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Abstract

Background Anopheles mosquitoes and the malaria parasites they transmit remain a significant global health problem. Most
genomic and functional genomic studies of mosquitoes have focused on the protein-coding genome, and comparatively
little is known about the importance of noncoding transcriptional enhancers in controlling their gene expression and phe-
notypic variation. Here we evaluate nine enhancers previously identified in a STARR-seq screen and present in a genetic locus
that was identified as a major influence on susceptibility to malaria infection in wild Anopheles coluzzii mosquitoes.

Result We developed an analytical pipeline to filter nine enhancers in the malaria susceptibility locus on chromo-
some 2L. First, ATAC-seq revealed that only three of the nine enhancers were located in open chromatin and thus
likely to be active in somatic cells. Next, we cloned these three enhancers from malaria-susceptible and resistant
mosquitoes and measured their enhancer activity by luciferase reporter assays. Only two of the three open-chromatin
enhancers displayed significantly different enhancer activity between resistant and susceptible alleles. Finally, alleles
of just one of these enhancers, ENH_2[-03, contained nucleotide variants which also segregated in wild mosqui-
toes, and ENH_20-03 was prioritized for further study. A noncoding RNA was detected within ENH_21-03, consistent
with an enhancer RNA (eRNA), which we depleted in mosquitoes using RNAi in order to silence the enhancer activity.
Transcriptional profiling of ENH_2L-03-silenced mosquitoes revealed 15 differentially expressed genes, which share

a transcription factor binding motif suggestive of coordinate regulation. However, silencing ENH_21-03 did not influ-
ence infection levels of either human or rodent malaria parasites.

Conclusion Despite the absence of an ENH_2L-03 effect on infection outcome, multiple enhancers can cooper-

ate to influence a phenotype, and further examination of this enhancer is warranted. Overall, we provide a pipeline
for the in vivo functional study of transcriptional enhancers in Anopheles, towards understanding how enhancer func-
tion may control important vector phenotypes.
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Introduction

Mosquitoes are the vectors of multiple and widespread
emerging and re-emerging infectious diseases, particu-
larly malaria and a range of arboviruses. In nature, indi-
vidual mosquitoes vary in their vector capacity due to
both extrinsic and intrinsic factors, including genetic
variation [1, 2]. Previous work, using linkage mapping
approaches, mapped malaria susceptibility in wild A.
coluzzii and A. gambiae mosquito pedigrees to an inter-
val on chromosome 2L [2, 3]. Functional dissection of
this region has identified factors important in mosquito
innate immunity and the immune response to Plasmo-
dium infection, such as the APL1 gene family [2, 4, 5],
but identifying the specific genetic basis underlying natu-
ral variation in susceptibility to Plasmodium falciparum
infection remains elusive. Extensive community effort has
been dedicated to the annotation and functional char-
acterization of Anopheles gambiae/coluzzii genes with
hypothesized and experimentally verified roles in innate
immunity, pathogen recognition, and insecticide resist-
ance [6—8]. However, comparatively little is known about
the regulatory elements that occupy the non-coding por-
tion of the Anopheles genome, despite the preponderance
of evidence across many systems pointing to the impor-
tance of genetic variation in the non-coding genome as
underlying most phenotypic variation, genome-wide
association signals and complex phenotypes [9-13]. The
most important class of non-coding DNA elements, tran-
scriptional enhancers, are responsible for the regulation
of gene transcription above basal levels in eukaryotes.
Genetic variation in enhancer sequences can impact
transcription factor binding, enhancer activity, the regu-
lation of downstream target genes and ultimately phe-
notype [9-13] and may underlie phenotypes relevant for
pathogen transmission and vector control, such as insec-
ticide resistance, parasite susceptibility, mosquito behav-
ior, or adaptation to ecological conditions.

Current vector control methods rely heavily on chemi-
cal and mechanical tools through the use of insecti-
cide-treated bed nets, indoor residual spraying, and
larval source management (habitat modification and/
or larviciding) [14—18]. However, strong selective pres-
sure has resulted in increased insecticide resistance and
diminished control efficacy. Research investment into
genetically modified mosquitoes as a population replace-
ment or population suppression strategy has expanded
and would be useful to add to the malaria control tool-
box [19-21]. However, many of these strategies are not
informed by natural modes of malaria resistance as we do
not yet understand the mechanisms of natural resistance.
Our work aims to identify and characterize genetic varia-
tion underlying natural resistance, with current focus on
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the non-coding regulatory genome, and in doing so, pro-
vide means to evolutionarily inform future control meas-
ures. Identifying an enhancer candidate that functionally
controls Plasmodium infection outcomes, particularly a
candidate with an agonistic function for infection, could
be targeted by the CRISPR gene drive system to spread a
genetically modified population with an altered specific-
enhancer function [20-22].

Despite once being labeled as junk DNA, the functional
importance of the non-coding genome is now widely
acknowledged [23] and has taken center stage in the dis-
section of intricate regulatory networks, which are at
the root of complex phenotypes. However, there remain
inherent challenges in querying the noncoding genome
for function including the lack of an amino acid-like code
and low levels of sequence conservation across species
[24, 25]. Attempts to identify regulatory elements in mos-
quitoes have employed -omics scale technologies which
either use massively parallel reporter assays (MPRAs)
[26] or capitalize on properties of open chromatin to
infer presence of regulatory elements, reviewed in Farley
et al. [23]. In addition to patterns of open chromatin, epi-
genetic signatures written through histone modifications
and detected by ChIP-seq have been compared in blood-
fed and Plasmodium challenged Anopheles [27].

Even when enhancers and epigenetic signatures have
been cataloged and identified, it is not possible to predict
without empirical studies if and how genetic variation
within an enhancer sequence will affect the underly-
ing activity and ultimately the regulation of downstream
target genes [11, 28]. While work in Drosophila mela-
nogaster, a related model arthropod, is more advanced
[29, 30], knowledge and functional characterization of the
non-coding genome in mosquitoes remains in its infancy.
Identification and characterization of genome regulation
in this insect of public health importance could foster the
development of vector control tools rooted in the natural
response of the mosquito to pathogen infection.

Here we explore the enhancer regulatory neighbor-
hood flanking the genetic marker most significantly
linked to malaria susceptibility in wild A. gambiae and A.
coluzzii mosquito pedigrees from East and West Africa
[2, 3]. We previously generated a genome-wide catalog
of A. coluzzii enhancers using a STARR-seq MPRA func-
tional screen [26]. From this genome-wide catalog, we
now find that nine enhancers are located in this malaria
susceptibility locus of interest. Using complementary
omics-based approaches alongside computational pre-
dictions and mosquito whole genome sequence data, we
prioritize one of the enhancers in this locus, ENH_2L1-03,
for functional testing. First, to develop a tool to experi-
mentally perturb enhancer function, we identified and
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molecularly characterized a candidate enhancer RNA
(eRNA) colinear with the enhancer, and depleted it using
RNAi. Transcriptome profiling then identified genes
whose expression was modulated by silencing the can-
didate eRNA. Finally, mosquitoes were challenged with
both rodent malaria, Plasmodium berghei and human
malaria, Plasmodium falciparum after candidate eRNA
silencing to functionally assess the role of this non-cod-
ing transcript in the outcome of infection.

