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Introduction

Host cell invasion is an obligatory step in the Plasmodium life cycle. There are several invasive stages of Plasmodium, each equipped with its own set of specialized secretory organelles and proteins that facilitate invasion into or through host cells. Invasive stages of Apicomplexa typically invade target host cells actively by gliding through a structure known as the moving junction (MJ), which consists of a circumferential zone of close apposition of parasite and host cell membranes. Studies with Toxoplasma gondii tachyzoites and Plasmodium falciparum merozoites have shown that formation of the MJ involves the export of rhoptry neck proteins RONs into the host cell, where RON2 is inserted into the host cell membrane and serves as a receptor for the Apical Membrane Antigen 1 (AMA1), that is secreted from the micronemes onto the surface of the parasite [START_REF] Besteiro | The moving junction of apicomplexan parasites: A key structure for invasion[END_REF][START_REF] Cowman | The Molecular Basis of Erythrocyte Invasion by Malaria Parasites[END_REF][START_REF] Frénal | Gliding motility powers invasion and egress in Apicomplexa[END_REF]. Formation of the MJ is associated with active penetration inside the parasitophorous vacuole (PV), which is essential for further development and replication of the parasite.

Although the AMA1-RON2 interaction seems to be conserved across the phylum of Apicomplexa, its role in Plasmodium sporozoites is controversial. Plasmodium sporozoites express AMA1 and the RON proteins RON2, RON4 and RON5 [4][START_REF] Tufet-Bayona | Localisation and timing of expression of putative Plasmodium berghei rhoptry proteins in merozoites and sporozoites[END_REF][START_REF] Lindner | Total and putative surface proteomics of malaria parasite salivary gland sporozoites[END_REF][START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF][START_REF] Tokunaga | Expression and Localization Profiles of Rhoptry Proteins in Plasmodium berghei Sporozoites[END_REF][START_REF] Swearingen | Proteogenomic analysis of the total and surface-exposed proteomes of Plasmodium vivax salivary gland sporozoites. Ribeiro JMC[END_REF][START_REF] Hamada | In-depth proteomic analysis of Plasmodium berghei sporozoites using trapped ion mobility spectrometry with parallel accumulation-serial fragmentation[END_REF]. Two studies reported that AMA1 is not essential for development in the mosquito and during hepatocyte invasion in P. berghei, while RON4 in contrast was shown to be essential for hepatocyte invasion, suggesting independent roles for AMA1 and RON proteins in sporozoites [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF][START_REF] Bargieri | Apical membrane antigen 1 mediates apicomplexan parasite attachment but is dispensable for host cell invasion[END_REF]. However, both polyclonal antibodies against AMA1 [4] and the R1 peptide inhibitor of AMA1 [START_REF] Harris | Binding hot spot for invasion inhibitory molecules on Plasmodium falciparum apical membrane antigen 1[END_REF], effectively reduced hepatocyte invasion by P. falciparum sporozoites [START_REF] Yang | AMA1 and MAEBL are important for Plasmodium falciparum sporozoite infection of the liver[END_REF]. More recently, a promoter swap strategy was employed to knockdown RONs in P. berghei sporozoites, uncovering an unexpected role of these proteins during invasion of the mosquito salivary glands [START_REF] Ishino | Rhoptry neck protein 2 expressed in Plasmodium sporozoites plays a crucial role during invasion of mosquito salivary glands[END_REF][START_REF] Nozaki | Detection of the Rhoptry Neck Protein Complex in Plasmodium Sporozoites and Its Contribution to Sporozoite Invasion of Salivary Glands[END_REF]. Owing to these conflicting data, the precise role of AMA1 and RONs in Plasmodium sporozoites is uncertain.

As conventional reverse genetics cannot be used to target AMA1 and RONs, due to their essential nature in asexual blood stages, previous studies relied on conditional approaches such as the Flippase (FLP)/Flp recombination target (FRT) system [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF] or promoter swap strategies [START_REF] Ishino | Rhoptry neck protein 2 expressed in Plasmodium sporozoites plays a crucial role during invasion of mosquito salivary glands[END_REF] to target these genes. The rapamycin inducible DiCre recombinase system, first introduced to apicomplexan research in T. gondii [START_REF] Andenmatten | Conditional genome engineering in Toxoplasma gondii uncovers alternative invasion mechanisms[END_REF] and P. falciparum [START_REF] Collins | Robust inducible Cre recombinase activity in the human malaria parasite Plasmodium falciparum enables efficient gene deletion within a single asexual erythrocytic growth cycle[END_REF], has recently emerged as a potent method of gene inactivation in different developmental stages of P. falciparum [START_REF] Tibúrcio | A Novel Tool for the Generation of Conditional Knockouts To Study Gene Function across the Plasmodium falciparum Life Cycle[END_REF] and P. berghei [START_REF] Fernandes | The dimerisable Cre recombinase allows conditional genome editing in the mosquito stages of Plasmodium berghei[END_REF]. We recently described a fluorescent DiCre-expressing parasite line in P. berghei and showed that efficient and complete gene excision can be induced in asexual blood stages and also sporozoites [START_REF] Fernandes | The dimerisable Cre recombinase allows conditional genome editing in the mosquito stages of Plasmodium berghei[END_REF]. In this study, we used the DiCre system to achieve conditional deletion of ama1, ron2 and ron4 genes in P. berghei sporozoites.

Our data reveal that sporozoites rely on AMA1 and RONs to invade salivary glands in the mosquito and hepatocytes in the mammalian host, implying a conserved feature of the invasion process across invasive stages of Plasmodium.

Results

Deletion of ama1 3'UTR is not sufficient to abrogate AMA1 expression in P. berghei

To ablate AMA1 protein expression in P. berghei, we first decided to conditionally delete the 3' untranslated region (UTR) of ama1 using the DiCre method, as previously reported with the FLP/FRT system [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF]. We floxed the 3'UTR of ama1, together with a GFP and an hDHFR marker, to generate the ama1Dutr parasite line in the mCherry-expressing PbDiCre parasite background [START_REF] Fernandes | The dimerisable Cre recombinase allows conditional genome editing in the mosquito stages of Plasmodium berghei[END_REF] (Figs 1A andS1A). To exclude any unspecific effects arising from modification of the ama1 locus, we also generated a control parasite line (ama1Con) where we introduced the LoxN sites downstream of the 3' UTR (Figs 1B andS2A). After transfection and selection with pyrimethamine, pure populations of recombinant parasites were sorted by flow cytometry and genotyped by PCR to confirm correct genomic integration of the constructs and to exclude the presence of any residual unmodified PbDiCre parasites (S1B and S2B We next examined rapamycin-treated ama1Con and ama1Dutr blood-stage schizonts by immunofluorescence staining with anti-AMA1 antibodies. Intriguingly, we observed AMA1 expression in both ama1Con and ama1Dutr merozoites after rapamycin exposure (Fig 1E), implying that deletion of the ama1 3'UTR alone was not sufficient to abrogate expression of the protein in merozoites. We further analyzed the impact of 3'UTR deletion on AMA1 expression in sporozoites. For this purpose, ama1Con and ama1Dutr parasites were treated with rapamycin or left untreated and then transmitted to mosquitoes, as described previously [START_REF] Fernandes | The dimerisable Cre recombinase allows conditional genome editing in the mosquito stages of Plasmodium berghei[END_REF]. Deletion of the ama1 3'UTR in ama1Dutr parasites had no impact on oocyst formation in the midgut or sporozoite invasion of salivary glands, which were comparable to untreated We conclude from these data that deletion of the 3'UTR of ama1 is not sufficient to abrogate AMA1 protein expression and cause phenotypical changes in P. berghei merozoites and sporozoites.

