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Anopheles stephensi mosquitoes expressing m1C3, m4B7, or
m2A10 single-chain antibodies (scFvs) have significantly lower
levels of infection compared to controls when challenged with
Plasmodium falciparum, a human malaria pathogen. These scFvs
are derived from antibodies specific to a parasite chitinase, the
25 kDa protein and the circumsporozoite protein, respectively.
Transgenes comprising m2A10 in combination with either m1C3
or m4B7 were inserted into previously-characterized mosquito
chromosomal “docking” sites using site-specific recombination.
Transgene expression was evaluated at four different genomic lo-
cations and a docking site that permitted tissue- and sex-specific
expression was researched further. Fitness studies of docking site
and dual scFv transgene strains detected only one significant fit-
ness cost: adult docking-site males displayed a late-onset reduction
in survival. The m4B7/m2A10 mosquitoes challenged with P. falci-
parum had few or no sporozoites, the parasite stage infective
to humans, in three of four experiments. No sporozoites were de-
tected in m1C3/m2A10 mosquitoes in challenge experiments when
both genes were induced at developmentally relevant times. These
studies support the conclusion that expression of a single copy of a
dual scFv transgene can completely inhibit parasite development
without imposing a fitness cost on the mosquito.

mosquito vector ∣ population replacement ∣ genetic engineering

Anopheles mosquitoes transmit malaria parasites among hu-
mans. Approximately 91% of the 216 million cases estimated

to occur in 2010 were due to Plasmodium falciparum (1). Insec-
ticide and parasite drug resistance continue to hinder malaria
eradication efforts and innovative approaches to disease control
are needed to complement traditional methods (2). One novel
approach proposes the use of transgenic mosquitoes to introgress
a parasite resistance gene into wild, malaria-susceptible mosquito
populations, thereby interrupting transmission (3–5).

Plasmodium falciparum must progress through several devel-
opmental stages within the mosquito before becoming infective
to humans. Parasites enter the midgut as gametocytes during
bloodfeeding. Gametocytes produce sexual forms, the male mi-
crogametes and female macrogametes, within the blood bolus,
which then fuse to form zygotes. Zygotes mature into motile oo-
kinetes that penetrate the peritrophic matrix surrounding the
bloodmeal to reach the midgut epithelium. After traversing this
tissue, the parasites rest beneath the basal lamina and form oo-
cysts, within which thousands of sporozoites develop. Once ma-
tured, sporozoites exit oocysts and travel through the mosquito
open circulatory system to reach the salivary glands from which
they can be released during a subsequent blood meal.

Parasite resistance genes should be designed to encode pro-
ducts that inhibit parasite development without having major fit-
ness effects on the mosquito host (3). Single-chain antibodies
(scFvs) are promising candidates due to their specificity, efficacy,

and small size. Transgenic An. stephensi expressing the scFvs
m1C3, m4B7 or m2A10, produce significantly fewer parasites
than controls when challenged with P. falciparum (6). The m1C3
and m4B7 scFvs were derived from monoclonal antibodies that
bind the P. falciparum ookinete proteins Chitinase 1 and Pfs25,
respectively. The m2A10 scFv binds the circumsporozoite protein
(CSP), the predominant surface protein of sporozoites. An addi-
tional feature of m4B7 and m2A10 is the joining of the An. gam-
biae cecropin A peptide to the scFvs by a polypeptide linker.
Cecropin has microbiocidal activity against both bacteria and
Plasmodium species (7), and the resulting scFv-peptide proteins
could exert both parasite-binding and antimicrobial activity.

We posited that a mosquito expressing two scFvs that target
different P. falciparum life stages would completely inhibit para-
site development. We tested this hypothesis using site-specific
recombination to produce An. stephensi strains expressing dual
transgenes comprising either m1C3 or m4B7 linked to m2A10.
Anopheles gambiae carboxypeptidase A (AgCPA) gene regulatory
elements were joined to m1C3 and m4B7 to direct bloodmeal-
induced midgut expression of the scFvs. The An. stephensi Vitel-
logenin 1 (AsVg1) gene regulatory elements were used to direct
bloodmeal-induced fat body expression of m2A10.

The φC31 integration system was selected for its ability to in-
tegrate large transgenes in a site-specific and irreversible manner
(8–11). Transgene integration occurs when an attB site in the
transgene-bearing plasmid recombines with an attP site (docking
site) in the mosquito genome (12). Studies of the φC31 system in
Drosophila melanogaster demonstrated that the strength of trans-
gene expression in different tissues varies among docking sites
(13). Anopheles stephensi, a vector of malaria in the Indian sub-
continent, is transformed efficiently, facilitating the analyses of
transgene expression in several genomic locations. The scFv
transgenes were recombined into five An. stephensi recipient lines
carrying one to three copies of the attP docking site, four of which
were analyzed previously and shown to have no significant fitness
load (14). A mutated φC31 integrase based an enzyme copy that
showed increased catalytic activity and specificity in cultured hu-
man cells (10, 15) was evaluated alongside the wild-type enzyme.
We hypothesized that the mutations in the amino acid sequence
and the codon-optimization of the integrase gene would produce
greater integration efficiency.
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A docking site strain permissive of expression of two scFvs was
identified and found to have only a minimal fitness cost. When
compared with this recipient line, mosquitoes expressing scFvs dis-
played no fitness cost, and few or no sporozoites in the majority
of P. falciparum challenge experiments. No sporozoites could be
detected in experiments with mosquitoes expressing m1C3 and
m2A10 at relevant developmental stages. These studies support
the use of dual scFv transgenes as effector molecules in population
replacement strategies to control malaria parasite transmission.

Results
Assembly, Site-Specific Integration, and Expression of the m4B7/m2A10
Transgene. The pBacDsRed-m4B7/m2A10-attB plasmid was con-
structed using the AgCPA-m4B7 and AsVg1-m2A10 cassettes as-
sembled previously (Fig. 1) (6). The pBacDsRed vector expresses
DsRed, a fluorescent marker distinguished easily from the cyan
fluorescent protein (CFP) expressed by recipient-line mosquitoes
(16). An attB sequence inserted into the left-hand terminal repeat
DNA of the piggyBac transposon (pBac LH) allows transgene re-
combination and insertion at the attP-containing docking site.

The pBacDsRed-m4B7/m2A10-attB plasmid was microin-
jected with mutated φC31 integrase mRNA into embryos of
docking-site lines attP 30, attP 43, and attP 44 (Table 1) (10). This
plasmid also was microinjected into attP 20 and attP 19A embryos
with wild-type integrase mRNA. All docking-site lines except attP
30 yielded recombinant offspring with attP 19A, 43, and 44 pro-
ducing seven, two, and five lines, respectively. Individual DsRed-
positive mosquitoes from lines containing multiple docking site
transgenes (attP 19A, 43, 44) were outcrossed to wild-type (non-
transgenic) mosquitoes to establish independent lines. DsRed-
positive individuals from line attP 20, containing one docking site,
were intercrossed to establish a single transgenic line.

Fluorescent hybridization in situ and gene amplification (in-
verse PCR) were used to characterize the docking-site insertions
in DsRed-positive attP 44 individuals (Fig. S1). Hybridization of a
CFP-specific probe to polytene chromosomes revealed three attP
44 docking sites, designated attP 44-A, attP 44-B, and attP 44-C,

on the X chromosome. The genomic DNA sequences flanking
the three docking sites were identified using inverse PCR.

Fluorescent hybridization in situ analyses based on colocaliza-
tion of probes specific to m2A10 and a particular docking site
detected integration exclusively in one of the available sites (attP
19A-B, attP 43-B, attP 44-C) of each line (Fig. 2 and Fig. S2).
Colocalization of m2A10 and attP 20 probes confirmed a single,
site-specific integration in this line. Consequently, one transgenic
line of each genotype, attP 19A m4B7/m2A10, attP 20 m4B7/
m2A10, attP 43 m4B7/m2A10, and attP 44 m4B7/m2A10, was
established.

