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Abstract 

 
Plasmodium vivax malaria is now recognized as the second most dangerous parasitic threat to 

human health with the regular decrease of Plasmodium falciparum worldwide over recent decades. 

A very limited numbers of studies address the interaction of P. vivax with its Anopheles mosquito 

vectors. Those studies were conducted in P. vivax endemic countries with P.vivax local major 

vectors for which limited genomic and genetic tools are available. Despite the presence of P. vivax 

in several African countries and increasing reports on its occurrence in many others, there is 

virtually no data on the molecular responses of Anopheles arabiensis, a major African mosquito 

vector, to P. vivax, which limits the development of further “mosquito-targeted” interventions 

aimed at reducing P. vivax transmission. Taking advantage of the situation of Madagascar where 

P. falciparum, P. vivax and An. arabiensis are present, we explore the molecular responses of An. 

arabiensis towards these two human malaria parasites. RNA sequencing on RNAs isolated from 

mosquito midguts dissected at the early stage of infection (24 hours) was performed using 

mosquitoes fed on the blood of P. vivax and P. falciparum gametocyte carriers in a field station. 

From a de novo assembly of An. arabiensis midgut total RNA transcriptome, the comparative 

analysis revealed that a greater number of genes were differentially expressed in the mosquito 

midgut in response to P. vivax (209) than to P. falciparum (81). Among these, 15 common genes 

were identified to be significantly expressed in mosquito midgut 24 hours after ingesting P. vivax 

and P. falciparum gametocytes, including immune responsive genes and genes involved in amino-

acid detoxification pathways. Importantly, working with both wild mosquitoes and field 

circulating parasites, our analysis revealed a strong mosquito genotype by parasite genotype 

interaction. Our study also identified 51 putative long non-coding RNAs differentially expressed 

in An. arabiensis mosquito infected midgut. Among these, several mapped to the published An. 

arabiensis genome at genes coding immune responsive genes such as gambicin 1, leucine-rich 

repeat containing genes, either on sense or antisense strands.  

This study constitutes the first comparison of An. arabiensis molecular interaction with P. vivax 

and P. falciparum, investigating both coding and long non-coding RNAs for the identification of 

potential transcripts, that could lead to the development of novel approaches to simultaneously 

block the transmission of vivax and falciparum malaria. 
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Introduction 

Malaria is still a major public health concern in many tropical and subtropical countries (WHO 

2020). Although malaria eradication has emerged as a goal for the next decade, the field consensus 

is that the development of novel intervention strategies is hindered by our still limited 

understanding of the biology of Plasmodium, the causative agent of malaria, and of the complex 

interactions that the parasite maintains with its mammalian and mosquito hosts. 

With more than 2-decade of intense focus on Plasmodium falciparum, which is responsible for the 

majority of deaths, major progresses have been achieved leading to substantial falciparum malaria 

decrease, mostly outside Africa (WHO 2020). This happened despite the worrying appearance of 

artemisinin-resistant P. falciparum parasites in South-east Asia (Menard and Dondorp 

2017). Plasmodium vivax is the most geographically widespread species among the human malaria 

parasites infecting an 14-25 million people annually (Howes, Battle, et al. 2016; Battle et al. 2019). 

Commonly considered as a mild disease, P. vivax malaria is responsible for numerous severe cases, 

the frequency of which is now clearly reported (Anstey et al. 2012; Baird 2013; Rahimi et al. 2014; 

Bourgard et al. 2018; Mukhtar et al. 2019). 

Occurrence of P. vivax malaria is overall rare in Sub-Saharan Africa submerged by the deadly P. 

falciparum malaria (Battle et al. 2019; Weiss et al. 2019). It has classically been considered that 

P. vivax parasites were unable to infect individuals from black ancestry and further argued that 

absence of P. vivax in population from black ancestry was linked to the absence of the P. vivax 

receptor (the Duffy Antigen Receptor for Chemokines, DARC) on the red blood cells of those 

individual (Miller et al. 1978). In the few African countries with admixed populations of diverse 

genetic ancestry (Mauritania, Ethiopia and Madagascar), P. vivax is often the second cause of 

malaria (Solomon, Kahase, and Alemayehu 2020; Howes, Mioramalala, et al. 2016; Ba et al. 

2016). In those countries, the same mosquito species do transmit both parasite species, with 

Anopheles arabiensis and its sister taxa Anopheles gambiae as major vectors mostly known as the 

major vectors of P. falciparum in sub-Saharan Africa. 

Facing the absence of an efficient vaccine, increased resistance of malaria parasites to artemisinin-

based combined therapies (ACT) and increased resistance of mosquitoes to insecticides, 

transmission-blocking approaches have been placed at the forefront of additional strategies to 

combat malaria (Rabinovich et al. 2017). Transmission blocking (TB) strategies come in two 
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“flavours”: targeting the parasite stages developing into mosquitoes or targeting mosquito 

molecules essential for malaria parasite development into their vectors (Lavazec and Bourgouin 

2008; Saul 2007). Recent advances in mosquito transgenesis mixing both parasite and mosquito 

targets have demonstrated that combined approaches might be feasible (Isaacs et al. 2012). 

Transmission blocking approaches based on mosquito molecules have almost exclusively focused 

on P. falciparum in the last decades with numerous studies of P. falciparum interaction with its 

major African vector An. gambiae, for which molecular and genetic tools have been developed. 

Today a limited number of targets has been proposed as target for transmission blocking strategies. 

Most of these targets correspond to mosquito molecules expressed in the mosquito midgut, the 

compartment where malaria parasites initiate their sporogonic development (Dinglasan et al. 2007; 

Lavazec et al. 2007; Zhang et al. 2015). Indeed, during the parasite early sporogonic development 

a limited number of ookinetes, the midgut invasive stage, are produced, representing a weak point 

for efficient intervention (Gouagna et al. 1998; Smith, Vega-Rodríguez, and Jacobs-Lorena 2014). 

