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ABSTRACT

Transgenic technology for mosquitoes is now more than two decades old, and a wide array of control
sequences have been described for regulating gene expression in various life stages or specific tissues.
Despite this, comparatively little attention has been paid to the development and validation of other
transgene-regulating elements, especially 3'-untranslated regions (3'UTRs). As a consequence, the same
regulatory sequences are often used multiple times in a single transgene array, potentially leading to
instability of transgenic effector genes. To increase the repertoire of characterized 3'UTRs available for
genetics-based mosquito control, we generated fifteen synthetic sequences based on the base compo-
sition of the widely used SV40 3'UTR sequence, and tested their ability to contribute to the expression of
reporter genes EGFP or luciferase. Transient transfection in mosquito cells identified nine candidate
3'UTRs that conferred moderate to strong gene expression. Two of these were engineered into the
mosquito genome through CRISPR/Cas9-mediated site-specific insertion and compared to the original
SV40 3'UTR. Both synthetic 3'UTRs were shown to successfully promote transgene expression in all
mosquito life stages (larva, pupa and adults), similar to the SV40 3'UTR, albeit with differences in
intensity. Thus, the synthetic 3'UTR elements described here are suitable for regulating transgene
expression in Ae. aegypti, and provide valuable alternatives in the design of multi-gene cassettes.
Additionally, the synthetic-scramble approach we validate here could be used to generate additional
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functional 3'UTR elements in this or other organisms.

Introduction

Aedes mosquitoes are major vectors for several viruses of
public health concern, including Zika virus (ZIKV), yellow
fever virus (YFV), dengue virus (DENV) and chikungunya
virus (CHIKV), with up to 3.9 billion people worldwide at risk
[1]. Genetic approaches designed to control mosquito-borne
diseases have been rigorously pursued and have led to
advances in genome-editing and transgenesis technologies
with the use of transposable elements (TEs) [2-5], homing
endonucleases (HEs) [6,7], zinc finger nucleases (ZFNs) [8],
and transcription activator-like effector nucleases (TALENSs)
[9,10]. The recent emergence of CRISPR technologies [11] has
provided a pathway to new potential tools for the control of
disease vector mosquito populations [12-18].

For efficient genetic control strategies, appropriate gene
regulation is essential to achieve spatio-temporal activation
of any potential effector molecules. Salivary gland or midgut-
specific promoters controlling the expression of RNA inter-
ference (RNAI) effector sequences were able to suppress the
infection cycle of DENV, reducing the risk of transmission to
a vertebrate host [19-21]. For Anopheles mosquito vectors,
fatbody-specific vitellogenin (Vg) or midgut-specific carboxy-
peptidase (Cp) promoters were able to drive expression of
effector genes capable of killing malaria parasites [22].
Germline-specific expression of Cas9 controlled by the exu

gene promoter significantly enhanced the rate of homology-
directed repair events [23], contributing to a gene drive
approach in Ae. aegypti [15]. The promoters of nanos
[24,25] and oskar [26] were also shown in Ae. aegypti to
activate gene expression in developing oocytes, and
B2-tubulin [27] in the testis. Meanwhile, various promoter
elements were characterized for general engineering purposes,
such as the constitutive polyubiquitin (PUb) promoter [28],
the eye-specific synthetic 3xP3 promoter [29], heat-activated
Hsp70 promoters [30], and Pol III (U6)/7SK promoters for
guide RNA transcriptional activity [31].