Characterization of m4B7/m2A10 Transgene Expression in Different
Genomic Locations. Gene amplification (RT-PCR) was used to
evaluate scFv transcript expression in the four attP m4B7/
m2A10 lines at discrete times after a bloodmeal coinciding with
the maximum expression of the endogenous gene from which the
corresponding control DNA sequences were derived (17, 18)
(Fig. 3). Previously-characterized scFv-expressing mosquitoes (6)
and wild-type females were used as positive and negative con-
trols, respectively. In addition, scFv expression was compared to
that of the endogenous An. stephensi AsVg1 and AsCPA genes.
The m4B7 transcripts were detected in all transgenic lines exclu-
sively in midgut samples of RNA collected from females 4 h post
bloodmeal (hPBM). The m2A10 expression evaluated in females
at 24 hPBM detected transcripts only in lines attP 43 m4B7/
m2A10 and attP 44 m4B7/m2A10. Neither m2A10 nor m4B7
transcripts were detected in transgenic males (Fig. S3).

Immunoblot analyses with an antibody specific to the peptide
epitope tag, E tag, were used to compare expression of m2A10
and m4B7 scFvs in different docking-site lines and a previously-
characterized m2A10-expressing line (6) (Fig. 4). Although both
scFvs contain the E tag, m4B7 expression is induced at an earlier
post-bloodmeal time point, making it possible to distinguish
the similarly-sized proteins. Consistent with RT-PCR findings,
m2A10 expression was detected in attP 43 m4B7/m2A10 and attP
44 m4B7/m2A10 females at 12–72 hPBM. An immunoblot of attP
44 m4B7/m2A10 female samples confirmed that the scFv was
secreted into the hemolymph. In contrast with RT-PCR findings,
no signals corresponding to the predicted size of the m4B7 scFv
were detected in any 4 hPBM samples.

Assembly, Site-Specific Integration and Expression of them1C3/m2A10
Transgene. The pBacDsRed-m1C3/m2A10-attB transgene was
produced by replacing the m4B7 gene of pBacDsRed-m4B7/
m2A10-attB with m1C3 (Fig. S4). The attP 44 recipient line
was chosen because it expressed consistently both m4B7 and
m2A10 in the previous experiments. Three pools of G0 adults
(P3, P7, P9) produced transgenic DsRed-positive larvae (Table 1).
As the attP 44 recipient line contains three docking sites, South-
ern blotting was used to analyze transgene copy number and in-
sertion site (Fig. S4). Genomic DNA isolated from two P3 and
two P9 individual females was examined. Samples from four in-
dividual P7 females were analyzed because two distinct DsRed
fluorescent larval phenotypes suggested the presence of multiple
genotypes. A probe specific for m2A10 was used in combination
with an NheI restriction enzyme digest to produce signals that
would vary in size according to genomic location and number
of independent insertions. Two fragments of approximately 8
and 10 kb in length were observed. The approximately 8 kb frag-
ment also was present in attP 44 m4B7/m2A10, indicating trans-
gene insertion in attP 44-C. PCR genotyping analysis indicated
that the approximately 10 kb fragment represents transgene in-
tegration into attP 44-B. Among the three pools, transgene inte-
gration appeared in site B, site C, or both sites. Subsequent PCR
genotyping analysis of 53 additional G1 P7 individuals identified
three females containing the transgene integrated in docking site
A, two of which had integrations in all three docking sites.

Fig. 1. Schematic representation of integration of a dual single-chain anti-
body (scFv) transformation construct into an attP docking site transgene.
(Top) the m4B7 scFv An. gambiae Cecropin A epitope-tag gene (E tag-m4B7-
CecA) is flanked by An. gambiae carboxypeptidase A epitope-tag gene reg-
ulatory sequences (CP 5′, CP 3′). The m2A10 scFv An. gambiae Cecropin A
gene (CecA-m2A10-E tag) is flanked by An. stephensi vitellogenin 1 gene
regulatory sequences (VG 5′, VG 3′). Arrows denote the direction of transcrip-
tion. The scFv transgenes are joined to the piggyBac DsRed plasmid contain-
ing the pUC18 vector, piggyBac Left- and Right-hands (LH, RH), and the DsRed
marker of transformation (DsRed) flanked by the Pax3 promoter (3XP3) and
the sv40 polyadenylation sequence. A bacterial attachment site (attB) is pre-
sent within the LH. (Middle) The docking site transgene consists of piggyBac
LH and RH sequences joined to a CFP transformation marker and a phage
attachment site (attP) [adapted from Nimmo et al. (8)]. (Bottom) The φC31
integrase-catalyzed recombination of the attB and attP sites forms right and
left attachment sites (attR and attL) and results in integration of the scFv
plasmid.
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RT-PCR analyses to evaluate scFv expression resulting from
integrations at site B, site C, or sites B and C, revealed both
m1C3 and m2A10 transcripts in all lines (Fig. S5). Transgene ex-
pression from docking site A was not evaluated because lines
were not established from these mosquitoes. An attP 44 m1C3/
m2A10 line containing a single copy of the transgene integrated
in attP 44-C was used for all further analyses to facilitate compar-
ison with the attP 44 m4B7/m2A10 transgenic line. Immunoblot
analyses of this line detected m2A10 expression in females 24–72
hPBM in a pattern similar to that of attP 44 m4B7/m2A10 mos-
quitoes. No protein corresponding to the predicted size of the
m1C3 scFv was detected in females 4 hPBM.

Elimination of Non-essential attP Docking Sites.Meiotic recombina-
tion was used to separate the attP 44-A and B docking sites from
the attP 44, attP 44 m4B7/m2A10, and attP 44 m1C3/m2A10
transgenic lines prior to performing fitness analyses. This re-
moved the possibility that these additional docking sites could
influence these analyses. Hemizygous transgenic females were
outcrossed to wild-type males and their progeny analyzed by gene
amplification to select individuals containing only the attP 44-C
docking site (Fig. S6).

Fitness Analyses of attP 44-C, attP 44-C m4B7/m2A10 and attP 44-C
m1C3/m2A10 Mosquitoes.Mosquitoes were examined for their sur-
vival in larval development, longevity as adults, ability to produce
offspring, and wing length. Results and statistical analyses are
presented in Table 2 and Table S1, respectively, and Fig. S7.
The fitness impact of the attP 44-C transgene was evaluated by

Table 1. Summary of results of pBacDsRed-scFv-attB plasmid microinjections into attP transgenic lines

attP line
Docking
sites Integrase Plasmid

Embryos
injected Adults

G0

pools
♂/♀*

G1

positive
larvae†

G1

negative
larvae†

Positive
G0 pools‡

Transgenic
lines§

19A 2 wild-type m4B7/m2A10 811 191 16/5 11 8244 2 7
20 1 wild-type m4B7/m2A10 647 219 25/4 180 25,077 4 1
30 1 mutated m4B7/m2A10 767 143 14/3 0 7297 0 0
43 2 mutated m4B7/m2A10 771 214 21/5 3 19,450 2 2
44 3 mutated m4B7/m2A10 544 145 16/3 10 8562 1 5
44 3 wild-type m1C3/m2A10 848 299 29/11 116 19,677 3 61

*Generation 0 (G0) males and females result from embryos microinjected with transgenes. These were crossed to wild-type mosquitoes in pools of
approximately 5 G0 males or 15–30 G0 females.

†Generation 1 (G1) larvae result from the G0 crosses and were screened for DsRed under UV-fluorescence microscopy. Positive larvae carry the
recombination-mediated insertion of the marker and scFv transgenes.

‡Number of G0 pools containing DsRed-positive larvae.
§For recipient lines containing >1 docking site, positive G1 individuals were outcrossed to wild-type mosquitoes to establish transgenic lines, each
derived from a single transgenic mosquito. The number of transgenic lines represents the number of lines analyzed and is less than the number of G1

positives because not all positive mosquitoes were able to produce offspring. Positive G1 individuals from recipient line attP 20 were intercrossed to
form a single transgenic line.

Fig. 2. Fluorescent hybridization in situ of polytene chromosomes of attP 44
m4B7/m2A10 transgenic Anopheles stephensi. The four images presented
display (A) the chromosome stain, (B) the Cy3-labeled m2A10 DNA probe,
(C) the Cy5-labeled attP 44-C docking site DNA probe, and (D) a merged im-
age. The attP docking site DNA probe has sequence complementary to the
genomic DNA insertion site of the attP 44-C docking site transgene. Arrows
point to probe signals.

