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Malaria parasites are transmitted to humans by mosquitoes of the
genus Anopheles, and these insects are the targets of innovative
vector control programs. Proposed approaches include the use of
genetic strategies based on transgenic mosquitoes to suppress or
modify vector populations. Although substantial advances have
beenmade in engineering resistant mosquito strains, limited efforts
have been made in refining mosquito transgene expression, in par-
ticular attenuating the effects of insertions sites, which can result in
variations in phenotypes and impacts on fitness due to the random
integration of transposon constructs. A promising strategy to miti-
gate position effects is the identification of insulator or boundary
DNA elements that could be used to isolate transgenes from the
effects of their genomic environment. We applied quantitative
approaches that show that exogenous insulator-like DNA derived
from the Drosophila melanogaster gypsy retrotransposon can in-
crease and stabilize transgene expression in transposon-mediated
random insertions and recombinase-catalyzed, site-specific integra-
tions in the malaria vector mosquito, Anopheles stephensi. These
sequences can contribute to precise expression of transgenes in
mosquitoes engineered for both basic and applied goals.

transgenesis | transposase

The World Health Organization estimated the annual malaria
burden in 2010 to be ∼216 million clinical cases with ∼655,000

deaths (1). Malaria parasites are transmitted to humans by mos-
quitoes of the genus Anopheles, and therefore, these insects are the
targets of vector control programs. However, insecticide resistance
challenges malaria eradication efforts and innovative approaches
for control are needed where traditional methods no longer work
(2). Proposed approaches include the use of genetic strategies based
on transgenic mosquitoes to suppress (population reduction) or
modify (population replacement) vector populations (3–5). Pop-
ulation replacement requires the introgression of a parasite-
refractory or resistance gene into wild, malaria-susceptible mos-
quito populations, thereby interrupting transmission (6). Although
substantial advances have been made in engineering resistant
mosquito strains (7–18), limited efforts have focused on refining
mosquito transgene expression, which can result in variations in
phenotypes and impacts on fitness due to the random integration
of transposable elements (19–21).
Transgene expression varies both among and within transgenic

animal strains due primarily to position effects and position-effect
variegation (PEV). Position effects arise as a direct consequence
of the different transcriptional status of the integration site and/or
the influence of nearby enhancers or repressors of gene expression
(22). PEV results when expression is varied among siblings of
a family with a single, common insertion that likely borders a eu-
chromatic/heterochromatic boundary. Both types of variable ex-
pression can explain phenotypes observed in transgenic mosquito
lines (7, 8, 23). These phenomena complicate efforts to identify
and characterize transgenic lines in mosquitoes, especially Aedes
aegypti, which has large amounts of interspersed heterochromatin
throughout its genome (24). Perhaps the most promising strategy
to mitigate position effects is the identification of insulator or

boundary DNA elements that could be used to isolate transgenes
from the effects of their genomic environment.
Insulators regulate interactions among promoter and enhancer

elements and are able to organize independent gene regulatory
domains to prevent inappropriate gene expression. Position effects
can beminimized by flanking transgenes with insulators as they can
block the effects of neighboring enhancers and silencers as well as
encroaching heterochromatin (25). A number of different DNA
sequences with insulating activity have been identified in both in-
vertebrate and vertebrate species including scs/scs’, a portion of
the gypsy retrotransposon from the fruit fly, Drosophila mela-
nogaster, sites in the sea urchin histone H3 genes (sns), human
Matrix Attachment Regions (MARs), the chicken β-globin genes
(cHS4), the ribosomal RNA genes of Xenopus, the human T-cell
receptor (TCR)-α/δ locus, and the CTCF factor (26–33). The
Drosophila gypsy insulator [also known as the Su(Hw) insulator]
phenotype results from a nucleotide sequence∼350 base pairs (bp)
in length derived from the DNA adjacent to the 3′-end of the 5′
long terminal repeat in the gypsy retrotransposon and a number of
host-derived DNA binding proteins (34–36). The gypsy insulator
complex is proposed to regulate gene expression by establishing
higher order domains of chromatin structure and blocking the
interference of nearby enhancers or repressors (37–39).
We developed quantitative approaches that show that Dro-

sophila gypsy insulator DNA included in transgenes inserted into
the genome of the malaria vector mosquito, Anopheles stephensi,
can increase and stabilize transgene expression in transposon-
mediated random insertions and recombinase-catalyzed, site-
specific integrations. These sequences can contribute to precise
expression of transgenes in mosquitoes engineered for both
basic and applied goals.

