoiesis (6). RUNX are RUNT-related transcription fac-
tors containing a highly conserved RUNT domain. They are key
regulators in multiple developmental processes, ranging from
hematopoiesis to carcinogenesis. Recent reports have shown that
a Drosophila RUNX [Lozenge (Lz)] and a GATA transcription
factor (Serpent) are both necessary for hemocyte differentiation
and proliferation. The crystal cell-specific expression of Dro-
sophila PPOs is dependent on Lz (7); however, the effect of Lz
on insect immunity has yet to be elucidated.

Genome analyses revealed an expansion of the PPO gene
family in mosquitoes (8, 9). There are nine PPO genes in An.

gambiae and ten in Ae. aegypti, but only one to three in flies and
other insect species. In addition to melanization, PPOs are
essential for wound healing and hardening of the egg chorion.
The existence of multiple PPO genes in mosquitoes makes it
difficult to elucidate the functions and regulation of each
individual gene.

The melanization process in mosquitoes has drawn consider-
able attention since the discovery of an An. gambiae strain
refractory to the simian malaria parasite, P. cynomolgi (10). The
specific genetic traits of this strain lead to melanization of the
ookinetes and prevention of parasites developing into the oocyst
stage. In An. gambiae, the RNA interference (RNAi)-mediated
knockdown of C-type lectin 4 (CTL4), CTL mannose binding
lectin 2 (CTMA2), and Serpin-2 resulted in an increased resis-
tance of the mosquito to the rodent malaria parasite Plasmodium
berghei (4, 11). Both CTL4 and CTMA2 are hemolymph-
circulating C-type lectins that, when depleted, arrest develop-
ment of the rodent parasite and simultaneously enhance mela-
nization (11). Serpin-2 is a mosquito orthologue of Drosophila
Spn27A, which was proposed to control the melanization reac-
tion by inhibiting a clip-domain serine protease (CLIP) that
activates PPO. However, the role of melanization in defense
against malaria parasites in mosquitoes remains controversial.
The depletion of CTL4 and CTMA2 as well as Serpin-2 did not
dramatically affect the parasite development in the natural
vector–parasite system of An. gambiae and the human malaria
parasite Plasmodium falciparum (12, 13). Melanization has been
linked to the killing of malaria parasites in susceptible mosqui-
toes, although appears here only to be responsible for disposal
of dead parasites in the refractory strain (14).

Recently, it was reported that activation of mosquito immunity
by removing the NF-�B inhibitor Cactus blocked the prolifera-
tion of P. berghei (15). While the silencing of Cactus also
increased the melanization of parasite ookinetes, the link be-
tween immune system activation by Cactus depletion and ooki-
nete killing is not yet clear. In Ae. aegypti, the sequence analysis
of mosquito PPOs, their gene expression profiles, and compar-
ison between Cactus and Serpin-2 knockdown phenotypes
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against the avian malaria parasite suggest the presence of an
immune-inducible killing mechanism of the parasite. Here, we
show that four of the ten PPO genes are expressed in response
to microbial infection and that transcription is regulated by a
RUNT-related transcription (RUNX) factor and the Toll path-
way. Furthermore, the RUNX4-mediated immune activation
under regulation of the Toll pathway has a potential role that
largely restricts the parasite development.

Results and Discussion
Using the laboratory model system of the parasite Plasmodium
gallinaceum and the mosquito Ae. aegypti (16), the depletion of
Serpin-2 was shown to trigger the melanization reaction, which
resulted in formation of melanotic masses in the mosquito
hemocoel (Fig. 1 A and B). However, this did not decrease the
number of avian malaria parasite oocysts in the midgut (Fig. 1C).
These results are in accord with studies that used An. gambiae
and the human malaria parasite P. falciparum, but not the rodent
malaria parasite P. berghei (4, 12). In contrast to Serpin-2
depletion, knockdown of Cactus expression appeared to have a
broader effect on the immune system, which resulted in refrac-
toriness of Ae. aegypti against the same avian malaria parasite.
Developmental arrest and ookinete melanization occurred as a
local reaction in the midgut (Fig. 1D). Since Cactus acts as a
REL1 inhibitor, these results suggest that the Toll immune
pathway has the ability to block development of the P. gallina-
ceum parasite into oocysts in Ae. aegypti.