Fig. 3. Expression of m4B7 and m2A10 transcripts in attP m4B7/m2A10 fe-
males. (A) RT-PCR was used to detect m4B7 transcripts in RNA isolated from
homogenates of dissected midguts (gut) and the remaining carcasses (car.) of
four females 4 h post-bloodmeal (hPBM). Previously-characterized transgenic
mosquitoes expressing m4B7 transcript (m4B7) (6) and wild-type (WT) mos-
quitoes were used as positive and negative controls, respectively. The m4B7
transcript accumulation was compared to that of the endogenous An. ste-
phensi Carboxypeptidase-A (AsCPA). (B) RT-PCR was used to detect m2A10
transcripts in RNA isolated from homogenates of two to three females 24
hPBM. Previously-characterized transgenic mosquitoes expressing m2A10
transcript (m2A10) were used as a positive control (6). The m2A10 transcript
accumulation was compared to that of endogenous An. stephensi vitellogen-
in (AsVg1). The An. stephensi S26 ribosomal protein transcript (rpS26) was
amplified as a loading control in both m4B7 and m2A10 experiments. Parallel
reactions in which the reverse transcription reaction step was omitted,
assayed for genomic DNA contamination (rpS26-RT).
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comparing attP 44-C and wild-type mosquitoes. The attP 44-C
m4B7/m2A10 and attP 44-C m1C3/m2A10 mosquitoes were com-
pared to attP 44-C to measure the additional impact of integra-
tion and expression of the scFv transgenes.

Statistically significant differences between experimental and
control samples were detected in only four experiments: larval
to pupal development time (attP 44-C m4B7/m2A10 vs. attP
44-C), the percentage of females that laid no eggs (attP 44-C
vs. wild-type), female longevity (attP 44-C m1C3/m2A10 vs. attP
44-C), and male longevity (attP 44-C vs. wild-type). A load was

associated with transgene integration in only one instance: attP
44-Cmales had reduced daily survival after approximately 20 days
and a lower median longevity of approximately 3 days than wild-
type controls. All other significant differences reflected a benefit
of transgene presence: comparisons of attP 44-C and wild-type
mosquitoes indicated that fewer attP 44-C females laid no eggs,
while comparisons of attP 44-C with scFv-expressing mosquitoes
revealed that attP 44-C m1C3/m2A10 females had a higher med-
ian longevity and attP 44-C m4B7/m2A10 larvae had a reduced
time to pupation.

Fig. 4. Bloodmeal-induced scFv expression. (A) Immunoblot analyses of transgenic attPm4B7/m2A10 An. stephensi. An anti-E tag antibody was used to detect
scFv protein in whole-body homogenates of transgenic females. A homogenate from a previously-characterized m2A10-expressing transgenic line was used as
a positive control [m2A10 (6)] in each experiment. Non-bloodfed (NBF) females and bloodfed females 4, 12, 24, 48, and 72 h post-bloodmeal (hPBM) were
examined. Wild-type females (WT) served as a negative control. Each protein sample was prepared from two whole females. The identity of each attP m4B7/
m2A10 transgenic line is listed to the Left of each blot. (B) An immunoblot of a hemolymph preparation of ten 24 hPBM females from transgenic line attP 44
m4B7/m2A10. A whole-body homogenate from a previously-characterized m2A10-expressing transgenic line serves as a positive control [m2A10 (6)]. The
identity of each sample is listed above the blot. Coomassie stain was used to visualize proteins present in the polyacrylamide gel following transfer (Right).

Table 2. Fitness evaluation of wild-type, attP 44-C, attP 44-C m4B7/m2A10, and attP 44-C m1C3/m2A10 mosquitoes

Comparison Wild-type vs. docking site
Docking site vs. integrated

transgene Docking site vs. integrated transgene

Genotype WT attP 44-C attP 44-C
attP 44-C
m4B7/m2A10 attP 44-C attP 44-Cm1C3/m2A10

Fecundity*† 159.41 ± 62.70
(32; 14–219)

130.67 ± 75.40
(51; 2–233)

133.18 ± 78.03
(39; 2–215)

145.12 ± 69.47
(33; 9–237)

180.44 ± 49.09
(45; 10–242)

166.39 ± 47.57
(57; 31–227)

% females laid no eggs‡ 68.32 (2.97) 43.96 (3.30)¶¶ 58.95 (12.63) 66.33 (13.27) 52.13 (6.38) 41.84 (9.18)
Egg hatchability*§ 0.73 ± 0.31

(0–0.99)
0.71 ± 0.32

(0–1.00)
0.55 ± 0.39

(0–1.00)
0.73 ± 0.31

(0–1.00)
0.79 ± 0.34

(0–1.00)
0.81 ± 0.31

(0–1.00)
Male mating success¶ 0.84 (25) 0.84 (25) 0.88 (25) 0.88 (25) 0.84 (25) 0.84 (25)
Larval to pupal development

in days∥**
7.17 ± 0.02

(581)
7.19 ± 0.03

(597)
7.70 ± 0.04

(551)
7.59 ± 0.03

(585)§§
7.69 ± 0.04

(585)
7.72 ± 0.03

(574)
Fraction of larvae displaying

phenotype at hatching**††

0.50 (108) 0.50 (108) 0.46 (116) 0.54 (116) 0.56 (101) 0.44 (101)

Fraction of larvae displaying
phenotype at day 5
post-hatching**††

0.49 (1183) 0.51 (1183) 0.49 (1173) 0.51 (1173) 0.50 (1170) 0.50 (1170)

Female longevity in days**‡‡ 42 (249) 42 (249) 37 (247) 37 (248) 23 (250) 27 (249)¶¶

Male longevity in days**‡‡ 38 (250) 35 (247)¶¶ 32 (246) 34 (248) 28 (250) 28 (249)
Female wing length∥** 3.13 ± 0.01 (50) 3.10 ± 0.01 (50) 3.20 ± 0.01 (50) 3.20 ± 0.01(50) 3.14 ± 0.01 (50) 3.14 ± 0.01 (50)
Male wing length∥** 2.85 ± 0.01 (50) 2.87 ± 0.01 (50) 2.97 ± 0.01 (50) 2.96 ± 0.01 (50) 2.85 ± 0.01 (50) 2.86 ± 0.01(50)

*The mean� standard deviation is reported.
†Mean number of eggs per female. The numbers in parentheses are the total number of mosquitoes examined; range of fecundity. Females that did not lay
eggs were excluded from the calculation.

‡The numbers in parentheses are percentage of females that died during the experiment.
§Average fraction of deposited eggs that hatched. The numbers in parentheses indicate the range of egg hatchability.
¶Fraction of matings that produced larvae. The numbers in parentheses indicate the number of pairings.
∥The mean� SEM is reported.
**The numbers in parentheses indicate sample size.
††Larvae were screened for CFP (wild-type vs. docking site) or DsRed (docking site vs. integrated transgene) to determine fluorescence phenotype.
‡‡The median is reported.
§§P < 0.05.
¶¶P ≤ 0.001.

4 of 9 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1207738109 Isaacs et al.



Plasmodium falciparum Challenge of Transgenic and Control Mosqui-
toes.Wild-type, attP 44-C, attP 44-C m4B7/m2A10, and attP 44-C
m1C3/m2A10 mosquitoes were challenged with P. falciparum to
assess parasite prevalence and numbers (Table 3). Mosquitoes in
Experiments 1 and 2 were provided with uninfected bloodmeals
on the 3rd, 8th, and 13th days post-infection (PI) to maintain ex-
pression of the bloodmeal-induced scFvs, and those in Experi-
ments 3–5 received an additional bloodmeal on the 10th day
PI. Accumulation of scFv transcripts was verified by RT-PCR in
Experiment 3 (Fig. S8). The m4B7 and m1C3 transcripts had
weak amplification signals in non-blood fed (NBF) females
and stronger signals in 4 h PI females in identical reaction con-
ditions. The m2A10 transcripts were not detected in NBF fe-
males, but had strong signals in females 24 h PI and day 14 PI
(sampled 24 h PBM).

The attP 44-C and attP 44-C m4B7/m2A10 females were
homozygous for their respective transgene in all experiments.
At the start of the challenge experiments, the elimination of
non-essential attP docking sites had not yet been completed
for the attP 44 m1C3/m2A10 transgenic line. As a consequence,
the m1C3/m2A10 females in Experiments 1–3 were either hemi-
zygous or homozygous for the scFv-expressing transgene and also
carried the additional empty attP 44-A and B docking-site trans-
genes. Females in Experiments 4 and 5 did not carry the addi-
tional docking sites. Furthermore, the female population was
½ homozygous and ½ hemizygous in Experiment 4, while the fe-
male population in Experiment 5 was completely homozygous.