In eukaryotes, the 3'-untranslated region (3'UTR) also
functions as a significant regulatory cis-element responsible
for mRNA stability, localization, or translational efficiency
[32,33]. While numerous promoters are available for trans-
genic mosquitoes as mentioned above, the simian virus 40
3'UTR element (SV40 3'UTR) has been the primary element
utilized for mRNA expression from transgenic marker genes.
This often results in multiple uses of the same genetic element
in a single transgenic construct, and it can cause an unwanted
loss or conversion of the transgenic cargo genes from the
transgenic mosquito genome [25]. For example, following
the induction of a double-stranded DNA break, a eukaryotic
DSB repair mechanism called single-strand annealing (SSA)
can trigger the loss of gene regions flanked by repeated
sequences [34]. Thus, there is value in developing a pool of
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3'UTRs with similar activity but independent sequences. Here,
we substantially expand the repertoire of 3'UTR variants for
transgenesis-based strategies by shuffling the 3'UTR sequence
of SV40. When positioned downstream of an EGFP or luci-
ferase reporter sequence under the control of a strong pro-
moter, several of these synthetic 3'UTRs exhibited moderate
to substantial gene expression in mosquito cells. Two of these
elements were selected for the generation of EGFP-expressing
transgenic lines, and both were found to be functional in all
developmental stages of Aedes aegypti when used in conjunc-
tion with the PUb promoter. Thus, we were able to increase
the number of novel 3'UTRs currently available for genetic
engineering in mosquitoes through synthetic biology, an
approach that could be adapted to other emerging or estab-
lished model organisms.

Results

Synthetic 3'UTR sequences contribute to reporter gene
expression in mosquito cells

While the 3'UTR derived from the SV40 virus has been
widely used to aid in the expression of transgenes in
insects, including mosquitoes, little is known of the specific
regulatory elements needed for this process. Since the SV40

3'UTR has been shown to broadly control gene expression
in many exogenous insect species, we reasoned that this
may be conferred primarily by base composition and the
presence of AAUAAA motifs, suggesting synthetic alterna-
tives could be developed through randomizing the existing
sequence. Thus, we scrambled the SV40 3'UTR (~230 bp)
to generate 16 synthetic sequences, each of which contained
the same base composition and length as the starting
sequence, along with two polyadenylation motifs
(AATAAA) [35] (see Materials and Methods). Each syn-
thetic 3'UTR, except for #9 (for which cloning attempts
were unsuccessful), was placed downstream of the Ae.
aegypti PUb promoter and an EGFP reporter (Fig. 1A), in
place of the SV40 3'UTR, in a previously described expres-
sion cassette [28]. Following transfection into A20 or Aag2
mosquito cells with each plasmid construct, the intensity of
EGFP fluorescence was determined by imaging cytometry,
with normalization based on cell counts (Fig. 1 B and C).
According to test results in A20 cells obtained from 8
biological replicates (Fig. 1B), fifteen synthetic 3'UTR
sequences were classified into four groups: (a) #5 displaying
strong activity (+++); (b) #2, 3, 12, 13, and 16 displaying
intermediate activity (+); (c) #7, 8, and 15 displaying mar-
ginal, but significant activity (z); (d) #1, 4, 6, 10, 11, and 14
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Figure 1. Effects of synthetic 3'UTRs on EGFP expression under the control of polyubiquitin gene (PUb) promoter sequence in mosquito cells. (A) The schematic
representation of plasmid constructs, pSLfa-PUb-EGFP-3"'UTRs. (B and C) Insect cell-based EGFP imaging analysis. Following transient transfections of each plasmid to
A20 (B) and Aag2 (C) cells in 8 biological replicates, transformed cells were measured for EGFP fluorescent intensity by using UV-assisted imaging cytometry. The
gene expression activity was determined by normalizing EGFP fluorescence intensities to total cell counts. The 3'UTRs with significant EGFP-expressing activity,
compared to the negative control (c), were designated by green stars. Tukey’s multiple comparison test (One-way ANOVA): *, P < 0.0005. (D) The EGFP marker
expression with synthetic or control 3'UTRs was examined under the fluorescent microscope at 48 hr post transfection. DsRED fluorescence was visualized along with
EGFP as the internal control of transfection efficiency. Each entire experiment was repeated at least 3 times, representative results are shown.