Results
Design of gypsy-Insulated and -Uninsulated Vectors. An import
vector, GYP[3xP3-DsRed], containing gypsy insulator DNA de-
rived from D. melanogaster was constructed to test effects on
transgene expression inAn. stephensi (Fig. 1) (GenBankAccession
No. KC733875). GYP[3xP3-DsRed] expresses DsRed, a fluores-
cent marker protein distinguished easily from the cyan fluorescent
protein (CFP) expressed by recipient-line mosquitoes (docking-
site lines 44C and 20) (18, 40). The recipient lines were selected
because they have single docking-site transgene insertions at dif-
ferent places in the genome and vary visually in the intensity and
distribution of their CFP phenotype (Fig. S1). Line 20 was chosen
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as a “high”-intensity phenotype with brighter and more widely
distributed fluorescence, and 44C was chosen as comparatively
“low,” less bright, and with more tissue-specific expression. The
gypsyDNA sequences are cloned as inverted repeats so as to flank
theDsRedmarker gene on both sides. The construct, 3xP3-DsRed,
lacks the gypsy DNA and was used to generate control transgenic
lines. The entire DsRed cassette is flanked in both vectors by the
piggyBac right- and left-hand inverted terminal repeat (ITR) DNA
to allow transposase-mediated random integration of the transgene
into the genome.AφC31 attB sequence also is inserted into the left-
hand piggyBac ITR to allow φC31 recombinase-catalyzed transgene
insertion into the attP-containing docking-site lines (Fig. 2). The
use of plasmids with identical structures for both random and site-
directed integration experiments is expected to reduce some po-
tential variation due to different construct architecture.

gypsy DNA Elevates and Stabilizes the Expression of DsRed in
Transgenic Lines with piggyBac Transposase-Mediated Random
Integrations. Hemizygous transgenic lines were generated by coin-
jecting separately control and gypsy-containing plasmids along with
a piggyBac helper plasmid into wild-type An. stephensi embryos.
The resulting lines have the transgene inserted in different places,
and in some cases, in multiple copies throughout the genome (Fig.
S2). Fifteen control and 20 gypsy lines were recovered, and the
abundance of DsRed mRNA in individual mosquitoes was quan-
tified by real-time PCR and normalized to the An. stephensi ribo-
somal S7 gene (Fig. 3). Individual mosquitoes were used to
minimize variations in gene copy number that could arise from
independent assortment in lines carrying multiple, unlinked inser-
tions. Relative DsRed mRNA levels from two independent

experiments (biological replicates) showed that 11 (55%) and six
(30%) of the gypsy-containing transgenic lines had ≥5- or ≥10-fold
higher, respectively, marker gene mRNA abundance compared
with the S7 control. In contrast, only one of the 15 (6%) control
lines had DsRed mRNA accumulation levels ≥10-fold. Further-
more, real-time PCR analyses of individual second-generation
mosquitoes (G2, following establishment the transgenic lines) show
that marker gene mRNA accumulation in these experiments is in-
dependent of DsRed genome copy number. All transgenic lines
were outcrossed to wild-type animals at each generation, and
therefore, the copy numbers represent multiple and distinct hemi-
zygous insertions of the transgene in the genome. Finally, replicate
biological experiments with G2 and G5 mosquitoes show that gypsy-
containing transgenic lines are significantly more consistent (all P
values>0.01) than controls (P values ranging from0.0015 to 0.46) in
the levels ofDsRedmRNA accumulation amongmosquitoes of the
different generations (Tables S1 and S2). These results support the
conclusion that the exogenously derived gypsy insulator-like DNA is
functional in this mosquito and contributes to higher and more
consistent transgene mRNA abundance.