Methods

Identify regions of open chromatin using ATAC-seq
Preparation of nuclei

4a-3A hemocyte like cells [31] at 80% confluence were
washed in 1X PBS at room temperature. Cells were then
harvested and counted. For each of the 2 replicate reac-
tions 500,000 cells were spun down at 500 g for 10 min
at 4 °C. The resulting cell pellet was washed with 50 pl
of cold 1X PBS and spun at 500 g for 10 min at 4 °C. The
resulting cell pellet was resuspended in 50 pl of cold lysis
buffer (10 mM Tris—HCL pH7.4, 10 mM NaCl, 3mM
MgCl,, 1% IGEPAL) and again spun at 500 g for 10 min
at4°C.

Transposition

The resulting pellet was subjected to transposition using
TDEL1 transposase. Nuclei were resuspended in the trans-
position reaction mix containing 1X TDE buffer and 2.5
ul of TDEL1 transposase and incubated at 37 °C for 30 min
with gentle mixing. Reactions were purified using a Qia-
gen MinElute PCR Purification Kit and eluted in 11.5 pl
Elution Buffer. Purified DNA was stored at —20 °C and
sent to the University of Minnesota Genomics Center
(UMGC) for sequencing. The UMGC performed the
PCR amplification including indexing, library prepara-
tion and sequencing. Libraries were sequenced to 8 mil-
lion 75bp paired-end reads on an Illumina MiSeq.

ATAC-seq analysis

Raw read quality was assessed using FastQC version
0.11.9 [32] and MultiQC version 1.9 [33]. Cutadapt ver-
sion 2.10 [34] was used to clean the reads and remove
adapter sequences with the following parameters: -m 30,
-q 30, 30. BWA mem version 0.7.17-r1188 was used with
the default parameters to align sequence reads against the
reference genome of Anopheles gambiae str. PEST ver-
sion AgamP4 (VectorBase release 53). Genrich version
0.6.1 [35] was used for peak calling with the parameters
-j for ATAC-seq mode and -r for remove PCR duplicates.
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Methods to assess ATAC-seq data quality

Peak annotation

Annotation was performed in R using the CHIP-
seeker (version 1.5.1) and GenomicFeatures (version
1.38.2) packages. The GFF annotation was loaded using
makeTxDbFromGFF and peak annotation was done with
AnnotatePeak, setting tssRegion set to —2000, 2000). The
plot was generated with ggplot2 (3.3.3) and cowplot (ver-
sion 1.1.1). TSS positions were extracted using the pro-
moters function (from GenomicFeatures).

TSS enrichment plot

Deeptools, a suite of python tools, was used to produce
the TSS enrichment plot. First, BigWig files were gener-
ated for the two libraries using bamCoverage (option
normalizeUsing CPM) and the signal matrix around the
TSS was generated using computeMatrix reference-point
using the following options: —referencePoint TSS -b 2000
-a 2000 and -R with the bed file containing the TSS posi-
tion previously extracted.

The PEST reference genome [36] was used as it repre-
sents the most mature genome assembly and annotation
of Anopheles gambiae or coluzzii and allows direct com-
parison with other published work mapped to the same
default genome reference. While the PEST genome has
been historically referred to as pure A. gambiae, it is a
hybrid genome of both A. gambiae and A. coluzzii, and
there is no current pure A. coluzzii reference of similar
assembly quality [37]. To assess the quality of ATAC-
seq data prior to focusing on the genetic locus of inter-
est, several metrics were assessed including correlation
across replicate samples, mapping rates, insert sizes,
enrichment at ATG/TSS and the genomic location of
detected peaks. The two biological replicate samples
were correlated at 0.989. Mapping rates were 99.9% for
each experimental replicate and duplicate rates were
1.7% and 3.2%, respectively. The total number of ATAC-
seq peaks detected was 15,948 and the majority of these
were located in promoter regions or introns with pat-
terns consistent across replicates (Additional File 1_Fig-
ure S1). The majority of ATAC-seq peaks were within 3kb
of the TSS, with a vast majority of these within 1kb and
this pattern was also significant across replicates. A list of
genome-wide ATAC-seq peaks is available as a bed com-
patible file (Additional File 2_Table S1). ATAC-seq raw
data are available at PRJEB79891 https://www.ebi.ac.uk/
ena/browser/view/PRJEB79891.

Measurement of enhancer activity using luciferase assays
Cloning of candidate enhancer fragments

Candidate enhancer regions were PCR amplified from
genomic DNA isolated from malaria susceptible and
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resistant homozygote individuals from an original map-
ping pedigree, generated as described [2, 3]. PCR reac-
tions consisted of 10ng template DNA, 1X Phusion
Ultramix, and 0.5 pM primer. Cycling conditions were
an initial denaturation at 98 °C for 30 s, 30 cycles of 98
°C for 10 s, 55-62 °C annealing temp for 30 s and a 45 s
extension at 72 °C followed by a final 10 min extension
at 72 °C. Resulting PCR fragments were either restric-
tion enzyme cloned into a Firefly luciferase reporter
vector pGL-Gateway-DSCP (AddGene, vector ID#
71506) or gateway cloned into pGL-Gateway-DSCP.
Ligation products were transformed into OneShot
OmniMax 2T1 Phage-Resistant Cells (Invitrogen),
grown up overnight, plasmid purified and sequenced
[26]. Amplification primers for candidate enhancers
can be found in Additional File 1_TableS2. These prim-
ers are designed to be inclusive of published enhanc-
ers [26], and as such the amplicons are slightly larger
than the STARR-seq published enhancer. Sequences for
cloned alleles can be found in Additional File 1.