Target validation is usually accomplished by experimental mosquito feeding on Plasmodium-

infected blood supplemented with antibodies raised against the candidate transmission- blocking 

molecule. As P. vivax is not cultivable yet, validation of TB candidates derived from An. gambiae-

P. falciparum studies were performed in P. vivax endemic countries and its local vectors. These 

resulted in contrasting results of modest robustness due to the regulatory difficulty to include An. 

gambiae -P. falciparum as an internal control. Nevertheless, ingestion of antibodies against An. 

gambiae APN1 and FRET1 reveals similar trends in reducing P. falciparum and P. vivax in An. 

gambiae and Anopheles dirus, respectively (Armistead et al. 2014; Niu et al. 2017). On the 

contrary, antibodies against AgSGU, an An. gambiae midgut GPI-anchored protein reduced 

development of P. falciparum in An. dirus but had no effect on P. vivax development in this vector 

(Mathias et al. 2014). This latter data is in line with previous ones that suggest that the development 

of P. falciparum and P. vivax in Anopheles tessellatus involves both common and different 

molecular mechanisms (Ramasamy et al. 1996). 

With the advances of Next Generation Sequencing (NGS) technologies, transcriptomic approaches 

are being developed to gain further insights into Anopheles responses to P. vivax (Santana et al. 

2019; Boonkaew et al. 2020; Kumari et al. 2021). Although providing substantial novel data, these 

studies were conducted with local Anopheles vectors for which limited molecular information or 

genetic tools are available and did not address the specificity of the mosquito response to either 
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human Plasmodium species. Taking advantage of the situation of Madagascar where both P. 

falciparum and P. vivax are responsible for malaria and are transmitted mostly by An. arabiensis 

we performed a differential midgut transcriptomic analysis of local An. arabiensis mosquitoes 

infected with circulating strains of P. falciparum and P. vivax with the aim to identify molecules 

or pathways that could constitute targets for transmission-blocking approaches of either or both P. 

vivax and P. falciparum. At the initiation of the project, an RNA-Seq pilot study revealed a 

substantial sequence divergence of the Malagasy An. arabiensis RNA complement with the 

published An. arabiensis annotated genome that used a mosquito colony established from Sudan 

origin (VectorBase). Therefore, we chose to perform a de novo transcriptome assembly from our 

complete sets of RNA-Seq data. Our differential analysis reveals that 209 genes were differentially 

expressed in An. arabiensis midgut cells in response to P. vivax whereas only 81 were found 

differentially expressed upon P. falciparum infection, among which several transcripts encoding 

lncRNAs. A limited number of genes were regulated by both parasite species, which might 

facilitate selection of targets for limiting Plasmodium transmission. 

 

Materials and Methods 

 

Study area and mosquito production  

The study took place in a field station established in Andriba (17°35’49.92” S, 46°56’0.59” E), 

Maevatanana district in the Northwest of Madagascar (Goupeyou-Youmsi et al. 2020). In this area, 

malaria is endemic and mainly due to P. falciparum and P. vivax, with P. falciparum being the 

most prevalent parasite species. The highest intensity of transmission is observed from November 

to April (Nguyen et al. 2020). Major and secondary Malagasy malaria vectors are present in the 

area: An. gambiae, An. arabiensis, Anopheles funestus, Anopheles mascarensis and Anopheles 

coustani. Anopheline larvae and pupae were collected daily in rice fields and water ponds in the 

Andriba village, using the standard dipping technique (Service 1993). After removal of non-

anopheline larvae and predators, larvae and pupae were placed in clean water and larvae fed on 

Tetramin Baby and grounded cat-food until adult emergence. Morphological identification of adult 

mosquitoes revealed that over 95% of the collected larvae and pupae were indeed A. gambiae s.l. 

which includes both An. gambiae s.s and An. arabiensis, two morphologically indistinguishable 

sibling species. Only those adults were maintained in 30×30 cm cages with ad libidum access to a 
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10% sucrose solution, in the field insectary. Day-light conditions of the insectary matched the 

natural local day-night cycle close to 12:12. Humidity was controlled by regular floor watering. In 

addition, adult cages were covered with wet tissue and placed behind plastic curtains to limit 

dryness and too high temperatures. Day-time temperature in the insectary matched roughly the 

local temperature while night-time temperature decreased by a few degrees only, by keeping the 

insectary doors tightly closed. Both temperature and humidity were recorded daily. Overall, 

temperature ranged from 24 to 28 °C and humidity close to 80%. 

 

Recruitment of Plasmodium vivax and Plasmodium falciparum gametocyte carriers  

 

Recruitment of P. vivax gametocyte carriers was performed among symptomatic patients attending 

the health centers of Antanimbary (17°11'06.6"S 46°51'19.4"E) and Andriba (17°35’49.92” S, 

46°56’0.59” E). Indeed, P. vivax gametocytes develop at any red-blood cell invasion cycle and are 

therefore, found in symptomatic individuals. On the contrary, P. falciparum mature gametocytes 

need 10 to 15 days to develop as an escape strategy away from the initial disease symptoms. 

Therefore, P. falciparum gametocyte carriers were selected among asymptomatic 5- to 14-year-

old children who attended the local primary schools. For each child, a blood sample obtained by 

finger-prick was used to perform a RDT (malaria Pf/pan SD Bioline), thick and thin blood smears. 

The RDTs allow detection of P. falciparum and any of the others Plasmodium parasites, P. vivax, 

Plasmodium ovale and Plasmodium malariae, which all are present in Madagascar. Microscopy 

analysis was used to determine Plasmodium species and parasites stages. Asexual (trophozoïtes) 

and sexual (gametocytes) stages of P. vivax and P. falciparum were detected by light microscopy 

(100X magnification) on 10% Giemsa-stained thick blood smears. Plasmodium gametocyte 

density was determined against 500 white blood cells (WBC), assuming the standard number of 

8,000 WBC/μl of blood, using the 10% Giemsa-stained thin blood smears. An Artemisinin-based 

combination therapy (ACT) was given to each child with a positive RDT or carrying Plasmodium 

trophozoïtes, as evidenced by microscopy, according to the national guidelines. Children identified 

as P. vivax or P. falciparum gametocyte carriers were enrolled for providing blood for mosquito 

infections after their parents or legal guardians had signed documents indicating informed consent. 

