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Molecular tools for modulating transgene expression in Aedes aegypti are few. Here we demonstrate
that adjustments to the AePUb promoter length can alter expression levels of two reporter proteins in
Ae. aegypti cell culture and in mosquitoes. This provides a simple means for increasing or decreasing
expression of a gene of interest and easy translation from cells to whole insects.

Aedes aegypti is a mosquito of medical importance to countries worldwide. This invasive pest has spread to every
continent except Antarctica. It is the primary vector of the yellow fever virus, the dengue viruses, Zika virus and
chikungunya virus, among others'. These diseases cause the highest burden to tropical and subtropical areas
and disproportionately affect the poorest populations. New technologies for the control of this invasive pest are
required as widespread insecticide use has led to insecticide-resistant populations of this species.

Molecular tools are required to study this mosquito and develop new genetic strategies to control it. Most
tools used today were originally developed in the model insect Drosophila melanogaster. The optimization of
these for use in mosquitoes has enabled developments in gene editing tools such as CRISPR/Cas9**. Promoter
fragments for the expression of genes of interest in both cell culture and whole insects play a crucial role in our
ability to investigate this mosquito. There are a few select promoters identified that function in a wide range
of tissues and cell types. Highly active D. melanogaster promoters such as DmAct5C have been used®*. Other
promoters such as Hr5/IE1 and OplE2 are of of baculoviral origin®¢ and were identified for use in Drosophila
and then translated directly to mosquitoes. Relatively few Ae. aegypti native promoters have been characterized
and used; exceptions include UbL40 and PUb’ and, more recently, Hsp83®, which display ubiquitous expression.
This handful of promoters are used in various applications’ and are frequently used to express mRNAs encod-
ing fluorescent proteins, to provide markers for transgenesis/transfection, revealing the presence of a transgene
construct otherwise lacking visible phenotype. Other promoters commonly characterized have tissue-specific
expression patterns, such carboxypeptidase in the midgut, zpg, nos, vasa in ovaries or p2-tubulin in testes'®%;
this is useful for some genes of interest where expression in a specific tissue is vital. With advances in CRISPR/
Cas9, new panels of germline specific promoters have also been characterized from Ae. aegypti'*'>.

A more refined set of promoters which modulate expression levels in a broad range of cell and tissue types
would enable a more modular approach to research in Ae. aegypti. A single promoter that could be used in
cultured cells and then directly used in vivo in insects could enable higher throughput screens that more eas-
ily translate from flask to insect. Expression of certain genes may prove detrimental or toxic to specific cells at
high levels, and the ability to ‘de-tune’ expression would be advantageous. Here we sought to determine if the
PUb promoter could be manipulated to enhance or decrease the expression of a reporter gene in both cells and
transgenic Ae. aegypti mosquitoes.

Materials and methods

Plasmids and cloning

Firefly and Renilla luciferase expression plasmids were cloned by standard methods starting with the pGL3 PUb-
luc plasmid described previously’” and pSLfa-PUb-MCS (Addgene plasmid # 52908). Transgenesis plasmids were
generated using NEBuilder HiFi Assembly Master Mix (NEB, Ipswich MA, USA) and primers listed in Supple-
mentary Table 2. Complete sequences are available through NCBI accession numbers OR236189-OR236199'6.
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Cells, transfections and luciferase assays

Aedes aegypti Aag2 cells, Aedes albopictus C6/36 and U4.4 cells were cultured as previously described?. Briefly,
cells were maintained at 28 °C without CO, or humidification. All cells were cultured in Leibovitz’s L-15 (Gibco)
supplemented with 10% Fetal Bovine Serum (Gibco, Billings MT, USA), 10% tryptose phosphate broth (Gibco)
and 1% pen-strep (5000 units/mL, Gibco, Billings MT, USA). Cells were seeded into 96-well plates the day before
transfecting with TransIT Pro (Mirus, Madison WI, USA). Transfections were performed using 10 ng/well of
firefly expression plasmid and 5 ng/well of PUb-RL Renilla luciferase normalization control plasmid'”. Two
days after transfection cells were washed with phosphate buffered saline (PBS) and lysed in 50 pl 1x passive lysis
buffer. Luciferase assays were carried out as previously described with the Dual Luciferase Assay kit (Promega,
Madison WI, USA) and a GloMax + plate reader (Promega, Madison W1, USA).