displaying no activity (-). A similar pattern of differential
gene expression was observed in Aag2 cell-based assays,
while 3'UTR #7 did not show significant activity in this
cell line (Fig. 1C). We also identified differential levels of
3'UTR-supported EGFP fluorescence by microscopic obser-
vation, while levels of internal control marker (DsRED)
were equal throughout all transfected samples (Fig. 1D).
In addition to regulatory activity of 3'UTRs or 5'UTRs,
gene expression is also dependent on codon composition of
the target gene, which can provide regulatory codons asso-
ciated with mRNA stability and charged tRNA availability
[36,37]. To evaluate the versatility of synthetic 3'UTR
sequences in combination with alternative promoters/repor-
ters, we also placed six of them (#3, #5, #7, #12, #13, and #16)
downstream of the firefly luciferase gene under the control of
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Figure 2. Effects of synthetic 3'UTRs on firefly luciferase expression under the
control of baculovirus Immediate-Early gene (IE1) promoter sequence in mos-
quito cells. (A) The schematic representation of plasmid constructs, pSLfa-IE1-Luc
-3'UTRs. (B and C) Dual-luciferase assay using A20 (B) or Aag2 (C) cells. The
individual plasmid was co-transfected to cells with the internal control plasmid
expressing Renilla luciferase in two independent assays of 8 biological replicates
(blue and purple dots). The 3'UTRs with significant luciferase activity, compared
to the negative control (c), were designated by yellow stars. Tukey’s multiple
comparison test (One-way ANOVA): *, P < 0.05; **, P < 0.005.
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the IE1 promoter (Fig. 2A), which has been used previously in
mosquito cells [25]. Each plasmid was co-transfected with an
internal control plasmid encoding Renilla luciferase into A20
or Aag?2 cells in two independent experiments, each of which
included 8 biological replicates (Fig. 2 B and C). Compared to
the control plasmid pGL3-basic (Luc-SV40), all tested plasmid
containing synthetic 3'UTRs showed significant levels of gene
expression in A20 cells, equivalent to the positive control,
pGL3-IE1-Luc-SV40 (Fig. 2B). Meanwhile in Aag2 cells,
3'UTR #3 displayed the strongest activity, with #7 not signifi-
cant for gene expression (Fig. 2C). Together, our results
provide evidence that novel synthetic 3'UTR sequences ran-
domized from the existing SV40 sequence can be functional
with multiple reporter genes and 5'UTR sequences as
expressed under the control of either endogenous or exogen-
ous promoter elements in two independent mosquito cell
lines.

The activity of synthetic 3'UTR sequence did not correlate
with in silico predicted features

As we observed substantial variation in EGFP or firefly luci-
ferase expression levels between the synthetic 3'UTR
sequences, we sought to identify any common sequence ele-
ments that might be associated with strong gene expression.
We analysed each synthetic sequence using the RegRNA2.0
webserver [38] to predict RNA motifs (Fig. 3). While poly-
adenylation sites (PS) were identified in most of the
sequences, no known motifs appeared to be associated with
gene expression levels. We also sought to determine if any
novel motifs were enriched in the active synthetic sequences
using the MEME motif enrichment tool [39]. Once again, we
were not able to identify any combinations of motifs that were
present in the effective 3'UTR group (SV40, #2, #3, #5, #12,
#13, #16) but absent in the non-effective group (#1, #4, #6,
#10, #11, #14, #15) (Table S1), potentially due to the small
sample size. Similarly, no correlations could be found between
the predicted secondary structures (Figure S1) and minimum
free energies (MFE) (Figure S2) of the 3'UTR RNA sequences
and the gene expression levels associated with synthetic
3'UTRs. Depending on the positions of polyadenylation signal
(PAS), mature 3'UTR sequences can be predicted to be dif-
ferent lengths, which may in turn influence RNA stability or
translation efficiency. However, no such relationship appeared
from our tests (Fig. 3), as the 3'UTR #5 sequence showed the
highest activity but is anticipated to be of similar length to #2,
#8, and #15, all of which showed much lower activity.
Likewise, the starting SV40 sequence is amongst the longest,
but was much more active than the structurally similar #1,
#10, #14, all of which had little to no activity.

