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Introduction: Alternative splicing (AS) is a highly conserved mechanism that
allows for the expansion of the coding capacity of the genome, through
modifications of the way that multiple isoforms are expressed or used to
generate different phenotypes. Despite its importance in physiology and
disease, genome-wide studies of AS are lacking in most insects, including
mosquitoes. Even for model organisms, chromatin associated processes
involved in the regulation AS are poorly known.

Methods: In this study, we investigated AS in the mosquito Anopheles gambiae in
the context of tissue-specific gene expression and mosquito responses to a
Plasmodium falciparum infection, as well as the relationship between patterns of
differential isoform expression and usage with chromatin accessibility changes.
For this, we combined RNA-seq and ATAC-seq data from A. gambiae midguts
and salivary glands, infected and non-infected.

Results: We report differences between tissues in the expression of 392 isoforms
and in the use of 247 isoforms. Secondly, we find a clear and significant
association between chromatin accessibility states and tissue-specific patterns
of AS. The analysis of differential accessible regions located at splicing sites led to
the identification of several motifs resembling the binding sites of Drosophila
transcription factors. Finally, the genome-wide analysis of tissue-dependent
enhancer activity revealed that approximately 20% of A. gambiae transcriptional
enhancers annotate to a differentially expressed or used isoform, and that their
activation status is linked to AS differences between tissues.

Conclusion: This research elucidates the role of AS in mosquito vector gene
expression and identifies regulatory regions potentially involved in AS regulation,
which could be important in the development of novel strategies for
vector control.

KEYWORDS

mosquitoes, plasmodium, alternative splicing, isoform expression, isoform usage,
chromatin accessibility

Abbreviations: DEMG, differential isoform expression of multisoform genes; DUI, differential isoform usage

of multisoform genes; SS, splicing sites
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1 Introduction

Alternative splicing (AS) is an important source of phenotypic
variation in eukaryotes that allows the generation of multiple
transcripts from a single gene, expanding the coding capacity and
functionality of the genome. AS regulates gene expression by acting
on mRNA transcripts at a post-transcriptional level and is critical for
diverse cellular processes, including cell differentiation and
development as well as cell reprogramming and tissue remodeling.
AS is mediated by four types of basic events: alternative 5’ splice-site,
alternative 3’ splice-site, cassette-exon inclusion or skipping, and
intron retention. These processes can be combined to obtain dozens
of isoforms from a single gene. On the other hand, AS regulation
includes different mechanisms such as the temporal and spatial
differential expression of the isoforms, the activation of the RNA
Pol II, or the on-off regulation by nonsense-mediated decay (Wang
and Cooper, 2007; Nilsen and Graveley, 2010; Kelemen et al., 2013;
Shenasa and Hertel, 2019; Ule and Blencowe, 2019; Wright et al.,
2022). Another mechanism associated with AS regulation is
isoform usage, which is defined as the participation of each
isoform in gene expression. Therefore, when these proportions
switch between two conditions, some isoforms are considered to
be differentially used (Vitting-Seerup and Sandelin, 2017; Merino
etal., 2019; De La Fuente et al., 2020; Li et al., 2020; Chen et al., 2022).
As a result, the function of a gene might change because different
variant proteins are produced, while the total gene expression can
remain unaltered.

AS is highly conserved in eukaryotes, however, the type of
events and mechanisms of AS vary significantly among species
(Nilsen and Graveley, 2010; Kelemen et al., 2013; Martinez and
Lynch, 2013; Bush et al., 2017; Vitting-Seerup and Sandelin, 2017;
Ule and Blencowe, 2019; Zhao, 2019; Li et al., 2020; Song et al.,
2020; Verta and Jacobs, 2022; Wright et al., 2022). A simple way to
study AS is to quantify and compare the expression of isoforms that
are generated in different tissues or experimental conditions (Katz
et al., 2010; Glaus et al., 2012). Transcriptomic data obtained by
RNA-seq is mostly used for gene-level analysis (Vitting-Seerup and
Sandelin, 2017; Zhao, 2019), but it also offers the possibility to study
AS, analyzing and counting known transcripts or detecting new
splicing events (Zhao, 2019).

The regulation of AS is intrinsically related to chromatin
dynamics. To obtain diverse transcripts, cis- and trans-regulatory
elements participate both in the generation of transcripts and in the
marking of splice sites (Bush et al., 2017; Shenasa and Hertel, 2019;
Zhao, 2019; Verta and Jacobs, 2022). In addition, AS regulation can
be affected by posttranslational histone modifications, nucleosome
positioning, and chromatin accessibility (Davuluri et al., 2008; Luco
et al., 2011; Montes et al., 2012; Klemm et al., 2019; Nussinov et al.,
2021). However, how these different epigenetic layers interact and
how they relate with the type of events and AS regulation, as well as
the great diversity of gene functions through AS, have been poorly
investigated (Davuluri et al., 2008; Luco et al., 2011; Klemm et al.,
2019). The integrated analysis of transcriptomic and epigenomic
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data could provide new insights into how AS is regulated and how it
changes under different conditions.

AS has been widely studied in model organisms like Drosophila
melanogaster, Danio rerio, or Caenorhabditis elegans (Zahler, 2005;
Venables et al., 2012; Lin et al., 2022). In Drosophila melanogaster,
AS plays important roles in sex determination or muscle and neural
development, among other biological processes (Venables et al.,
2012). More precisely, the relationship between AS and chromatin
has been investigated in Drosophila gonads. In that study, it was
reported that the enrichment of several splicing factors in the
undifferentiated cells coincided with highly expressed chromatin-
remodeling factors and histone-modifying enzymes, which would
act in concert to maintain the transcription network through post-
transcriptional mechanisms (Gan et al., 2010). Despite these scarce
studies, there is a lack of knowledge on how the AS interacts with
chromatin to regulate gene function under different physiological or
cellular conditions (Nilsen and Graveley, 2010; Luco et al., 2011;
Kelemen et al., 2013).