Figs)

Complete conditional gene deletion of ama1 in P. berghei

Since deletion of the 3'UTR was insufficient to deplete AMA1, we decided to delete the full-length ama1 gene, by placing LoxN sites both upstream and downstream of the gene (Fig Immunofluorescence imaging of untreated and rapamycin-treated ama1cKO salivary gland sporozoites after staining with anti-AMA1 antibodies (magenta). The right panels show Hoechst (blue) and AMA1 (magenta) merged images. Scale bar = 5 µm. J. Quantification of AMA1-positive and AMA1-negative sporozoites among untreated or rapamycin-exposed ama1Con, ama1Dutr and ama1cKO sporozoites, as assessed by microscopy.

AMA1 is required for sporozoite invasion of the mosquito salivary glands

In order to determine the function of AMA1 in sporozoites, we transmitted rapamycintreated and untreated ama1cKO parasites to mosquitoes, 24 hours after rapamycin treatment.

In parallel, mosquitoes were fed with rapamycin-treated and untreated ama1Con parasites as a reference line. Both rapamycin-treated and untreated ama1cKO parasites were capable of In the next step, we quantified sporozoites isolated from the salivary glands of infected mosquitoes and observed no difference between mosquitoes infected with untreated ama1Con or ama1cKO parasites (Fig 2D). In sharp contrast, the number of salivary gland sporozoites isolated from rapamycin-treated ama1cKO infected mosquitoes was severely reduced as compared to untreated parasites (Fig 2D). As expected, we could only observe mCherry + /GFP + (non-excised) salivary gland sporozoites in untreated ama1Con and ama1cKO parasites, while rapamycin-treated ama1Con and ama1cKO sporozoites were mCherry + /GFP -(excised) (Figs 2G andS5B). Interestingly, a small proportion (<10%) of ama1cKO rapa salivary gland sporozoites were mCherry + /GFP + (non-excised), suggesting an enrichment of sporozoites harbouring an intact ama1 gene, in the salivary glands of infected

mosquitoes (Fig 2G).

In order to determine if a defect in egress from oocysts or invasion of the salivary glands was the reason behind the reduction in ama1cKO rapa salivary gland sporozoite numbers, we quantified haemolymph sporozoites from infected mosquitoes at day 14 post infection. There was no significant difference between the numbers of haemolymph sporozoites isolated from ama1Con and ama1cKO infected mosquitoes with or without rapamycin treatment (Fig 2E).

Using microscopy, we could only see non-excised (mCherry + /GFP + ) haemolymph sporozoites for untreated ama1Con-and ama1cKO-infected mosquitoes, while all rapamycin-treated ama1Con and ama1cKO haemolymph sporozoites were excised (mCherry + /GFP -) (Fig 2H).

The absence of a defect in egress from oocysts was also documented by microscopy imaging of the abdomen of infected mosquitoes, where scavenging of circulating sporozoites following egress results in bright red fluorescence of pericardial cellular structures (S6 Fig) . A similar percentage of mosquitoes displayed mCherry-labelled pericardial cells between untreated and rapamycin treated ama1Con and ama1cKO infected mosquitoes, confirming that loss of AMA1 expression in sporozoites does not affect sporozoite egress from oocysts (S6 Fig) .  Lastly, we verified the loss of AMA1 expression in sporozoites by immunofluorescence imaging of salivary gland sporozoites using anti-AMA1 antibodies. AMA1 was detected in untreated ama1cKO sporozoites and untreated and rapamycin-treated ama1Con sporozoites, with a typical micronemal distribution (Figs 1F and2I). However, no AMA1 was detected in 

AMA1 is required for efficient sporozoite invasion of hepatocytes

In the next step, we tested if AMA1-deficient salivary gland sporozoites could infect hepatocytes. AMA1 was previously suggested to be implicated in cell traversal of P. falciparum sporozoites [START_REF] Yang | AMA1 and MAEBL are important for Plasmodium falciparum sporozoite infection of the liver[END_REF]. Hence we first verified if ama1 gene excision in P. berghei affected sporozoite cell traversal in vitro, using a dextran assay as previously described [START_REF] Mota | Migration of Plasmodium sporozoites through cells before infection[END_REF]. Quantification of dextran-positive cells indicated that cell traversal was comparable between ama1Con and ama1cKO rapamycin-treated parasites, implying that both motility and cell traversal activity of salivary gland sporozoites were unaffected by excision of ama1 (Fig 3A). We then infected HepG2 cell cultures with sporozoites isolated from the salivary glands of mosquitoes previously fed with rapamycin-treated or untreated ama1Con and ama1cKO parasites. We quantified infected cells, containing exo-erythrocytic forms (EEFs), at 24 h post infection by flow cytometry and fluorescence microscopy. We observed a minor but nonsignificant reduction in the number of EEFs for rapamycin-treated ama1Con parasites Finally, UIS4 staining of the PV membrane confirmed that mCherry + /GFP -excised ama1cKO sporozoites could form a PV in vitro, similar to EEFs from rapamycin-treated ama1Con (Fig 3E), implying that in the absence of AMA1, sporozoites conserve a residual capacity to productively invade host cells.

RON2 and RON4 interact with AMA1 in sporozoites and are required for host cell invasion

Merozoite AMA1 interacts with RON proteins for invasion of erythrocytes [START_REF] Richard | Interaction between Plasmodium falciparum apical membrane antigen 1 and the rhoptry neck protein complex defines a key step in the erythrocyte invasion process of malaria parasites[END_REF][START_REF] Lamarque | The RON2-AMA1 interaction is a critical step in moving junction-dependent invasion by apicomplexan parasites[END_REF][START_REF] Srinivasan | Binding of Plasmodium merozoite proteins RON2 and AMA1 triggers commitment to invasion[END_REF]. In order to investigate whether similar protein interactions also occur in sporozoites, we performed immunoprecipitation experiments using lysates from transgenic sporozoites expressing RON4 fused to mCherry and beads coupled to anti-red fluorescent protein (RFP) nanobodies (RFP-trap). RON4, RON2, RON5 and AMA1 were the main proteins identified by mass spectrometry among co-precipitated proteins, showing that AMA1-RON interactions are conserved in salivary gland sporozoites (S1 Table ). We decided to focus on RON2 and RON4 and generated conditional mutants, using a two-step strategy to introduce LoxN sites upstream and downstream of the genes in PbDiCre parasites (Figs 4A, S7 and S8). Clonal populations of ron2cKO and ron4cKO parasites were obtained after pyrimethamine selection and FACS sorting, and verified by genotyping PCR (S7 and S8 Figs). In agreement with an essential role for RON2 and RON4 in the blood, rapamycin-induced gene excision reduced blood-stage growth in ron2cKO and ron4cKO infected mice (Figs 4B and4C). 