Lipid based transfection and luciferase assays

A. coluzzii SUA 4.0 hemocyte-like cells [31] were
seeded at 2.5 x 10%cells/well in 65 uL in a 96 well plate.
Cells were agitated on a MixMate (Eppendorf) for 30
s at 300 rpm for even distribution. Following a 24 h
incubation period, lipid-based transfections were per-
formed using Lipofectamine 3000 (Invitrogen). Cells
were transfected with two plasmids (1) the pGL-Gate-
way-DSCP (described above) carrying a single ampli-
fied fragment of the candidate enhancer upstream of
a firefly luciferase gene and (2) a renilla control vec-
tor pRL-ubi-63E (AddGene, #74280). Plasmids were
transfected at a ratio of 1:5 (renilla:firefly). Plates
were again agitated for 30 s at 300 rpm on a MixMate
(Eppendorf) and incubated for 24 h at 27 °C. The Dual-
Glo Luciferase Assay System (Promega) was used for
luciferase assays, according to supplier instructions.
Measurements were recorded on the GloMax Dis-
cover (Promega) at 25 °C. All test plates contained cells
transfected with control plasmid constructs; a negative
control fragment, which was a size-matched fragment
within intron 1 of AGAP007058, and a highly active
positive control enhancer peak nearby AGAP008980
[38]. All samples were run in sixfold technical replica-
tion within a single plate and across at least two inde-
pendent plates for at least two biological replicates.
Firefly luciferase measurements (relative light units,
RLUs) were normalized to the renilla measurements
from the same well. These measurements were then
expressed relative to the firefly/renilla mean for the
negative control on the same plate.
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Computational analysis of wild mosquito genetic variation
Agl000G phase 1 AR3 variant data was downloaded
from MalariaGEN [39]. The variable positions within
each enhancer of interest were selected. The following
groups of individuals were analyzed: 2La/2La mosquitoes
from all countries combined, consisting of 246 mosqui-
toes (492 alleles) that were a mix of A. gambiae (from
Guinea, Burkina Faso, Cameroon, Uganda, Kenya, and
Gabon), and A. coluzzii (from Burkina Faso and Angola),
and admixed (from Guinea-Bissau); 2La/2La A. gambiae
mosquitoes from Cameroon only, consisting of 48 mos-
quitoes (96 alleles); and 2La/2La A. gambiae mosqui-
toes from Burkina Faso only, consisting of 66 mosquitoes
(132 alleles). For each group, each position was con-
firmed to have a missing genotype frequency <0.05, and
for all positions meeting this criteria, maximum allele
frequency was calculated using vcftools [40]. Because
the positions from the variant data include bi-, tri-, and
quadr- allelic positions, commonly variable positions
were defined as positions in which the maximum allele
frequency was <0.95 for at least one group of mosquitoes
(all n= 246; Cameroon only n= 48 or Burkina Faso only
n= 66). This cut-off means the minor allele (or alleles in
the case of tri and quadr- allelic positions) frequency was
>0.05. The analysis of genetic variation was performed on
enhancers as defined by STARR-seq analysis. Fragment
lengths used in luciferase assays are necessarily slightly
longer than STARR-seq defined enhancers as primers are
designed to flank the entire enhancer.

Comparison of STARR-seq and ATAC-seq peaks

in the genomic locus with other published databases
Published open chromatin and epigenetic marker infor-
mation was extracted from previously published work,
and peaks were compared. Peaks within +1500bp of a
given STARR-seq peak were considered overlapping with
that STARR-seq peak. Each of the nine STARR-seq peaks
within the genomic locus were compared to a FAIRE-seq
study conducted in the 4a-3B hemocyte cell line [41], a
ChIP-seq experiment examining blood-fed and Plasmo-
dium-infected mosquitoes [27], as well as a combined
ATAC-seq data from midgut and salivary gland tissues of
Plasmodium-infected mosquitoes [42]. While the focus
here is on the genomic region controlling malaria suscep-
tibility, the genome wide set of ATAC-seq peaks is avail-
able in Additional File 2_Table S1.

In vivo detection of EN2L-03 candidate eRNA

and functional assays

Mosquitoes

The Ngousso strain (An. coluzzii) was colonized in 2006
from mosquitoes collected in Yaoundé, Cameroon. The
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mosquito colony was reared under standard insectary
conditions (26 °C, 12:12 L:D, and 70% relative humidity)
by the Centre for the Production and Infection of Anoph-
eles (CEPIA) of the Institute Pasteur in Paris, France.

Candidate eRNA detection by conventional PCR

Total RNA was extracted from a pool of 10 female mos-
quitoes with TRI Reagent (Molecular Research Center,
Inc.) and 1 pg of total RNA was reverse transcribed to
cDNA using M-MLV reverse transcriptase (Invitro-
gen) and random hexamers (Invitrogen) as previously
described [7]. The primers used for detection of eRNA
expression from enhancer 3 (ENH_2L-03) span the
genomic region targeted by dsl and ds2 fragments (Fig
S2) and consist of a forward primer in the dsl region and
a reverse primer in the ds2 region (Primer sequences in
Additional File 1_Table S2). For the PCR amplification,
Ex Taq (Takara) was used with cycling condition: [95 °C
for 3 min, 35 cycles of (95 °C for 30 s, 59 °C for 20 s, 68 °C
for 30 s), 68 °C for 5 min].

Synthesis of double-stranded RNA and microinjection
ENH_2LH-03 eRNA silencing

To maximize the efficiency of eRNA silencing, three
double-stranded (ds) RNAs (ds1, ds2 and ds3) spanning
a total of 248 bp were designed and synthesized for tar-
geting ENH_2L-03 candidate eRNA. A dsRNA directed
against the irrelevant GFP target (dsGFP) was synthe-
sized as a control. The dsRNAs were prepared using the
MEGAscript © RNAi Kit (Invitrogen, Thermo Fisher
Scientific) as described [4]. Primers bearing the T7
RNA polymerase recognition sequence were designed
to amplify 87, 85 and 76 base pairs for ds1, ds2 and ds3,
respectively. All primer sequences are listed in Additional
File 1_Table S2. For silencing of eRNA expression, three-
day-old cold-anaesthetized female mosquitoes were
injected into the thorax using a NanoJect II microinjec-
tor (Drummond) either with 1.5 pg of an equal quantity
of dsl, ds2 and ds3 (dsENH_2L-03,;,; 500 ng of each
fragment per mosquito) or with 1.5 pg of dsGFP for the
control group. Following injections, mosquitoes were
maintained on 10% sucrose solution at 26 °C for 2 days
before challenge with P, falciparum; or at 21 °C for 2 days
before infection with P. berghei.

AGAP007051RNA silencing

Double-stranded RNA was designed and synthesized
using T7-primers to target 534 bp of the AGAP007051
transcript. dsGFP was used as a control. Primer
sequences are listed in Additional File 1_Table S2. For
silencing 7051 mRNA, mosquitoes were treated as above
with 850 ng of either ds7051 or the dsGFP control. Fol-
lowing injection, mosquitoes were maintained on 10%
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sucrose solution at 21 °C for 4 days before being pro-
cessed for RNA silencing verification.

Test for silencing efficiency and eRNA/gene expression

For each condition, two days post dsRNA injection, 1
pg of total RNA extracted with TRI Reagent (Molecular
Research Center, Inc.) was reverse transcribed to cDNA
using M-MLYV reverse transcriptase and random hexam-
ers (Invitrogen) as previously described [7]. The efficiency
of gene silencing in mosquitoes was monitored by quan-
titative real-time PCR (RT-qPCR) using SYBR Green
Supermix (KAPA SYBR FAST ABI, Kapa Biosystems)
and the CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad Laboratories). Primers are listed in Addi-
tional File 1_Table S2. The gene for ribosomal protein S7
(rpS7) was used as an internal control. The quantification
of candidate eRNA and gene transcript levels was done
relative to rpS7. Analysis of transcript abundance relative
to rpS7 was determined according to the 2744 method
[43]. PCR cycling conditions were: 95 °C for 10 min, 40
cycles of (95 °C for 15 s, 60 °C for 1 min).