In the study of the Toll pathway, Cactus depletion resulted in
enhanced expression of four PPO genes (PPO1, PPO3, PPO5,
and PPO8) in Ae. aegypti (Fig. 2A). Therefore, we attempted to
explore the connection between anti-parasitic response by Cac-
tus depletion and transcriptional activation of PPO. When
compared with Drosophila and other insects, mosquitoes have a
significant expansion in PPO gene family. By amino acid se-
quence comparison, we found that some—but not all—mosquito
PPOs have a typical cleavage site for activation (supporting

information (SI) Fig. S1). This site, consisting of a decapeptide
with NR*FG (*:scissile bond) and a Y/F residue (11th residue
before *), is present in the majority of biochemically character-
ized PPOs from moths and beetles and in some PPOs from flies
and mosquitoes. There are only a few exceptions: G to S in
Drosophila PPO-A1 and Anopheles PPO7 and G to K in Tribo-
lium beetle PPO2. The cleavage activation site of PPO is similar
to the reactive site loop (RSL) sequence of Drosophila Spn27A
and its orthologues. The RSL of a serpin is the site that interacts
with its target protease to form a stable complex. The Spn27A-
related serpins share the NK-FG (P2-P2�) consensus residues
and Y/F at P11, which are very similar to the typical cleavage site
for PPO activation. This suggests that the Spn27A subclass serpin
could inhibit specific serine proteases, which proteolytically
activate PPOs. Interestingly, six Aedes PPOs and four Anopheles
PPOs do not have the typical cleavage site for PPO activation
(Fig. S1). With few exceptions, the phylogenic relationship of
insect PPOs generally supports the presence of a distinct group
of mosquito PPOs with the atypical cleavage site (Fig. S2). The
two unique characteristics of mosquito PPOs—mosquito-
specific family expansion and the presence of PPOs with an
atypical cleavage site—suggest the existence of another PPO
activation mechanism distinct from the melanization reaction
controlled by Serpin-2.

The silencing of Cactus by RNAi resulted in up-regulation of
a large group of genes, including four PPO, CLIP-B13B, TEP15,
TEP20 (TEP15 and TEP20 are two mostly expressed TEP genes
in the adult female mosquitoes; data not shown), and Defensin
A genes (Fig. 2 A). We also confirmed additional Toll-pathway-
dependent activation of CLIPs, such as CLIP-B5, -B13B, -B15,
-B24, -B29, -B35, and -B37, and serpins, including Serpin-2,
Serpin-4, and Serpin-9 (data not shown). The knockdown of
Serpin-2 resulted in weak activation of PPO, CLIP, and TEP
genes (Fig. 2 A). These results suggest a minor role of Serpin-2
in the suppression of the mosquito Toll pathway.
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Fig. 1. The interaction between mosquito melanization and the development of the malaria parasites. The spontaneous melanotic masses were only found
in the hemocoel cavities (internal tissue) of the mosquitoes with Serpin-2 depletion (B), but not in those with control luciferase dsRNA treatment (A) or Cactus
depletion (not shown). However, the development of Plasmodium ookinetes to oocysts was not notably affected by the activation of melanization reaction by
Serpin-2 depletion (C). In contrast, the proliferation of the malaria parasites to oocysts was almost not observed in mosquitoes with Cactus depletion by RNA
interference; instead, the melanized ookinetes were found in mosquito midguts (D). The transcript knockdowns for Cactus and Serpin-2 were confirmed by means
of Northern analysis (E and F). The black arrows, black arrowheads, and black stars indicate the melanotic masses, melanized ookinetes and fully developed
oocysts, respectively. (Scale bars, 100 �m.) A and B were photographed using Leica DMR; C and D were photographed using Nikon DXM 1200.
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An interesting result emerged when the expression profiles of
the PPO genes were compared with other Toll-pathway-
dependent immune genes in REL1� transgenic mosquitoes with
REL1 gain-of-function (17). We observed that the expression
profiles of the PPO genes were not affected by transgenic
over-expression of the REL1 transcriptional activator of the Toll
pathway (Fig. 2 A). However, expression of other Toll-pathway-
dependent immune genes, including CLIP-B13B, TEP15, and
TEP20, was substantially activated (Fig. 2 A). This indicates that
REL1 may not be the sole transcriptional activator of PPO genes
and that other activator(s) might be involved in the regulation.