In mosquitoes, little is known about AS and its regulation. Given
that AS is evolutionarily conserved, one would expect that functions
and mechanisms are maintained across insects, particularly in
Diptera. There is, however, a marked inter-species variation in
alternative splicing that probably resulted from selective pressures
exerted by factors such as the environment and lifestyle (Kurtz and
Armitage, 2006; Malko et al., 2006). In Aedes aegypti, previous studies
have focused on sex differentiation (Salvemini et al., 2011, 2013;
Calkins et al, 2015). In the human malaria mosquito Anopheles
gambiae, the study of AS is limited to a few genes, such as doublesex
and Dscam (Tsujimoto et al., 2013; Krzywinska et al., 2016; Sinkins,
2016; Djihinto et al., 2022), to tissues like salivary glands (Dixit et al.,
2009), and to biological functions such as signaling pathways (Meister
et al,, 2005). These studies suggest that AS could play a crucial role in
life history traits that are relevant in the context of a malaria infection,
such as vector competence and mosquito immunity. However, a
more systematic analysis addressing the role of AS and its regulation
in mosquitoes is lacking.

In earlier studies, we combined transcriptomic and chromatin
accessibility data of infected and non-infected A. gambiae salivary
glands and midguts aiming at identifying cis-regulatory networks
involved in tissue-specific gene expression regulation and mosquito
responses to the malaria parasite infection (Ruiz et al., 2019, 2021).
In this study, we used these previous datasets and new data to
investigate the differential expression and usage of isoforms
belonging to multisoform genes and their utilization across
various mosquito tissues infected with the malaria parasite
Plasmodium falciparum. We also investigated AS regulation by
addressing the potential involvement of chromatin-associated
mechanisms in these processes (Love et al., 2014; Vitting-Seerup
et al., 2019). We contend that a deeper understanding of the
mechanisms of AS regulation can reveal key cis- and trans-
regulatory elements, like splicing transcription factors and
enhancers, involved in mosquito responses to P. falciparum
infection and/or in vector competence.
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2 Experimental procedures
2.1 External and new data

The external RNA-seq data analyzed in this study was
downloaded from GEO accession number GSE120076 and
corresponded to infected and non-infected midgut samples (Ruiz
et al., 2019). The GEO accession number GSE152924 corresponds
to previously published ATAC-seq data of infected tissues, both
midguts and salivary glands (Ruiz et al., 2021).

This study includes new RNA-seq data from infected and non-
infected salivary glands (two paired samples/infections). These
were obtained in the same experiment as the samples/data in Ruiz
et al. (2019). In brief, to obtain Non-Inf vs. Inf SG, 2- to 5-day-old
female A. gambiae s.s. mosquitoes from a genetically outbred
laboratory colony at the “Institut des Sciences et Techniques
(INSTech)” of Burkina Faso were fed through membranes on
gametocyte-infected blood from malaria patients or, in the case of
controls, on the same blood after heat treatment to eliminate the
parasite. Dissection of the salivary glands was performed 14 days
after the infection. Tissues were immediately processed for RNA
RNA
Isolation Kit (Ambion®) according to the manufacturer’s

analyses. Total RNA was extracted using mirVana

protocol and used for mRNA library preparation. RNA
concentration was quantified using Qubit® 2.0 Fluorometer, and
RNA integrity was determined with Agilent 2100 Bioanalyzer.
Illumina libraries were prepared and sequenced at the
HudsonAlpha Institute for Biotechnology, using an Illumina
HiSeq 2000 sequencer, standard directional RNA-seq library
construction, and 50-bp paired end reads with ribosomal

reduction (RiboMinus' " Eukaryote Kit, Ambion®).

2.2 Experimental design

To study the role of AS in A. gambiae, we considered genes that
are susceptible to be regulated by this mechanism. Only 1,263 genes
annotated in the A. gambiae genome (13,094 genes) have more than
one transcript and could be classified as multisoform genes. We
used the Anopheles gambiae PEST reference genome obtained from
Vectorbase release 54 (Giraldo-Calderon et al., 2015).

Overall, considering the information about the datasets in the
previous section, we used 12 RNA-seq and four ATAC-seq datasets
corresponding eight A. gambiae-infected (Inf) and four non-infected
(control, Non-Inf) samples from two mosquito tissues (midguts, MG,
and salivary glands, SG) (Ruiz et al., 2019, 2021). Our experimental
design distributed the samples in three different comparisons:
(1) non-infected vs. infected midguts, (2) non-infected vs. infected
salivary glands, and (3) infected midguts vs. infected salivary glands.
All of these included two replicates per condition.

2.3 RNA-seq data analysis

Quality control of RNA-seq data was performed with FastQC
v0.11.9 (Babraham Bioinformatics, n.d). We used SortMeRNA
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v4.2.0 (Kopylova et al., 2012) to determine and eliminate possible
ribosomal RNA contamination. Filtered reads were trimmed 10 bp
using bbduk.sh v38.18 (Bushnell, 2014) and mapped to the reference
genome (Anopheles gambiae PEST genome version P4.12) available
in VectorBase release 54 (Giraldo-Calderon et al., 2015) using
Salmon v1.5.2 (Patro et al., 2017). This software is specifically
used for the alignment and quantification of isoforms (Zhang
et al, 2016) and was run using the default parameters -l A -
validateMappings —go 4 —mismatchSeedSkip 5. We used the aligner
STAR v2.7.8 to map the reads against the reference genome (Dobin
et al.,, 2013) and visualized coverages in IGV (Thorvaldsdottir et al.,
2013). After this step, we also performed a quality control of the
STAR alignments with Qualimap v2.2.2 (Okonechnikov et al,
2016). This quality control included the assessment of 5" and 3’
coverage biases in our data. Supplementary Table S1 contains
information about the number of raw reads, the results of the
filtering by SortMeRNA, the quality control of the alignments, and
the mapping statistics. Replicability analyses based on principal
coordinates analyses (PCoA) and unsupervised hierarchical
clustering were performed on log2 normalized counts by Salmon
using the quality control module of the reanalyzerGSE pipeline
(Ruiz et al., 2023). These analyses supported the use of the samples
as replicates in the differential analyses (Figure 1; Supplementary
Figure S1).