gypsy DNA Modulates and Stabilizes the Expression of DsRed in
Transgenic Lines with φC31-Mediated Site-Specific Integrations.
Mosquito embryos from docking lines 44C and 20 containing
attP sites for φC31 integrase (18, 40) were coinjected with control
and gypsy-containing plasmids and the integrase mRNA. Two
lines each were derived independently in docking line 44C (44C
#12 and 44C #P2 contain GYP[3xP3-DsRed] and 44C #28 and
44C #P12 carry 3xP3-DsRed). Pooled mRNA samples from 10
individuals were prepared for these experiments. No statistical
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Fig. 1. Schematic representation of gypsy-containing
and control transgene random integration into
the An. stephensi genome. The DsRed (DsRED) gene
is included in the pUC18 vector (black line) along
with piggyBac left- and right-hand (pBacLH; pBacRH)
ITR DNA. DsRed expression (DsRED) is driven by the
Pax3 promoter (3xP3). GYP[3xP3-DsRed] constructs
have the DsRed cassette flanked with Drosophila
gypsy insulator sequences (gypsy). An attB site (not
relevant to these experiments) also is included. The
piggyBac transposase mediates random integration
of 3xP3-DsRed and GYP[3xP3-DsRed] into the wild-
type mosquito genome at TTAA sites to produce
uninsulated and insulated lines, respectively. Rela-
tive locations are shown for the recognition sites
for the restriction endonucleases, BstBI and FseI.
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Fig. 2. Schematic representation of gypsy-containing
and control site-specific integration in An. ste-
phensi docking-site lines. The 3xP3-DsRed and
GYP[3xP3-DsRed] plasmid structures are identical
to Fig. 1. The docking-site lines (Line 44C/Line 20)
have piggyBac LH and RH sequences joined to a CFP
transformation marker driven by the 3xP3 promoter
and a phage attachment site (attP) (18). The φC31
integrase catalyzes recombination of the attB and
attP sites to generate right and left attachment sites
(attR and attL) and results in integration of the 3xP3-
DsRed (broken lines) or GYP[3xP3-DsRed] plas-
mids (solid lines). Relative locations are shown for
the recognition sites for the restriction endonucleases,
BstBI and FseI.
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differences were seen in the normalized abundance of DsRed
mRNA between each gypsy-containing corresponding pair, al-
though the values in 44C #12 were consistently 9–12% higher
than 44C #P2 (Fig. 4; Tables S3–S5). The range of variation, 6–
41%, was larger between the independently derived control lines
(44C #28 and 44C #P12), but the low absolute values distort
these differences. The low variation among the three experi-
mental replicate reactions of each sample support the conclusion
that the procedures used were consistent throughout the experi-
ments. In contrast, GYP[3xP3-DsRed] showed a significant three-
fold increase in DsRed mRNA abundance compared with the
3xP3-DsRed control lines. However, DsRed mRNA abundance
was increased only ∼1.8-fold in docking line 20 when GYP[3xP3-
DsRed] (line 20 #P1) was compared with its corresponding
control (line 20 #P3). Direct comparisons of the values of DsRed
mRNA abundance among the biological replicates of G2, G4, and
G6 mosquitoes of both docking lines are complicated likely by
environmental and epigenetic variation. However, the DsRed-
normalized mRNA abundance in gypsy-containing lines was
consistently higher than controls. These results support the con-
clusion that gypsy DNA can have a positive and stable effect on
single-copy transgene expression.