AMA1 and RON2 play a role at the entry site during invasion of mosquito salivary glands

In order to get more insights into the colonization of the mosquito salivary glands by sporozoites, we used serial block face-scanning electron microscopy (SBF-SEM) for threedimensional volume imaging of whole infected salivary glands. We first compared mosquitoes infected with WT (PbGFP) or rapamycin-treated ama1cKO parasites at day 21 post-feeding. 5D-E andS13E-G). In all three events, the entry site consisted in a flat ring-like aperture in the host cell membrane, through which sporozoites were apparently penetrating smoothly without any major alteration of their shape ( Figs 5C-D andS13E-H). The circular aperture was tilted from the cell surface plane, so sporozoites appeared to penetrate the cells tangentially (Figs S13D-E andS13J-K). Although the resolution was not sufficient to distinguish all the cellular membranes in detail, the intracellular portion of the invading sporozoites appeared to be surrounded by a vacuole ( Figs 5A-B andS13). Full rhoptries, as evidenced by dense material, as well as empty vesicles, suggestive of discharged rhoptries, were observed at the apical tip of invading parasites ( Figs 5B-C Collectively, our data support a role of AMA1 and RONs during sporozoite entry into mosquito acinar cells through a junction, leading to the formation of a transient vacuole.

Dysfunction of the junction in the absence of the AMA1-RON complex impairs parasite entry and may cause collateral host cell damage.

Discussion

AMA1 and RON proteins play an essential role in Plasmodium merozoites during invasion of erythrocytes, where they participate in the formation of the MJ. In contrast, their role in sporozoites was unclear so far. In this study, we exploited the DiCre recombinase system to delete ama1, ron2 or ron4 genes in P. berghei prior to transmission to mosquitoes, allowing subsequent functional investigations in sporozoites. We generated ama1cKO, ron2cKO and ron4cKO parasites in a two-step approach by introducing Lox sites upstream and downstream of the genes in mCherry-expressing PbDiCre parasites, together with a GFP cassette to facilitate monitoring of gene excision. Rapamycin treatment of ama1cKO, ron2cKO and ron4cKO parasites led to a major impairment in blood-stage growth, consistent with an essential role for AMA1 and RONs in RBC invasion, but without affecting transmission to mosquitoes. Remarkably, with all three conditional lines, we observed a dramatic (>10-fold) reduction in the number of salivary gland sporozoites with rapamycin-exposed parasites as compared to untreated parasites, despite comparable midgut and haemolymph sporozoite numbers, showing that AMA1 and RONs are important for efficient invasion of the salivary glands, but not egress from oocysts. AMA1-and RON-deficient sporozoites also displayed a 3-6 fold reduction of invasion of mammalian hepatocytes. The similar phenotype of ama1cKO, ron2cKO and ron4cKO mutants, combined with mass spectrometry evidence of an interaction between AMA1 and RON proteins, is consistent with AMA1 playing a role together with the RON proteins during sporozoite host cell invasion. It thus appears that the function of AMA1 and RONs cannot be dissociated, unlike previously thought [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF]. Our data are in line with those from two studies where a promoter exchange strategy was used to knockdown ron2, ron4 and ron5 in P. berghei sporozoites [START_REF] Ishino | Rhoptry neck protein 2 expressed in Plasmodium sporozoites plays a crucial role during invasion of mosquito salivary glands[END_REF][START_REF] Nozaki | Detection of the Rhoptry Neck Protein Complex in Plasmodium Sporozoites and Its Contribution to Sporozoite Invasion of Salivary Glands[END_REF]. All three mutants shared a similar phenotype, with a defect in salivary gland invasion and reduced infection of HepG2 cell cultures.

Our results differ from those of Giovannini et al., who depleted AMA1 in P. berghei sporozoites by targeting the 3'UTR of ama1 gene using the FLP/FRT conditional system, and observed no effect during mosquito or hepatocyte infection [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF]. In this system, the FLP is under the control of the trap promoter and mediates DNA excision during sporozoite development, resulting in late depletion of AMA1 protein (beyond day 16 post-feeding), a time frame that would not permit the observation of a salivary gland invasion phenotype. In contrast, with the DiCre system as used here, excision occurs in blood stages prior to transmission to mosquitoes, long before sporozoites are formed and produce AMA1 and RON proteins. The presence of residual AMA1 protein in salivary gland sporozoites after FLP-mediated excision of the 3'UTR could also explain why no defect in hepatocyte invasion was observed in the previous study. Deletion of the 3'UTR of ama1 using the DiCre system was not sufficient to abrogate protein expression in our study, as reported before with other genes in P. berghei and P. falciparum [START_REF] Collins | Robust inducible Cre recombinase activity in the human malaria parasite Plasmodium falciparum enables efficient gene deletion within a single asexual erythrocytic growth cycle[END_REF][START_REF] Ecker | Tricks in Plasmodium's molecular repertoire -Escaping 3'UTR excision-based conditional silencing of the chloroquine resistance transporter gene[END_REF]. In the ama1Dutr line, the downstream genomic sequence (used as a 3' homology region) may be sufficient to stabilize the transcripts and compensate for the lack of 3'UTR following rapamycin-induced excision. This could also contribute to the discrepancy between our results and the previous report by Giovannini et al., where upon recombination the 3'UTR was replaced by a plasmid backbone sequence [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF].