While the underlying mechanism remains unclear regard-
ing how these small regulatory elements (~230 bp) assist in
transcript expression, our results demonstrate that their gene
expression levels can be varied through potential interactions
with cis-regulatory elements in 5'UTR or reporter gene in
a cell type-dependent manner (Fig. 3). While 3'UTR #7, 12,
13, and 16 displayed similar expression levels regardless of
reporter gene (Fig. 3, PG = IL), #3 was more active with IE1-
Luc than PUb-EGFP (Fig. 3, PG<IL), and #5 was the opposite
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Figure 3. Predicted features and summarized gene expression activity of SV40 and synthetic 3'UTR fragments. Features were predicted using the RegRNA2.0
webserver [http://regrna2.mbc.nctu.edu.tw/detection.html] [38], and included polyadenylation site, UTRsite motifs, AU-rich elements, ERPIN and Rfam predictions,
long-stem RNA structural patterns, fRNAdb, and miRNA target sites (Ae. aegypti) using the default parameters. All features identified in one or more sequences are
shown; MBE, Musashi Binding Element; PAS, Polyadenylation signal; CPE, cytoplasmic polyadenylation signal; PS, polyadenylation site; AATAAA, manually inserted
polyadenylation motif. Cell-based test results from Figs. 1 and Figs. 2 are presented; red stars (*), cell type-dependent activity change; nd, not done; PG, PUb-EGFP

-3'UTR; IL, IE1-Luc-3'UTR.

(Fig. 3, PG>IL). Meanwhile, 3'UTR #7 showed no activity in
the embryo-derived Aag2 cell line (Fig. 3, red stars), unlike
a marginal level of gene expression in the larva-derived
somatic A20 cell line. With the IEI-Luc elements, all the
tested 3'UTR sequences, except for #3, were less able to sup-
port gene expression in Aag2 cells, compared to A20 (Fig. 3,
red stars). Albeit not attempted for IE1-Luc, 3'UTR #2, 8, and
15 may also have potential for broad utilization. Thus, we
conclude that some of the active synthetic fragments (n = 9)
are suitable candidates for assisting in the control of transgene
expression in the mosquito.

Synthetic 3'UTRs support EGFP expression in Ae. aegypti
transgenic mosquitoes

To determine if the synthetic 3'UTRs could be utilized in
mosquito transgene expression, we generated two site-
specific insertions at the kynurenine 3-monooxygenase (kmo)
gene locus, each of which contained an EGFP gene, PUb
promoter, as well as a 3'UTR sequence with either full (+++,
3'UTR#5) or reduced level (+, 3'UTR#13) activity (Fig. 4A).
A positive control was also developed that contained the
EGFP gene under the control of the PUb promoter and
SV40 3'UTR. For simplicity, we refer to these transgenic

EGFP-3'UTR#5 k 0EGFP—3'UTR#13 EGFP-
b

lines as kmo , and kmo
V40 (Table 1). For all site-specific insertions, the genomic
integration of the donor DNA constructs was confirmed by
PCR analysis using primer pairs that were designed to amplify
the sequences between the transgene and flanking genomic
sequences (Fig. 4B). The donor plasmid for kmo®FFSV40
contains a partial fragment of the DsRED gene between the
homology arm 1 and the PUb promoter, which increased the
size of the PCR amplicon compared to others (Fig. 4B).