gypsy DNA Affects Expression of a Marker Gene Outside the Insulated
Region. gypsy sequences have insulator activity not only on genes
surrounded by them, but also on those outside but nearby (41).
The CFP marker gene is flanked on only one side by gypsy DNA
(Fig. 2). Comparisons were made of the abundance of CFP
mRNA among the various combinations of docking-site lines
(Fig. 5; Tables S6–S8). Line 20 has on average an ∼60-fold higher
basal level of CFP mRNA abundance than line 44C, and this is
consistent with the subjective interpretation that it has a high-
intensity CFP fluorescence phenotype. Recombinase-mediated
insertions of both GYP[3xP3-DsRed] and 3xP3-DsRed constructs
in line 20 resulted in a significant 20–60-fold reduction in CFP
mRNA abundance. Furthermore, CFP expression in line 20 was
only ∼1.7-fold higher in the insulated line (20 #P1) than the
control line (20 #P3). In contrast, CFP mRNA showed a signifi-
cant ≥2-fold higher abundance in docking line 44C with gypsy
DNA sequences compared with either the uninsulated control
lines (44C #28 and 44C #P12) or the original docking line
without any additional sequence insertions. Normalized CFP
mRNA levels were similar among the three mosquito generations
(G2, G4, and G6) for both docking lines. These results support
the conclusions that there are some proximity effects of gypsy

insulator-like DNA in transgenic lines but that the effect, al-
though stable, can be positive (line 44C) or negative (line 20).

Orthologous Genes Encoding gypsy Insulator Complex Proteins Are
Found in Mosquito Species. The conceptual translation products of
the D. melanogaster gypsy complex genes with demonstrated in-
sulator function, Su(Hw),Mod(mdg4)2.2, andCP190, were used in
reciprocal Blast analyses to identify putative orthologous genes in
the mosquitoes An. stephensi, An. gambiae, Ae. aegypti, and Culex
quinquefasciatus. The highest scoring matches were screened vi-
sually for the conservation of the functionally characterized
binding domains, and a putative ortholog for each gene was found
(Table S9). Annotations were returned for only the putative
C. quinquefasciatus genes, and these were described as a gonado-
tropin-inducible transcription factor, a modifier of mdg4, and a
microtubule-binding protein for Su(Hw), Mod(mdg4)2.2, and
CP190, respectively. With the possible exception of the Su(Hw)
ortholog, these annotations are consistent with the demonstrated
function of the corresponding D. melanogaster proteins.
Reciprocal Blast analyses using the amino acid sequences

encoded by the An. gambiae putative gypsy complex orthologous
genes returned the same genes discovered with the fruit fly query,
and the relative similarities of the proteins support the established
phylogeny of the species investigated. The two Anopheles sets of
genes were more similar to one another than the Aedes and Culex
genes, and as seen previously, the D. melanogaster sequences had
the lowest similarity.

Discussion
This study supports the conclusion that exogenously derived gypsy
insulator DNA can function to modulate and stabilize transgene
expression in the vector mosquito, An. stephensi. gypsy insulators
were characterized first in D. melanogaster associated with the
eponymous retrotransposon, where it was shown that a number of
specific proteins interacted with and bound conserved DNA
domains in the mobile element and others distributed throughout
the fruit fly genome (42–44). We interpret our results to indicate
that a functionally similar group of proteins exist in An. stephensi
and that they have the ability to reproduce the insulating pheno-
type using introduced DNA binding domains. This similarity
extends to the ability to modulate gene expression both positively
and negatively and the imposition of polar effects on transcrip-
tional units near but not flanked by the insulator DNA (41). This
similarity also supports the hypothesis that the functional require-
ments for these insulator-like elements may have been conserved
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Fig. 3. DsRed normalized mRNA abundance and
genome copy number from uninsulated and in-
sulated transgenes inserted randomly into the
An. stephensi genome. (A) Fifteen uninsulated, con-
trol transgenic lines (C-1 to C-15), and (B) 20 in-
sulated transgenic lines (G-1 to G-20) were
generated and analyzed for DsRed mRNA abun-
dance levels. DsRed mRNA accumulation was
quantified by qRT-PCR in two different mosquito
generations, G2 (dark-color bars) and G5 (light-color
bars). Statistically significant differences in mRNA
abundance between generations are marked with an
asterisk (*). The number of DsRed genes present in G2

mosquitoes was determined by qPCR and is in-
dicated below each transgenic line. DsRed mRNA
levels were quantified by qRT-PCT and normalized
using ribosomal gene S7 transcript abundance as
a reference.
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evolutionarily over the >250 million years that these taxa are esti-
mated to have diverged (45, 46).
Although the DNA components of the insulating elements were