Analysis

We carried out all analyses in R version 4.1.0 (R Development Core Team). Data sets were summarised with the
‘tidyverse’ range of packages and figures were generated using ggplot2. Generalized linear mixed models were
fitted with the glmmTMB package using a negative binomial distribution with a log-link function and sum-
marized with emmeans'®".

Briefly the FF/RR ratio was analysed with the promoter construct and cell lines as fixed factors with an inter-
action term. To account for the data structure, we included random effects for experimental replicate. Promoter
length was considered as both a factorial and continuous variable with the best fit model found with a factorial
design. Model residuals were checked for violations of assumptions with the DHARMa package?. Pairwise
contrasts were made with a tukey adjustment. The script is available on Github (https://github.com/Philip-Leftw
ich/AePUb-promoter-length-).

The 4500nt upstream of the ATG were analysed in 1500 nt sections using TFsitescan®'. The results are pre-
sented in Supplementary Table 2 and Supplementary Fig. S1.

Mosquitoes, transgenesis and rearing
Aedes aegypti were reared in insectary conditions with 27-28 °C, 60-70% RH, and a 12/12 h day/night cycle with
one hour of dusk/dawn. Mosquitoes were provided 10% sucrose, ad libitum, and bloodfed on defibrinated horse
blood (TCS, Buckingham, UK) using a Hemotek artificial bloodfeeding system (Hemotek, Blackburn, UK). All
insect procedures were reviewed and approved by the Biological Agent and Genetic Modification Safety Com-
mittee (BAGMSC) at The Pirbright Institute.

Embryo microinjections were performed as previously described®”. Injection mixes comprised of 500 ng/ul of
PUB expression plasmid and 300 ng/pl of AGG1733 AePUb(-565)$C31-SV40 3’'UTR?. The AGG1520 transgenic
line which contains the 3xP3-mCherry-SV40 3’UTR transgenic marker, an attP docking site, and a secondary
cassette not relevant to this study, was used for insertion of plasmids AGG2143-2146. This line has been identified
by adapter-mediated PCR to be inserted on chromosome 2: 139436120-139437196 (reverse orientation) (unpub-
lished). Insertion into the correct site was verified by PCR using the primers listed in Supplementary Table 3.

Imaging

Photographs of each life-cycle stage and dissected adult tissues (midgut and reproductive organs) were taken
using a Leica M165FC fluorescence microscope fitted with an AmC filter. The magnification and exposure
times were identical for each of the lines with respect to the life-cycle stage or tissue. Exposure times used were
as follows: larvae 344 ms; pupae 640 ms; adult males and adult females 1500 ms; male midguts 640 ms; female
midguts 485 ms; testes 640 ms and ovaries 485 ms.

Results

In vitro expression in mosquito cells

The polyubiquitin (PUb, AAEL003888) derived promoter fragment is highly active during all life stages with
constitutive expression in most tissues in Aedes aegypti mosquitoes. Initially characterised by Anderson et al.
(2010) this 1393 bp promoter fragment comprises 565 bp of upstream sequence relative to the transcription start,
then a transcribed region producing a 213 bp 5’UTR after splicing removes a 615 bp intron.

In total, we produced seven different variants of the PUb promoter, systematically increasing or decreasing the
region upstream of the 5’UTR from —-2500 to ~ 133 bp (Fig. 1). We also produced a version of this last promoter
fragment (133 bp), from which much of the intron was removed, retaining only the splice junctions and 41 bp
and 36 bp of genomic sequence from the 5" and 3’ of the intron respectively.

We determined the transcriptional activity of all seven of these synthetic PUb promoter sequences by express-
ing a firefly luciferase (FF) gene in three cell lines derived from disease-relevant Culicine mosquitoes (A. aegypti
and A. albopictus) using a previously described dual-luciferase assay (Fig. 2).