2.4 Alternative splicing mechanisms and
differential analyses

The counts generated by Salmon were used to perform various
analyses. First, to study the most prevailing alternative splicing
mechanisms in each condition, we used the R package
IsoformSwitchAnalyzeR v2.2.0 (Vitting-Seerup et al., 2019). We
applied the function analyzeAlternativeSplicing with the argument
onlySwitchingGenes=F. We then compared the frequencies of the AS
events between conditions (tissues and infection status) to determine
how are they altered in the different comparisons (see Section 2.2).

The differential expression analyses were performed using the R
package (v4.3.2) DESeq2 (v1.42.0) (Love et al., 2014). Taking only
the set of multisoform genes (see Section 2.2), we considered
isoforms corresponding to differentially expressed multisoform
genes (DEMG), those that have differential expression between
conditions (the isoform not the gene). To be differentially
expressed, isoforms must have a significant P-adjust of less than
0.05 and a log, fold change (FC) greater than 1 or less than -1
(corresponding to a 2x change). In the comparison Inf MG vs. Inf
SG, a FC <0 means overexpression in MG, whereas a FC >0 means
overexpression in SG. In the other two comparisons, Non-Inf vs. Inf
at each tissue, a FC >0 means more expression in the infected tissue.
For this analysis, only isoforms with a count value greater than 10
were considered to be expressed. A total number of 1,561 (Inf MG
vs. Inf SG comparison), 1,394 (Non-Inf vs. Inf MG), and 1,679
(Non-Inf vs. Inf SG) isoforms passed this threshold and were
included in all subsequent analysis.

The study of the differential usage of the isoforms was
performed using IsoformSwitchAnalyzeR v2.2.0 (Vitting-Seerup
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glands. The graphs illustrates the similarity between the groups of samples. Samples from similar experimental infections tend to group within the

same condition compared to those between different conditions.

et al, 2019). In this case, we used the parameter difference in
isoform fraction (dIF) to measure the magnitude of change. The
isoform fraction (IF) is a measurement that determines the
proportion of the total expression of a parent gene that comes
from a particular isoform (isoform_exp/gene_exp). Difterentially
used isoforms (DUI) were those with a dIF >0.1 or dIF <-0.1 (a
threshold of 10% of change). We also applied a significance
threshold of P-adjust (FDR) <0.05. In the comparison between
Inf MG vs. Inf SG, dIF <0 means more usage in MG, and dIF >0
means more usage in SG. In the other two comparisons, Non-Inf vs.
Inf at each tissue, dIF <0 means more usage in the infected tissue.
For this analysis, only isoforms with a count value greater than 1
were considered to be expressed and included in subsequent
analyses. A total number of 2,386 (Inf MG vs. Inf SG
comparison), 1,913 (Non-Inf vs. Inf MG), and 2,406 (Non-Inf vs.
Inf SG) isoforms passed this threshold and were included in all
subsequent analyses. We performed Gene Ontology (GO) terms
overrepresentation tests for the sets of differentially expressed or
used multisoform genes in the comparison Inf MG vs. Inf SG using
VectorBase Overrepresentation Test, and we chose a threshold of P-
value <0.05. We also used the ImmunoDB database to assess
whether the isoforms could be immunologically relevant based on
the presence of the coding gene in this database (EZlab |
Computational Evolutionary Genomics group, n.d; Giraldo-
Calderon et al., 2015).

2.5 ATAC-seq data analyses

For the analysis of ATAC-seq data in relation to AS, we used the
processed data from our article (Ruiz et al., 2021), which includes the
nucleosome-free reads, the ATAC peaks resulting from the analysis
with MACS2 (Zhang et al., 2008), and the differentially accessible peaks
resulting from the analysis with DiffBind (Stark and Brown, 2011).
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2.6 Relationship between gene expression
and chromatin accessibility

2.6.1 Model and predictions

The relationship between the gene expression and chromatin
structure has been examined in a few model organisms (Luco et al.,
2011). These previous studies showed that various epigenetic
mechanisms such as nucleosome positioning, post-transcriptional
modifications (Luco et al., 2011), or the modification of chromatin
accessibility (Li et al., 2020; Nussinov et al., 2021) alter or correlate
with AS dynamics. In A. gambiae, our earlier work investigated the
relationship between chromatin accessibility and gene expression
regulation at the gene level (Ruiz et al., 2021), while here we focused
on the expression and potential gene regulation occurring at the
isoform level via alternative splicing.

Our hypothesis was to find a positive relationship between
chromatin accessibility differences and the differential expression
and/or usage of the isoforms. For the differential isoform expression
(DEMG), we expected to find increased accessibility in the
promoter of one or more isoforms in the tissue where the
expression of the isoform/s is higher (Figure 2A). For the
differential isoform usage (DUI), we expected to find changes in
chromatin accessibility at regulatory regions coinciding or near
alternative splicing sites in the isoform more used in each tissue, as
shown in Figure 2B—for example, for an exon skipping event, we
would expect more accessibility in the surroundings of the exon to
be added to the transcript at the condition with more usage of
the isoform.