Invasion of salivary glands by Plasmodium sporozoites remains a poorly characterized process. A previous electron microscopy analysis of the salivary glands of Aedes aegypti mosquitoes infected with avian P. gallinaceum documented sporozoites entering the salivary glands through an invagination of the basal lamina while forming a junctional area between the anterior tip of the sporozoite and the plasma membrane of the acinar cells [START_REF] Pimenta | The Journey of Malaria Sporozoites in the Mosquito Salivary Gland[END_REF]. The same study showed that newly invaded sporozoites were surrounded by a vacuole inside acinar cells, while those that had entered the secretory cavities were either devoid of a vacuole or present inside disintegrating vacuoles [START_REF] Pimenta | The Journey of Malaria Sporozoites in the Mosquito Salivary Gland[END_REF]. In another study, P. falciparum sporozoites were observed penetrating salivary glands of Anopheles stephensi mosquitoes through holes in the basal membrane without causing any obvious damage to the gland [START_REF] Meis | A scanning electron microscopic study of the sporogonic development of Plasmodium falciparum in Anopheles stephensi[END_REF]. Here, using threedimensional volume electron microscopy, we could capture P. berghei sporozoites in the process of entering acinar cells in A. stephensi mosquitoes. Our data support that haemolymph sporozoites initially enter the salivary glands by forming a transient vacuole. During traversal of mammalian cells, sporozoites use the perforin-like protein 1 (PLP1) to egress from transient vacuoles [START_REF] Risco-Castillo | Malaria sporozoites traverse host cells within transient vacuoles[END_REF]. Whether sporozoites use a similar machinery to exit the entry vacuole in the mosquito salivary glands remains to be determined. Imaging of three invasion events with control parasites showed sporozoites intimately adhering to the cell surface and penetrating inside a nascent vacuole through a ring-like aperture, suggestive of a MJ. All three invading WT sporozoites were located between the basal lamina and the epithelial cells. How sporozoites cross the basal lamina remains unclear, but might involve the secretion of parasite proteases. Our functional data combined with the SBF-SEM images suggest that RONs are secreted from rhoptries prior to or during invasion of the salivary glands, where they could form a complex with AMA1 at the entry junction. Consistent with a rhoptry discharge event associated with salivary gland invasion, previous ultrastructural imaging studies of sporozoites have reported the presence of four or more rhoptries in midgut-derived sporozoites, as opposed to two in mature salivary gland sporozoites [START_REF] Tokunaga | Expression and Localization Profiles of Rhoptry Proteins in Plasmodium berghei Sporozoites[END_REF][START_REF] Schrevel | Vesicle trafficking during sporozoite development in Plasmodium berghei: Ultrastructural evidence for a novel trafficking mechanism[END_REF][START_REF] Kudryashev | Positioning of large organelles by a membrane-associated cytoskeleton in Plasmodium sporozoites[END_REF][START_REF] Sinden | An ultrastructural study of the sporogonic development of plasmodium falciparum in anopheles gambiae[END_REF].

SBF-SEM also revealed morphological defects at the entry site of RON2-deficient sporozoites, with intense host cell membrane ruffling associated with a tight constriction of the parasite body at the entry site. These observations suggest that, despite the absence of a functional AMA1-RON complex, mutant sporozoites are still capable of forming a junction. Interestingly, while invading WT sporozoites were adhering to the host cell surface along their body, the RON2 mutants entered cells in an upward position, as described before with AMA1deficient T. gondii tachyzoites [START_REF] Giovannini | Independent roles of apical membrane antigen 1 and rhoptry neck proteins during host cell invasion by apicomplexa[END_REF][START_REF] Bargieri | Apical membrane antigen 1 mediates apicomplexan parasite attachment but is dispensable for host cell invasion[END_REF]. While we cannot formally exclude a role of AMA1-RONs in parasite attachment to the host cell, it is possible that blockage of the entry of RON2-deficient sporozoites resulted in detachment of their rear end from the cell surface. These observations strongly suggest that RON2-deficient sporozoites were halted during the process of entry through a dysfunctional junction. Host cell invasion by apicomplexan zoites relies on a balanced combination between host cell membrane dynamics and parasite motor function [START_REF] Bichet | The toxoplasma-host cell junction is anchored to the cell cortex to sustain parasite invasive force[END_REF].

The membrane ruffling surrounding invading RON2-deficient sporozoites is reminiscent of actin-driven host cell protrusions observed with myosin A-deficient T. gondii tachyzoites, which are impaired during entry due to a motility defect [START_REF] Bichet | Genetic impairment of parasite myosin motors uncovers the contribution of host cell membrane dynamics to Toxoplasma invasion forces[END_REF]. Beyond participating in the assembly of the junction, AMA1 and RONs could be required to ensure proper function of the junction during invasion of mosquito acinar cells, possibly through interactions with host cell cytoskeleton components as described with RONs in T. gondii [START_REF] Guérin | Efficient invasion by Toxoplasma depends on the subversion of host protein networks[END_REF].

Interestingly, infection of the mosquito salivary glands by AMA1-or RON2-deficient sporozoites was associated with a loss of integrity of the epithelium, with rupture of the basal lamina and cell vacuolization. This suggests that during sporozoite entry into the salivary gland, AMA1-RONs may contribute to maintaining a sealed junction around the parasite, to allow invasion without creating a leak, thus preventing cell damage. In line with this hypothesis, erythrocyte lysis has been observed during invasion of AMA1-depleted P. falciparum merozoites [START_REF] Collins | The malaria parasite sheddase sub2 governs host red blood cell membrane sealing at invasion[END_REF]. Our data thus provide a possible molecular basis to explain how thousands of sporozoites can colonize the salivary glands of a single mosquito without causing overt tissue damage. As sporozoites can remain in the salivary cavities for several days before they are transmitted, harmless entry in the glands is likely essential to ensure parasite transmission.

Damage inflicted to the salivary gland epithelium during invasion of AMA1-RON mutants may also have detrimental effects on mosquito feeding and survival.

Despite the significant reduction in numbers, a minor proportion of rapamycin-treated ama1cKO, ron2cKO and ron4cKO sporozoites could still invade the salivary glands of infected mosquitoes. While we cannot exclude the presence of residual non-excised parasites inside infected glands in the SFB-SEM experiments, these parasites should only represent a minority of salivary gland sporozoites after rapamycin exposure (<10%). Some mutant parasites may succeed in penetrating the glands despite a dysfunctional junction, as suggested by our SBF-SEM data. Alternatively, some degree of plasticity may allow sporozoites to use alternative adhesion or invasion ligands, as observed in T. gondii where paralogs can compensate for the lack of a functional AMA1-RON2 pair [START_REF] Lamarque | Plasticity and redundancy among AMA-RON pairs ensure host cell entry of Toxoplasma parasites[END_REF]. While there is no known paralog of RON2 in Plasmodium, the Membrane Associated Erythrocyte Binding-Like protein (MAEBL) contains two AMA1-like domains [START_REF] Kappe | A family of chimeric erythrocyte binding proteins of malaria parasites[END_REF], and was in fact reported to be essential for invasion of the salivary glands [START_REF] Kariu | MAEBL is essential for malarial sporozoite infection of the mosquito salivary gland[END_REF][START_REF] Saenz | The transmembrane isoform of Plasmodium falciparum MAEBL is essential for the invasion of Anopheles salivary glands[END_REF]. Interestingly, MAEBL was not identified by co-immunoprecipitation in the RON2, RON4, RON5 complex in oocyst [START_REF] Nozaki | Detection of the Rhoptry Neck Protein Complex in Plasmodium Sporozoites and Its Contribution to Sporozoite Invasion of Salivary Glands[END_REF] or salivary gland (this study) derived sporozoites, and AMA1-deficient sporozoites fail to invade the mosquito salivary glands, thus arguing against a compensatory role for MAEBL in AMA1-deficient sporozoites.