We found a highly replicable pattern of gene expression across technical replicates, and levels of promoter
activity were broadly in line with the species origin of the promoter, PUb activity in U4.4 cells was only 81%
(95% CIL: £67-97%) and 61% (£47-79%) in C6/36 cells compared to Aag?2 cells (Supplementary Table 1). Overall,
there was limited evidence of differential responses in transcriptional activity to promoter editing between cell
lines, indicating that the critical components of transcription in this promoter work in an essentially identical
manner across species.

Truncations of the promoter region produced an exponential drop in transcriptional activity of roughly 8%
for every 500 bp removed from the 5 of the sequence, however, this model was not quite as good a model fit as
comparing each promoter construct as an independent factor, and we observed a steeper drop in transcriptional
activity in truncations closer to the transcription initiation site. This most likely indicates that transcription
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Figure 1. Representation of plasmid constructs. Diagram of Aedes aegypti AAEL003888 gene structure,
adapted from Anderson et al. 2010”. Promoter fragments are designated by the number of nucleotides upstream
of the transcription start site (TSS=0). Solid grey boxes indicate ubiquitin monomers, white boxes indicate UTR
(A). Diagram of putative promoter fragments cloned into reporter plasmids (B). Luciferase reporter plasmid
used in cell culture experiments (C). AmCyan reporter plasmid and ¢C31 docking line used for transgenesis
experiments (D).
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Figure 2. PUb promoter activity in vitro correlates with length. Ratios of FF/RL luciferase normalized to a
GFP only control. Promoters are organized in order of distance (bp) 5 of the transcriptional initiation start site
(0 bp). Large symbols and error bars (vertical lines) represent estimated mean and 95% confidence intervals for
each promoter construct calculated by a generalized linear mixed model, with a negative binomial (‘log’ link)
error distribution, with raw data shown as small symbols. Circles represent promoter sequences with a full-
length intronic sequence, Triangles represent promoters with the truncated 77 bp intronic sequence. Shaded
areas represent the 95% confidence intervals for mean transcriptional activity modelled with length of promoter
(bp) as a continuous variable.
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factor binding sites or other important regulators of transcriptional activity cluster within the 500 bp 5’ of the
transcription initiation site in this promoter.

The PUb(-133) promoter construct had only 61% (+0.52-0.70) of the transcriptional activity of the full-length
promoter —2565, and this fell to only 3% (+0.02-0.04) in the =133 (77 bp intron) promoter sequence.

In Aag2 and U4.4 cells, we observed that by adjusting the length of the fragment upstream of the TSS we
could modulate expression. In all cell lines the —133 (77 bp intron) was not significantly different from the no
Firefly luciferase or —565 EGFP controls, and all other samples were significantly different from these three. This
likely indicates that some positive regulatory elements are contained within the intron of the 5’UTR of this gene
or that correct splicing has been disrupted.

The pattern of modulation of expression by promoter length was not observed in C6/36 cells, where only
intron removal produced a significant change in transgene expression in pairwise contrasts against other
fragments.

In vivo expression in A. aegypti

We selected four promoter fragments that were assessed in vitro for analysis in vivo. We selected the shortest
fragment —133(77 bp intron) with the lowest expression levels, an intermediate fragment —265, the previously
published —565 fragment and the longest and highest expressing promoter fragment —2565 to express AmCyan
from a transgene. It is well known that the genomic position of transgenes can influence expression levels. To
avoid this “position effect” confounding comparison of different transgenic insertions, we used $C31-mediated
recombination to insert the experimental cassettes into a known, and previously characterised, insertion site
which generated stable expression for previous constructs, AGG1520. This line contains a 3xP3-mCherry marker
and an additional cassette irrelevant to this study.