found first associated with the gypsy retrotransposon, it was shown
later that there are independent gypsy-like and functional endoge-
nous sequences in the D. melanogaster genome (47). However,
there is debate as to whether the gypsy DNA sequences represent
components of a canonical insulating system.While there are gypsy-
like retrotransposons in mosquitoes, the existing data support
a hypothesis that the target DNA and corresponding interacting
proteins most likely originated in ancestral genomes and were ac-
quired later by the mobile element (47). This hypothesis receives
additional, although indirect, support by the discovery of putative
Su(Hw), Mod(mdg4)2.2, and CP190 orthologous genes in the four
mosquito species. Furthermore, a gypsy-like DNA insulator sys-
tem is likely to not be the only one functioning in mosquito
genomes. Putative CTCF homologous genes were identified and
characterized in Ae. aegypti and An. gambiae (48). These genes en-
code polypeptides with primary amino acid similarity to verte-
brate CTCFs, despite ≥500 million years of divergence.

The results from the piggy-Bac–mediated random insertions of
gypsy-containing and control plasmids support the inclusion of gypsy
DNA in routinemosquito transformation experiments.While there
are published experiments in which this DNA was included in
mosquito transgenes, no efforts were made to do a rigorous quan-
titative analysis of their impact and there is no previous evidence
that they function inmosquitoes (49). The results we obtained show
that transgene expression can be enhanced, leading to greater
mRNA abundance, and that this effect is reproducible across
a number of generations. Analyses of these or similar lines are
needed over a much longer term to determine if the gypsy insulator
prolongs the mRNA abundance phenotypes. A noninsulated
transgene in Ae. aegypti experienced silencing following long-term
culture (G17) (50), and it is not clear if insulator elements would
havemitigated these effects or if the silencing phenotype extends to
mosquitoes of the genus Anopheles.
An interesting observation from the piggy-Bac–mediated inser-

tions is the lack of correlation of insert copy number with marker
gene mRNA abundance levels. piggy-Bac often inserts into multi-
ple and distinct sites of the An. stephensi genome during trans-
genesis experiments (11, 18, 40). As such,many transgenic lines are
actually populations of mosquitoes consisting of individuals with
different qualitative and quantitative transgene representations
generated by insertion-site effects, linkage, independent assort-
ment, and hemi- or homozygosity. These differences may account
for some of the variation in the phenotypes of many of the trans-
genes reported in the literature (51, 52) and for the observed
variation in the biological replicates done here. These data support
a hypothesis that the major qualitative and quantitative effects of
a transgene result likely from only one of the multiple insertions.
While it is reasonable to expect an increase in mRNA abundance
and transgene function when an individual locus is made homo-
zygous, adding another copy at another location in the genome
does not necessarily add to this.
The results of the site-specific transgene integrations reinforce

strongly the impact of insertion sites on gene function within the
added context of a single-copy gene. The two docking-site lines
were selected for these experiments because they had visually de-
tectable differences in the intensity and distribution of their re-
spective CFP marker gene phenotypes; line 20 mosquitoes had
a much “brighter” and more widely distributed expression pattern
under fluorescence microscopy. The discovery that docking line 20
had ∼60-fold higher normalized CFP mRNA abundance than line
44C confirms this subjective observation. Both the visual pheno-
types and quantitative evaluations of mRNA abundance are direct
demonstrations of the differential impact of genome location on
the function of an identical gene. However, previous studies of
transgene insertions in these two docking sites show that line 20 is
not as permissive as line 44C for expression from different in-
tegrated promoters (18). Both components of a transgene construct
comprising dual antiparasite effector genes were expressed well in
line 44C but only one of the two promoters functioned in line 20.
gypsy insulator DNA had a measurable and significant effect on