Transgenic mosquito lines were examined for EGFP
expression levels and patterns of expression in life stages
prior to mature adults (Fig. 4 C and D). In both L, larvae
and pupae, kmo"TP¥UIRYS s associated with robust
expression of EGFP, but the EGFP level of kmo"GFP—¥UTR#13
was lower than that observed in the other lines. Image] ana-
lysis (n > 25 images) showed variations in EGFP fluorescence
intensity of L, larvae and female pupae: kmo"CFFSV40
> kmoPCFP-3UTRSS b (EGFP-¥UTR#IS (Rig 4 E and F).
Despite the relatively weaker activity of 3'UTR #13 in cell-
based assays, this element was still sufficient to support
a significant level of transgenic marker gene expression in
the mosquito. This suggests that many of the other synthetic
3'UTR sequences we validated in vitro could also be good
candidates for mosquito genome engineering.
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Figure 4. EGFP expression patterns and levels influenced by synthetic 3'UTRs in Ae. aegypti transgenic lines. (A) The schematic representation of the plasmid
constructs of DNA donors and Aedes aegypti kmo gene locus. The vertical arrow indicates the DNA double strand break site induced by the CRISPR/Cas9-sgRNA
complex. The horizontal arrows indicate PCR primers (Table S2) used for identifying chromosomal integration of the transgene. (B) PCR-based genotyping analysis for
donor plasmid constructs in transgenic lines. Two pairs of PCR primers were utilized to recognize the junction areas between cargo genes and chromosomal
sequences outside of HAs (Figure 4A). (C and D) Synthetic 3'UTR-controlled transgene levels and patterns in mosquito growth stages of L, instars (C) and pupae (D).
BF, bright field; EGFP, UV-induced EGFP fluorescence. (E and F) The ImageJ-based quantification of EGFP fluorescence. About 25 microscopic images of L, larvae (E) or
female pupae (F) were taken, and the EGFP intensity of individual specimen was measured by Image). Tukey’s multiple comparison test (One-way ANOVA): *,
P < 0.0001. (G and H) RT-gPCR analysis for 3'UTR-regulated transcript levels. Total RNA was purified from 10 female pupae of each transgenic mosquito line. cDNAs
were synthesized by using random hexamers for the generation of total RNA levels (G) or using oligo-dT for mRNA levels (H). Quantitative PCR was performed in
triplicate to evaluate EGFP transcripts normalized by ribosomal protein S7 transcripts (rpS7). Tukey’s multiple comparison test (One-way ANOVA): *, P < 0.05.

To begin to understand how the examined 3'UTR
sequences contribute to the differential regulation of gene
expression, we measured total or mature RNA (polyA+) tran-
scripts at the pupal stage in each female transgenic mosquito
strain (Fig. 4 G and H; Table S3). While the level of EGFP
fluorescence varied between strains (Fig. 4F), levels of total
EGFP RNA were equivalent in all transgenic lines (Fig. 4G).
This is not surprising as the marker genes were under the
control of the same PUb promoter, and suggests that the
synthetic 3'UTRs did not adversely affect transcriptional
activity. However, the levels of mature EGFP mRNA in the
kmoECFP~¥UTRA13 gtrain were found to be significantly lower
than that of the other two strains (Fig. 4H). This pattern is
consistent with the variation in EGFP fluorescence intensity
observed in between kmo"CFP VIR and fmoECFP-3UTR#13
strains, potentially suggesting their differential roles in RNA
maturation/stability. Meanwhile, we observed that EGFP

EGFP-SV40 EGFP-3"UTR#5

mRNA levels between kmo and kmo
were identical (Fig. 4H), but their EGFP fluorescence inten-
sities were significantly different (Fig. 4F). This suggests that
the synthetic 3'UTR#5 may be less efficient in promoting
translation.

In either male or female adult mosquitoes, both kmo
UTRE and kmo"SFP3 VTR showed EGFP expression in
the whole body, but the EGFP level was reduced compared
to that of kmo"SFF-SV40 (Fig. 5 A and B). As the PUb promoter
is known to be active in organs such as the midgut, as well as
in somatic ovarian cells [28], we sought to determine if the
synthetic 3'UTR fragments would alter the expression pat-
terns of genes expressed from this regulatory element. We
dissected ovaries from blood-fed female mosquitoes and
examined EGFP fluorescence (Fig. 5 C and D). An identical
pattern of EGFP fluorescence was detected in the somatic
tissue of the developing ovaries in kmo"C*" VTR and

EGFP
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Figure 5. EGFP expression patterns influenced by synthetic 3'UTRs in the whole body, ovaries, and midguts of Ae. aegypti transgenic adult mosquitoes. (A and B)
Synthetic 3'UTR-controlled transgene levels and patterns in male (A) and female (B) adults. (C and D) Transgenic mosquito ovaries dissected at 24 hr (C) and 48 hr (D)
post bloodmeal (PBM), respectively. (E) Midgut tissues obtained at 24 hr post bloodmeal. BF, bright field; EGFP, UV-induced EGFP fluorescence.