All procedures involving human subjects used in this study were approved by the national ethical 

committee of the Malagasy Ministry of Health (N° 122-MSANT/CE). 
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Experimental design  

Our global objective was to compare the mosquito midgut response to P. vivax and to P. 

falciparum. Because we worked with circulating Plasmodium parasites, Plasmodium isolates used 

for replicate infection experiments are likely different from each other. To be able to study 

mosquito midgut transcriptome regulation in response to the developing parasites, our 

experimental strategy requires performing two concurrent mosquito infections for each 

gametocyte sample (Figure S1). The first infection was performed with “infective” gametocytes 

and the second with heat inactivated gametocytes, there after termed “non-infective” gametocytes. 

In addition, as we worked with F0 from wild mosquitoes that likely have different genetic 

backgrounds, we aimed to consider individual midgut samples as mosquito biological replicates 

per gametocyte sample. Further, to avoid technical bias, individual mosquito midguts were 

selected from 2 (P. vivax) and 3 (P. falciparum) technical replicates per gametocyte sample. 

Overall, we selected 4 independent infections for each parasite species that resulted in prevalence 

of infection close to or above 40% as determined by oocyst detection in the “infective sample” 7 

days post infection. After RNAs isolation and quality control 16 individual midguts for P. vivax 

and 24 individual midguts for P. falciparum were processed for RNA-Seq. 

 
Mosquito experimental infections 

 

Batches of 50 to 70 females 3 to 5 days-old were dispatched in homemade feeding pots and starved 

from sugar 16 hours before infection. From selected Plasmodium gametocyte carriers 5 ml of 

venous blood were drawn in heparinized tubes. The blood sample was centrifuged at 2,000 rpm, 3 

min and 37°C and the patient serum was replaced with AB serum from donors never exposed to 

malaria (EFS-France) to limit possible effect of acquired transmission-blocking immunity (Boudin 

et al. 2005). The blood sample was divided into two parts. The first part was directly proposed to 

mosquitoes and constitutes the “infective gametocyte sample”; the second part was heated and 

shaken at 42 °C for 20 minutes (Eppendorf Thermomixer Comfort) to inactivate Plasmodium 

gametocytes before being proposed to mosquitoes. This constitutes the “non-infective gametocyte 

sample” (Figure S1). Heat treatment was previously demonstrated to fully inhibit gametocyte 

infectivity (Mendes et al. 2008). 

Membrane feeding assay was carried out essentially as previously described (Tchuinkam et al. 

1993), using stretched Parafilm® and glass feeders maintained at 37°C. Female mosquitoes were 
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allowed to feed for 60 min, in the dark. Fully fed females were transferred into small cages, 

matching each experimental pot, and given free access to a 10% sucrose solution. At 24 hours post 

blood meal (PBM), individual midguts were dissected in cold 1X PBS, transferred into 1.5 ml 

micro-tube containing 100µl of Tri-Reagent (MRC) and stored at -20°C for few days before being 

stored at -80°C at the Institut Pasteur de Madagascar. Carcasses from each dissected mosquito 

were individually stored in micro-tubes for further species identification. The remaining 

mosquitoes were maintained under optimal conditions in the insectary and their midgut dissected 

on day 7 PBM to determine prevalence and load of infection by counting oocysts on 

mercurochrome (0.4% w/v- Sigma-Aldrich-M7011) stained midguts using a light microscope 

(X20 & X40).  

At the end of the transmission season, all biological samples were sent under dry ice to Institut 

Pasteur in Paris for RNA-Seq analysis. 

 

Mosquito species identification 

Although we had previous indication that the majority of the A. gambiae s.l. present in Andriba 

belongs to the An. arabiensis taxon, we used a PCR based procedure to confirm that indeed all 

infected samples were from An. arabiensis mosquitoes. For that, DNA was extracted from each 

mosquito carcass matching the prepared midgut samples, using DNAzol® reagent (MRC). PCR 

primers were as previously published (Fanello, Santolamazza, and della Torre 2002) (Table S3). 

Mosquitoes from our An. gambiae Yaoundé colony and a recently established An. arabiensis 

colony were used as control. 

 

RNA extraction and reverse transcription 

Individual mosquito midguts stored in 100µl Tri-Reagent were crushed using polypropylene 

micro-pestles (Dutscher 045007). Total RNA purification was performed using the Direct-zolTM 

RNA Microprep isolation kit (Zymo Research, Cat # R2062), according to the manufacturer’s 

instructions. The Tri-Reagent extract was loaded onto Microprep column and total RNA was 

eluted with 10µl of DNase/RNAse free water and further treated with DNAse (Invitrogen™ 

TURBO DNA-free™ Kit). RNA quantification was performed using Nanodrop One (Thermo 

Scientific). 
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Before initiating the RNA-Seq experiments, we verified that every single “infected” midgut 

contained developing Plasmodium parasites by detecting the ookinete mRNA marker encoding 

Pvs25 or Pfs25 using primer sets reported by (Wampfler et al. 2013) and q-PCR (Power SYBRTM 

Green PCR Master Mix amplification - Life Technologies). 

Reverse transcription reactions were performed in 40µl final volume using 3 µl of RNA, 8µl of 

5X First-Strand Buffer, 4µl 0.1M DTT, 1µl of 20mM dNTPs, 2µl of 50 µM random hexamers, 

1µl of 40U/µl RNaseOUTTM recombinant Ribonuclease Inhibitor and 2µl of 200 Units MMLV 

Reverse Transcriptase. All reagents were from Life Technologies Invitrogen, except Random 

hexamers obtained from Promega. 