2.6.2 Association analyses

To test the possible relationship between the differential
expression of isoforms and chromatin accessibility, we first
discarded genes that overlap by more than 25% with other genes.
We used Spearman’s correlation test to analyze the possible
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FIGURE 2

Model for the relationship between isoform expression, isoform usage, and chromatin accessibility. The ATAC-seq peaks are shown in red. (A) For
the DEMG group, the expectation is that the accessibility of the promoter will increase in the tissue where the expression of the isoform is higher,
i.e., the RA isoform in midguts display a higher ATAC-seq peak. For the RB isoform, the expression is higher in salivary glands, and accordingly the
accessibility peak is higher in this tissue. (B) For the DUI group, we expect to find chromatin accessibility changes near the splicing sites coinciding
with the different usage of the isoform/s. The ATAC-seq peaks are around the differential exons and are higher in the tissues where the isoforms are
more used. The RA isoform is less expressed in midguts and becomes more expressed in salivary glands, displaying a higher ATAC-seq peak in

this tissue.

association between isoform expression and chromatin accessibility
at various regions where the AS mechanisms would operate. These
include the isoform promoter, which we considered to comprise 1
kbp from the TSS (the end of the 5" UTR), or the isoform body,
which includes all exons and introns. For those isoforms that lack
annotated TSS, we considered the ATG as the reference point. A
density plot of the ATAC peaks downloaded from Ruiz et al. (2021)
was elaborated using R package ggplot2 v3.4.4 (Wickham, 2016)
and confirmed that the majority of chromatin accessibility would be
located at the promoter of genes (Supplementary Figure S2).

We used R script (see data and code availability section) to
classify the multisoform genes into three groups—high, medium,
and low—depending on the expression level of the isoforms. The
threshold values for this classification were determined by dividing
the signal into three quantile groups based on their means using the
cut2 function from the R package Hmisc. The software ngsplot was
used to visualize as average profile plots the chromatin accessibility
(nucleosome-free region signal) at the TSS in the different groups of
isoforms classified by their expression level (high, medium, and
low) (Shen et al., 2014).

In the case of differentially used isoforms, we analyzed the
association between isoform usage and chromatin accessibility
focusing on alternative splicing sites. To do this, we first searched
for significant differential peaks between conditions, previously
obtained by DiffBind in Ruiz et al. (2021), that coincide with A.
gambiae known splicing sites (SS), adding a small distance to see
what is happening around these sites. We set a restrictive window of
+100 bp, and we counted how many of those peaks annotate to
isoforms classified as differentially used (DUI).

On those peaks, we then performed a motif analysis using HOMER
software v4.11 (Heinz et al, 2010). We used findMotifGenome.pl to
determine known and de novo motifs overrepresented in our sequences
and then used annotatePeaks.pl to link the motifs back to the
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differentially used isoforms and the splicing sites. Only significant
motifs with P-values <le-20 were considered. HOMER employs two
distinct sets of sequences during motif discovery. The first set
comprises target sequences of interest, and the second set consists of
background sequences, typically mostly not subjected to regulation.
Subsequently, it uses a cumulative hypergeometric distribution to
detect over-representation in the target set relative to the background
set. In our analysis, the background sequences were automatically and
randomly chosen from the genome (HOMER attempts to select
background regions that match the GC-content distribution of the
input sequences).

2.7 Enhancers associated to alternative
splicing in A. gambiae

We used the set of A. gambiae enhancers that was characterized
in our previous integrative analysis of ATAC-seq and RNA-seq data
(Ruiz et al., 2021). We aimed to investigate whether these regulatory
sequences could be involved in AS events and also compared the
occurrence of enhancers in multisoform vs. non-multisoform genes.
The list included 1,402 A. gambiae enhancers predicted by
homology with Drosophila enhancers and 2,866 Anopheles
enhancers identified either computationally or experimentally by
different studies (Ruiz et al., 2021). We selected only the enhancers
that appeared to be active in at least one of our conditions—that is,
enhancers that were reported in Ruiz et al. (2021) to have a MACS2
chromatin accessibility peak and appeared to be enriched in
H3K27ac. As a result, we obtained a list of 807 active enhancers
which we overlapped with our differentially expressed (DEMG) and
difterentially used (DUI) isoforms using BEDtools intersect v2.30.0
(Quinlan and Hall, 2010). We also used this tool to classify these
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enhancers as intragenic or intergenic and intersect them with A.
gambiae splicing sites.

Finally, we quantified which portion of the active enhancers that
are annotated to DEMG and DUI genes display a change in
accessibility—that is, which display differential accessibility
between tissues (DiffBind region) coinciding with the change in
the expression of the isoform or isoforms.

3 Results

3.1 Alternative splicing regulates tissue-
specific gene expression in infected
A. gambiae

Considering the 1,263 multisoform genes detected in the A.
gambiae genome (see “Experimental design®), we aimed to identify
alternative splicing events and their role in gene expression regulation
in different tissues and infection conditions. For this, we performed
two types of analysis: one to identify differentially expressed isoforms
belonging to multisoform genes (DEMG) and another one to detect
isoforms that were differentially used (DUT), which are isoforms that
are altered in their proportion relative to the total expression of the
gene. First, we performed replicability analyses to verify that our
samples, which are inherently heterogeneous (different mosquito
tissues and Plasmodium infections), could be used as biological
replicates. In the case of the comparison between tissues, there was
a clear grouping pointing to the differences between tissues (Figure 1).
In the case of the other two comparisons (non-infected vs. infected at
each tissue independently), the samples displayed more variability,
but their clustering still supported the differential analyses
(Supplementary Figure S1).

In the comparison between P. falciparum-infected and non-
infected mosquito midguts, 11 isoforms appeared to be differentially
regulated out of the 848 multisoform genes present in this dataset
(see “Experimental design®). Of these, four (0.4%) corresponded to
differentially expressed (DEMG) and seven (0.8%) to differentially
used isoforms (DUI). In the comparison of infected and non-
infected salivary glands, we detected 977 to be expressed, of
which 24 isoforms appear differentially regulated: two (0.2%)
were DEMG and 22 (2.2%) DUI We then examined differences
in AS regulation between tissues (Inf MG vs. Inf SG), and we detect
920 multisoform genes present in this dataset: 392 isoforms (42.6%)
DEMG and 247 isoforms (26.8%) DUI We also report multisoform
genes in which one or more isoforms were at the same time DEMG
and DUI (Figure 3A). In our results, this overlap between AS
mechanisms involved 7.5% (86 isoforms belonging to 69
multisoform genes) of the total 920 multisoform genes that
display AS when comparing Inf MG vs. Inf SG (Figure 3B) and
less than 1% (one for the midguts and one for the salivary glands)
when comparing non-infected vs. infected mosquito tissues.
Supplementary Tables S2, S3 present the results of the DEMG
and DUI analyses, respectively.