When tested on hepatocyte cell cultures, only a minor proportion of AMA1, RON2 or RON4-depleted salivary gland sporozoites productively invaded and developed into EEFs. The defect in hepatocyte invasion was less pronounced in comparison to that observed for the salivary glands. This differential dependency on AMA1-RONs during host cell invasion could relate to different membrane properties impacting the junction [START_REF] Bichet | The toxoplasma-host cell junction is anchored to the cell cortex to sustain parasite invasive force[END_REF]. Consistent with our results, a previous study has shown that anti-AMA1 only partially inhibited P. falciparum infection of human hepatocytes in vitro [4]. Interestingly, knockdown of RON2 in sporozoites was shown to affect cell traversal and hepatocyte invasion, both in vitro and in vivo, with the authors implying that loss of RON2 affected attachment to both the salivary glands and hepatocytes, thereby influencing invasion [START_REF] Ishino | Rhoptry neck protein 2 expressed in Plasmodium sporozoites plays a crucial role during invasion of mosquito salivary glands[END_REF]. An earlier report on P. falciparum sporozoites showed that interfering with the AMA1-RON2 interaction affected host cell traversal [START_REF] Yang | AMA1 and MAEBL are important for Plasmodium falciparum sporozoite infection of the liver[END_REF]. However, in our study, rapamycin-treated ama1cKO, ron2cKO and ron4cKO parasites showed no defect in sporozoite cell traversal but were impaired in productive invasion. While these differences in phenotypes could be attributed to differences between P. falciparum and P. berghei, it is possible that the use of salivary gland sporozoites in our study versus those obtained from the haemolymph by Ishino et al. accounted for the difference in observations for cell traversal between experiments. We only assessed sporozoite infectivity in HepG2 cell cultures, showing a 3-6 fold reduction in host cell invasion. It is possible that more severe defects would be observed under in vivo conditions, but the low numbers of AMA1-and RON-deficient sporozoites recovered from mosquito salivary glands precluded their analysis in vivo in mice.

Based on our findings, we propose a model where Plasmodium sporozoites use the AMA1-RON complex twice, in the mosquito and mammalian hosts (Fig 7). First, AMA1 and RONs could mediate the safe entry of sporozoites into the salivary glands via the formation of a junction and a transient vacuole, in a cell-specific manner and without compromising the cell membrane integrity, to ensure successful colonization of the glands and subsequent parasite transmission. This model fits with previous reports showing that sporozoites can massively infect salivary glands without causing cellular damage [START_REF] Posthuma | Immunogold determination of Plasmodium falciparum circumsporozoite protein in Anopheles stephensi salivary gland cells[END_REF][START_REF] Wells | Anopheles salivary gland architecture shapes plasmodium sporozoite availability for transmission[END_REF]. This crossing event would differ from the cell traversal activity of mature sporozoites in the mammalian host, which is associated with a loss of membrane integrity and cell death [START_REF] Formaglio | Loss of host cell plasma membrane integrity following cell traversal by Plasmodium sporozoites in the skin[END_REF]. Following sporozoite inoculation into the mammalian host, AMA1 and RONs facilitate productive invasion of hepatocytes, presumably through the formation of a canonical MJ that leads to the formation of the PV where the parasite can replicate into merozoites. Colonization of the salivary glands and productive invasion of hepatocytes involve transcellular migration versus establishment of a replicative vacuole, respectively. However, both events likely require tight membrane sealing around the invading parasite and subversion of the host cortical cytoskeleton, a function that could rely on the AMA1-RON complex. Our study reveals that the contribution of AMA1 and RON proteins is conserved across Plasmodium invasive stages. Pre-clinical studies have shown that vaccination with the AMA1-RON2 complex induces functional antibodies that better recognize AMA1 as it appears complexed with RON2 during merozoite invasion, providing an attractive vaccine strategy against Plasmodium blood stages [START_REF] Srinivasan | Immunization with a functional protein complex required for erythrocyte invasion protects against lethal malaria[END_REF][START_REF] Srinivasan | A malaria vaccine protects Aotus monkeys against virulent Plasmodium falciparum infection[END_REF]. Our results indicate that the AMA1-RON complex might also be considered as a potential target to block malaria transmission. control of a P. yoelii hsp70 promoter and followed by the 3'UTR of P. berghei calmodulin (cam) gene and a single LoxN site. The plasmid also contains a yFCU cassette to enable the elimination of parasites carrying episomes by negative selection with 5-fluorocytosine.

The ama1Con plasmid was designed to excise only ~30 bp downstream of P. berghei ama1 3'UTR. Two fragments were inserted on each side of the GFP-2A-hDHFR cassette of the pDownstream1Lox plasmid: a 5' homology region (HR) homologous to the terminal portion of ama1 (ORF and 3' UTR) followed by a single LoxN site, and a 3' HR homologous to a sequence downstream of the 3' UTR of ama1 gene. The ama1Dutr plasmid was assembled similarly to the ama1Con construct except that the 5' HR consisted in the terminal portion of ama1 ORF followed by a LoxN site and the 3' UTR of P. yoelii ama1, to allow excision of the 3'UTR upon rapamycin activation of DiCre. The ama1cKO plasmid was designed to introduce a single LoxN site upstream of ama1 in the rapamycin-treated (excised) ama1Con parasites, which already contained a residual LoxN site downstream of the gene. To generate the ama1cKO plasmid, the pDownstream1Lox vector was first modified to remove the downstream LoxN site. Then, a 5' HR and a 3' HR, both homologous to sequences located upstream of ama1 gene, were cloned into the modified plasmid on each side of the GFP-2A-hDHFR, with a single LoxN site introduced upstream of the GFP-2A-hDHFR cassette.

To generate ron2cKO and ron4cKO constructs, two separate plasmids, P1 and P2, were generated to insert a LoxN site upstream of the promoter and downstream of the gene of interest, respectively, in two consecutive transfections. P1 plasmids were constructed by insertion of 5' and 3' HR on each side of the GFP-2A-hDHFR cassette in the pDownstream1Lox plasmid, with a second LoxN site introduced upstream of the GFP cassette.

The 5' HR and 3' HR correspond to consecutive fragments located in the promoter region of the GOI. Because the intergenic sequence between ron4 gene and its upstream gene is short, and in order to maintain expression of the upstream gene and exclude any unwanted duplication and spontaneous recombination events, we introduced the 5' HR of ron4 in two fragments, with fragment 1 corresponding to the region just upstream of the ORF while fragment 2 corresponded to the 3' UTR from the P. yoelii ortholog of the upstream gene. P2 plasmids were constructed in a similar manner by insertion of a 5' HR and a 3'HR on each side of the GFP-2A-hDHFR cassette in the pDownstream1Lox plasmid. The 3' HR regions corresponded to the 3' UTR sequences of RON2 or RON4, respectively. For both target genes, the 5' HR was divided into two fragments, where fragment 1 corresponded to the end of the ORF followed by a triple Flag tag, and fragment 2 corresponded to the 3' UTR from the P. yoelii ortholog gene, in order to avoid duplication of the 3' UTR region and spontaneous recombination.

All plasmid inserts were amplified by PCR using standard PCR conditions and the CloneAmp HiFi PCR premix (Takara). Following a PCR purification step (QIAquick PCR purification kit), the fragments were sequentially ligated into the target vector using the In-Fusion HD Cloning Kit (Clontech). The resulting plasmid sequences were verified by Sanger sequencing (GATC Biotech) and linearized before transfection. All the primers used for plasmid assembly are listed in Table S2.