To elucidate the transcriptional regulation mechanism of PPO
genes, we studied the expression profiles of the PPO genes after
microbial infection in the mosquito Ae. aegypti. Transcriptions of
PPO1, PPO3, PPO5, and PPO8 genes were induced after
bacterial (Enterobacter cloacae) and fungal (Beauveria bassiana)
infections in female mosquitoes (Fig. 2B). Interestingly, these
four inducible genes belong to the group characterized as having
mosquito-specific atypical cleavage sites (Figs. S1 and S2).
Additionally, reverse-transcriptase PCR (RT-PCR) analysis of
PPO6 showed a mild induction of transcription after fungal
challenge (Fig. 2C), but the mRNA level was not high enough to
be detected by Northern analyses. Also, the PPO6 gene has been
shown to be generally expressed during larval and pupal devel-
opment (18). PPO7, however, was not detected using either
RT-PCR or Northern analyses. The transcripts of the remaining
four PPO genes (PPO2, PPO4, PPO9, and PPO10), abundant
during the embryonic stage, almost disappeared during the
immune stage in female mosquitoes (Fig. 2C).

In Drosophila, a RUNX transcription factor, Lz, was reported
to be a transcriptional activator of PPO genes during hemocyte
differentiation and proliferation (7). All RUNX transcription
factors share a highly conserved DNA-binding RUNT domain,

which recognizes the consensus sequence TGYGGTY (19). The
promoter sequences of the inducible PPO genes from Ae. aegypti
contain at least one putative RUNT binding site (between �80
and �350) proceeding to the translation initiation codon ATG.
Therefore, we suspected the role of RUNX factor(s) to be in the
transcriptional activation of inducible PPO genes.

Although it has been predicted that the mosquito genome
encodes four RUNT-related proteins (RUNX1–4), the annota-
tion was incomplete with only the RUNT domain predicted.
First, we characterized full-length transcripts of four RUNX
genes by PCR-based cloning and RACE (Fig. S3). Mosquito
RUNX genes are 1:1 orthologues to Drosophila RUNX genes
when the RUNT domain was used for phylogenic analysis. Aedes
RUNX4 is an orthologue of Drosophila Lz (Fig. S4).

Among four mosquito RUNX genes, RUNX2 and RUNX4
were inducible by bacterial and fungal challenge, but transcripts
of RUNX2 were most abundant in 1-day-old eggs (Fig. S5). This
suggests a role for RUNX2 in embryonic development. The
transcripts of RUNX4 were detected at the highest level in
female mosquitoes 2 days after fungal infection (Fig. S5). The
expression levels of RUNX1 and RUNX3 transcripts were not
elevated by microbial infection (data not shown). Moreover, the
double knockdown of Cactus and one of the four RUNX factors
uncovered RUNX4 as a key transcriptional activator of the
inducible PPO genes under the control of the Toll pathway,
albeit the knockdown of RUNX2 slightly affected the transcrip-
tional activation of the same genes (Fig. 3A).

Gel mobility-shift assays revealed that the RUNX4 factor
specifically bound to the RUNT binding motifs from the pro-
moter sequences of immune-inducible PPO genes. The promoter
region of the PPO1 gene contains two putative RUNT binding
sites at approximately �350 and �280 from the translation
initiation codon, ATG. The in vitro-translated RUNX4 factor
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Fig. 2. Indirect activation of four immune-inducible PPOs by the Toll pathway. Four immune-inducible PPO genes were activated by Cactus depletion but not
by gain-of-function of REL1 in REL1� transgenic mosquitoes (A), indicating that REL1 transcription factor is not the sole factor involved. CLIP-SPs, serpins, and
TEPs were fully activated by both Cactus depletion and transgenic over-expression of REL1. Defensin A was also indirectly activated by the Toll pathway. Four
PPO genes were immune inducible by bacterial (E. cloacae) and/or fungal (the spores of B. bassiana) infection (B). The expression profiles of nine of ten PPO genes
were characterized using RT-PCR during immune response and embryonic development (C). Among the ten PPO genes, only transcripts of the PPO7 gene were
not detected using RT-PCR. Those of PPO2, PPO4, PPO9, and PPO10 were present during ovary and egg development rather than in female mosquitoes with or
without immune challenge. Using Northern analysis, immune induction of PPO3 was observed to have occurred in mosquitoes two days after E. cloacae infection
(B); a time point was not used in the RT-PCR experiments. Aedes actin gene was used as a RNA loading control. Serpin-1 is a serpin with the most similarity to
Serpin-2 and was used as a negative control. Naïve UGAL, UGAL mosquitoes without any treatment; 1D or 2D E. cloacae, UGAL mosquitoes 1 day or 2 days after
septic injury with E. cloacae liquid culture; 1D or 2D B. bassiana, UGAL mosquitoes 1 day or 2 days after septic injury with B. bassiana. iLuc, iCactus, iSerpin-1 and
iSerpin-2 indicate control (luciferase), Cactus, Serpin-1, and Serpin-2 dsRNA-treated mosquitoes, respectively. UGAL or REL1 � 24 h PBM, the wild-type UGAL,
or the REL1� transgenic mosquitoes 24 h after blood feeding.
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bound directly to the �350 RUNT binding motif (PPO1–2), but
not to the �280 motif (PPO1–1). Another RUNT binding motif
(PPO3) at approximately �80 in the promoter of PPO3 gene also
showed specific binding to the RUNX4 factor (Fig. 3B). In
addition, mosquito RUNX4 strongly activated the expression of
both Drosophila PPO-A1 and PPO3 genes in Drosophila S2 cell
line (Fig. 3C), proving that RUNX4 binds to RUNT motifs and
directly activates PPO genes.