To test for the differential functionality of DEMG and DUI
isoforms between tissues, we performed GO enrichment analysis.
For the differentially expressed isoforms that appear more expressed
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in salivary glands, the 10 first GO terms (ordered by P-value)
include metabolic processes, regulation of response to stimulus, and
signaling. On the contrary, differentially expressed isoform genes
that are more expressed in midguts showed enriched functions to be
involved in fiber and cytoskeleton organization, ion transport, and
muscle contraction (Supplementary Table S4). In the case of
differentially used isoforms that appear overused in midguts, the
10 first GO terms correspond to functions related to homeostatic
and metabolic processes. In salivary glands, overused isoforms
displayed functions like metabolism, homeostasis, and inorganic
ion transmembrane transport (Supplementary Table S4).

Next, we described the types of events that lead to differential
isoform expression (DEMG) and/or isoform usage (DUI) in our set
of A. gambiae multisoform genes. In our data, the alternative
splicing event more frequently appeared to be exon skipping (ES)
(Lietal, 2020), followed by alternative star site (ATSS). For DEMG,
we report differences in the frequency of these events between
conditions only for ES: 56 ES events in Inf MG vs. 83 ES events in
Inf SG. For DUI, only the frequency of ES is moderately altered
when comparing Inf MG vs. Inf SG (43 ATSS events in MG
compared to 56 events in SG). These results are summarized in
Supplementary Table S5. Conforming to the more frequent ES
events, we would expect chromatin accessibility enrichment (ATAC
peaks) to be located in the body of the isoform/s involved in the ES
event (see the next section). Alternatively, this association could
also be evident in the promoter of isoforms that result from other
AS events such as ATTS or intron retention (IR) (Li et al., 2020).

Finally, we interrogated whether our DEMG and DUI coincided
with genes known to be involved in mosquito immunity
(Sreenivasamurthy et al., 2013). We found eight genes among our
differentially expressed and used isoforms that encode for proteins
involved in anti-Plasmodium mosquito responses (for example,
STAT, PGRPLC, and OXR1). Supplementary Table S6 shows the
information of the overlapping with the ImmunoDb database
(Sreenivasamurthy et al, 2013). A relevant example includes the
AGAP005203-RA and AGAP005203-RD isoforms of the PGRPLC
gene, identified in the present work as differentially expressed (RA)
and used (RA and RD). Both isoforms appeared to be overexpressed
during midgut infection, while RC and RE appeared to be similarly
expressed. RB and RF isoforms displayed values below the expression
threshold, so they were considered as non-expressed (Figure 3C).

3.2 Alternative splicing is positively
correlated with chromatin accessibility in
malaria-infected A. gambiae tissues

3.2.1 Tissue-specific isoform expression is
positively associated to differential
chromatin accessibility

First, we tested if a higher expression of the isoforms was
associated with higher levels of chromatin accessibility in the
isoform promoter (1 kb upstream of the TSS/ATG of the
isoform) or the isoform body.

The results for the DEMG group show a positive and significant
correlation between isoform expression and chromatin accessibility
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Patterns of differentially expressed isoforms belonging to multisoform genes (DEMG) and differentially used isoforms between tissues. (A) Diagram
illustrating possible DEMG and DUI patterns expected in our data. The gene can be differentially expressed and the isoform differentially expressed
but not differentially used; only one more of the isoforms differentially used and the isoforms can be differentially expressed and used at the same
time. (B) Volcano plot showing total usage change (i.e., expression redistribution between isoforms) versus the log-transformed values of isoform
expression fold change between tissues. The right-hand side of the graph corresponds to logFC values >0 and therefore isoforms differentially
expressed in salivary glands. The left part represents isoforms differentially expressed in midguts with logFC <0. Isoforms that are DUl and DEMG are
shown in red, whereas black dots correspond to differentially expressed isoforms. Labels identify isoforms corresponding to A. gambiae genes with
immune functions. (C) IGV representation of the AGAP005203 (PGRPLC) gene. Red lines highlight differential expression and accessibility at RA and
RE differential exons. The red box on the left points to a higher expression of the RA isoform in midguts, while the box on the right points to a higher

expression in salivary glands.

for the isoform body, both in salivary glands (rho = 0.30, p-value =
3.94e-05) and midguts (rho = 0.348, p-value = 1.42e-05), but not for
the promoter region (Supplementary Table S7; Figure 4). Next, we
examined whether the relationship was quantitative, that is, if the
levels of expression of isoforms differentially expressed (categorized
as high, medium, or low; see “Experimental design”) correlated with
the chromatin accessibility in the promoter of the isoforms. This
relationship did not appear to be significant either in midguts nor
salivary glands (rho < 0.15, p-value > 0.3 for all levels and tissues;
Supplementary Table S7) (Figure 5).

For the analysis of chromatin accessibility in relation to the
DUI group, we used the processed data of differential accessibility
peaks previously published by us (Ruiz et al., 2021). We selected
DiffBind peaks that were located at the splicing site or in the
region nearby (+ 100 bp) and that annotated to differentially used
isoforms. We reported a clear association between differential
usage and accessibility, with 98 differentially used isoforms
(39.6% of the total number of isoforms differentially used)
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displaying a DiffBind peak located at or nearby splicing sites
(see the list in Supplementary Table S8).

3.2.2 Motif analysis

We performed a motif analysis using HOMER on the set of
DiffBind peaks that annotated to differentially used isoforms and
located at or nearby the splicing sites. The purpose of this analysis
was to detect overrepresented motifs that point to transcription
factors that may be involved in mosquito AS regulation.