Confirmation of a candidate eRNA molecule antisense

to AGAP007051

Specifically primed reverse transcription was carried out
to detect the candidate eRNA antisense to the direction
of the AGAP007051 intron. The MMLV-RNase H point
mutant (Promega), which functions between 40 and 55
°C, was used to enhance the binding specificity of the
primer used for reverse transcription. 1 ug of total RNA
isolated from dsGFP and dsENH_2L-03, dsGFP and
ds7051 treated mosquitoes with 2 pmol of specific prim-
ers and 20 pmol of ANTP in a total volume of 25 yL were
reverse transcribed at 54 °C, for 1 h, followed by 15 min
at 70 °C for enzyme inactivation. The primer used was
ENO3_Int_F (Additional File 1_Table S2) for specifically
detecting ENH_2L-03 candidate eRNA.

For PCR detection following the transcript-specific
cDNA synthesis, Taq polymerase (Takara) was used with
the following program: 3 min at 94 °C, 40 cycles of (20
s at 94 °C, 20 s at 60 °C and 25 s at 68 °C), 68 °C 10 min.
For the primers, ENO3_Int_F and ds3_R (Additional File
1_Table S2) were used to detect ENH_21-03 transcript.

Plasmodium falciparum gametocyte culture and mosquito
infection

Plasmodium falciparum isolate NF54 was cultured using
an automated tipper-table implemented in the CEPIA
mosquito infection core facility of the Institute Pasteur,
as previously described [4, 6, 44]. Briefly, 14 days after
initiating the subculture, gametocyte maturity was tested
by exflagellation of microgametes, and parasitemia and
numbers of mature male and female gametocytes were
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counted on Giemsa-stained slides. For experimental
infection of mosquitoes, 10 ml of medium containing
mature gametocytes were centrifuged at 2000 rpm, and
the cell pellet was resuspended in an equal volume of
normal type AB human serum. The infected erythrocytes
were added to fresh erythrocytes in AB human serum,
mixed gently, and transferred to a membrane feeder
warmed to 37 °C. At 2 days post-dsRNA injection (dsGFP
or dsENH_2L-03,;,), Ngousso colony mosquitoes were
allowed to feed for 20 min, unfed females were discarded,
and only fully engorged females were used for further
analysis. Blood-fed mosquitoes were maintained at 26 °C
and 70% relative humidity on 10% sucrose solution.

Rodent malaria infection

One to three-day old Ngousso colony mosquitoes were
injected with dsGFP or dsENH_2L-03,,, and on the sec-
ond day post-injection were fed on mice infected with
P berghei strain PbGFPCON [45], which constitutively
expresses green fluorescent protein (GFP). The mosqui-
toes were allowed to feed for 15 min. Unfed females were
discarded, and only fully engorged females were main-
tained at 21 °C (necessary for P berghei development)
and 70% relative humidity on 10% sucrose.

Analysis of phenotypes

Effects on infection prevalence and intensity were calcu-
lated from biological replicates of > 30 dissected mosqui-
toes each with three independent replicates performed
for each species of Plasmodium. Mosquito midguts were
dissected 8 days post-infection. For P. falciparum, mid-
guts were stained with 0.4% mercury dibromofluores-
cein (Sigma) and the number of oocysts was counted by
light microscopy. For P. berghei, oocysts were counted by
fluorescence microscopy. Measured phenotypes included
oocyst infection prevalence (the proportion of mosqui-
toes carrying >1 oocyst among the total number of dis-
sected mosquitoes), and oocyst intensity (the number of
oocysts counted in mosquitoes with >1 oocyst). Differ-
ences in infection prevalence were statistically analyzed
using the x” test, and analysis of oocyst intensity used the
Wilcoxon signed rank non-parametric test. Statistical
differences in prevalence and intensity were first tested
separately for each independent replicate as described
above, and p-values were empirically determined using
10° Monte-Carlo permutations.

Transcriptomic analysis to identify genes regulated

by EN2L-03 candidate eRNA

Sample preparation

RNAseq was carried out to compare transcriptome pro-
files in mosquitoes depleted for the ENH2L-03 candidate
eRNA as compared to dsGFP controls. Three-day-old
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cold-anaesthetized mosquito Ngousso females were
injected using the NanoJect II (Drummond) either with
1.5 pg of an equal quantity of ds1, ds2 and ds3 (500 ng
each per mosquito) or with 1.5 pg of dsGFP for the con-
trol group as described above. Two days post-injection,
for each condition, total RNA was extracted from a pool
of 10 mosquitoes with TRI Reagent (Molecular Research
Center, Inc.). Three independent experiments were per-
formed, and the extracted total RNA from each condition
and each experiment were submitted to transcriptome
analysis.

RNA-seq analysis

RNA-seq was performed by Fasteris (Genesupport Lifes-
cience, Plan-les-Ouates, Switzerland) using the PolyA
mRNA-seq protocol. Each library was sequenced to
a depth of ~30 million reads with 2*150 bp paired end
reads on a NovaSeq 6000. Raw read quality was assessed
using FastQC version 0.11.9 [32] and MultiQC version
1.12 [33]. Cutadapt version 2.10 [34] was used to clean
the reads and remove adapters sequences with the fol-
lowing parameters: -O 6, -m 30 (discards reads shorter
than 30bp), -q 30 —-trim-n (removes N bases from
the read ends) and —-max-n 1 (removes reads with too
many Ns). STAR version 2.7.9a [46] was used for align-
ment against the reference genome of Anopheles gam-
biae str. PEST version AgamP4 (VectorBase release 66).
First the genome was indexed with the GFF annotation
file from VectorBase release 66 and the following param-
eters: —sjdbGTFtagExonParentTranscript Parent and
—genomeSAindexNBases 8 and the mapping was done
with the following parameters: —seedSearchStartLmax
20 and -alignlntronMax 25000. Genes were counted
using featureCounts version 2.0.0 [47] with the annota-
tion from VectorBase release 66 and the parameters —t
exon —g gene_id -p -B. Counts data were analyzed using
R version 4.3.2 [48], the SARTools package version 1.8.1
[49] and template script for DESeq2 [50] with default
settings, including a 5% false discovery rate, except for
the blocking factor which reflects replicate number.
The median of ratios method was used for normaliza-
tion. The template script for analysis is available https://
github.com/PF2-pasteur-fr/SARTools/blob/master/
template_script_ DESeq2.r. Genes with adjusted p-values
below 0.05 were considered differentially expressed. All
RNA-seq data is available at E-MTAB-14478 at Biostud-
ies https://www.ebi.ac.uk/biostudies/arrayexpress/studi
es/E-MTAB-14478.