kmoECSFP—3 VIR 1y 6squitoes at 24 hr and 48 hr post blood-

meal, respectively, again with stronger intensity of expression
in kmoPCFP-3UTR#S oy o EGFP-3UTR#5 ', 4 | EGFP
“IUTRA3 strains also displayed robust EGFP expression in
the foregut, similar to kmo"S**V4°, While both strains dis-
played EGFP expression in the midgut (Fig. 5E), levels were
lower in lines containing the synthetic 3'UTRs in comparison
to those observed in the line with the SV40 control sequence.
Nevertheless, the synthetic 3'UTRs described here did not
substantially alter patterns of expression from the PUb pro-
moter in any significant way, facilitating the expression of
a marker gene at levels similar (or reduced) to those observed
with the control SV40 sequence. Thus, the two synthetic
sequences, 3'UTR#5 with high activity (+++) and #13 with
low activity (+) as determined by our cell-based assays follow-
ing in silico nucleotide randomization, were able to facilitate
EGFP expression from the PUb promoter in broad life stages
and tissues of Ae. aegypti and will be useful for the identifica-
tion and tracking of transgenic Ae. aegypti strains.

Discussion

In eukaryotic genes, 3'UTRs are significant regulatory elements
whose presence and activity help determine the potential of
mRNA to be converted into functional protein through post-
transcriptional mechanisms [32,33]. It is common for the activ-
ity of a 3'UTR to depend on one or more effectors recruited by
RNA-binding proteins (RBPs), which bind to the 3'UTR in
a sequence- or secondary structure-specific manner [32]. For
mRNA localization in polarized cells, 3'UTR-interacting RBPs
bind motor proteins, allowing mRNAs to move along filaments
of the cytoskeleton. In Drosophila oocytes, oskar mRNAs are
transported along microtubules to the posterior pole of the
oocyte [40-42], where Oskar protects nanos mRNA stability
by precluding deadenylating effectors that bind to the 3'UTR
sequence [43], which subsequently determines a morphogenic
gradient important for embryo pattern formation [44,45]. In
our results, randomizing the sequence composition of the
established SV40 3'UTRs allowed synthetic 3'UTRs to control
reporter expression levels, although no specific cis-element
motif was yet identified as being critical to the stability of the

mRNA or translational efficiency. Future experiments may also
address how the 3'UTRs described here differ from each other
in terms of mRNA localization, export from the nucleus, and
recruitment to ribosomes. Likewise, scaling up the cell-based
reporter assays we developed here could enable screening of
hundreds of additional 3'UTR elements, which may aid in the
discovery of specific critical motifs. Ultimately, while our goal
in this study was the development of novel useful tools, detailed
mutagenesis of both the SV40 and synthetic derivatives will
likely be necessary to identify the critical features of these
elements to provide a mechanistic basis for our observed
results.

In this study, we demonstrated that synthetic 3'UTRs, gen-
erated by randomizing the established element SV40 sequence,
were able to support the expression of a transgene under the
control of the Ae. aegypti PUb promoter. Based upon the
expression of EGFP and luciferase marker genes in mosquito
cells, 9 (60%) out of the 15 synthetic sequences will be poten-
tially available for various bioengineering purposes with diverse
genetic elements and cell types. Transgenesis-based site-specific
insertion experiments allowed us to compare the activity of
these synthetic 3'UTRs at an identical chromosomal position,
controlling for the influence of local chromatin structure on
gene expression levels. Thus, synthetic 3'UTRs can be applied in
the expression of various marker genes for purposes related to
the screening of transgenic mosquitoes. This new repertoire of
novel 3'UTRs will allow researchers to avoid using repetitive
sequences in transgenic cargos where multiple expression cas-
settes are present and thereby to prevent unwanted transgene
deletion due to identical sequence repeats [25], ultimately pre-
serving transgene integrity in the target host genome. These
synthetic biology techniques enlarge the genome engineering
toolbox available for the design of genetic approaches to the
control of disease-vector mosquitoes.