Parasite transfection

For parasite transfection, schizonts purified from an overnight culture of PbDiCre parasites were transfected with 5-10 µg of linearized plasmid by electroporation using the AMAXA Nucleofector device (Lonza, program U033), as previously described [START_REF] Janse | High-efficiency transfection and drug selection of genetically transformed blood stages of the rodent malaria parasite Plasmodium berghei[END_REF], and immediately injected intravenously into the tail vein of Swiss mice. For selection of resistant transgenic parasites, pyrimethamine (35 mg/L) and 5-flurocytosine (0.5 mg/ml) were added to the drinking water and administered to mice, one day after transfection. Transfected parasites were sorted by flow cytometry on a FACSAria II (Becton-Dickinson), as described [START_REF] Manzoni | A rapid and robust selection procedure for generating drug-selectable marker-free recombinant malaria parasites[END_REF], and cloned by limiting dilutions and injections into mice. The parasitaemia was monitored daily by flow cytometry and the mice sacrificed at a parasitaemia of 2-3%. The mice were bled and the infected blood collected for preparation of frozen stocks (1:1 ratio of fresh blood mixed with 10% Glycerol in Alsever's solution) and isolation of parasites for genomic DNA extraction, using the DNA Easy Blood and Tissue Kit (Qiagen), according to the manufacturer's instructions. Specific PCR primers were designed to check for wild-type and recombined loci and are listed in Table S2. Genotyping PCR reactions were carried out using Recombinant Taq DNA Polymerase (5U/µl from Thermo Scientific) and standard PCR cycling conditions.

In vivo analysis of conditional mutants

DiCre recombinase mediated excision of targeted DNA sequences in vivo was achieved by a single oral administration of 200µg rapamycin (1mg/ml stock, Rapamune, Pfizer) to mice.

Excision of the GFP cassette in blood stage parasites was monitored by flow cytometry using a Guava EasyCyte 6/2L bench cytometer equipped with 488 nm and 532 nm lasers (Millipore) to detect GFP and mCherry, respectively. To analyze parasite development in the mosquito, rapamycin was administered to infected mice 24 hours prior to transmission to mosquitoes, as described [START_REF] Fernandes | The dimerisable Cre recombinase allows conditional genome editing in the mosquito stages of Plasmodium berghei[END_REF]. Midguts were dissected out at day 14 post infection. The haemolymph was collected by flushing the haemocoel with complete DMEM, day 14 to 16 post infection. Salivary gland sporozoites were collected between 21-28 days post feeding from infected mosquitoes, by hand dissection and homogenization of isolated salivary glands in complete DMEM. Live samples (infected mosquito midguts or salivary glands, sporozoites) were mounted in PBS and visualized live using a Zeiss Axio Observer.Z1 fluorescence microscope equipped with a LD Plan-Neofluar 403/0.6 Corr Ph2 M27 objective. The exposure time was set according to the positive control and maintained for both untreated and rapamycin-treated parasites, in order to allow comparisons. All images were processed with ImageJ for adjustment of contrast.

In vitro sporozoite assays

HepG2 cells were seeded at a density of 30,000 cells/well in a 96-well plate for flow cytometry analysis or 100,000 cells/well in 8 well µ-slide (IBIDI) for immunofluorescence assays, 24 hours prior to infection with sporozoites. On the day of the infection, the culture medium in the wells was discarded and fresh complete DMEM was added along with 10,000 sporozoites, followed by incubation for 3 hours at 37°C. After 3 hours, the wells were washed twice with complete DMEM and then incubated for another 24-48 hours at 37°C and 5% CO2. For quantification of EEF numbers, the cells were trypsinized after two washes with PBS, followed by addition of complete DMEM and one round of centrifugation at 4°C. After discarding the supernatant, the cells were either directly re-suspended in complete DMEM for flow cytometry, or fixed with 2% PFA for 10 minutes, subsequently washed once with PBS and then re-suspended in PBS for FACS acquisition. For quantification of traversal events, fluorescein-conjugated dextran (0.5mg/ml, Life Technologies) was added to the wells along with sporozoites followed by an incubation at 37°C for 3 hours. After 3 hours, the cells were washed twice with PBS, trypsinized and resuspended in complete DMEM for analysis by flow cytometry.

RON4 immunoprecipitation and mass spectrometry

Freshly dissected RON4-mCherry sporozoites were lysed on ice for 30 min in a lysis buffer containing 0.5% w/v NP40 and protease inhibitors. After centrifugation (15,000 × g, 15 min, 4°C), supernatants were incubated with protein G-conjugated sepharose for preclearing overnight. Precleared lysates were subjected to mCherry immunoprecipitation using RFP-Trap beads (Chromoteck) for 2h at 4°C, according to the manufacturer's protocol. PbGFP parasites with untagged RON4 were used as a control. After washes, proteins on beads were eluted in 2X Laemmli and denatured (95°C, 5min). After centrifugation, supernatants were collected for further analysis. Samples were subjected to a short SDS-PAGE migration, and gel pieces were processed for protein trypsin digestion by the DigestProMSi robot (Intavis), as described [START_REF] Hamada | In-depth proteomic analysis of Plasmodium berghei sporozoites using trapped ion mobility spectrometry with parallel accumulation-serial fragmentation[END_REF].

Peptide were separated on an Aurora UHPLC column from IonOpticks (25 cm x 75 μm, C18), using a 30 min gradient from 3 to 32% ACN with 0.1% formic acid, and analyzed on a timsTOF PRO mass spectrometer (Bruker). Mascot generic files were processed with X!Tandem pipeline (version 0.2.36) using the PlasmoDB_PB_39_PbergheiANKA database, as described [START_REF] Hamada | In-depth proteomic analysis of Plasmodium berghei sporozoites using trapped ion mobility spectrometry with parallel accumulation-serial fragmentation[END_REF]. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [START_REF] Perez-Riverol | The PRIDE database resources in 2022: A hub for mass spectrometry-based proteomics evidences[END_REF] partner repository with the dataset identifier PXD031463.