RNA-Seq library preparation and Illumina sequencing 
RNA quality was assessed using the Agilent Bioanalyzer. Briefly, selected RNA samples were 

denatured, by incubating at 70°C for 2 minutes, and then placed on ice. Nine μl of the gel-dye mix 

was pipetted into the bottom of a nanochip. Then, 1μl of samples, 1μl of RNA 6000 Nano Marker 

and 1μl of RNA 6000 Ladder were pipetted into assigned well, vortexed and run using 2100 expert 

Eukaryote Total RNA Nano Series II (Agilent Technologies). 

 

Forty RNA samples of good quality obtained from infected (infective gametocytes) and cognate 

uninfected (heat-inactivated gametocytes) individual mosquito midguts were selected for cDNA 

library preparation: 16 corresponding to P. vivax and 24 to P. falciparum (Figure S1). RNA-Seq 

library preparation was performed using the SMARTer® Stranded Total RNA-Seq kit – Pico Input 

Mammalian (Takara Bio USA, Inc) with the RNA input ranging from 7 to 10 ng of starting 

material. 

The protocol starts with first-strand cDNA synthesis from total RNAs fragmented for 3 minutes 

following Takara’s recommendation. The Illumina adapters and indexes were added, followed by 

the purification of the RNA-Seq library and depletion of ribosomal cDNA with ZapR and R-

Probes. The final RNA-Seq library was obtained after 15 cycles of PCR amplification and purified 

using Agencourt AMPure XP beads (Beckman and Coulter, Beverly, MA, USA). The library size 

distribution was evaluated by running samples on the Agilent 2100 Bioanalyzer. The 40 libraries 

were then sequenced using the HiSeq 2500 (Illumina, San Diego, CA, USA) at 2x100 bp paired-

end sequencing with v4 chemistry. The 40 samples were distributed on the 8 lanes of the flow cell 

such that there was no confounding effect between the lanes and the biological factors of interest. 
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Library preparation and sequencing were performed at the Institut Pasteur Epigenetics and 

Transcriptomics Platform (PF2). 

 

 

de novo assembly of An. arabiensis midgut transcriptome 

From a pilot study using STAR 2.7.0d and the available assembly of the An. arabiensis genome 

on VectorBase, only 25% of the RNA-Seq reads from our Malagasy An. arabiensis samples could 

be mapped. In addition, functional annotation was scarce. Therefore, we performed a de novo 

midgut transcriptome assembly using the paired-end sequencing. 

Quality control benefited from MultiQC 1.7 (Ewels et al. 2016). The resulting reads (30–90 

million) displayed in Table S2 were quality trimmed and adapters clipped using fastp 0.19.6 (Chen 

et al. 2018) prior to de novo assembly using Trinity 2.6.6 (Grabherr et al. 2011). Completeness of 

the transcriptome was evaluated by BUSCO 3.0.2 (Simão et al. 2015), comparing with Diptera 

and Insecta reference transcriptomes. 

 

Functional annotation and differential expression analysis 

Functional annotation of the midgut transcriptome was performed with Trinotate 3.1.1 (Bryant et 

al. 2017) which uses Blast 2.5.0 (Camacho et al. 2009), HMMER 3.2 (Finn, Clements, and Eddy 

2011), TMHMM 2.0 (Krogh et al. 2001), SignalP 4.0 (Petersen et al. 2011) and RNAmmer 1.2 

(Lagesen et al. 2007). Two groups of transcribed features were obtained: annotated features 

originating from known coding genes and unannotated features that could correspond to previously 

undescribed genes or non-coding RNA. The PLEK 1.2 (Li, Zhang, and Zhou 2014) and CPAT 

1.2.4 (Wang et al. 2013) non-coding RNA identification programs were next used to refine the 

unannotated features. In order to investigate further their function, putative lncRNA transcripts 

were mapped to An. arabiensis Dongola AaraD1 genome and its annotation AaraD1.11 to identify 

potential target genes. 

Transcript expression levels comparing infected versus uninfected An. arabiensis mosquitoes were 

quantified using kallisto 0.45.0 (Bray et al. 2016). Transcript abundances were used for gene-level 

comparisons using tximport 1.6.0 (Soneson, Love, and Robinson 2015) from the three and four 

biological replicates of P. vivax infection and P. falciparum infection. DESeq2 1.18.1 (Love, 

Huber, and Anders 2014) was used to detect genes differentially expressed between the infected 

and uninfected mosquito midgut samples. Differentially expressed genes were further analyzed for 
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functional classification using Gene Ontology (GO). GO enrichment analysis was performed using 

Trinity scripts and GOSeq 1.30.0 (Young et al. 2010) to provide a shortlist for potential genes of 

interest classified in three categories: biological process, molecular function and cellular 

component. 

Code and data availability 

The bioinformatic analysis will be provide later as Jupyter notebooks. The RNA-Seq reads, 

metadata and raw reads count will be available after submission of the manuscript for publication. 

Differential expressed genes and GO term analysis for each Plasmodium isolate are also presented 

in Supplementary Tables 4 to 6. 

 

Results 

Selection of mosquito midgut samples for the differential RNA-Seq analysis 

From 14 An. arabiensis experimental infections performed in our field station between January 

and March 2017, we selected 4 infections with P. vivax and 4 infections with P. falciparum (Table 

S1 and Figure S2). The inclusion criteria were enough individual dissected mosquito midguts 24h 

post blood meal, prevalence of infection at day 7 post infection in the experimental “infective” 

blood meal close to or above 40% and absence of parasites in the “non-infective” blood meal at 

day 7 post infection. Although Pv3 exhibited a reduced prevalence of infection at d7 (17.5%) it 

was initially included in our analysis. The second criterion was detection of the mRNA encoding 

the Plasmodium ookinete surface protein 25 (Pvs25 or Pfs25) in individual midguts by RT-qPCR. 