Materials and Methods
Constructing novel 3'UTR repertoire

A 226 nt sequence corresponding to the SV40 3'UTR com-
monly used in conjunction with transgene expression was



scrambled using the Shuffle DNA function as part of the
Sequence Manipulation Suite webserver [https://www.bioinfor
matics.org/sms2/shuffle_dna.html] [35]. From a pool of ran-
dom sequences, 16 synthetic fragments were selected based on
the presence of at least one AATAAA polyadenylation motif.
As the SV40 starting sequence contains two such motifs, each
selected sequence was manually adjusted to incorporate
a second such site, which was selected based upon similarity
to AATAAA in order to minimize sequence alterations.
Compensatory changes in each sequence were made in
order to keep the base composition identical to the starting
SV40 sequence.

Subcloning

The shuffled 3'UTR sequences were synthesized to include
two flanking restriction enzyme sites, NotI at the 5'-terminus
and EcoRI or Xhol at the 3'-terminus (Epoch Life Sci.)
(Appendix 1); these fragments were individually subcloned
into the corresponding sites of pSLfa-PUb-EGFP-SV40 [28],
with each synthetic fragment replacing SV40, and confirmed
by sequencing. These pSLfa-based plasmid constructs were
used to evaluate the regulatory activity of the synthetic
3'UTRs on EGFP expression in mosquito cells. For the plas-
mid constructs for luciferase gene expression, the synthetic
3'UTR sequences were individually subcloned into pGL3-1E1-
Luc, replacing SV40 (Epoch Life Sci.). For the development of
the kmo"“ P VIR or kmoPCFP—3'UTRA transgenic strains,
the donor plasmid constructs, pKmo-PUb-EGFP-3'UTR#5
(Appendix 2) or pKmo-PUb-EGFP-3'UTR#13 (Appendix 3),
were constructed by using Golden Gate Assembly (NEB) of
three plasmid constructs: pGSP1-KmoHA1; pGSP2-PUb-
EGFP-3'UTR#5 or pGSP2-PUb-EGFP-3'UTR#13; pGSP3-
KmoHA2. For pGSP2-PUb-EGFP-3'UTRs, the Mlul-Xhol
fragment of PUb-EGFP-3'UTR was ligated into the pGSP2-
mcs plasmid backbone. The pGSP3-KmoHA2 was obtained
from pGSP3.8 C-PUb-EGFP-KmoHA2 by removing the
Bsu36I-Pmel fragment of PUb-GFP-SV40. For the kmo"""
V40 strain, the donor plasmid construct, pBR-KmoEx4
(Appendix 4) was constructed by using Golden Gate
Assembly (NEB) of three plasmid constructs: pGSP1-
KmoHA1; pGSP2-REDh-SV40; pGSP3.8 C-PUb-EGFP-
KmoHA2.

Mosquito cell-based assay for EGFP fluorescence
intensities

Aedes aegypti larval A20 [46] and embryonic Aag2 [47] cells
were grown in Leibovitz’s (1X) L-15 Medium + L-Glutamine
(Gibco) with the addition of 10% Foetal Bovine Serum
(Atlanta Biologicals), 2% Tryptose Phosphate Broth (Gibco),
and 1% Penicillin Streptomycin solution (Corning Inc.) in
a 28°C incubator (Thermo Scientific Forma Series 3).
Transfection was performed at 80% cell confluency in 96-
well plates. The transfection mix per well included 250 ng/ul
of each plasmid (pSLfa-PUb-EGFP-3'UTR), 250 ng/ul of an
internal control plasmid (pMos-PUb-DsRED-SV40), 0.5 ul of
TransIT-Insect Reagent (Mirus), and an amount of 1x
OptiMEM (Life Technologies) to reach a total reaction
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volume of 10 ul. Plasmid pSLfa-PUb-EGFP-SV40 [28] and
pSLfa-PUb-MCS (Addgene #52,908) were used as positive
and negative control, respectively. Following 30 minute-
incubation at room temperature, each transfection mix was
gently mixed with cell growth media up to 100 ul and applied
to adherent cells in 96-well plates, which were subsequently
allowed to grow at 28°C for 6 hours. Transfected cells in each
well were transferred to a new 96-well plate with an optically
clear bottom for EGFP fluorescence measurement 24 h later
using a SpectraMax MiniMax 300 Imaging Cytometer
(Molecular Devices).