The lines were generated by standard embryo microinjection of the donor plasmid and the $C31-helper and
the insertions were confirmed by PCR. AmCyan fluorescence was imaged with standardized settings (Figs. 3
and 4). No fluorescence could be detected in the —133 (77 bp intron) transgenics in any life stage or tissue. A
small amount of fluorescence could be detected from -265 in the thorax of larvae, Malpighian tubules of male
and female adults as well as the fore- and mid-gut of females. No expression was observed in the reproductive
organs (Fig. 4 and Fig. S2) from this promoter fragment. As described previously, expression of AmCyan from
the —-565 promoter fragment could be readily observed in larvae and pupae, through the cuticle of adult males
and females and in the gut of both male and female adults (Figs. 3 and 4). In contrast to the previous publication
characterizing this promoter” we did not observe substantial levels of expression in ovaries, even after a blood
meal (Fig S2). This may be an indication that this genomic locus is somewhat less favourable for expression
from this promoter than the originally characterized line where expression in ovaries was observed. We could
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Figure 3. PUD promoter expression across developmental stages in transgenic A. aegypti. Brightfield and
AmCyan fluorescence images of larvae (top) and pupae (bottom) with four different PUb promoter lengths
(number indicates bp upstream of the transcription start site).
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Figure 4. PUb promoter expression across adult tissues in transgenic A. aegypti. Brightfield and AmCyan
fluorescence for adult males, dissected gut, and testes (left panels). Brightfield and AmCyan fluorescence for
adult females, dissected gut, and ovaries (right panels).

also detect expression in the testes of adult males, more concentrated in the spermatozoa. A much more robust
expression could be observed with the -2565 promoter across all stages and tissues.

Discussion

This study investigated the transcriptional activity of polyubiquitin (PUb) promoter sequences in Culicine mos-
quitoes and cell lines. Our findings provide insights into the functional properties of the PUb promoter and
shed light on the importance of specific regions, namely the intron within the 5’UTR, for gene expression. A
brief analysis of transcription factor binding sites using Drosophila transcription factor binding sites revealed
numerous putative binding site along the length of the region upstream of the native translational start. This lack
of strong clusters correlates with the incremental changes in transcription levels with each promoter fragment.

One of the key findings of our study is the consistent pattern of gene expression observed across technical rep-
licates. The observed levels of promoter activity were broadly in line with the species origin of the promoter, with
the highest activity in Aag2 cells compared to C6/36 and U4.4 cells, suggesting that fundamental mechanisms
of transcriptional regulation in the PUb promoter are largely conserved across these mosquito species. Trunca-
tions of the promoter fragment produced a roughly exponential decline in gene activity, with a severe decline
in activity with a truncated intronic sequence. This abrupt decline indicates that some important sequences
that regulate expression may be situated within the intron rather than 5’ to the transcription start. There was
an unexpected decrease in the luciferase observed in PUb-465 in Aag2 and U4.4 cells, this may be due to the
quality of the DNA preparation. However, all three cell lines and all three biological replicates were transfected
with the same plasmid preparations.

Our in vivo work used a $C31-mediated recombination technique to provide a fixed genomic integration
site, allowing us to study the effects of promoter manipulation without the noise of random genomic integra-
tion sites. Consistent with the cell culture data, PUb-133 (77 bp intron) expression of an AmCyan fluorescent
marker was undetectable in our samples or tissues. At the same time, expression from promoters with intact
intronic sequences was increasingly bright and ubiquitous as promoter fragment length increased. Interestingly,
the full-length promoter sequence produced both the brightest fluorescence and the broadest tissue expression,
while —565 and —265 showed increasingly dimmer and tissue-restricted expression. This may indicate that the
loss of elements can include enhancers, silencers, or binding sites for transcription factors required for proper
regulation of gene expression, with the absence of these regulatory elements in the shorter fragment leading to
tissue-specific variation in visibility. It is also possible that the —565 fragment is more susceptible to the influence
of neighbouring chromatin, while the —2565 fragment is better insulated from this. A wealth of future work is
available to elucidate the relative importance of genomic insertion effects, tissue-specific effects, intron-based
gene regulation and potential insulators of transgene expression.

Our study provides valuable insights into the transcriptional activity of synthetic PUb promoter fragments
in A. aegypti mosquitoes. Characterizing these promoter fragments and identifying genomic locus influences
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contribute to expanding the genetic toolbox for precise gene expression manipulation in A. aegypti, facilitating
further investigations into mosquito biology and the development of targeted vector control strategies.

Data availability
All data generated is included in the manuscript and supplemental files DNA sequences are available in the NCBI
accession numbers OR236189-OR236199.
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