MEME for discovery of predicted transcription factor binding
sites

MEME version 5.5.5 [51] was used to perform motif
discovery to find significantly enriched sequence motifs
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near the 15 differentially expressed genes (DEG) identi-
fied by RNAseq. In particular, shared predicted binding
sites among the 15 DEGs for transcription factors (TF)
would suggest a common regulatory pathway associated
with the activity of ENH2L-03 candidate eRNA upon
gene expression. To do so, 500 nucleotides upstream of
the TSS for all A. gambiae genes from the Agam4 genome
version 68 assembly were extracted and upstream
sequences from differentially expressed genes were
used as input, while the upstream sequences from all
A. gambiae annotated genes were input to MEME with
the parameter -neg as background sequences. The other
parameters used were -nmotifs 5, -minw 5 and -maxw 10.
All other parameters had default values. Enriched motifs
were then compared to characterized motifs using the
online version of TOMTOM version 5.5.7 [52] to find for
similar motifs in the FLY database with the option Com-
bined Drosophila Databases.

Results

We previously identified a genetic locus linked to malaria
susceptibility in wild mosquito pedigrees [2, 3] and
recently cataloged non-coding regulatory elements using
STARR-seq [26]. Here, we further explored STARR-seq
identified non-coding regulatory elements within the
previously mapped locus and genetically and functionally
characterized an enhancer of interest.

Examination of enhancers near the mapped locus

From a genome wide STARR-seq enhancer map [26], we
identified nine enhancers located ~0.4MB on either side
of the previously described genetic marker (microsatel-
lite H603) most significantly linked to differential malaria
infection outcome in wild mosquito pedigrees challenged
with sympatric wild parasite genotypes [2, 3]. To filter
these nine enhancers for further characterization, multi-
ple lines of evidence were integrated (i) ATAC-sequenc-
ing to identify regions of open chromatin overlapping
with STARR-seq identified enhancers [26], (Fig. 1, Addi-
tional File 1_Figure S1), (ii) cloning of enhancer alleles
from malaria susceptible and resistant mosquitoes and
measurement of differential enhancer activity between
alleles and (iii) using sequence data from the Anopheles
1000 Genomes project [39] to examine genetic variation
shared in wild mosquitoes sampled from across Africa.
Of the nine candidate enhancers detected by STARR-
seq only three were also in regions of open chromatin,
ENH_21-02, ENH_2L-03 and ENH_2L-07 (solid black
rectangles in Fig. 1). These candidate enhancers and
open chromatin regions are shown relative to the posi-
tion of the most significant genetic marker from previous
mapping work (Fig. 1) and the PEST genome annota-
tion (Fig. 1). Of the three enhancers in the STARR-seq
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catalog also located in regions of open chromatin, only
two had genetic alleles that displayed significantly differ-
ent enhancer activity between alleles cloned from malaria
resistant and susceptible mosquitoes in the mapping
pedigrees (ENH_2L-02 and ENH_2L-03, Fig. 1), and of
these two enhancers, for one of them (ENH_2L-03) all
nucleotide variants observed between alleles cloned from
malaria susceptible and resistant mosquitoes also segre-
gated in a large collection of A. gambiae and A. coluzzii
sampled across Africa, indicating that they are wide-
spread in nature. Based on the application of these three
filters, ENH_2L-03 was prioritized for further functional
characterization. In addition to being the only enhancer
to pass all three filters, ENH_2L-03 is also the most prox-
imal of the nine enhancers to the most significant genetic
marker linked to malaria infection outcome (Fig. 1, [2,
3]). Characterization of ENH_2L-03 focused on, first,
developing general methods to study the phenotypic
function of enhancers in mosquitoes, and second, testing
the functional significance of this enhancer in mosquito
biology.

Enhancer genetic variation in wild mosquitoes

Using publicly available sequence generated as part of the
Anopheles gambiae 1000 genomes project [39], genetic
variation in wild mosquitoes from across Africa were
examined for all nine enhancers in the genomic region
controlling Plasmodium infection outcome. The variable
sites across malaria susceptible and resistant individuals
in the mapped locus [2] were then compared to natural
variants from the Agl000 genomes project and of the
nine enhancers examined. Only in enhancers ENH_2L-03
and ENH_2L-09 were all variable sites captured in map-
ping pedigrees also variable in wild mosquitoes sampled
across Africa. We prioritized enhancers for further char-
acterization where variation segregating between malaria
susceptible and resistant mosquitoes was also variable in
nature, because the results would be more directly rel-
evant to the natural population and be potentially more
translatable into vector control tools. For each of the
other seven enhancers, some genetically variable sites
across malaria-resistant and susceptible individuals were
either non-variable in nature or were variable at very low
frequency (< 5%). For ENH_2L-03, each of the 5 nucleo-
tide sites that were variable in malaria-resistant and sus-
ceptible pedigree mosquitoes was also variable in at least
one natural population examined (see positions marked
by stars in Fig. 2). Linkage disequilibrium analysis of
the wild mosquito sequences by pairwise comparison
of these 5 nucleotides in ENH_2L-03 indicate that none
of the 5 positions are genetically linked, with all pair-
wise comparisons having an r? of <0.12. Therefore, these
nucleotides, despite that they distinguish susceptible and
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Fig. 1 Evidence filters for enhancer screening in malaria infection outcome locus. The enhancer screening strategy is summarized on a map

of the PEST AgamP4 genome assembly. Reading from bottom to top, the line (ENH_2L-) displays positions and names of the nine STARR-seq
identified enhancers within the locus. The next three lines indicate the PEST genome coordinates (Chromosome 2L (approx PEST position), gene
ID (PEST gene ID AGAPQO) and annotation if any (PEST genome annotation). The vertical dashed line at ~20.53 MB marks the proximal breakpoint
of the 2La inversion; the genomic interval to the right of this breakpoint have been rotated from the PEST assembly inverted (2La+) orientation

to the uninverted (2La) orientation of the mosquitoes used in the genetic linkage mapping study. Next, the line (Malaria susceptibility genetic
marker) indicates the position of the most significant genetic marker for the infection outcome locus (red square). The line (ATAC-seq) indicates
positions of ATAC-seq peaks from the current study, and (STARR-seq Enhancers) indicates the positions of the enhancers in the locus. Black
outline rectangles highlight the 3 enhancers that overlap with ATAC-seq peaks. For all nine enhancers present in the locus, alleles were cloned
from mapping pedigree mosquitoes susceptible and resistant to malaria infection and assayed for enhancer activity, displayed in line (Enhancer
Activity). Enhancers with significantly (p < 0.05) different activity between susceptible (S, grey bars) and resistant alleles (R, light blue bars) are
indicated by black asterisks. Finally, the top line (Genetic Variants Segregating in Nature) indicates the number of nucleotide variants distinct
between alleles of S and R pedigree mosquitoes that also segregate in wild Anopheles sequences sampled across Africa, to detect the frequency
of variants (dark blue, common variant, maximum allele frequency < 0.95; red, rare variants and fixed positions, maximum allele frequency >0.95).
Two enhancers harbored R versus S variable sites for which 100% also segregate in nature (black arrowhead). ENH_2L-03 (large, dashed rectangle)
was the only enhancer that i) overlapped an ATAC-seq peak, and ii) displayed significantly different enhancer activity between alleles cloned from R
and S individuals from the original mapping study, and iii) displayed nucleotide variants distinguishing R and S alleles that are common in nature

resistant alleles of ENH_2L-03, do not segregate in nature
as a haplotypic linkage block.