The last criterion was the quality of the RNA extracts for subsequent RNA-Seq library construction 

as determined using the Agilent Bioanalyzer. Overall, as depicted in Figure S1, 16 RNA-Seq 

libraries were produced from mosquitoes challenged with P. vivax and 24 from mosquitoes 

challenged with P. falciparum. 

Summary of RNA-Seq raw data 

Sequencing of the 40 libraries resulted in a total of 1.3 billion paired-end reads. From the paired-

end reads, de novo midgut An. arabiensis transcriptome assembly was carried out and produced 
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250642 transcripts; 112242 of them being supported by at least 5 reads and correspond to 164954 

putative genes (i.e. trinity clusters). Completeness of the transcriptome was evaluated at 78% and 

94% by BUSCO, respectively comparing with Diptera and Insecta reference transcriptomes. 

Annotation performed by the Trinotate suite led to 60243 transcripts showing significative 

similarity with swissProt or Pfam entries, 12083 having a blastx hit with Drosophila melanogaster 

nucleotide sequence. From the transcripts, we performed a Principal Component Analysis (PCA) 

based on VST (variance stabilizing transformation) transformed counts from DESeq2 to visualize 

the overall effect of the infected and the uninfected status of the mosquito midguts according to 

each Plasmodium species and isolate (Figure S3). We excluded from the PCA, Pv3 samples as the 

corresponding libraries had much less sequencing coverage than the others. Considering that the 

mosquito samples originated from different field collections across the malaria transmission 

season and that the parasite isolates came from different gametocyte carriers, it was anticipated 

that significant genetic variation could be observed among mosquito samples and among parasite 

isolates. The PCA shows that components 1 and 2 together display 58 % and 52 % of the total 

variance in response to P. vivax and P. falciparum infection, respectively. 

Three clusters were clearly identified representing the three independent P. vivax mosquito 

infections (Figure S3A). Nonetheless, no clear structure was observed corresponding to the 

infected/uninfected status of the mosquitoes. The results were slightly different with P. falciparum 

with a trend of clustering between infected and uninfected mosquitoes within a Pf isolate (Figure 

S3B). More striking was the clustering of Pf1 and Pf2 data. Indeed, Pf1 and Pf2 infections used 

the same batch of mosquitoes, suggesting a strong contribution of mosquito genetic component. 

Based on this PCA analysis, and since there was extensive variation within groups and no clear 

overall segregation between infected and uninfected mosquito midguts, we performed individual 

differential analyses using each parasite isolate separately (Pv1, Pv2, Pv4, Pf1, Pf2, Pf3 and Pf4) 

comparing infected versus uninfected mosquito samples. 

Differential gene expression in An. arabiensis midguts infected with P. vivax 

Using a False Discovery Rate of 0.05 (FDR < 0.05) as the threshold to classify differentially 

expressed genes, our analysis resulted in the identification of 209 transcripts differentially 

regulated in An. arabiensis midguts 24h after feeding on infective P. vivax gametocytes compared 

to mosquito fed on cognate un-infective gametocytes. The detailed gene list is provided in Table 
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S4. From the 209 transcripts identified in mosquito midguts as differentially expressed in response 

to P. vivax isolates, 36 were up-regulated and 173 genes were down-regulated (Figure 1A). The 

majority of the transcripts were specific to each P. vivax isolate. Five down-regulated transcripts 

were shared between P. vivax isolates 1 and 4 (Figure 1B and Table 1). The most down-regulated 

An. arabiensis gene was TRINITY_DN109598_c5_g1 with two transcripts showing a log2FC at -

6,357 identified in Pv1 infection. This gene showed 36.89% identity to Aminopeptidase N_bovin. 

Another down regulated transcript, TRINITY_DN108067_c0_g1 in Pv2 infection showed 98.04% 

identity to An. gambiae Defensin 1 with log2FC at - 4.13. The most up-regulated transcripts were 

TRINITY_DN101897_c5_g2 with three variants showing log2FC at 4.549 identified in Pv4 

infection, and TRINITY_DN103245_c1_g1 showing log2FC at 4.551 in Pv1 infection; both 

transcripts were classified as unannotated genes. 

 

Differential gene expression in An. arabiensis midguts infected with P. falciparum 

Eighty-one (81) transcripts were identified differentially regulated in An. arabiensis midguts in 

response to P. falciparum, 36 were up-regulated and 45 were down-regulated (Figure 2A,B and 

Table 1). Surprisingly, there was no common transcript between the four infections with P. 

falciparum isolates. The most down-regulated An. arabiensis gene was 

TRINITY_DN115268_c5_g1 in Pf1 infection showing a log2FC at -4,154. This gene showed 

34.11% identity to Membrane alanyl aminopeptidase (AMPM_HELVI) from Heliothis virescens. 

The second most down-regulated transcript, TRINITY_DN102799_c3_g1 in Pf3 infection, had a 

log2FC at -3,624. This gene exhibits 69.24% identity to Cytochrome P450 from Drosophila. The 

most up-regulated transcript was TRINITY_DN114835_c4_g2 g, in Pf3 infection with a log2FC 

at 4,113 and correspond to an unannotated gene. 

 

Differential expression of long non-coding RNAs in An. arabiensis infected with Plasmodium 

Among the 290 genes differentially expressed transcripts in response to either P. vivax or P. 

falciparum, 51 genes were classified as unannotated features. Using non-coding RNA 

identification programs, these 51 features were identified to be putative lncRNAs representing a 

total of 146 transcripts assembled by trinity. Among the 51 lncRNA genes, 14 were upregulated 

and 23 downregulated associated to P. vivax infection whereas 11 lncRNAs were upregulated and 

4 downregulated associated to P. falciparum infection. No putative lncRNA was found in 
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transcripts from the Pf4 isolate. Among the upregulated lncRNAs, one was common to An. 

arabiensis infected with Pv4 isolate and Pf3 isolate. An overview of lncRNAs regulation is 

presented in Figure 2C and Table S5. 