Immunofluorescence assays

Blood-stage schizonts were fixed with 4% PFA and 0.0075% glutaraldehyde for 30 mins at 37°C with constant shaking. The samples were then quenched/permeabilized with 125mM glycine /0.1% Triton X-100 for 15 minutes, blocked with PBS/3% BSA, then incubated with Rat anti-AMA1 antibodies (1:250, clone 28G2, MRA-897A, Bei Resources) followed by Alexa Fluor goat anti-rat 405 antibodies (1:1000, Life Technologies). The samples were mounted in PBS and immediately visualized under a fluorescence microscope. Sporozoites were resuspended in PBS, added on top of poly-L-lysine coated coverslips and allowed to air dry. The sporozoites were then fixed with 4% PFA for 30 mins, followed by quenching with 0.1M glycine for 30 mins and two washes with PBS. In the next step, the sporozoites were permeabilized with 1% Triton-X100 for 5 mins, washed twice with PBS, then blocked with PBS 3%BSA for 1hr at RT and incubated with anti-AMA1 antibody (1:250) diluted in blocking solution. Following 3 washes with PBS, the sporozoites were incubated with the secondary antibody (anti-Rat Alexa Fluor 647) diluted in blocking solution. Following 3 washes with PBS, the coverslips were mounted onto a drop of prolong diamond anti-fade mounting solution (Life Technologies), sealed with nail polish and imaged using a fluorescence microscope. Infected HepG2 cell cultures were washed twice with PBS, then fixed with 4% PFA for 20 minutes, followed by two washings with PBS and incubation with goat anti-UIS4 primary antibody (1:500, Sicgen), followed by donkey anti-goat Alexa Fluor 594 secondary antibody (1:1000, Life Technologies). For fluorescence imaging of entire glands, freshly dissected salivary glands were fixed in 4% PFA for 30 minutes and permeabilized in acetone for 90 seconds, as described [START_REF] Wells | Anopheles salivary gland architecture shapes plasmodium sporozoite availability for transmission[END_REF]. Samples were incubated with Phalloidin-iFluor 647 (Abcam) and Hoechst 77742 (Life Technologies ) overnight at 4°C, washed and mounted in PBS before imaging. Acquisitions were made on a Zeiss Axio Observer Z1 fluorescence microscope using the Zen software (Zeiss). Images were processed with ImageJ for adjustment of contrast.

Serial block face-scanning electron microscopy

For Serial Block Face-Scanning Electron Microscopy (SBF-SEM), salivary glands were isolated from infected mosquitoes at day 15 or 21 post-feeding, and fixed in 0.1 M cacodylate buffer containing 3% PFA and 1% glutaraldehyde during 1 hour at room temperature. Intact salivary glands were then prepared for SBF-SEM (NCMIR protocol) [START_REF] Deerinck | NCMIR methods for 3D EM: A new protocol for preparation of biological specimens for serial block face scanning electron microscopy[END_REF] 
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 1 Fig 1. Deletion of the 3' UTR of ama1 has no phenotypical impact in P. berghei

ama1Dutr

  and both rapamycin-treated and untreated ama1Con parasites (S3 Fig). As observed in merozoites, AMA1 protein was also detected in salivary gland sporozoites from rapamycin-treated ama1Dutr by immunofluorescence, similar to ama1Con parasites (Fig 1F).
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 . One intrinsic feature of the Cre Lox system is the retention of a Lox site following recombination. We therefore reused rapamycin-treated ama1Con parasites, which contained a single LoxN site downstream of ama1 3'UTR and had excised the GFP-hDHFR marker (Fig 1B), and transfected these parasites with the ama1cKO construct designed to introduce a second LoxN site upstream of the ama1 gene, together with a GFP-hDHFR cassette (Figs 2A and S4A). Following transfection, the resulting ama1cKO parasites were sorted by FACS and genotyped to confirm correct integration of the construct into the genome and verify the absence of any residual unmodified ama1Con parasites (S4B Fig). We then evaluated the effect of rapamycin treatment on blood-stage growth of ama1cKO parasites, by injecting mice with 10 6 pRBCs and treating them with a single oral dose of rapamycin. In contrast to untreated parasites, ama1cKO parasite growth was abrogated in mice upon rapamycin exposure (Fig 2B), thus confirming efficient gene deletion and the essential role of AMA1 in merozoite invasion and parasite survival in the blood. Genotyping by PCR confirmed ama1 gene excision in rapamycin-exposed ama1cKO parasites, but also revealed the persistence of non-excised parasites 2 and 6 days after rapamycin treatment (S4C Fig), which eventually outcompeted the excised population.

Fig 2 .

 2 Fig 2. AMA1 is required during P. berghei invasion of mosquito salivary glands

  colonising the mosquito midgut (S5 Fig), comparable to ama1Con parasites (S3 Fig). Despite no difference in the levels of exflagellation between the parasite lines and treatment conditions, we observed a slight reduction in the number of midgut sporozoites for rapamycin-exposed ama1cKO parasites, which however was not statistically significant (Fig 2C). Importantly, quantification of the percentage of excised (mCherry + /GFP -) and non-excised (mCherry + /GFP + ) parasites revealed close to 100% gene excision in sporozoites isolated from the midguts of mosquitoes infected with rapamycin-treated ama1Con and ama1cKO parasites (Fig 2F).

ama1cKO

  sporozoites after rapamycin treatment, indicating the loss of AMA1 (Fig 2I). Quantification of AMA1 expression showed that all sporozoites from ama1Con and ama1Dutr expressed AMA1, irrespective of rapamycin exposure, similar to untreated ama1cKO sporozoites (Fig 2J). In contrast, >95% of the sporozoites isolated from mosquitoes infected with rapamycin-treated ama1cKO parasites lacked AMA1 expression, confirming successful gene deletion and protein depletion (Fig 2J). Overall, our results demonstrate that loss of AMA1 expression in sporozoites impairs invasion of the mosquito salivary glands, without affecting development or egress from oocysts.

Fig 3 .

 3 Fig 3. Sporozoite AMA1 is required for efficient infection of mammalian cells

  compared to untreated controls (Fig 3B). In contrast, the number of EEFs obtained from hepatocytes infected with rapamycin-treated ama1cKO sporozoites was significantly reduced as compared to untreated parasites (Fig 3B). As expected, non-excised (mCherry + /GFP + ) parasites comprised the majority of EEFs quantified for ama1Con and ama1cKO untreated parasites (Fig 3C). Conversely, excised (mCherry + /GFP -) EEFs were predominantly observed in hepatocytes infected with rapamycin-treated ama1Con and ama1cKO parasites. However, a small enrichment of non-excised (mCherry + /GFP + ) EEFs was observed with rapamycintreated ama1cKO (Fig 3C), as observed with salivary gland sporozoites (Fig 2G). Importantly, we could not observe any obvious defect in developmental size or morphology in 24h EEFs between treatment conditions with the two parasite lines, by fluorescence microscopy (Fig 3D).

Fig 4 .