Considering wild mosquitoes from the Agl000
genomes project, there are 22 sites in the 555 bp
ENH_2L-03 enhancer (including the 5 mentioned above)
that are variable in wild mosquito samples sequenced as
part of the Phase I Agl000 genomes project. Analysis of
wild variation was repeated for the other eight enhanc-
ers in the genomic region of interest and is available in
Additional File 1 _Figure S2). Similar variation trends
were noted across all enhancers examined, with enhanc-
ers having 25-33 commonly variable sites in nature for
enhancers ranging in size from 503 to 702 bp.

Overlap of STARR-seq enhancers in the genomic locus

with other chromatin surveys

The nine STARR-seq enhancers were compared to three
published studies [27, 41, 42] that characterized open
chromatin or epigenetic signatures within mosquito

cell lines, whole mosquitoes, or mosquito tissues. Only
ENH_2L-03 was also detected as a region of differentially
accessible or epigenetically marked chromatin across all
other studies (Additional File 1_Table S3).

Detection and depletion of ENH_2L-03 eRNA

Enhancer RNA (eRNA) is frequently associated with
enhancer function. Detection of candidate eRNA col-
inear with ENH_2L-03 is required to develop RNAI
assays to experimentally perturb enhancer function.
To detect ENH_2L-03 candidate eRNA, primers were
designed to amplify across two independent frag-
ments of the dSENH_21-03 eRNA. Amplification of the
ENH_2L-03 eRNA and rpS7 control fragments was per-
formed on cDNA synthesized from total RNA isolated
from dsENH_2L-03 and dsGFP treated mosquitoes.
Amoplified products were visualized on a 2% agarose gel,
which allows for both detection of the eRNA fragment
in wild type (dsGFP) samples and provides evidence for
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Fig. 2 Nucleotide variants that distinguish susceptible and resistant
alleles of ENH_2L-03 are also variable in nature. Wild Anopheles
sequences sampled across Africa were analyzed (n =246 mosquitoes,
492 alleles) to calculate maximum allele frequency for each variant
position in the 554bp STARR-seq interval of ENH_21-03. All common
variants (maximum allele frequency < 0.95) are indicated as blue
circles (n =22). Filled circles indicate the five natural population
variant positions that distinguish S and R alleles in mapping pedigree
mosquitoes (highlighted by violet stars); open circles indicate

natural population variants that are not variant between S and R
alleles of mapping pedigree mosquitoes. X-axis, PEST genome
nucleotide coordinates for the 554bp STARR-seq enhancer interval.
Genetic variation data for all nine enhancers are in Additional File
1_Supplementary Figure S2

depletion of the ENH_2L-03 eRNA in dsENH_2L-03
treated samples (Fig. 3A). Quantification of ENH_2L-03
candidate eRNA expression was determined by qRT-
PCR, assessing the expression of ENH_2L-03 eRNA
alongside the expression of AGAP007051, the gene in
which ENH_2L-03 lies (Fig. 3B). This demonstrates that
not only can an ENH_2L-03 candidate eRNA be detected,
but it also can be depleted by dsRNA treatment. This also
demonstrates that the silencing of the ENH_2L-03 can-
didate eRNA located in the intron of gene AGAP007051
does not influence AGAP007051 transcript abundance,
indicating independence of the candidate eRNA and
gene transcript. To reinforce this observation, treat-
ment of mosquitoes with dsSRNA directed against the
AGAPO007051 transcript depleted AGAP007051 tran-
script, but did not influence the abundance of the
ENH_2L-03 candidate eRNA (Fig. 3C, D). Finally, to
confirm candidate eRNA transcription in the direction
antisense to the gene AGAP007051, specifically primed
cDNA synthesis was performed on total RNA samples
generated from mosquitoes treated with dsGFP, ds7051
or dsENH_2L-03, using a specific primer (EN03_Int_F in
Additional File 1 Table S2), which detected an RNA mol-
ecule transcribed antisense to the AGAP007051 gene,
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and which is depleted only by treatment with the dsSRNA
directed against the ENH_2L-03 candidate eRNA, and
not by dsRNA targeting AGAP007051 (Fig. 3E, Addi-
tional Filel _Figure S3).

The effect of silencing the EN2L-03 candidate eRNA

on gene expression

ENH_21-03 eRNAs were silenced through the injec-
tion of cognate dsRNAs and total RNA was collected
from 3-4-day old adult female mosquitoes. RNA-seq
was performed to identify direct and indirect target
genes whose expression was influenced, at least in part,
by modulation of the level of candidate eRNA expressed
from ENH_2L-03. Of the 13,845 annotated transcripts,
1970 had a sum of normalized read counts across sam-
ples below 10. A total of 15 genes whose expression was
significantly (p <0.05) altered following depletion of the
ENH_2L-03 candidate eRNA were identified. With an
EDR of 5%, less than one (precisely 0.75) differentially
expressed gene would be expected due to false dis-
covery. A volcano plot of RNA-seq results is provided
in Additional File 1_Fig S4. Thirteen of these fifteen
(87%) differentially expressed genes (DEG) were signifi-
cantly upregulated, suggesting that the candidate eRNA
expressed from ENH_2L-03 normally plays an inhibi-
tory role in regulating their level of expression, and 2
genes were downregulated following dsRNA treatment,
indicating that the candidate eRNA transcribed from
ENH_2L1-03 normally plays a positive regulatory role in
their expression (Table 1). For these 15 DEGs, the sum of
normalized read counts across samples averaged 21,922
reads with a range of 1457-104,734 reads.

An examination of the upstream regulatory region for
these 15 genes (the 500 bp immediately upstream of the
transcription start sites) using MEME suite, identified a
6-base-pair motif, CAGTYG, in 11 of the 15 upstream
regions. The significance of enrichment of this 6-base-
pair motif in the upstream region of DEGs was evaluated
by comparing to the sequence 500 bp upstream of tran-
scription start sites for all 13,780 predicted genes in the
PEST genome. Across the genome, the same 6 bp motif
occurs in 34% of upstream regulatory regions, while in
the set of 15 DEGs after ENH_2L-03 eRNA depletion,
the same motif is found in 73% of upstream sequences,
representing a significant increase in the frequency of the
motif presence (p =0.0012). This motif enriched in the
DEGs is similar to the characterized binding site for the
Adf1 transcription factor [53]. Presence of an enriched
motif similar to a known transcription factor binding site
in a majority of genes with altered expression levels after
ENH_2L-03 candidate eRNA depletion suggests a mech-
anism of potential co-regulation by the enhancer.
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Enhancer silencing and infection with human and rodent
malaria parasites

To examine the potential role of the ENH_2L-03 candi-
date eRNA in controlling infection with Plasmodium
parasites, the ENH_2L-03 candidate eRNA was depleted
by treatment with dsRNA (Fig. 3). Nevertheless, despite
efficient silencing of ENH_2L-03 candidate eRNA expres-
sion, there was no significant difference in Plasmodium
falciparum infection prevalence or intensity (Fig. 4A, B).
Similarly, there was also no significant effect on either
infection prevalence of infection or intensity after feeding
on a Plasmodium berghei-infected mouse (Fig. 4C, D).