Oocyst infection of the midgut was evaluated 7–9 days PI,
while sporozoite infection of the salivary glands (contained within
head/thorax tissues) was evaluated 16–19 d PI. Oocyst prevalence
(percentage of midguts infected) and mean intensities of infec-
tion (MII, average number of oocysts in infected midguts),
and sporozoites per infected female (total number of sporozoites
in head-thorax tissue pool/number of females in pool/oocyst pre-

valence) were assessed (Table 3). No consistent trends in oocyst
prevalence were evident among controls and transgenic lines.
The number of oocysts in attP 44-C mosquitoes did not differ
significantly from wild-type controls (Mann–WhitneyU test, two-
tailed P > 0.05) except in Experiment 2 (Mann–Whitney U test,
two-tailed P ¼ 0.05). The number of oocysts in scFv-expressing
mosquitoes also did not differ significantly from attP 44-C con-
trols (Mann–Whitney U test, one-tailed P > 0.05).

Sporozoite infection results revealed striking differences
between control and scFv-expressing mosquitoes. Averages of
between 1,112 and 17,573 sporozoites per infected female were
detected in attP 44-C and wild-type samples. In contrast, three of
four attP 44-C m4B7/m2A10 experiments had samples that con-
tained few (<200) or no sporozoites (Experiments 3–5; Table 3).
The exception (Experiment 1; Table 3), had an attP 44-C m4B7/
m2A10 sample with a greater number of sporozoites than the attP
44-C controls. Notably, no sporozoites were detected in attP 44-C
m1C3/m2A10 samples in any of the four experiments in which
they were challenged (Experiments 2–5; Table 3).

The impact of m1C3 and m2A10 on parasite development was
examined further in challenge experiments in which the number
of uninfected bloodmeals following infection was varied (Table 4).
Homozygous attP 44-C and attP 44-C m1C3/m2A10 females were
provided 0–4 uninfected bloodmeals using the same bloodfeeding
regimen as the previous challenge experiments. A low oocyst MII
(<3 oocysts∕midgut) was observed in all mosquitoes in Experi-
ment 6. Both oocyst prevalence and MII were lower in attP
44-C m1C3/m2A10 than control attP 44-C mosquitoes. Further-
more, every attP 44-C control sample contained on average
3,420–10,215 sporozoites/infected female, while no attP 44-C
m1C3/m2A10 sample contained any sporozoites.

Experiment 7 had a higher oocyst MII (>8 oocysts∕midgut)
than Experiment 6 in attP 44-C controls, resulting in 10,035–
20,422 sporozoites/infected female. Here again, reductions in

Table 3. Oocyst and sporozoite prevalence and numbers in P. falciparum-challenged mosquitoes

Exp. Strain Oocyst prevalence (n)
Mean intensity of oocyst

infection� SD (n) † P‡

Sporozoites per
infected female (n)§

1 wild-type 30% (30) 4.9 ± 4.6 (30) 0.34 5265 (30)
attP 44-C 20% (30) 3.5 ± 3.6 (30) - 1721 (30)
attP 44-C m4B7/m2A10 67% (30) 3.5 ± 2.4 (30) >0.50 3415 (10)
attP 44 m1C3/m2A10 68% (19) 2.7 ± 2.1 (19) >0.50 -

2 wild-type 37% (30) 4.5 ± 4.5 (30) 0.05 3010 (30)
attP 44-C 17% (30) 1.8 ± 1.3 (30) - 1112 (30)
attP 44-C m4B7/m2A10 27% (30) 1.6 ± 1.1 (30) 0.19 -
attP 44 m1C3/m2A10 70% (30) 6.3 ± 9.1 (30) >0.50 0 (30)

3 wild-type 63% (30) 4.6 ± 5.2 (30) 0.71 9000 (15)
attP 44-C 60% (30) 5.3 ± 3.9 (30) - 17,573 (15)
attP 44-C m4B7/m2A10 43% (30) 4.0 ± 2.9 (30) 0.07 0 (15)
attP 44 m1C3/m2A10 43% (30) 4.4 ± 3.2 (30) 0.08 0 (15)

4 wild-type 70% (30) 5.6 ± 5.6 (30) 0.35 15,467 (15)
attP 44-C 57% (30) 5.5 ± 5.3 (30) - 9876 (15)
attP 44-C m4B7/m2A10 43% (30) 3.6 ± 3.3 (30) 0.11 188 (15)
attP 44-C m1C3/m2A10 - - - 0 (15)

5 wild-type 70% (30) 2.3 ± 1.5 (30) 0.74 3375 (15)
attP 44-C 60% (30) 3.3 ± 3.1 (30) - 2813 (15)
attP 44-C m4B7/m2A10 60% (30) 1.9 ± 1.1 (30) 0.29 0 (15)
attP 44-C m1C3/m2A10 70% (30) 4.7 ± 4.0 (30) >0.50 0 (14)

Oocyst and sporozoite prevalence and numbers in P. falciparum-challenged mosquitoes.* “-“ indicates that the samples were
not available.
*Prevalence is the percent of sample infected and mean intensity of infection is the average number of parasites in only the
infected samples.

†(n) is number of dissected mosquitoes.
‡Mann-Whitney U test was used to evaluate the statistical significance of the number of oocysts/midgut. Each sample was
compared to attP 44-C.

§Sporozoites per infected female ¼ total sporozoites in head-thorax tissue pool/number of females in pool/oocyst prevalence. (n) is
the number of mosquitoes in pools.
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oocyst prevalence and MIIs were seen in attP 44-C m1C3/m2A10
when compared with attP 44-C. Notably, attP 44-C m1C3/m2A10
females receiving zero or one uninfected bloodmeals following
the initial infectious meal averaged as many as 6,163 sporo-
zoites/infected female, while those receiving at least two unin-
fected bloodmeals contained no sporozoites. We interpret these
results to indicate that the early induction of m1C3 and m2A10 is
sufficient to prevent the development of sporozoites at low oocyst
MII levels, but that subsequent production of m2A10 is essential
at later times to block sporozoites resulting from high oocyst MII.

Discussion
These studies support the conclusion that single copies of dual
effector genes can abolish sporozoites in transgenic mosquitoes
when expressed at relevant parasite developmental stages. The
target of zero sporozoites in salivary glands was set as the most
epidemiologically-relevant phenotype following experiments in
an avian malaria model in which few parasites (<10) were needed
to infect the vertebrate host (19). The absence of sporozoites in
mosquitoes carrying the transgenes tested here, in particular
those comprising m1C3 and m2A10, meets this target. We pro-
pose that the m1C3/m2A10 dual transgene can be used in the
further development of a population replacement strategy to con-
trol the transmission of the human pathogen, P. falciparum, by
An. stephensi.

The φC31 system successfully recombined additional DNA
into the majority of docking site lines. While used previously
in Aedes aegypti and An. gambiae (10, 11), this is the first demon-
stration of this system in An. stephensi. The finding that some
docking sites did not have insertions may reflect a low recombi-
nation efficiency for these sites. Alternatively, since the attP re-
cipient lines were not necessarily homozygous for every docking
site, and multiple sites in lines may not be linked, it is possible that
some docking sites are present only in a portion of the embryos
injected. The pBacDsRed-m1C3/m2A10-attB microinjection,
which had twice as many surviving adults as the pBacDsRed-
m4B7/m2A10-attB experiment, produced both transgene integra-

tions at docking sites that had not been seen previously to recom-
bine and integrations into multiple attP sites within the same
individual mosquito.

Both wild-type and mutated φC31 integrases were capable of
catalyzing the recombination-mediated insertion of a transgene.
Since the two integrase genes were injected into different docking
site lines, a precise comparison of their activity cannot be made.
However, experiments with Ae. aegypti showed no significant dif-
ferences in the efficiency of the mutated and wild-type integrase
for inserting a transgene into the same site and our experiments
are consistent with these findings (10). In addition, since no in-
tegration into pseudo-attP sites was observed, we conclude that
the mutated enzyme preserves the site-specificity of the wild-type
integrase (15).