After revealing the transcriptional activation of PPO1, PPO3,
PPO5, and PPO8 genes by RUNX4, we established a relation-
ship between the two immune pathways (Toll and IMD) and
RUNX factors in the regulation of inducible PPO genes. RNAi
complementation tests were performed between Cactus and the
transcriptional activators REL1 and REL2, as well as with
RUNX2 and RUNX4. The activation of CLIPs and TEPs by
Cactus depletion was complementarily abolished by REL1 only;
the activation of defensin A was eliminated only by REL2, a
transcriptional activator of the IMD pathway (Fig. 3D) (20).
Interestingly, the activation of PPO genes by Cactus depletion
was dismissed by double knockdown of either Cactus/REL1 or
Cactus/RUNX4 (Fig. 3D). Moreover, double knockdown of
Cactus/REL1 completely eliminated the expression of the
RUNX4 gene (Fig. 3D), which was shown to be specifically
activated by B. bassiana infection using RT-PCR analysis (Fig.
S5). Both REL1-dependent and fungal-specific activation of the
RUNX4 gene clearly indicate that the Toll pathway regulates the
expression of this gene in the mosquito. Thus, we propose that
RUNX4 activates the PPO genes after microbial infection under
the regulation of the Toll pathway.

Next, we investigated the role of RUNX4 in the anti-
parasitic response. Previous reports showed that development

of malaria parasites was significantly hampered in mosquitoes
in which immune systems had been activated before parasite
infection (15, 21). In our system, we observed that boosting of
mosquito immunity by Cactus depletion triggered killing and
melanization of the avian malarial ookinetes (Figs. 1D and
4A). Double knockdown of Cactus/REL1 rescued the killing of
parasite ookinetes by Cactus depletion (Fig. 4A). This impli-
cates a role for the Toll pathway in the defense against the
malaria parasites. However, only a partial restriction in Plas-
modium development was seen in REL1� transgenic mosqui-
toes with gain-of-function of Toll pathway when compared
with the immune activation by Cactus depletion (Fig. 4A and
Figs. S6–S9 for knockdown control). Moreover, transgenic
over-expression of REL1 failed to activate the inducible PPO
genes (Fig. 2 A). These results indicate that other immune
transcriptional factors are required for anti-parasitic activity of
REL1. Indeed, the depletion of RUNX4 abolished immune
effects caused by Cactus depletion. Cactus/RUNX4 double
knockdown significantly compromised both the refractoriness
of the mosquitoes against the parasite and ookinete melaniza-
tion, albeit slightly less than with Cactus/REL1 double knock-
down (Fig. 4 and S8 for the control of single REL1, REL2, and
RUNX4 knockdown). With this comprehensive information,
we propose that RUNX4 cooperates with REL1 in the anti-
parasitic response.