Using the hierarchical clustering of MEME de novo
motif discovery option, several motif hits with distinct similarities
with Drosophila sequences appeared to be overrepresented
(Supplementary Table S9). A summary of the de novo motifs can
be found in Table 1. For the subset of difterentially used isoforms,
we found de novo motifs including brachyentron (byn), which is
implicated in midgut development, zeste (z), which helps to recruit
the BRM nucleosome-remodeling complex, or dorsal (dl), which
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Differential expression of the isoforms correlates with changes in chromatin accessibility between tissues in the isoform body. Heat map showing
ATAC-seq nucleosome-free enrichment at promoters or in the body of DEMG isoforms and their expression levels. Genes are ordered by
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the enhancers appear associated to AS changes (Shiau et al,, 2021).
For this analysis, we used A. gambiae enhancers from our previous
study (Ruiz et al., 2021). This dataset included 4,268 enhancers and
the corresponding annotated genes. These were identified
computationally through homology with Drosophila enhancers or
experimentally discovered by others in mosquitoes and validated by
our transcriptomic and epigenomic data (gene expression changes
between tissues, chromatin accessibility, and histone modification
marking) (Ruiz et al, 2021). Of these mosquito enhancers, 807
appeared to be active in our dataset, that is, annotate to one or more
differentially expressed or used A. gambiae multisoform genes.

Considering the group of differentially expressed isoforms, we
found a total of 109 accessible (active) enhancers that annotate to 61
genes (19.8% of the 307 multisoform genes present in the DEMG
group) (Supplementary Table S10). Out of these, 22 enhancers
(21.94%) overlap with a Diftbind peak, thus being differentially
accessible between infected midguts and salivary glands.

For the group of differentially used isoforms, we identified 46
accessible enhancer regions that annotate to 26 genes (17.9% of the
145 multisoform genes present in the DUI group) (Supplementary
Table S10), of which 12 exhibit Diffbind peaks, indicating differential
accessibility between infected midguts and salivary glands. Lastly, we
examined the location of the accessible enhancers that annotate to
both differentially expressed and used isoforms. For the DEMG
group, the number of these enhancers that were intragenic almost
doubled the number of intergenic (38 intergenic and 71 intragenic
enhancers), while in the DUT group the numbers were more similar
(21 intergenic and 25 intragenic enhancers). More importantly, 19
enhancers out of the 807 (2.3% of the total) overlapped by at least
25% of the region of the splicing sites of our DEMG and DUL

Next, to further validate the existence of an association
between enhancers and differentially expressed isoforms, we
analyzed the occurrence of enhancers in non-multisoform genes

10.3389/fmala.2024.1347790

that are not subjected to alternative splicing. We identified 707
accessible enhancers associated with 510 genes (4.61% of the
11,060 non-multisoform genes). In this set, the number of
intragenic enhancers was very similar to the intergenic (341 and
366, respectively). When examining the presence of DiftBind
peaks within these enhancers, we observed that 17.68% (125 out
of the 707 active enhancers) exhibited such peaks. In addition, 23
out of the 707 enhancers (2.8% of the total) overlapped, by at least
25% of the region, with the predicted splicing sites of our genes.
Considering the number of genes corresponding to these
enhancers, only 0.3% of them showed the overlap (30 out of
11,060 genes), whereas the percentage is much higher, 5.21% in
DEMG and 4.8% in DUI genes (16 out of 307 DEMG genes and
seven out of 145 in DUI).

The above-mentioned results altogether suggest that in the
groups of isoforms mentioned above, enhancers, particularly
intragenic and affecting differential expression rather than use,
appear to be more prevalent than in non-multisoform genes.
Furthermore, a fraction of enhancers also overlapped known
splicing sites, and almost 20% of our isoforms displayed
association with a previously described enhancer.

One example is the gene AGAP005234 that encodes for copper—
zinc superoxide dismutase. This protein has functions involved in
mosquito immunity, including anti- Plasmodium activity, as well as
the catalysis of oxygen radicals (Marikovsky et al., 2003; Molina-
Cruz et al, 2008). The gene contains two different isoforms
(AGAP005234-RA and AGAP005234-RB). The RB isoform was
more differentially expressed and used in salivary glands, and RA
was more differentially used in midguts. The enhancer associated to
this gene was intergenic, located 2 kbp upstream from the start of
the gene, and its accessibility was higher in salivary glands,
coinciding with a higher expression and use in salivary
glands (Figure 6).
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Enhancer function and alternative splicing of the gene AGAP005234. (A) Scheme summarizing gene and isoform expression between tissues. (B) IGV
screenshot showing the enhancer annotated to the AGAP005234 gene which is differentially accessible between tissues coinciding with the
differential expression and usage of their isoforms. RB isoform is differentially expressed and used in salivary glands, and the enhancer is more

accessible in this tissue. All tracks are shown at equal scale.
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TABLE 1 Ten first de novo motifs identified by HOMER that appear overrepresented in the splicing sites of differentially expressed and used isoforms
that display differential accessibility between tissues (additional information in Supplementary Table S9).

No. of DUl isoforms

Flybase ID Flybase name with the motif
CGCTCGTGCCGT Adf1/dmmpmm 1E-38 FBgn0284249 Adh transcription factor 1 27
TCGGCTGTCA Vis/dmmpmm 1E-33 FBgn0033748 Vismay 27
GCAAACABTTTT prd/dmmpmm 1E-33 FBgn0003145 Paired 26
TGCAAAAT dl/dmmpmm 1E-32 FBgn0260632 Dorsal 36
TAKCACAC Optix/dmmpmm 1E-27 FBgn0025360 Optix 26
TAACMACC Ibe/MA1457.1 1E-27 FBgn0011278 Ladybird early 26
NDRCKAGCGA Clamp/MA1700.1 1E-24 FBgn0032979 ;hsfr;‘:(::;isnk‘)'d adaptor for 27
GMAGCGTT faCs);iO& 1.DCE S Y 1E-24 - - 27
AMAMGKGCGCSC byn/dmmpmm 1E-24 FBgn0011723 Brachyenteron 26
MGTGCGTGHGTG z/dmmpmm 1E-23 FBgn0004050 Zeste 26

4 Discussion

Alternative splicing has been little studied in mosquitoes, and
the relationship of this process with chromatin dynamics remains
mostly unknown. In this study, we investigated alternative splicing
in A. gambiae and the role of chromatin structure in its regulation.
We compared patterns of AS in different conditions: first, between
two mosquito tissues (midguts and salivary glands) and, second,
between P. falciparum-infected and non-infected (control)
mosquito midguts and salivary glands.