Fitness analyses of attP 44-C vs. wild-type revealed no signifi-
cant differences between experimental and control mosquitoes
for the majority of tests. A significant cost was detected in the
median lifespan of attP 44-C males. However, the difference in
the daily survival of attP 44-C and wild-type males manifest late
in their lifespan and it is unlikely that this would affect reproduc-
tion, as a study of An. stephensimales found that mating activity is
maximal at 3–5 d post emergence (20). The finding that the attP
44-C line permitted expression of genes from three promoters
(3XP3, AgCPA, AsVg1) and displayed only a minimal fitness cost
supports the conclusion that it is a useful tool for integration and
expression of different anti-plasmodial transgenes.

All mosquitoes in the attP 44-C vs. attP 44-C m1C3/m2A10 ex-
periments displayed reduced survivorship when compared with
those of the wild-type vs. attP 44-C and attP 44-C vs. attP 44-C
m4B7/m2A10 experiments. The environmental and nutritional
impact of providing sucrose instead of raisins to the attP 44-C
and attP 44-C m1C3/m2A10 mosquitoes may have contributed
to this result. Furthermore, the wild-type vs. attP 44-C and attP
44-C vs. attP 44-C m4B7/m2A10 survivorship experiments were
performed a year prior to the attP 44-C vs. attP 44-C m1C3/
m2A10 experiments. Fluctuations in the insectary environment
may have impacted mosquito survival.

Table 4. Oocyst and sporozoite prevalence and numbers in P. falciparum-infected mosquitoes provided 0–4 uninfected blood meals

Exp.
Days given uninfected

blood meals† Strain
Oocyst

prevalence (n)‡
Mean intensity of

oocyst infection� SD (n) P§

Sporozoites per
infected female (n)¶

6 None attP 44-C 30% (30) 2.2 ± 1.5 (30) - 4365 (15)
attP 44-C m1C3/m2A10 17% (30) 1.6 ± 0.5 (30) 0.11 0 (14)

3 attP 44-C 30% (30) 2.3 ± 1.3 (30) - 5895 (15)
attP 44-C m1C3/m2A10 13% (30) 1.3 ± 0.5 (30) 0.04 0 (15)

3, 8 attP 44-C note∥ 10,215 (15)
attP 44-C m1C3/m2A10 note∥ 0 (15)

3, 8, 10 attP 44-C note∥ 3420 (15)
attP 44-C m1C3/m2A10 note∥ 0 (15)

3, 8, 10,13 attP 44-C note∥ 8055 (15)
attP 44-C m1C3/m2A10 note∥ 0 (15)

7 None attP 44-C 40% (30) 8.3 ± 6.5 (30) - 2848 (8)
attP 44-C m1C3/m2A10 23% (30) 3.0 ± 2.8 (30) 0.04 6163 (9)

3 attP 44-C 30% (30) 11.6 ± 8.8 (30) - 20,442 (14)
attP 44-C m1C3/m2A10 20% (30) 2.0 ± 0.9 (30) 0.12 1013 (15)

3, 8 attP 44-C note∥ 14,895 (15)
attP 44-C m1C3/m2A10 note∥ 0 (15)

3, 8, 10 attP 44-C note∥ 10,035 (15)
attP 44-C m1C3/m2A10 note∥ 0 (15)

3, 8, 10,13 attP 44-C note∥ 17,595(15)
attP 44-C m1C3/m2A10 note∥ 0 (15)

Oocyst and sporozoite prevalence and numbers in P.falciparum-infected mosquitoes provided 0–4 uninfected blood meals.*
*Prevalence is the percent of sample infected and mean intensity of infection is the average number of parasites in only the infected samples.
†Listed as days post-infection.
‡(n) is number of dissected mosquitoes.
§A Mann-Whitney U test was used to evaluate the statistical significance of the number of oocysts/midgut. Each sample was compared to attP 44-C.
¶Sporozoites per infected female ¼ total sporozoites in head-thorax tissue pool/number of females in pool/oocyst prevalence. (n) is the number of
mosquitoes in pools.

∥Refer to samples bloodfed day 3 PI for oocyst prevalence and mean intensity values.
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Fitness studies comparing the scFv transformed lines to the
attP 44-C recipient line support the conclusion that expression of
the transgenes does not confer a fitness load. The m1C3/m2A10
scFvs may even confer a fitness advantage, as the median lifespan
of attP 44-C m1C3/m2A10 females was 4 days greater than that of
attP 44-C controls. By comparison, analyses of transgenic mosqui-
to lines with and without effector genes found the majority to be
less fit than wild-type mosquitoes (21). For example, Akt-expres-
sing transgenic An. stephensi, the only other Anopheles engi-
neered to be completely resistant to P. falciparum, display a
reduced average lifespan (22). This fitness cost may result from
the role Akt has in mosquito signal transduction pathways. No
fitness load was associated with a transgene-induced elevation
of Rel2-responsive components of the endogenous mosquito im-
mune system, but the resulting phenotype did not achieve com-
plete elimination of the parasites (23). The m1C3, m4B7, and
m2A10 all target parasite ligands, so they may be less likely to
interfere with mosquito biology and confer a load. Furthermore,
limiting transgene expression to the female midgut and fat body
tissues also may minimize the fitness impact of the scFv trans-
genes. Experiments that place wild-type and transgenic mosqui-
toes in direct competition are needed to evaluate fitness para-
meters involved in mating competitiveness.

Transgenic lines that differ only in the effector gene can
be compared to determine the relative transmission-blocking
efficacy of each gene. Our data support the conclusion that m1C3
is more efficient than m4B7 in contributing to the inhibition of
parasite development. The ability of attP 44-C m4B7/m2A10 fe-
males to inhibit parasite development varied among experiments,
indicating that m4B7 and m2A10 partially blocked parasite devel-
opment. However, the combination of m1C3 and m2A10 was ef-
fective in completely inhibiting sporozoite development in all
experiments where m2A10 was induced one or more times after
day 8 PI. The fact that the only genetic difference between attP
44-C m4B7/m2A10 and attP 44-C m1C3/m2A10 mosquitoes is
the expression of different midgut scFvs supports the interpreta-
tion that m1C3 contributes to the “no sporozoite” phenotype. Im-
portantly, only one copy of the transgene appears to be necessary
for blocking, as the attP 44-C m1C3/m2A10 mosquitoes chal-
lenged in Experiment 4 were an equal mix of hemizygous and
homozygous females.

The results of challenge Experiments 6 and 7 support the con-
clusion that scFvs target both early and late parasite stages. The
scFvs induced by the infective bloodmeal were sufficient for com-
plete inhibition of sporozoite development in the experiment with
a low oocyst MII. In contrast, at higher oocyst MIIs, only females
in which scFv expression was induced by bloodmeals on days 3
and 8 completely blocked infection. It is likely that these scFvs
would effectively impair P. falciparum transmission in field con-
ditions, as infected wild-caught An. gambiae often carry three or
fewer oocysts (24).

Interestingly, neither scFv-expressing mosquito line repro-
duced the reduction in prevalence and mean intensity of oocyst
infection observed in piggyBac-transformed mosquitoes expres-
sing scFvs (6). This may be due to differences in the copy number
and pattern of transgene expression. The m4B7 and m1C3 were
present in 4 and 8 copies, respectively, per haploid genome in the
previous work. It is possible that the single transgene copy num-
ber in the experiments reported here results in lower expression
levels of m1C3 and m4B7. Expression analyses in which the tran-
scripts encoding the AgCPA-regulated scFvs are seen, but no
m1C3 or m4B7 proteins detected, are consistent with this inter-
pretation. The scFvs may not be detected due to a lack of sensi-
tivity of the immunoblot assay. The finding that RT-PCR detected
different levels of m2A10 expression in the attP 43 m4B7/m2A10
and attP 44 m4B7/m2A10 lines, while the immunoblot displayed
similar results for both lines, supports this interpretation.