Discussion

A mosquito genetic locus discovered by a population-
based study in Africa displays a large effect on mos-
quito susceptibility to malaria in nature [2, 3], but the
mechanism of its action is not known. The most sig-
nificant genetic marker linked to infection outcome is
located in a large noncoding region, which raised the
hypothesis of causative genetic variation in noncoding
regulators such as enhancers, and led to the genera-
tion of an enhancer map using STARR-seq [26]. Here,
we evaluated the nine enhancers located within the

(See figure on next page.)

Page 10 of 16

malaria susceptibility locus using computational and
experimental approaches, which prioritized one of
them as the enhancer of major interest, ENH_2L-03,
for methods development and functional characteriza-
tion. Such efforts to characterize the function of non-
coding regulatory elements have the potential to inform
future vector control strategies rooted in a region of the
genome known to control resistance and susceptibility
to malaria infection in wild mosquitoes [2, 3].

The current examination of ENH_2L-03 is grounded
in natural genetic variation, both from the stand-
point that examined differences in malaria-resistant
and susceptible alleles were captured as wild varia-
tion from nature at the time of experimental infections
[2], and also because the genetically variable sites in
ENH_2L-03 underlying observed differences in lucif-
erase activity are also variable across the African
continent from population resequencing data [39]. Fur-
thermore, in addition to an ATAC-seq peak from our
new survey that overlaps with ENH_2L-03, multiple
public chromatin surveys also identified peaks overlap-
ping with ENH_2L-03. Thus, the focus on ENH_2L-03
is well-supported by genetic and chromatin evidence.

Fig. 3 Detection of ENH_2L-03 enhancer RNA and depletion using RNAi. A The image is an agarose gel showing detection of the candidate
enhancer RNA (eRNA), contiguous with ENH_2L-03, which is depleted by treatment of mosquitoes with specific double-stranded RNA (dsRNA)
targeting the eRNA molecules from three independent biological replicate (REP) templates. Ribosomal protein rpS7 RNA is amplified as an RNA
input control. For each biological replicate (REP1, REP2 and REP3), labels above lanes indicate dsRNA treatment of mosquitoes with control
directed against GFP (dsGFP) or against the eRNA (dsENH_21-03); lanes labelled as “no cDNA control”are PCR control reactions without DNA
template. Labels below the lanes indicate primers used for RT-PCR detection of either rpS7 or eRNA. B Quantitative assessment of expression using
gRT-PCR approaches measuring the expression of ENH_2L-03 eRNA and AGAP007051. As ENH_2L-03 lies in the first intron of AGAP007051, this
verifies that depletion of ENH_2L-03 eRNA by dsRNA approaches does not disrupt levels of AGAPO07051 expression but does significantly deplete
the expression of ENH_21-03 eRNA. The fold change in the expression of AGAP007051 and ENH_2L-03 eRNA was measured by gPCR in samples
collected from dsGFP (control) and dsENH_2L-03 groups. Results are normalized to the fold change in the dsGFP (control) group (dotted line).
dsENH_2L-03 does not influence the expression of 7051 mRNA (W =—9.00; p= 0.5), whereas it strongly reduces the expression of ENH_21-03

enhancer RNA in A. coluzzii (W =28.00; p= 0.01). The ratio of the normalized gene expression in dsENH_2L-03/dsGFP was calculated using triplicates.
Statistical analyses were performed using a Wilcoxon test between dsGFP and AGAP007051 or dsENH_2L-03. N= 7 biological replicates. C Agarose
gel image shows specific depletion of AGAP007051 transcript when mosquitoes are injected with dsRNA targeting AGAP007051 and no depletion
of the ENH_21-03 candidate eRNA when mosquitoes are treated with dsRNA targeting AGAP007051. Amplification of rpS7 serves as a control

for cONA input into amplification reactions. Genomic DNA (gDNA) template is used as a positive control to confirm primer efficacy via successful
gDNA amplification and to observe size difference with mRNA after intron splicing for AGAP007051 and rpS7, which demonstrates an absence

of genomic contamination in Total RNA samples. Labels above lanes indicate templates and dsRNA treatments. Labels below indicate detected PCR
amplicons. D Quantitative assessment of expression using gRT-PCR approaches measuring the expression of ENH_2L-03 eRNA and AGAP007051

in samples treated with dsRNA targeting AGAP007051. This verifies that depletion of AGAP007051 transcript by dsRNA approaches does not disrupt
levels of ENH_2L-03 candidate eRNA expression (p =0.64) but does significantly deplete the expression of AGAP007051 transcript (p =0.01).

The fold change in the expression of AGAP007051 and ENH_2L-03 eRNA was measured by gPCR in samples collected from dsGFP (control)

and dsENH_21-03 groups. Results are normalized to the fold change in the dsGFP (control) group (dotted line). E. The image is an agarose gel
showing detection of the candidate ENH_21-03 transcript primed by specific primer, which confirms transcript of a IncRNA over the ENH_21-03
region, antisense to AGAP007051 transcript, that is only depleted in cDNA templates from mosquitoes treated with dsRNA targeting the ENH_2L-03
eRNA. Mosquitoes treated with other experimental (AGAP0070751) or control (dsGFP) dsRNAs and whose cDNA was specifically primed

with the same primer designed against the ENH_21-03 transcript did not show decreased levels of the targeted transcript. Labels above lanes
indicate templates and dsRNA treatments. Labels below indicate detected PCR amplicons. Genomic DNA (gDNA) template is used as a positive
control of primer efficacy. Uncropped gel images are available in Additional File 1_Fig S6. Gels in A and C use GeneRuler 100bp Plus DNA Ladder
and in E GeneRuler 100bp DNA ladder
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Fig. 3 (Seelegend on previous page.)