transgene mRNA abundance in both docking-site lines. The net
impact on insulator-flanked DsRed-expressing transgenes was
positive for insertions in line 44C. The insulating effect was not as
strong for insertions into line 20, although it was positive through
all three biological replicates. In contrast, the effects of insertions
on CFP mRNA abundance varied between the two docking-site
lines. There was a large and significant reduction in CFP mRNA
abundance in line 20 as a consequence of the integration of either
gypsy-containing or control transgenes, while control insertions
had little effect in line 44C. Interestingly, gypsy DNA increased
CFP mRNA abundance in line 44C and reduced the negative
impact of an insertion in line 20. These results support a general
model that the insulator-like sequences mitigated the effects of
a suppressor in the region of the 44C genome insertion site, while
in line 20 they impact the influence of a strong enhancer. The
results from line 20 are counterintuitive, as it might be predicted
that the insulated construct would suppress even more the in-
sertion-site influences. However, the mechanisms of insulator
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Fig. 4. DsRed mRNA abundance in uninsulated and insulated site-specific
transgenic lines. Docking lines 44C and 20 (left and right, respectively, in each
panel) were used to generate DsRed site-specific integrations. DsRed mRNA
abundance levelswere comparedamonguninsulated (44C#28, 44C#P12, 20 #P3)
and insulated (44C #12, 44C #P2, 20 #P1) lines, over three mosquito generations
(2, 4, 6). Average values for each line (numbers within each histogram) were
derived from triplicate technical replicates and the bars represent the SD in each
set of samples. DsRed mRNA levels were quantified by qRT-PCT and normalized
using ribosomal gene S7 transcript abundance as a reference.
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activity in mosquitoes are unknown, and further experiments are
needed to explain this observation.
The differences in mRNA abundance levels for the corre-

sponding, independently derived pairs of experimental and control
strains generated from line 44C were heritable over multiple
generations in the three biological replicate experiments. Since the
same gene is inserted at the same locus in each of these pairs of
lines, these data support a hypothesis that one or more modifier
genes or alternate alleles that either stimulate or repress transgene
expression at a low level segregated or assorted independently in
one of the isolates. Furthermore, carrying out biological replicates
over multiple generations mimics conditions that might prevail
during the establishment and maintenance of any transgenic
mosquito line for basic or applied studies. The small variations in
normalized mRNA abundance values among the three replicates
most likely arise from extrinsic and environmental variables. We
expect this variation to be negligible as specific insulated strains are

produced and standardized for practical applications. As with any
biological agent, lines adapted for disease control programs will
need to be monitored for continued efficacy.
We expect future studies of gypsy-insulating DNA inmosquitoes

to reveal the extent to which this specific system represents a fun-
damental property of genome organization, at least in insects, and
how it can be used in both basic and applied studies of mosquito
gene expression. Toward these ends, we have initiated analyses of
the mosquito orthologous genes encoding the protein components
of the insulating-like system and are searching for endogenous
gypsy-like sites in mosquitoes.

Materials and Methods
Transposon- and recombinase-mediated transgenesis technologies were used
to produce experimental and control strains of An. stephensi. Experimental
and control transgenes were identical except for the inclusion of gypsy
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Fig. 5. CFP abundance from uninsulated/insulated docking-site lines. CFP expression levels were derived and are presented as in Fig. 4. (A) Comparisons of
uninsulated (44C #28, 44C #P12, 20 #P3) and insulated (44C #12, 44C #P2, 20 #P1) docking lines 44C and 20 (Right and Left, respectively) over three mosquito
generations (2, 4, 6). (B) Comparisons of CFP transcript expression levels in docking-site lines 44C and 20 over three mosquito generations (2, 4, 6). Please note
the differences in the scale of the y-axes in A and B.
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element insulator target DNA in the former. Gene copy numbers were
verified using Southern blot analyses and gene amplification.

Standardized quantitative gene amplification methods and statistical
analyses were used to determine the mRNA abundance of a marker gene
(encoding DsRed) flanked or not by gypsy DNA and compare variation
among samples, respectively. Both technical and biological replicates were
performed with the latter conducted over successive generations. The mRNA
abundance also was determined for a second marker gene (CFP) with or
without gypsy DNA on one side only.

Bioinformatic approaches were used to identify putative orthologous
genes encoding the protein components of the gypsy insulator complex in
four mosquito species and evaluate their relative similarity. Details are provided
in SI Materials and Methods.
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