If the m4B7 and m1C3 scFvs are indeed expressed in low quan-
tities, their binding may lead to a delay or perturbation of oocyst
development rather than complete inhibition of formation. We
expect that oocysts are exposed to both midgut and hemo-
lymph-expressed scFvs because diffusion of antibodies through
mosquito tissues has been demonstrated previously (ingested
anti-25 kD and anti-sporozoite antibodies were detected within
oocysts) (25, 26). Should midgut-expressed scFvs impair oocyst
development, such a phenotype may not be detected in the oocyst
counts as they are performed here. Additional studies of attP 44-
C m4B7/m2A10 and attP 44-C m1C3/m2A10 mosquitoes will de-
termine whether the observed oocysts are viable. Furthermore,
the absence of sporozoites in head and thoracic tissues of
m1C3/m2A10 mosquitoes could result from m2A10 interactions
with these parasites before or after their budding from the oocyst.

Future studies will reveal how scFvs inhibit parasite develop-
ment. The m1C3 scFv was derived from the 1C3 monoclonal anti-
body, which was shown to bind the ookinete surface (27). Its trans-
mission-blocking activity could be due either to its interaction with
the ookinete surface or with its binding to the secreted chit-
inase enzyme. As CecA-scFv fusions, m4B7 and m2A10 could dis-
play both parasite binding and antimicrobial activity. Characteriza-
tion of the mechanism by which these scFvs inhibit P. falciparum
development could help guide future effector molecule strategies.

Testing additional scFv-promoter combinations could expand
the repertoire of P. falciparum resistance transgenes. For example,
the promoter of the An. gambiae G12 gene may promote higher
levels of expression of midgut-stage scFvs than AgCPA (28). The
PfNPNA-1 scFv, which is based on a human recombinant mono-
clonal antibody that recognizes CSP, could be tested as an alter-
native to m2A10 (29). The scFv strategy also could be adapted
for use in other species of mosquitoes, such asAn. gambiae, or with
other human malaria parasites, such as P. vivax. If coupled with a
mechanism for gene spread, scFv-expressing, malaria-resistance
transgenes could become a self-sustaining disease control tool.

Materials and Methods
Mosquito Rearing and Maintenance. A colony of Anopheles stephensi (gift of
M. Jacobs-Lorena, John Hopkins University) bred in our insectary for >5 years
was used in the experiments. The mosquitoes were maintained at 27 °C with
77% humidity and 12 h day/night, 30 min dusk/dawn lighting cycle. Larvae
were fed a diet of powdered fish food (Tetramin, Melle, Germany) mixed
with yeast. Adults were provided water and either raisins or a 10% sucrose
solution ad libitum. Transgenic and wild-type (non-transgenic) mosquitoes
used in parasite challenge experiments were reared in parallel using standar-
dized insectary procedures. Mosquitoes were maintained at 26 °C� 1 °C with
70–75% humidity and 12 hr day/night.

Oligonucleotide Primers. Table S2 lists oligonucleotide primer names and se-
quences used for gene amplification.

Transformation Plasmid Assembly. The pBacDsRed-m4B7/m2A10-attB plasmid
was produced in three cloning steps. First, the AgCP5′-m4B7-AgCP3′ se-
quence from the previously described pSLFA-AgCP5′-m4B7-AgCP3′ plasmid
was inserted into pBacDsRed (6, 16). The AgCP5′-m4B7-AgCP3′ insert was
joined at the 5′-end by a Kpn I/Asc I blunt ligation and at the 3′-end by
an Fse I ligation. An additional component of this cloning step was to digest
the pSLFA-AgCP5′-m4B7-AgCP3′ plasmid with Xmn I to cut and remove the
unnecessary pSLFA vector. The AsVg5′-m2A10-AsVg3′ was excised from the
previously-described pSLfa-AsVg5′-m2A10-AsVg3′ plasmid and joined to
the pBacDsRed-AgCP5′-m4B7-AgCP3′ plasmid at an Fse I site (6). Amplifica-
tion of the attB sequence from the plasmid pTA-attB (30) using primers con-
taining the Sph I recognition sequence, pCRattBFOR and pCRattBREV,
allowed for digestion of the purified PCR product with Sph I and ligation into
the piggyBac LH region of the pBacDsRed-AgCP5′-m4B7-AgCP3′-AsVg3′-
m2A10-AsVg5′ plasmid. The name of this final plasmid is abbreviated as
pBacDsRed-m4B7/m2A10-attB. The pBacDsRed-m1C3/m2A10-attB plasmid
was produced by digesting both the pBacDsRed-m4B7/m2A10-attB and
the previously-described pBacEGFP-AgCP5′-m1C3-AgCP3′ plasmid with Asi
SI and Nhe I (6). The subsequent ligation allowed for replacement of
m4B7 sequence with that of m1C3.
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Microinjection. Microinjection was performed using in vitro-transcribed inte-
grase as described previously (6, 8). Embryos were injected with a solution
containing 300 ng∕μl plasmid DNA and 400 ng∕μl integrase mRNA. G0 males
and females were outcrossed to wild-type mosquitoes in pools of approxi-
mately 5 G0 males or 15–30 G0 females. G1 progeny were screened as larvae
for DsRed fluorescence under UV-fluorescence microscopy.

Southern Hybridization. Southern blotting and hybridization techniques, per-
formed as described previously (31), were used to detect transgene integra-
tion. The m2A10 probe was generated by restriction enzyme digestion of the
pBSK-m2A10 plasmid (6) with BamHI and BstBI and purification from an agar-
ose gel. Probes were labeled with 32P using the Megaprime DNA labeling
system (Amersham).

Identification of Insertion Site Sequence. The sequence of genomic DNA flank-
ing the three docking sites in line attP 44 was isolated through inverse PCR as
described previously (8, 14). The piggyBac3REV primer used in these experi-
ments contained one base pair difference from the published sequence
(Table S2). Genomic DNA from transgenic individuals was digested either
with Taq I, for amplification of the 5′-end flanking sequence, or Hae III for
amplification of the 3′ flanking sequence. Digestion with Hha I was used for
isolation of the 3′-end flanking sequence of attP 44-C.

Fluorescent Hybridization in situ. A DNA probe complementary to the m2A10
gene, amplified using m2A10 FOR and REV primers, was labeled with Cy3-
AP3-deoxyuridine triphosphate (dUTP) (GE Healthcare) using the Random
Primers DNA Labeling System (Invitrogen, Carlsbad, CA, USA). Probes specific
to each copy of the attP docking site were labeled with Cy5-AP3-dUTP (GE
Healthcare). The primer pairs 3endREV5′ and L19ARendBnew, L43endBFOR2
and L43endBREV1, and attP44-C-5′ and attP44-C-3′ were used to produce
probes specific for the attP 19A-B, attP 43-B, and attP 44-C docking sites, re-
spectively. Amplification of all three probes was completed using An. ste-
phensi wild-type genomic DNA as template. The probe specific for attP 20
was produced by digesting a plasmid containing the attP 20 insertion site
sequence in a pCR4-TOPO vector with Afl II (14). The cy5-labeled CFP probe
was synthesized from a 320 bp DNA fragment, amplified previously using
ECFPFOR and ECFPREV primers and RNA extracted from attP transgenic mos-
quitoes. Fluorescent hybridization in situ was performed as described (14).

Genotyping of attP 44 Individuals. Primers based on the attP 44 A, B, and C
insertion site sequences were used to genotype individual females for copy
number. The attP44-A-5′, attP44-B-5′, and attP44-C-5′ primers were mixed
with piggyBac5REV to identify individuals containing copies of the attP dock-
ing site transgene in sites A, B, or C. Integration of the m1C3/m2A10 trans-
gene into attP 44 sites A, B, or C was detected using the primer pCRattBREV in
combination with attP44-A-3′, attP44-B-3′, or attP44-C-3′.

RT-PCR. Total RNA was isolated using Trizol (Invitrogen) and treated with
DNAseI (Promega). Gene-specific primers and a OneStep RT-PCR Kit (Qiagen)
were used for amplification of diagnostic products from m1C3, m4B7,
m2A10, AsCPA, AsVg1, or rpS26 transcripts (Table S2) (17). The annealing
temperatures for these reactions were 59, 56, 67, 59, 67, and 67 °C, respec-
tively. Four parallel RT-PCR reactions containing equal quantities of RNAwere
prepared for each analysis of scFv expression: scFv, AsCPA or AsVg1, rpS26,
and rpS26-RT. The rpS26-RT reaction tested for the presence of genomic
DNA contamination using rpS26 gene primers but omitting the reverse tran-
scription step. Multiple biological replicates (≥2) were performed for selected
time points for each of the RT-PCR series of experiments. Plasmodium falci-
parum-infected mosquitoes were analyzed using the MMLV Reverse Tran-
scription reagents (Invitrogen) and goTaqDNA polymerase (Promega). The
annealing temperatures for the m4B7 and m1C3 reactions were 54 and
59.5 °C, respectively.