The first part of this work aimed at identifying how prevalent is
AS in mosquitoes and how AS patterns change between tissues and
infection status. From a total of 1,263 A. gambiae genes susceptible of
AS, we detected around 30% of them being differentially expressed or
used at the level of isoforms. Here it is important to note that we
detected some coverage biases in our sequencing data, specifically for
the mean coverage at the 5" region in the comparison between tissues.
In the total RNA library preparation approach, a certain degree of
read-density bias toward the 3’ end of transcripts would be expected
(Menendez-Arias et al., 2017), so the coverage biases that we report
could be interpreted as an inherent technical limitation. Even so, the
lower coverage that we obtained in certain regions could lead to false
positives in the detection of AS events, such as those based on exon
skipping or alternative transcription start site detections, but we
expect them to be minimal. Another potential limitation is that the
level of transcription could affect the sensitivity of AS detection—for
example, previous studies have pointed out that alignment-free
computational methods, such as salmon, may introduce noisiness
in the differential splicing detection, more particularly in transcripts
expressed at low levels (Varabyou et al, 2021). Similarly, in pre-
mRNA splicing studies, longer or more expressed transcripts would
be sampled with higher frequency, which may distort the statistical
power of enrichment or differential tests (Dwyer and Pleiss, 2023).
These issues, which unfortunately remain unsolved in the field, must
be taken into account in any quantitative study of AS.
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In this study, the reported differences appeared to be largely due to
AS events at the tissue level. When comparing the two infected tissues,
42.6% of isoforms (392) appeared to be differentially expressed
(DEMG) and 26.8% (247) differentially used (DUI), suggesting that
AS plays an important role in regulating tissue-specific expression in
A. gambiae. Indeed the role of AS in tissue-specific processes has been
reported in different organisms like humans, D. melanogaster, and C.
elegans (Wang et al., 2008; Telonis-Scott et al., 2009; Venables et al.,
2012; Ragle et al., 2015) or even in the mosquito species Anopheles
stephensi (Sreenivasamurthy et al., 2017). While in this study the AS
patterns varied largely between tissues, differences were minimal when
comparing infected and non-infected tissues for both differentially
expressed and differentially used isoforms (only 11 DEMG and DUI
isoforms detected in the case of midgut infections and 24 DEMG and
DUI isoforms detected in the case of salivary gland infections). These
results could be explained due to the larger inter-sample variability in
these comparisons as revealed by our replicability analyses. This
intrinsic heterogeneity may hinder the statistical power of our
approach, decreasing the number of detected DUI and DEMG; so,
our estimates could therefore be considered conservative.
Alternatively, our results could be also due to a low involvement of
AS events in the context of a Plasmodium infection in the mosquito.

Among relevant examples of multisoform genes with tissue-
specific AS, we reported several genes with immune functions. An
example is the AGAP005203 gene that encodes for a peptidoglycan
recognition protein (PGRPLC) and is involved in the Imd pathway
(Meister et al., 2009). This protein has been reported to be
implicated in anti-Plasmodium responses at the level of the
mosquito midgut, but without information about the functionality
of their isoforms (Sreenivasamurthy et al., 2013). This gene consists
of six isoforms corresponding to three different variants. The
PGRPLC gene produces three primary protein isoforms, each
with a distinct PGRP domain and an optional 75-nucleotide
cassette located at the 3" end of the shared exon 3. Consequently,

each isoform is present in two forms: the longer version is 25 amino
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acids longer than the shorter version. In our results, AGAP005203
had two isoforms differentially expressed and used: RA
corresponding to the shorter version of the variants and RD
corresponding to the longer version. We reported the RA form to
be overexpressed and overused during midgut infection, and this
conforms with previous studies where its gene was proposed to be
involved in the mosquito immune response against Plasmodium
(Meister et al., 2009). The RD isoform was also overused in midguts,
and although its function in this tissue is still unknown, a previous
work reported that the RD and RE isoforms are positively regulated
in response to stress and antimicrobial responses (Lin et al., 2007;
Chen et al., 2009; Meister et al., 2009).

Chromatin dynamics and transcriptional regulation are
intimately related, but its role in the regulation of alternative
splicing remains little known. There are very few studies that have
investigated how epigenetic mechanisms, such as histone
modifications or nucleosome positioning, would contribute to
changes in the AS patterns. This is despite the functional
consequences that AS events can have during development and
disease (Simon et al.,, 2014; Petrova et al., 2022). Previous evidence
in model organisms reported local changes in nucleosome
positioning, histone modifications, and chromatin accessibility near
exons undergoing splicing (Naftelberg et al., n.d.; Chodavarapu et al.,
20105 Li et al., 2020), but whether these mechanisms are conserved in
non-model organisms, such as mosquitoes, remains obscure.