In conclusion, our study has revealed that the expression of the
four PPO genes is induced by microbial infection in the adult
female Ae. aegypti mosquito. We also found that a transcription
factor, RUNX4, is directly involved in the transcriptional acti-
vation of the PPO genes. Furthermore, RUNX4 might have a
crucial role in the defense against the development of the avian
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Fig. 3. Direct activation of four immune-inducible PPO genes by RUNX4. Only RUNX4 depletion compromised the activation of these genes by Cactus depletion
(A). Gel mobility-shift assay revealed the direct binding of RUNX4 to mosquito RUNT binding motifs (B). Two predicted motifs from PPO1 gene promoters, PPO1–1
and PPO1–2, and a motif from PPO3 were used for binding and competition assays. RUNX4 specifically activated the Drosophila PPO genes in Drosophila S2 cells
(C). Drosophila PPO-A1 (bc) and PPO3 genes were activated by Aedes RUNX4 in Drosophila S2 cells. The activation of Drosophila PPO-A3 was not detected using
this Northern analysis. The transcriptional activation of PPOs by Cactus depletion was compromised by both REL1 and RUNX4 (D). Defensin A was only partially
activated by Cactus depletion (less than 10%, compared with full activation at 5 h after E. cloacae challenge; data not shown), and the activation by Cactus
depletion was compromised only by REL2. This suggests that Cactus depletion partially activates the IMD pathway, which is independent of the REL1 transcription
factor. CLIP-B13B and TEPs were shown to be regulated only by REL1, not by RUNX4. The transcript knockdown for each RUNX was confirmed by means of RT-PCR
analysis (Fig. S8).
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malaria parasite P. gallinaceum in Ae. aegypti. This newly dis-
covered immune mechanism contributes to our understanding of
the immune interaction between the malaria parasite and its
mosquito host at the molecular level.

Methods
Experimental Animals. UGAL/Rockefeller, the wild-type strain of Ae. aegypti
mosquitoes, and a transgenic mosquito strain, REL1� (gain-of-function of
REL1) (14), were maintained in laboratory culture. Adult mosquitoes were
provided with water and a 10% sucrose solution. The avian malaria parasite
Plasmodium gallinaceum was maintained in the laboratory by natural trans-
mission between the Ae. aegypti UGAL/Rockefeller strain and chicks. Parasite
oocyst numbers were determined in midguts dissected 8 days postmosquito
infection and stained with 1% mercurochrome. Nikon E400 light microscopy
was used to visualize and count oocysts.

Molecular Cloning of RUNX Factors. The Runt binding domains from Drosophila
RUNX factors were used as query sequences to search AaegL1.1, June 2006
(Vectorbase) by TBLASTX. Four Runt-domain-containing proteins were

screened out from the genome, RUNX1 AAEL006160 (EAT42277.1), RUNX2
AAEL006167 (EAT42279.1), RUNX3 AAEL007036 (EAT41317.1), and RUNX4
AAEL007040 (EAT41314.1). Although automated annotations predicted only
the Runt binding domain of each RUNX gene, the prediction was improved
using other gene prediction programs (BGF: Beijing gene finder, Genewise,
and NCBI blast 2.2.14). Finally, the full-length cDNA sequences of four Ae.
aegypti RUNX factors were obtained by a combination of PCR-based cloning
and both end RACE experiments. Rapid Amplification of cDNA Ends (RACE)
was performed using the SMART RACE cDNA Amplification Kit (Clontech).
Total RNAs from mosquitoes were reverse-transcribed to first-strand cDNA
with adapters and then applied to PCR with RACE primers; RT-PCR for con-
ventional cloning was done using a two-step method. Reverse transcription
was carried out using an Omniscript reverse-transcriptase kit (Qiagen) with
oligo(dT) primers and PCR was performed using Platinum High Fidelity Super-
mix (Invitrogen). The Ae. aegypti sequences reported in this paper have been
deposited in the GenBank database, with the following accession numbers:
EU604099 (RUNX1), EU604100 (RUNX2), EU604101 (RUNX3), and EU604102
(RUNX4). Primers used for molecular cloning are indicated in materials and
methods of SI Methods.

Gene Expression Knockdowns. For gene silencing, double-stranded RNA
(dsRNA) was synthesized with T7 RNA polymerase. The T7-phage promoter
sequences into both sense and antisense sequences of target genes were
incorporated to generate template cDNAs containing T7 tag. RT-PCR was
performed using the Titan one-step RT-PCR kit (Roche) with samples of 0.2 �g
total RNA as templates to generate 400-bp to 1-kb gene-specific cDNA frag-
ments. Synthesis of dsRNA was accomplished by simultaneous transcription of
both strands of template DNA using the MEGAscript kit (Ambion). The lucif-
erase gene was used to generate control iLuc dsRNA. A Picospritzer II (General
Valve) was used to introduce corresponding dsRNA into the thorax of CO2-
anesthetized mosquito females, at 1–2 days posteclosion. The knockdown of
a specific transcript was confirmed by Northern analysis for Cactus and Ser-
pin-2 (Fig. 1 E and F) or RT-PCR for RUNX genes (Fig. S9). Primers used for
amplification are indicated in SI Methods.