Immunoblot Analysis. Immunoblot analyses were performed as described pre-
viously (6).

Parasite Challenge Experiments. Plasmodium falciparum gametocytes from
the NF54 isolate were produced by automated culture (32). Culture condi-
tions and preparation for membrane feeding were as described previously
(33). Female mosquitoes were 1–11 days post-emergence at the time of
infection. Females were allowed to feed in darkness for 15 minutes. Un-
engorged females were removed and discarded. The remaining mosquitoes
were provided a 10% sucrose solution containing 0.05% p-aminobenzoic
acid. An uninfected blood meal was provided on the 3rd, 8th, and 13th days
PI. In experiments 3–5, an additional uninfected bloodmeal was provided on

the 10th day PI. Un-engorged females were removed after each of the un-
infected bloodmeals. Midguts were dissected 7–9 days PI and stained with
bromo-fluorescein for detection of oocysts. Sporozoites were isolated from
dissected head/thorax tissues 16–17 days PI using a modified Ozaki method
(34). Briefly, pooled dissected head/thorax tissues in RPMI 1640 medium were
centrifuged on a glass wool column to separate sporozoites for detection in a
chamber slide with a counting grid. GraphPad Prism software was used to
perform a Mann-Whitney U test of oocyst infection data. One-tailed and
two-tailed P values are listed for scFv-expressing vs. attP 44-C and attP 44-
C vs. WT comparisons, respectively.

Fitness Evaluation Samples and Conditions. The mosquitoes evaluated in these
experiments were the product of crossing approximately 125 virgin hemizy-
gous transgenic females and 25 wild-type males. In this way, 50% of the off-
spring of these pairings inherit the experimental genotype and 50% inherit
the control genotype. Evaluation of all experimental and control replicates
for each fitness parameter was performed simultaneously. However, the attP
44-C vs. wild-type, attP 44-C m4B7/m2A10 vs. attP 44-C, and attP 44-C m1C3/
m2A10 vs. attP 44-C experiments were performed at different times. Insec-
tary procedures were standardized in an effort to control for the impact of
manipulations and/or environmental conditions upon fitness evaluations. All
adults evaluated in the attP 44-C vs. attP 44-Cm1C3/m2A10 experiments were
provided a 0.3 M sucrose solution instead of damp cotton balls and raisins.

Larval Development. For each experiment, 1,200 larvae were distributed, 50
larvae/pan, into pans (29 × 20 × 8.5 cm) containing 400 ml of ddH2O and
0.6 ml food slurry. At the time of hatching, an additional sample of approxi-
mately 100 larvae were examined microscopically to assess fluorescence phe-
notype, then discarded. Larvae were examined microscopically at day 5 post-
hatching, counted, sorted according to fluorescence phenotype, and re-
placed in the pans. Pupae were removed and counted each day until there
were no surviving individuals.

Longevity. Fifty experimental or control mosquitoes aged 0–4 days post-emer-
gence were placed in separate cages. Dead mosquitoes were removed and
recorded daily until all died.

Male Breeding Success. One experimental or control male was mated to five
virgin wild-type females. Males were 0–2 days post emergence and females
were 3–4 days post-emergence when placed together in a cage. Females were
provided a bloodmeal three days after being placed with the males. Egg cups
were provided two days after blood feeding, examined daily for the presence
of larvae and categorized as either producing or not producing larvae.

Female Fertility and Fecundity. For each treatment, approximately 100 virgin
females, aged 0–3 days post-emergence, and 20wild-typemales, aged 0–4 days
post-emergence, were combined in a cage. Females were provided a blood-
meal 4–5 days after being placedwith themales. Twodays after the bloodmeal,
femaleswere put individually into plastic vials linedwith damp filter paper. Two
days later, eggs were counted and placed into pans of water containing food
slurry. Larvae were removed and counted daily for the following three days.
The number of eggs laid by each female was recorded as an index of fecundity.
Females that laid no eggs were not included in this calculation. The number of
larvae hatching in each pan was recorded as a measure of fertility.

Wing-length Measurement. Wings were measured from the axial incision to
the intersection of the R 4þ 5 vein and the margin, not including the fringe
of scales.

Statistical Analyses of Fitness Data. GraphPad Prism software was used to per-
form statistical analyses of fitness experiments. A Mann–Whitney U test was
used to calculate a two-tailed P value for both fecundity and egg hatchability
data. A chi-square test was used to evaluate the number of females that laid
no eggs and the number of larvae of each phenotype at hatching and 5 days
post-hatching. A two-tailed P value produced by an unpaired t-test with
Welch′s correction is reported for analyses of larval development time. A
two-tailed P value produced by an unpaired t-test is reported for analyses
of wing length. Adult survivorship curves were generated using the
Kaplan-Meier method and compared using a log-rank test.
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Fig. S1. Identification of the attP 44 docking sites, A, B, and C. (A) Fluorescent hybridization in situ to polytene chromosomes detected three docking sites
located on the X chromosome of attP 44 females. The three images display the chromosome stain, the Cy5-labeled CFP probe, and a merged image. (B) Primary
nucleotide sequences of the attP 44 docking sites. The genomic DNA sequences flanking the integration sites of three attP 44 docking sites were identified by
inverse PCR and sequencing. The TTAA insertion site sequence is indicated in bold font.

Fig. S2. Fluorescent in situ hybridization of polytene chromosomes of attP m4B7/m2A10 transgenic Anopheles stephensi. The four images display the chro-
mosome stain, the Cy3-labeled m2A10 DNA probe, the Cy5-labeled attP docking site DNA probe, and a merged image. The attP docking site DNA probe
contained a sequence corresponding to the genomic DNA insertion site of the particular docking site transgene. Arrows point to probe signals. Additional
cy5 signal present in the attP 20 hybridization does not align with polytene chromosomes and represents non-specific probe binding or autofluorescence.
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Fig. S3. Sex-specificity of m4B7 and m2A10 transgene expression. RT-PCR was used to detect m4B7, m2A10, AsCPA, AsVg1, and rpS26 in transgenic and wild-
type males (marked with a♂ symbol). Each male RNA sample was prepared from ten individuals. Control female sample composition and reactions are as listed
in Fig. 3.

Fig. S4. Integration of a dual m1C3/m2A10 single-chain antibody transgene. (A) Schematic representation of the m1C3/m2A10 single-chain antibody trans-
gene integrated into an attP docking site transgene. All abbreviations are the same as in Fig. 1. The probe used in Southern blot analysis is indicated by a black
horizontal bar above the image. An NheI restriction endonuclease site present in the transgene is indicated. (B) Genomic DNA from single attP 44m4B7/m2A10,
attP 44 m1C3/m2A10, and wild-type (WT) control females was digested with NheI and hybridized to an m2A10 probe to produce signals that would vary
according to genomic location and copy number. DsRed-positive G1 females derived from each of the three positive G0 pools (Pools P7, P9, P3) were analyzed.
Four individuals were analyzed from pool P7, as two distinct patterns of DsRed fluorescence were observed in larvae drawn from this pool. The locations of
molecular weight markers are indicated in kilobase pairs (kb). Red points to the right of each sample identify the two signals detected in DNA from transgenic
mosquitoes. (C) Transgene integration into the attP 44-A, B, and C docking sites was assayed in three pool P7 individuals (#1–3) by gene amplification. A primer
complementary to genomic sequences flanking each attP 44 docking site was paired with a primer specific for attL to amplify a product diagnostic of in-
tegration into each attP 44 docking site (sites A, B, and C correspond to 1267, 1232, and 1144 bp, respectively). WT and non-template control (NTC) samples
served as negative controls. An attP 44 m1C3/m2A10 individual whose genotype had been determined by Southern blotting was used as a positive control for
integration in attP 44 site C. Integration in attP 44 sites A and B were determined by amplification product size, as no positive controls were available.
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Fig. S5. Expression of a dual m1C3/m2A10 single-chain antibody transgene. (A) RT-PCR detection of m1C3 and m2A10 transcripts in RNA isolated from homo-
genates of blood-fed females from pools P3, P7, and P9. Previously-characterized m1C3- or m2A10-expressing transgenic mosquitoes were used as positive
controls (6), while WT mosquitoes were used as negative controls. Sample composition and control reactions are as listed in Fig. 3, except that midgut samples
only were examined for m1C3 expression. The m1C3/m2A10 transgenic line and transgene integration site are indicated above each lane. (B) Immunoblot
analysis of transgenic attP 44 m1C3/m2A10 An. stephensi. An anti-E tag antibody was used to detect scFv protein in whole body homogenates of transgenic
females. Immunoblot sample composition and positive control are as described in Fig. 4.