The current work demonstrates a IncRNA transcript
contiguous with the ENH_2L-03 interval, and expressed
antisense to the AGAP007051 gene, which harbors
ENH_2L-03 within an intron. The IncRNA is consist-
ent with the features of an eRNA transcript generated
from the enhancer, although additional evidence would
be required to definitively categorize the molecule as an
eRNA, and we currently consider this molecule to be a

candidate or putative eRNA. For example, global run-on
sequencing (GRO-seq) would provide important evi-
dence on the structure of the RNA molecule, although
GRO-seq has not previously been performed in mosqui-
toes, the method would require process development,
and the less mature non-model organism genome anno-
tation could pose a limitation for mapping and interpre-
tation. GRO-seq is thus beyond the scope of the current
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Table 1 Fifteen genes displayed significantly altered gene expression upon silencing of candidate ENH_2L-03 eRNA expression

Id Gene position Gene name FoldChange padj Contained Enriched
Sequence motif similar
to Adf1

AGAPO11765  3L:33005140.33009840  Spondin like;glycoprotein; signaling ligand 1.89 0.00019  Yes

AGAP010363  3L:2242724.2243715 1.60 0.00115  No

AGAP001190  2R:1174559..1175564 Female reproductive tract protease GLEANR_896 1.76 0.00136  Yes

AGAP029723  3L:10281980..10283611 1.81 0.00136  Yes

AGAP000605  X:10822501..10823703 1.51 000148  Yes

AGAP004501  2R:57097933.57099532  Allantoicase 1.62 0.01005  VYes

AGAP0O00693  X:12440533.12441132 CEC1; cecropin anti-microbial peptide -1.58 0.01305  VYes

AGAP006327  21:29733363.29734698  LRIM6; leucine-rich immue protein (short) 144 0.01527  Yes

AGAP010550  3L:6251373.6252489 Venom allergen 142 0.02607  Yes

AGAP008632  3R:13774427.13779616  Alpha-aminoadipic semialdehyde synthase 137 0.04180 No

AGAP008892  3R:20451456.20453496 1.40 0.04180 No

AGAP029365  21:47490581.47492360 1.36 0.04571  Yes

AGAP004115  2R:50171785.50177084  Cytinosin 1.38 0.04631  Yes

AGAP010814  3L:11184704.11190462  TEPS; thioester-containing protein 6 -1.35 0.04687  No

AGAP008209  3R:6915902..6917581 Cytochrome P450 1.29 0.04940  Yes

Thirteen genes were upregulated suggesting an inhibitory role of ENH_2L-03 eRNAs in their expression while 2 genes were downregulated, suggesting an activating

role of ENH_2L-03 eRNA in their expression

manuscript, but it should represent future work aimed
at cataloguing the eRNA catalog for Anopheles by us or
other groups.

Experimental perturbation of enhancer activity can
be achieved through different approaches. Here, we
used RNAI silencing to modulate the abundance of the
ENH_2L-03 candidate eRNA. CRISPR modification
would also be possible, but would require sufficiently
strong incrimination of a specific candidate to warrant
that approach, which is more appropriate for confirma-
tion rather than discovery. Upon depletion of ENH_2L-03
eRNA levels, bulk RNA sequencing identified 15 genes
whose transcript abundance was significantly altered.
Of these 15 differentially expressed genes (DEGs), three
have predicted immune function, as a leucine rich
repeat containing protein 6 (LRIM6) (AGAP006327),
CEC1 antimicrobial peptide (AGAP000693), and TEP6
(AGAP010814). Of the 15 DEGs, only CEC1 and TEPS,

(See figure on next page.)

were significantly downregulated when ENH_2L-03
eRNA was depleted, suggesting that ENH_2L-03 nor-
mally has a positive effect on expression of CEC1 (i.e.,
CECA) and TEP6. CECI1 expression has been previously
shown to be induced by infection with bacteria and Plas-
modium [54]. Single-cell transcriptomic analysis revealed
co-regulation of CEC1 and TEP6 in the same hemocyte
cluster cell upon blood feeding [55]. The same study also
demonstrated expression of LRIM6 in a granulocyte
(phagocytic cell) population cell cluster [55]. None of
the 15 DEGs is likely a direct target gene of ENH_2L-03
as most (13/15) are in trans to ENH_2L-03 on other
chromosome arms, and all are outside of topologically
associating domains (TAD) boundaries using available
published information [56]. Thus, the DEGs likely rep-
resent indirect target genes whose expression is influ-
enced by depletion of ENH_2L-03 as part of a regulatory
network.

Fig. 4 Depletion of ENH_2L-03 candidate eRNA does not influence Plasmodium infection. A Mosquitoes were injected with dsRNA targeting

the ENH_2L-03 candidate eRNA or GFP (control) and were subsequently challenged with the human malaria R, falciparum. Mosquito midguts

were dissected 7-8 days post feeding and parasite oocysts counted. Infection prevalence (the proportion of mosquitoes with at least one

oocyst) was not significantly different between dsENH_21-03 and dsGFP treated mosquitos across 3 biological replicates (p >0.256). n indicates

the total number of dissected mosquitoes over the three biological replicates. B P, falciparum infection intensity (the number of midgut oocysts

in mosquitoes that had at least one), also was not significantly different between dsENH_21-03 and dsGFP samples (p >0.14). C. Similar experiments
were conducted for rodent malaria P. berghei by feeding mosquitoes on a P berghei-infected mouse and measuring infection prevalence. There
were no consistent differences in infection prevalence upon treatment with dsENH_2L-03. n indicates the total number of dissected mosquitoes
over the three biological replicates. D P berghei infection intensity was also not statistically significant between dsENH_21-03 and dsGFP treated

mosquitoes (p >0.342)
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To examine this possibility, promoter sequences from  motif similar to the transcription factor binding motif,
the 15 DEGs were examined for conserved sequence Adfl, has been identified, suggesting that recruitment
and in 11/15 upstream sequences, the presence of a 6bp  of the Adf1 transcription factor might be required for
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ENH_2L-03 activity to regulate the expression of at
least these 11 of the 15 DEGs. In the dipteran ortholog
D. melanogaster, Adf1 is required for regulating Alco-
hol dehydrogenase expression [57] and for long-term
memory formation [58]. It also plays a role in behav-
joral immune response of D. melanogaster based on
anticipatory medication of offspring, as a non-asso-
ciative memory paradigm based on innate parasite
recognition by the host [59]. The role of Adfl in the
coordinate expression of the ENH_2L-03 DEGs could
be elucidated by silencing of Adfl expression, which
will require further work.

Silencing of the ENH 2L-03 candidate eRNA did
not generate a significant phenotypic effect for either
human or rodent Plasmodium infection. However, the
function of an individual enhancer can be necessary
but not sufficient to produce a phenotype, given the
control of target genes by multiple enhancers, and the
potential for redundant or compensatory effects of dif-
ferent enhancers acting upon a phenotype [60-62]. The
enhancer ENH2L-03 has strong evidence pointing to its
potential involvement in the infection outcome locus,
and further work may be warranted, for example simul-
taneous silencing of ENH2L-03 with other enhancers
in the locus that display lower individual priority, but
that could act combinatorially to influence infection
outcome.

Here we provide a proof of concept for the in vivo
functional study of candidate transcriptional enhanc-
ers controlling natural resistance to malaria parasites
in Anopheles mosquitoes. Functional characterization
of active enhancers in relevant biological contexts has
the potential to affect the design and implementation
of strategies incorporating endogenous gene regula-
tion in the generation of genetically modified and trans-
genic mosquitoes for vector control. As an example,
CRISPR-based gene drive systems targeting an enhancer
candidate that functionally controls Plasmodium infec-
tion outcomes could lead to population replacement
strategies aimed at ultimately eliminating Plasmodium-
susceptible mosquitoes. To this end, identification, and
functional characterization of transcriptional enhancers
in Anopheles represents progress and an increased tool
set of regulatory factors to use in transgenic approaches.
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