 Of the 51 genes classified as unannotated features, 18 candidates were successfully mapped to the 

An. arabiensis Dongola genome at different loci. Three transcript features were identified as 

antisense lncRNAs (101849, 114154 and 106465) and are underlined in red in Table S5. They 

mapped respectively to Cuticular protein (TRINITY_DN101849_c1_g1 with five variants i1, i2, 

i3, i5 and i6 and showing log2FC at -4,25), Phosphoserine phosphatase 

(TRINITY_DN114154_c2_g1 with five variants i1 to i5 showing log2FC at -3.094) and Gambicin 

1 (TRINITY_DN106465_c1_g3 with two variants i1 and i2 showing log2FC at -2.78). The 15 

others were identified as sense lncRNA transcripts, some of them being associated to mosquito 

immune responsive genes. These included, Leucine-rich immune protein (Long) 

(TRINITY_DN112064_c0_g5_i1 with log2FC at -2.94), peptidoglycan recognition protein 

(TRINITY_DN107658_c0_g1_i1 with log2FC at -3.29), leucine-rich repeat protein 

(TRINITY_DN110940_c0_g1 with four variants i1, i5, i4 and i6 showing log2FC at 2.52) and 

Protein Kinase cGMP-dependent (TRINITY_DN113382_c1_g2 with four variants i1 to i4 

showing log2FC at 2.38). A schematic alignment of the lncRNAs matching mosquito immune 

responsive genes is presented in Figure 3. 

 

An. arabiensis midgut transcripts regulated by both P. vivax and P. falciparum 

As presented above, there was a clear mosquito genotype to pathogen genotype interaction within 

parasite species. Our initial objective was to identify mosquito genes regulated similarly by both 

parasite as well as genes differently regulated by P. vivax and P. falciparum. We therefore looked 

in more details to An. arabiensis response to both human parasites, keeping in mind that the 

mosquito genotype (multiple F0 individuals) was not fixed. We identified 3 classes of transcripts: 

1) those that were down regulated in both P. vivax and P. falciparum infected mosquitoes, 2) those 

that were upregulated in both groups, 3) those that were down regulated in P. vivax infected 

mosquitoes and upregulated in P. falciparum infected mosquitoes. No transcript upregulated in P. 

vivax infected mosquitoes and downregulated in P. falciparum infected mosquitoes was detected. 

The Venn diagram presented in Figure 1C highlighted the impact of parasite by mosquito genotype 

interaction for classes 1 and 2. Indeed, 3 transcripts were found down-regulated in both Pv1 and 
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Pf3 infected mosquitoes, 8 transcripts down-regulated in Pv4 and Pf3 infected mosquitoes and an 

additional 1 down-regulated in Pv1 and Pf4, whereas only one commonly up regulated transcript 

was shared between Pv4 and Pf3. From these data hierarchical clustering and heat maps were 

generated (Figure 4). In the heat maps, 11 class1 transcripts are globally downregulated in both P. 

vivax and P. falciparum infected mosquitoes (pink square) although data from two Pf4 midguts 

and one Pv2 midgut depart from the global trend. One transcript belonging to class 2 correspond 

to an unannotated gene (TRINITY_DN113404) further identified as a lncRNA (Table S5). Class 

3 included three genes: Defensin1 (Def1), Peroxiredoxin-1,6 (PRDX6/PRX1), and Clavesin 1 

(CLVS1). The overall differential regulation between Pv and Pf infected mosquitoes is 

nevertheless modest, with slight variation according to the parasite genotype. While Defensin1 

and Peroxiredoxin have been associated to Plasmodium-mosquito interaction, the detection of a 

Clavesin related transcript is quite elusive in Anopheles-Plasmodium interaction as this gene 

family has been described as encoding Neuron-specific Lipid- and Clathrin-binding Sec14 Proteins 

(Katoh et al. 2009). 

 

Gene Ontology classification of An. arabiensis genes regulated upon Plasmodium infection 

Differentially expressed genes were further analyzed for functional classification using Gene 

Ontology (GO). GO enrichment analysis was performed using Trinity scripts and GOSeq 1.30.0 

(Young et al. 2010) to provide a shortlist for potential genes of interest classified in three 

categories: biological process (BP), molecular function (MF) and cellular component (CC). 

A summary of detailed annotations for each category corresponding to transcripts regulated in 

mosquito midgut upon each Plasmodium infection is depicted in Figure 5 and Table S6, using the 

highest number of enriched or depleted GO terms from Pf3 and Pf1 (Figure 5A) Pv1 and Pv4 

(Figures 5B-D). 

 Metabolic and cellular processes were the most affected GO terms for biological process in 

mosquito midguts in response to P. falciparum and P. vivax infections: metabolic and biosynthetic 

processes for P. falciparum while proteolysis, multicellular organismal process, and 

developmental process for P. vivax (Figure 5A,B). The most changed GO terms for molecular 

function in mosquito midgut were binding activity in response to P. falciparum (Figure 5A) and 

mainly catalytic activity, peptidase and endopeptidase activity for P. vivax infections (Figure 5C). 
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For the cellular component category, the enrichment analysis revealed the strongest enrichment of 

transcripts associated to cellular_component for both parasite species (Figures 5A and 5D). 
 

 

 

Discussion 

 

We present in this report the first comparative investigation on An. arabiensis response to the two 

most important human malaria parasites P. falciparum and P. vivax using an RNA-Seq approach. 

Our study focused on RNAs differentially expressed in the mosquito midgut 24h post ingestion of 

infective P. falciparum and P. vivax gametocytes. This temporal and tissue specific window 

correspond to the migration of the parasite ookinetes across the mosquito midgut which correspond 

to the most vulnerable stage of the parasite both in numbers (Gouagna et al. 1998) and their 

accessibility for transmission blocking interventions (Saul 2007; Lavazec and Bourgouin 2008; 

Duffy 2021). 