Fig. S6. Identification of att P44, attP 44 m1C3/m2A10, and attP 44 m4B7/m2A10 transgenic individuals containing only attP docking site C. Primers com-
plementary to genomic sequences flanking the three docking sites were paired with a primer specific for piggyBac left-hand sequence to amplify products with
sizes specific to each docking site. Individuals containing all three docking sites (+), wild-type mosquitoes (-), and non-template control (NTC) samples were
assayed in parallel reactions.
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Fig. S7. Daily survival of wild-type, attP 44-C attP 44-C m4B7/m2A10, and attP 44-C m1C3/m2A10 adult mosquitoes. The x-axis indicates number of days after
the start of the experiment.
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Fig. S8. Expression of m1C3, m4B7, andm2A10 transcripts in P. falciparum-infected mosquitoes. RT-PCR was used to detect m1C3, m4B7 andm2A10 transcripts
in RNA isolated from homogenates of non-blood-fed (NBF) and blood-fed females.The m1C3 and m4B7 transcripts were assayed in NBF and four hours post-
infection (4 h PI) females. The m2A10 transcript was assayed in NBF, 24 h PI and 14 day PI females. Day 14 PI females were provided a blood meal 24 h prior to
collection. Wild-type (WT) and attP 44-C females served as negative controls. Each RNA sample was prepared from two whole females. The rpS26 and rpS26-RT
control reactions are as listed in Fig. 3.

Table S1. Statistical analyses of fitness evaluations of wild-type, attP 44-C, attP 44-C m4B7/m2A10, and attP 44-C m1C3/m2A10 mosquitoes

Comparison*

Wild-type
vs. docking site

(attP 44-C)

Docking site (attP 44-C) vs.
integrated transgene

(attP 44-C m4B7/m2A10)

Docking site (attP 44-C) vs.
integrated transgene

(attP 44-C m1C3/m2A10)

Fecundity† P ¼ 0.0868 P ¼ 0.4591 P ¼ 0.0560
% females laid no eggs‡ X2 ¼ 11.58, d:f: ¼ 1, P ¼ 0.0007 X2 ¼ 1.123, d:f: ¼ 1, P ¼ 0.2893 X2 ¼ 2.040, d:f: ¼ 1, P ¼ 0.1532
Egg hatchability† P ¼ 0.8294 P ¼ 0.1006 P ¼ 0.8235
Male mating success NI§ NI§ NI§

Larval to pupal
development in days¶

t ¼ 0.53, d:f: ¼ 1174, P ¼ 0.5959 t ¼ 2.32, d:f: ¼ 1093, P ¼ 0.0206 t ¼ 0.60, d:f: ¼ 1149, P ¼ 0.5504

Fraction of larvae displaying
phenotype at hatching‡

NI§ X2 ¼ 0.43, d:f: ¼ 1, P ¼ 0.5111 X2 ¼ 0.84, d:f: ¼ 1, P ¼ 0.3606

Fraction of larvae displaying
phenotype at day 5
post-hatching‡

X2 ¼ 0.31, d:f: ¼ 1, P ¼ 0.5775 X2 ¼ 0.53, d:f: ¼ 1, P ¼ 0.4674 X2 ¼ 0.04, d:f: ¼ 1, P ¼ 0.8352

Female longevity in days‡ X2 ¼ 0.22, d:f: ¼ 1, P ¼ 0.6415 X2 ¼ 0.17, d:f: ¼ 1, P ¼ 0.6810 X2 ¼ 10.76, d:f: ¼ 1, P ¼ 0.0010
Male longevity in days‡ X2 ¼ 12.36, d:f: ¼ 1, P ¼ 0.0004 X2 ¼ 0.01, d:f: ¼ 1, P ¼ 0.9418 X2 ¼ 0.04, d:f: ¼ 1, P ¼ 0.8360
Female wing length¶ t ¼ 1.67, d:f: ¼ 98, P ¼ 0.0975 t ¼ 0.40, d:f ¼ 98, P ¼ 0.6921 t ¼ 0.11, d:f: ¼ 98, P ¼ 0.9135
Male wing length¶ t ¼ 0.97, d:f: ¼ 98, P ¼ 0.3326 t ¼ 0.86, d:f: ¼ 98, P ¼ 0.3895 t ¼ 0.49, d:f: ¼ 98, P ¼ 0.6251

*Comparison categories and values analyzed are derived from Table 2. Specific values listed result from the types of analyses performed.
†Mann-Whitney U test.
‡Chi-square (X2), degrees of freedom (d.f.).
§Numbers identical.
¶Unpaired T-test, degrees of freedom (d.f.).
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Table S2. Oligonucleotide primer names and sequences

Primer name Primer sequence

RT-PCR
m2A10 FOR 5′-GAGACGGTGAAGATCTCGTGCAAGG-3′
m2A10 REV 5′-GCTTCGTACCACCACCGAACACGTA -3′
m4B7 FOR 5′-CAGCGATTACGGCATG-3′
m4B7 REV 5′-GCGCTGCAGACAGTAGTAA-3′
m1C3 FOR2 5′-AAGGGCTCGCTGAAACTGT-3′
m1C3 REV2 5′-ACAGAAGTACACCGCCAGGT-3′
AsVg1 FOR (1)
AsVg1 REV (1)
AsCPA FOR 5′-CTTTACGGAAACGCTCGAAG-3′
AsCPA REV 5′-CCATAGCAGAATGGACCGTAA-3′
Asrib26SFOR (1)
Asrib26SREV (1)

Inverse PCR, docking-site genotyping
piggyBac5FOR (2)
piggyBac5REV (2)
piggyBac3FOR (2)
piggyBac3REV 5′-AAACCTCGATATACAGACCGATAAAAACAC-3′
attP44-A-5′ 5′-CTCGTTTTAAATTGGCCATAG-3′
attP44-A-3′ 5′-TCGCTTTCACTCCTATTTCG-3′
attP44-B-5′ 5′-CCAAACATAATCCCAGCATC-3′
attP44-B-3′ 5′-GGGGTTTGGTTGTAGAGGAT-3′
attP44-C-5′ 5′-TTGATCCCCAATTCTGACAC-3′
attP44-C-3′ 5′-TCCCAGGATATTCCCATTTG-3′

Cloning
pCRattBFOR 5′-GAGAGCATGCGTGCTGGAATTCGGCTTG-3′
pCRattBREV 5′-GGAAGCATGCGCCAGTGTGATGGATATCTG-3′

FISH probe amplification
3endREV5′ 5′-AAACCTCGATATACAGACCGATAAAACACA-3′
L19ARendBnew 5′-GAAGTTACAATCATGTTCTGTTTGACACG-3′
L43endBFOR2 5′-ACGGTCAGGGAAAAAAGG-3′
L43endBREV1 5′-GCATCAATTGTCTGGCAC-3′
ECFPFOR 5′-CGGTGATATAGACGTTGTGGC-3′
ECFPREV 5′-CTGCACCACCGGCAAG-3′

1. Nirmala X, et al. (2006) Functional characterization of the promoter of the vitellogenin gene,
AsVg1, of the malaria vector, Anopheles stephensi. Insect Biochem Mol Biol 36:694–700.

2. Nimmo DD, Alphey L, Meredith JM, Eggleston P (2006) High efficiency site-specific genetic
engineering of the mosquito genome. Insect Mol Biol 15:129–136.

Isaacs et al. www.pnas.org/cgi/doi/10.1073/pnas.1207738109 6 of 6

http://www.pnas.org/cgi/doi/10.1073/pnas.1207738109