We proposed a model to describe the association between
isoform expression and/or usage and chromatin structure dynamics
in A. gambiae. For differentially expressed isoforms, we expected
increased promoter accessibility in the tissue where the isoform was
more expressed (Li et al., 2020; Ruiz et al., 2021). For differentially
used isoforms, we expected accessibility changes associate to the
differential use, but localized at or nearby AS regulatory regions
(splicing sites). In agreement with this model, our results indicate that
there is a relationship between the differential expression and the use
of isoforms and the changes in chromatin accessibility enrichment,
suggesting that chromatin structure plays a conserved role in AS-
mediated gene expression regulation in A. gambiae. However, this
relationship was supported by a significant correlation only in the
region of the isoform body. These observations conform to previous
studies in mammals and plants, which reported higher chromatin
accessibility coinciding with the region of intron retention (Ullah
et al., 2018; Petrova et al., 2022). In addition, changes in accessibility
along an isoform body have been also shown to alter the speed of
RNA polymerase II (RNA pol II) (Saldi et al., 2016) or, alternatively,
to impact the recruitment of splicing factors through direct or
indirect recognition of different chromatin marks (Schor et al,
2013). An increase in chromatin accessibility in histone-depleted
genes was shown to alter the elongation rate of Pol II, resulting in
several transcripts with increased intron retention and changes in
alternative splicing (Jimeno-Gonzalez et al., 2015).

For differentially used isoforms, our results conformed with our
hypothesis that changes at the level of the splicing sites would be
more important. We confirmed the existence of differential
accessibility peaks at splicing sites for around 46.6% of the
isoforms. What we cannot predict from our results, however, are
the precise mechanism and the functional consequences of this
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change, that is, whether a local increase in chromatin accessibility at
the splicing site would result in one or another alternatively spliced
isoform due to the selective binding of splicing repressor or an
activator. Indeed, according to a recent study, the type of event and
the choice of a particular isoform would be multifactorial and
depend on a trade-off between chromatin accessibility at
regulatory sequences (such as splicing sites) and variable RNA pol
IT elongation rates (Pai and Luca, 2019).

In this sense, motif analyses can give some insights on the
underlying mechanisms of AS regulation. Looking at the de novo
motifs identified in the differentially expressed and used isoforms,
we found overrepresented motifs that resemble several transcription
and splicing factors of Drosophila, such as vismay (vis), zeste (z),
chromatin-linked adaptor for MSL proteins (CLAMP), and dorsal
(dl). In the case of CLAMP, this is a chromatin-remodeling protein
with many different functions in regulating RNA Pol II dynamics,
chromatin architecture, and alternative splicing (Schuettengruber
et al,, 2009; Urban et al., 2017). It has been described, for example,
that the interaction of CLAMP with the proteins Squid (Sqd) and
Syncrip (Syp), members of the heterogeneous nuclear
ribonucleoproteins (hnRNPs), has a role in the regulation of the
AS in Drosophila (Blanchette et al., 2009). Another aspect that we
approached in this study was the relationship between the function
of A. gambiae enhancers, defined in previous publications based on
histone marks and chromatin accessibility patterns, and AS events.
Previous evidence suggest that enhancers could mediate isoform-
specific expression by regulating the production and binding of
antisense transcripts as well as by regulating messenger RNA 3" end
processing (Onodera et al., 2012; Shiau et al., 2021; Kwon et al.,
2022). In such cases, enhancers were expected to be intragenic,
located near the exons or introns that undergo AS (Lam and Hertel,
2002; Matlin et al., 2005).

In this study, when we look at the presence of enhancers in
isoforms with detected AS events (DEMG and DUI), we discovered
that approximately 19% and 23% of differentially expressed and
used isoforms, respectively, have an enhancer annotated, with ~20%
of these being active in our study (accessible). This observation
suggests a relationship between the enhancers and the expression
and use of the isoforms. We also report that indeed 20% of the
active enhancers in the DEMG group and 26% in the DUI group
corresponded to differentially accessible enhancers (they have a
differential activation status between tissues marked by a DiffBind
region). Furthermore, most of our accessible enhancers (84.4% of
the total of both groups) appeared to be intragenic, and 17.4%
intersected with known splicing sites.

To validate this observation, we investigated whether such an
association would also exist for non-multisoform genes. In this case,
we reported that 707 accessible enhancers were annotated to 510
genes (only 4.61% of the total 11,060 non-multisoform genes). We
also observed that the numbers of intragenic and intergenic
enhancers were very similar (341 and 366, respectively) and that
~18% of the active enhancers (125 out of 707) displayed DiffBind
peaks. Compared with our results in the much-restricted set of
multisoform genes, clear differences can be observed—the not only
the much higher percentage of annotated enhancers; but also
preference of intragenic rather than intergenic enhancers in
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multisoform genes, which does not seem to be the case for the non-
multisoform genes.

Another line of evidence supporting the role of enhancers in
AS-mediated isoform usage and expression regulation in A.
gambiae is the observation that their activation status changed
according to the corresponding expression and use of the isoforms.

One example of an AS gene with an associated enhancer that is
differentially accessible between conditions is the immune gene
AGAPO005234. In A. gambiae, the function of this gene is associated
with the production of reactive oxygen species (ROS), which have
been implicated in immune response to pathogens (Marikovsky
et al,, 2003), including Plasmodium (Molina-Cruz et al., 2008). Our
data shows that the RB isoform is more used and expressed in
salivary glands, whereas the RA isoform is only used in midguts.
Accordingly, there is an upstream enhancer annotated to the
AGAP005234 gene that is more accessible in salivary glands,
suggesting a possible regulatory function of this enhancer in
determining the choice of isoform that should be used (RA or
RB) or differentially expressed (RB).

To conclude, this is, to our knowledge, the first study that
comprehensively analyzes alternative splicing and its regulation in
A. gambiae. We report genome-wide alterations in isoform
expression and usage between different tissues and, to a lesser
extent, linked to the Plasmodium infection status. The study of the
relationship between AS and chromatin also points to the importance
of chromatin structure dynamics at splicing sites in tissue-specific
gene expression regulation. Finally, the identification of active
enhancers associated to differentially expressed and used isoforms
suggests a possible role of these regulatory elements on the splicing
process. Our study lays the foundation for further research on the
mechanisms of alternative splicing in A. gambiae, including the
functional characterization of regulatory elements like enhancers
and splicing factors as potential candidates for vector control.
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