Working in a field station with natural populations of both An. arabiensis and Plasmodium, our 

RNA-Seq clearly demonstrates the importance of mosquito genotype to parasite genotype 

interaction in the building up of the mosquito transcriptional response. Indeed, each set of RNA-

Seq data segregated according to the mosquito sample (Figure S3) except for Pf1 and Pf2 samples, 

that correspond to the same mosquito field population collected over the same week. Influence of 

parasite genotype is evidenced when looking at the number of differentially regulated transcripts 

in Pf1 and Pf2 infected mosquitoes, where Pf1 led to 20 regulated transcripts between infected and 

uninfected mosquitoes whereas Pf2 led to only 4 regulated transcripts (Table 1), despite similar 

gametocytemia in the two isolates (Table S1). Similarly, influence of parasite genotype can be 

seen within a Plasmodium species. Indeed, only 5 differentially regulated transcripts between 

infected and uninfected mosquitoes were common to the 3 Pv isolates, while none were found 

between the Pf isolates (Table 1). 

Looking at the global response of An. arabiensis midgut tissue to P. vivax and P. falciparum 

infective gametocytes, our analysis reveals that wild Plasmodium isolates trigger the regulated 

expression of a limited number of transcripts, whether coding or not coding. Overall infection of 

An. arabiensis with P. vivax gametocytes regulate the expression of 209 transcripts while only 81 

transcripts were regulated by P. falciparum gametocyte containing field isolates. The P. falciparum 
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regulated transcript numbers are low compared to the higher numbers of regulated transcripts 

reported in transcriptomic studies of An. gambiae interaction with P. falciparum (Dong et al. 2006; 

Mead et al. 2012). However, these studies used established mosquito colonies (G3 or Keele strains) 

and referenced P. falciparum gametocyte producing strains (NF54 isolate or its 3D7 derivative 

clone). On the contrary, our data with P. vivax infected mosquitoes is in good agreement with 

results obtained with A. aquasalis (Santana et al. 2019) and An. dirus (Boonkaew et al. 2020), 

despite these studies used well established mosquito colonies. While the An. dirus study 

investigated whole mosquito transcriptome, revealing 313 regulated transcripts comparing 

mosquitoes fed on P. vivax gametocyte containing blood with mosquitoes fed on non -infected 

blood, the An. aquasalis study investigated mosquito midgut transcripts, revealing 49 regulated - 

transcripts comparing mosquitoes fed on P. vivax gametocyte containing blood with mosquitoes 

fed on inactivated gametocytes containing blood, similar to our experimental design. A globally 

limited number of midgut transcripts was also reported in Aedes aegypti upon challenge with 

Dengue virus (Raquin et al. 2017). Interestingly, or intriguingly, our results, in contrast to the An. 

aquasalis study, show that P. vivax down regulated a more significantly larger numbers of An. 

arabiensis transcripts than the number of up regulated ones. This could suggest that in a fully 

natural field combination P. vivax manipulates its host for the sake of its transmission. 

 

Among the commonly down regulated genes, three genes belong to the catabolism of amino acid 

and notably tyrosine, which is known to be toxic in blood feeding arthropods when in excess as a 

result of the blood digestion (Sterkel et al. 2016). The observation that both Plasmodium species 

down regulated the expression of mosquito genes encoding amino acid degradation pathway is 

suggestive of parasite manipulation of the host for its own benefit. By contrast, it is surprising that 

both parasite species were down regulating a mosquito transcript encoding a purine nucleoside 

phosphorylase (PNP), involved in purine metabolism, owing that Plasmodium parasites are purine 

auxotrophic (in (Taylor et al. 2007). As intriguing is the recent report that Caenorhabditis elegans 

PNP ortholog is a negative regulator of the worm response to pathogens (Tecle et al. 2021).  Two 

genes involved in mosquito immune response (encoding a P450 and a serpin) were as well down 

regulated. Such regulation is compatible with a pathogen evasion strategy to the mosquito immune 

response. Interestingly, Plasmodium parasites were also down regulating two genes encoding 

cuticular component (CU17 and a CUD4 family cuticular glycoprotein), in line with the needs for 
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Plasmodium ookinetes to traverse the mosquito midgut peritrophic matrix before reaching the 

midgut epithelial cell (Sieber et al. 1991; Shahabuddin et al. 1994). Lastly is might seem odd that 

two neurogenic Notch encoding genes were down regulated in Plasmodium infected mosquito 

midgut. However, recent work revealed that the Notch-Delta signaling pathway is involved in Ae. 

aegypti response to DENV mosquito midgut infection (Serrato-Salas et al. 2018). 

 

Our study led to the identification of several regulated transcripts corresponding to lncRNAs with 

only one common to P. vivax and P. falciparum infection. No match to annotated genes could be 

found for this upregulated lncRNA. Interestingly, among the lncRNAs four exhibit matches to 

immune responsive genes one being antisense to the An. arabiensis ortholog of Gambicin 1. 

 

In conclusion, our comparative study of P. vivax and P. falciparum interaction with An. arabiensis 

is paving the way for a better understanding of the specific interaction of these malaria species 

with its anopheline vectors. Importantly, our study working with wild mosquitoes and wild 

parasites revealed a strong effect of mosquito by pathogen genotype interaction, which was not 

highlighted in any previous Plasmodium-Anopheles interaction studies. Our study highlights also 

for the first time, the regulation of lncRNAs, the function of which has yet to be determined. 

Additional functional analyses are required for selecting relevant genes as potential targets for P. 

vivax and P. falciparum transmission blocking approaches. 
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Figure Legend 

 

Figure 1. Volcano plots and numbers of An. arabiensis midgut differentially expressed genes 

upon P. vivax challenge. A) Plots of each pairwise comparison between infected and uninfected 

mosquito midgut samples. Transcripts were considered differentially expressed with a log2-fold 

change ≥ 1 and a corrected p-value (padj) < 0.05.  Red dots display up-regulated genes and blue 

dots down-regulated genes. B and C) Venn diagrams highlighting shared up and down regulated 

mosquito genes among individual P. vivax infections (B), and among P. vivax and P. falciparum 

individual infections (C). Upregulated genes are labelled in red and downregulated ones in black. 