Septic Injury, RNA Preparation and Northern Analysis. Septic injuries were
performed by pricking mosquitoes in the rear part of the abdomen with an
acupuncture needle (0.20 � 25 mm) dipped into either Enterobacter cloacae
bacterial culture (stationary phase of bacteria in LB broth; OD approximately
2.0) or a fungal spore suspension (approximately 5 � 107 viable spores/ml) of
B. bassiana strain GHA. The viable spore number was calculated by spreading
the suspension onto Sabouraud dextrose Emmons agar plates. Total RNA was
prepared using TRIzol (GIBCO/BRL); 5 �g of total RNA from each sample was
separated on a formaldehyde gel, blotted, and hybridized with the corre-
sponding 32P-labeled DNA probe.

Electrophoretic Gel Mobility-Shift Assay (EMSA). RUNX4 protein was synthe-
sized by a coupled in vitro transcription–translation (TNT) system (Promega).
The cDNA clone encoding the full length of RUNX4 was subcloned into
pcDNA3.1/Zeo (�) (Invitrogen). Sense and antisense oligonucleotides for each
motif were synthesized for three predicted RUNT binding motifs from two
mosquito PPO gene promoters. The sense oligonucleotide sequences are:

PPO1–1, 5�-ATCGTGCAGTTGTGGTTTGGAATATGT-3�
PPO1–2, 5�-ATCACGGTTGTGCGGTCCCACAGATTT-3�
PPO3, 5�-TTGTGGAGATTGCGGTTTCCGTCCATG-3�.
The annealed deoxyoligonucleotide of each RUNT motif was purified from

15% TBE Criterion Precast Gel (Bio-Rad). Double-stranded oligonucleotides
were labeled with �-32P ATP. EMSA was performed using a gel-shift assay
system (Promega). The DNA–protein complex was separated on 5% TBE
Criterion Precast Gel (Bio-Rad) and visualized by means of autoradiography.
For competition assay, 15-fold cold motif or non-specific control AP-2 motif
was incubated with RUNX4 for 10 min and then further incubated with
labeled PPO1–2 motif for 20 min.

Transfection Assay in Drosophila S2 Cell Line. Coding region sequences of Ae.
aegypti REL1 (REL1-A isoform), REL2 (REL2 Rel-type isoform), RUNX2, and
RUNX4 were amplified by means of PCR, inserted into pAC5.1/V5/HisA vector
(Invitrogen) and used to transfect Drosophila S2 cells. Cells (2 � 106 per mL)
were distributed on 35-mm plates in Drosophila Schneider’s medium (GIBCO)
supplemented with 5% FBS (GIBCO) and 1X antibiotic–antimycotic (GIBCO).
The cells were transfected with 1 �g of each plasmid construct and incubated
for 6 h in serum-free Schneider’s medium, which was then removed and
replaced with complete medium. The cells were then incubated for 48 h,
followed by bacterial challenge using heat-inactivated E. cloacae and then
incubated for an additional 5 h. Total RNA was isolated from harvested cells
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Fig. 4. Crosstalk between REL1 and RUNX4 transcription factors during the
interaction with the avian malaria parasite. Cactus depletion restricts P.
gallinaceum development and triggers ookinete melanization, both of which
are compromised by both REL1 and RUNX4 (A and B). Mosquito midguts from
each treated sample were dissected and the numbers of developed oocysts
and the melanized ookinetes were scored eight days after blood feeding with
P. gallinaceum-infected chicken. Data from oocysts were collected from three
independent experiments in the comparison between UGAL and REL1� trans-
genic mosquitoes (Fig. S6) and from four independent experiments with
dsRNA-treated mosquitoes (Fig. S7) and pooled; resulting sample sizes are
shown in brackets. (A) The number of fully developed oocysts in each midgut
is shown as a circle. The mean number of parasite oocysts for each group is
indicated with a black bar. (B) Mean values of melanized ookinetes for each
independent experiment are indicated by black columns. The average of
mean numbers from four experiments is shown on the top of columns.
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using the TRIzol method (Invitrogen), and samples were then subjected to
Northern analysis.

Computational Analysis. All sequences retrieved from NCBI or Ensembl were
aligned using ClustalX2.0 (Blosum 30 matrix, a gap penalty of 10, and an
extension gap penalty of 0.1). A phylogenetic tree was constructed using the
neighbor-joining method and displayed using Treeview. Plasmodium data
collected from three or four independent experiments were analyzed using

the Kolmogorov-Smirnov goodness of fit test and pooled. Sample sizes with
brackets are shown. Statistically significant differences between samples were
evaluated using the Mann-Whitney U test (Graphpad 5.0) and P values are
marked on the graphics.
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