Dual-luciferase assay with mosquito cells

Each plasmid pGL3-IE1-Luc-3'UTR (100 ng/ul) was co-
transfected with pMos-PUb-Renilla-SV40 (20 ng/pl), the
internal control plasmid expressing Renilla luciferase, to the
A20 or Aag2 cells at 80% confluency (96-well plates) in 8
biological replicates. Plasmid pGL3-IE1-Luc-SV40 and pGL3-
basic (Promega) were used as positive and negative control,
respectively. After 48 hr incubation at 28°C, the synthetic
3'UTR-dependent luciferase activity was measured by using
the Dual-Luciferase Reporter Assay System (Promega) and the
SpectraMax MiniMax 300 Imaging Cytometer (Molecular
Devices).

Development of transgenic mosquito strains

For microinjection into Aedes aegypti embryos, the injection
mixture consisted of 250 ng/pl of plasmid donor, 400 ng/pl of
Cas9 protein (PNAbio) and 100 ng/ul of sgRNA-KmoEx4
(Table S2). This mixture was incubated at 37°C for 20 minutes
to allow for Cas9-sgRNA complexing. The mixture was loaded
into a tip-bevelled injection needle made of a laser-cut capil-
lary tube (Sutter Instrument Co. Model P-2000) and injected
into the posterior end of pre-blastoderm embryos with
a constant pressure supported from a FemtoJet (Eppendorf
FemtoJet 4i), as previously described [48-51]. G, adults were
outcrossed with Lvp wild-type mosquitoes at a 1-to-5 ratio of
male-to-female. The G, transgenic mosquitoes were identified
by screening EGFP fluorescence in the whole body under
a fluorescent microscope (Leica M165 FC).

Analysis of EGFP expression patterns in transgenic
mosquitoes

The transgenic mosquitoes at various life stages (L; Larvae,
Pupae, and Adults) were examined for EGFP expression with
the use of a fluorescent microscope (Leica M165 FC). Photos
were taken by a microscope camera system (Leica DFC3000
G/Leica 10,450,028). The image capturing settings for larval
photos were 10x magnification with 130.6 ms exposure time
and 3.5 gain. Pupal photos were taken at 7.3x magnification
with 254.34 ms exposure time and 3.5 gain. For quantitative
evaluation of EGFP expression levels in L, larvae or female
pupae, fluorescent intensities of around 25 images were indi-
vidually measured by Image]. Both male and female adult
photos were taken at 25x and 12.5x magnification, respec-
tively, with 180 ms exposure time and 3.5 gain. For EGFP
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expression patterns in ovaries and the midgut dissected at 24
or 48 hours post bloodmeal, the image capturing settings for
photos were taken at 25x magnification with 180 ms exposure
time and 3.5 gain.

RT-qPCR

Total RNA was purified from groups of 10 female pupae using
Trizol (Invitrogen), and first-strand cDNA was synthesized
from 1 pg of total RNA using SuperScript IV VILO Reverse
Transcription Kit (Life Technologies). Quantitative PCR
(qPCR) was performed using SsoAdvanced universal SYBR
Green supermix (BioRad) in 35 cycles of denaturation at 95°C
for 30 sec and annealing/extension at 57°C for 30 sec. Gene-
specific primer sets were used for amplification of EGFP and
ribosomal protein S7 transcripts as the PCR control, respec-
tively (Table S2). Amplification efficiency (E) of primer pairs,
Ct values obtained from three biological replicates, and calcu-
lations for ratios of EGFP to rpS7 transcripts are provided in
Table S3.
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