 

Figure 2. Volcano plots and numbers of An. arabiensis midgut differentially expressed genes 

upon P. falciparum challenge. A) Plots of each pairwise comparison between infected and 

uninfected mosquito midgut samples. Transcripts were considered differentially expressed with a 

log2-fold change ≥ 1 and a corrected p-value (padj) < 0.05. Red dots display up-regulated genes 

and blue dots down-regulated genes. B) Venn diagram highlighting shared up and down regulated 

mosquito genes among individual P. falciparum infections. C) Venn diagram highlighting shared 
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up and down regulated mosquito lncRNAs among individual P. vivax and P. falciparum infections. 

Upregulated genes are in red and downregulated genes in black.  

 

Figure 3. Overlapping of An. arabiensis regulated lncRNAs with known Anopheles immune 

responsive genes. ncRNA transcripts were aligned to An. arabiensis genes extracted from the 

Dongola AaraD1 genome and its annotation AaraD1.11. 

 

Figure 4. Heat map representation of shared differentially regulated genes in An. arabiensis 

mosquito midguts upon Plasmodium infection. A) P. vivax infection. B) P. falciparum infection. 

At the top of each heat map (A & B) pink color represents infected samples, while green color 

represents non infected samples (ie mosquitoes fed on inactivated parasites, see M&M). On panel 

A each P. vivax isolates (Pv1, Pv2 and Pv4) are color coded. Similarly, on panel B, each P. 

falciparum isolates (Pf1, Pf2, Pf3 and Pf4) are color coded. Each column is the measurement of 

change in gene expression (blue low expression and red high expression). Hierarchical clustering 

is represented by dendrogram trees. The pink rectangles delineate the 11 down-regulated genes in 

response to both Pv and Pf infection (T230: tryptophan 2,3-dioxygenase; ECE: Endothelin-

converting enzyme; CUD4: Endocuticle structural glycoprotein ABD-4; PNPH: Purine nucleoside 

phosphorylase; CU17: Larval cuticle protein LCP-17; NOTC3/NOTCH: Neurogenic locus notch 

homolog protein 3; SGP1: Serine protease inhibitor I/II; NOTCH/SNED1: Neurogenic locus 

Notch protein; C4G15/FACR1: Cytochrome P450 4g15; HPPD: 4-hydroxyphenylpyruvate 

dioxygenase; ATTY: Tyrosine aminotransferase. The unannotated gene corresponds to an up-

regulated lncRNA in response to both P. vivax4 and P. falciparum3 infection. Three genes were 

down-regulated in response to Pv and up-regulated in response to Pf (PRDX6/PRX1: 

Peroxiredoxin; CLVS1: Clavesin-1; DEF1: Defensin1). 

 

Figure 5. Gene ontology enrichment analysis of An. arabiensis genes 24 hours following P. 

vivax and P. falciparum infection. A false discovery rate of 0.05 (FDR< 0,05) was used for 

generating these graphs. A) Number of genes per category upon P. falciparum infection with 

isolates 1 and 3: biological process (BP), cellular component (CC) and molecular function (MF). 

B-D) Percentage of genes upon P. vivax infection with Pv1 and Pv4 isolates, according to 

biological process category (B), molecular function (C) and cellular component (D). 
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Table 1. : Summary of An. arabiensis transcript numbers differentially expressed upon P. 

vivax and P. falciparum infection. 

 

Supporting files 

Table S1 Plasmodium isolate characteristics and An. arabiensis infection rates 

Table S2: RNA-Seq data summary: Statistics on sequenced reads before and after filtering by fasp 

and their kallisto pseudo-mapping percentage. 

Table S3. Primer sequences. 

Table S4. List of annotated and unannotated transcripts differentially expressed in An. arabiensis 

mosquito midgut in response to P. vivax and P. falciparum infection. 

Table S5. List of An. arabiensis long non-coding RNAs differentially expressed in response to P. 

vivax and P. falciparum infection. 

Table S6. Functional classification of An. arabiensis midgut transcripts using gene ontology 

analysis. The three categories are obtained upon Pv and Pf infection based on the FDR<0.05. 

Figure S1. Experimental design for mosquito infection by DMFA (Direct Membrane Feeding 

Assay) and RNA-Seq library production. Three-to-five-day-old female mosquitoes were starved 

from sugar 16h prior blood-feeding on infective and non-infective blood containing P. vivax or P. 

falciparum gametocytes from field isolates. Individual mosquito midgut 24 post-blood-feeding 

were dissected in cold PBS and immediately transferred in Tri-Reagent. Samples were stored at -

20°C for 3 to 4 days in the field station, before being placed at -80°C in Antananarivo and later 

fetched to Paris on dry ice. After total RNA extraction. cDNAs for RNA-Seq library were obtained 

from the selected RNAs and a total of 40 libraries submitted to sequencing. 

Figure S2. P. vivax and P. falciparum oocyst loads in infected An. arabiensis. The data represent 

the intensity of infection for each of the isolates used in the RNA-Seq analysis. Oocysts were 

detected on day 7 post infection. Additional details are presented in the M&M section and in Table 

S1. The left Y axis applies to all infections except Pf3 for which the right Y axis is drawn. 

Figure S3. Principal Components Analysis based on normalized counts from individual 

mosquito midguts infected with P. vivax or P. falciparum. (A) PCA on global RNA-Seq patterns 

for mosquito fed on P. vivax infected and uninfected blood, PCA 1 and 2 displayed 58% of total 

variance; three clusters were clearly identified according to the Pv isolates. (B) PCA on global 
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RNA-Seq patterns for mosquito fed on P. falciparum infected and uninfected blood. Both PCA 

axis displayed 52% of total variance; three clusters were identified and PCA did not dissociate Pf1 

and Pf2. 
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