 4 Fig 4. RON2 and RON4 are required for sporozoite invasion in the mosquito and mammalian hosts

  SBF-SEM data confirmed the lower parasite density in glands infected with ama1cKO as compared to WT (S11 Fig). WT sporozoites were observed inside acinar cells and in the apical secretory cavities, where they clustered in bundles (S11A Fig and Movie 1). Despite reduced numbers of sporozoites, we observed a similar distribution of ama1cKO parasites inside the salivary glands, with both intracellular and intraluminal sporozoites (S11B Fig and Movie 2). Most of the sporozoites were found lying in direct contact with the cytosol inside acinar cells, without any visible vacuolar membrane (S11 and S12 Figs). Nevertheless, we also observed some sporozoites surrounded by membranes (S12 Fig). However, careful examination of the 3D SBF-SEM images revealed that these structures may correspond to invaginations of cellular membranes surrounding portions of intracellular sporozoites, rather than actual vacuoles (S12A-B Figs and Movie 3). Similar to the WT, ama1cKO parasites surrounded by membranes were found inside acinar cells (S12C Fig). We also observed sporozoites present in the secretory cavity and surrounded by a cellular membrane, with both WT (S12D Fig) and ama1cKO parasites (S12E Fig). These data thus confirmed the defect of colonization of the mosquito salivary glands by AMA1-deficient sporozoites, but showed no difference in the distribution of the parasites inside the infected glands or in transcellular migration toward the secretory cavities, suggesting a defect at the entry step.In an effort to capture sporozoite invasion events we analyzed infected salivary glands by SBF-SEM at an earlier time point, 15 days post-feeding (Fig5). We were able to visualize three invasion events with untreated ama1cKO parasites (noted as wt) (Figs 5A-F, S13, and Movie 4). The extracellular portion of all three sporozoites was lying underneath the basal lamina (Figs 5A and S13A-B), tightly adhering to the acinar cell surface throughout the parasite length (Figs

  , S13J-K and Movie 5). We could also find fully internalized sporozoites containing seemingly full and empty rhoptries (S14A-B Fig).Altogether these observations strongly support that sporozoite entry into acinar cells is associated with rhoptry discharge and the formation of a vacuole.

Fig 5 .

 5 Fig 5. Capturing sporozoite entry into salivary glands with serial block face-scanning electron microscopy (SBF-SEM) A-F. SBF-SEM images showing an untreated ama1cKO sporozoite (noted as wt) penetrating

Fig 6 .

 6 Fig 6. Invasion by AMA1-and RON2-deficient sporozoites is associated with a loss of integrity of the mosquito salivary gland epithelium A-B. SBF-SEM sections of salivary glands infected with WT (A) or rapamycin-treated

Fig 7 .

 7 Fig 7. Model of AMA1-RON function in Plasmodium sporozoites. AMA1 and RON proteins drive two distinct sporozoite invasion events in the mosquito and mammalian hosts. After egress from oocysts, sporozoites first rely on AMA1 and RONs to enter the mosquito salivary

Movie 6 .

 6 as follows: samples ultrastructural enzymology. J Histochem Cytochem. 1979;27. doi:10.1177/27.10.512319 3D segmentation of a rapamycin-treated ron2cKO sporozoite invading a salivary gland cell, day 15 post-feeding. The invading parasite is colored in purple and the acinar cell in yellow. This movie corresponds to Fig 5G-K.
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Materials and methods

Mice

Female Swiss mice (6-8 weeks old, from Janvier Labs) were used for all routine parasite infections. All animal work was conducted in strict accordance with the Directive 2010/63/EU of the European Parliament and Council 'On the protection of animals used for scientific purposes'. Protocols were approved by the Ethical Committee Charles Darwin N°005 (approval #7475-2016110315516522).

Parasites

Conditional genome editing was performed in the P. berghei (ANKA strain) PbDiCre line, obtained after integration of mCherry and DiCre expression cassettes at the dispensable p230p locus [START_REF] Fernandes | The dimerisable Cre recombinase allows conditional genome editing in the mosquito stages of Plasmodium berghei[END_REF]. Two additional lines expressing RON4-mCherry (bioRxiv 2021.10.25.465731) and/or GFP [START_REF] Manzoni | A rapid and robust selection procedure for generating drug-selectable marker-free recombinant malaria parasites[END_REF] were used for immunoprecipitation and electron microscopy experiments, respectively. Parasites were maintained in mice through intraperitoneal injections of frozen parasite stocks. Anopheles stephensi mosquitoes were reared at 24°C with 80 % humidity and permitted to feed on infected mice that were anaesthetized, using standard methods of mosquito infection as previously described [START_REF] Ramakrishnan | Laboratory maintenance of rodent malaria parasites[END_REF].

Post feeding, P. berghei-infected mosquitoes were kept at 21°C and fed daily on a 10% sucrose solution.

Host cell cultures

HepG2 cells (ATCC HB-8065) were cultured in DMEM supplemented with 10% fetal calf serum, 1% Penicillin-Streptomycin and 1% L-Glutamine as previously described [START_REF] Silvie | Alternative invasion pathways for plasmodium berghei sporozoites[END_REF], in culture dishes coated with rat tail collagen I (Becton-Dickinson).

Vector construction

In order to target different genes of interest, we first generated a generic plasmid, pDownstream1Lox (Addgene #164574), containing a GFP-2A-hDHFR cassette under the were post-fixed for 1 hour in a reduced osmium solution containing 1% osmium tetroxide, 1.5% potassium ferrocyanide in PBS, followed by incubation with a 1% thiocarbohydrazide in water for 20 minutes. Subsequently, samples were stained with 2% OsO4 in water for 30 minutes, followed by 1% aqueous uranyl acetate at 4 °C overnight. Samples were then subjected to en bloc Walton's lead aspartate staining [START_REF] Walton | Lead aspartate, an en bloc contrast stain particularly useful for[END_REF], and placed in a 60 °C oven for 30 minutes. Samples were then dehydrated in graded concentrations of ethanol for 10 minutes in each step. The samples were infiltrated with 30% agar low viscosity resin (Agar Scientific Ltd, UK) in ethanol, for 1 hour, 50% resin for 2 hours and 100% resin overnight. The resin was then changed and the samples were further incubated during 3 hours, prior to inclusion by flat embedding between two slides of AclarÒ and polymerization for 18 hours at 60 °C. The polymerized blocks were mounted onto aluminum stubs for SBF-SEM imaging (FEI Microtome 8 mm SEM Stub, Agar Scientific), with two-part conduction silver epoxy kit (EMS, 12642-14). For imaging, samples on aluminum stubs were trimmed using an ultramicrotome and inserted into a TeneoVS SEM (ThermoFisher Scientific). Acquisitions were performed with a beam energy of 2 kV, 400 pA current, in LowVac mode at 40 Pa, a dwell time of 1 µs per pixel at 10 nm pixel size. Sections of 50 nm were serially cut between images. Data acquired by SBF-SEM were processed using Fiji and Amira (ThermoFisher Scientific). Data alignment and manual segmentation were performed using Amira.

Quantification and statistical analysis

In vitro experiments were performed with a minimum of three technical replicates per experiment. Statistical significance was assessed by two-way ANOVA, one-way ANOVA followed by Tukey's multiple comparisons, Fisher's exact or ratio paired t tests, as indicated in the figure legends. All statistical tests were computed with GraphPad Prism 5 (GraphPad Software). The quantitative data used to generate the figures and the statistical analysis are presented in Table S3.
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S13 Fig. SBF-SEM imaging of sporozoite invasion into mosquito salivary glands

A-H. SBF-SEM images of an invading untreated ama1cKO sporozoite. Panels A-C show three XY sections of the invading parasite. The sporozoite is located underneath the basal lamina (BL), and enters the cell surrounded by a vacuole (white arrowhead). The entry site is marked by a black arrow. Scale bar, 1 µm. Panel D shows a virtual XZ section, illustrating that the sporozoite is penetrating tangentially into the acinar cell. The entry aperture is marked by a black arrowhead. Panels E-H show a volume segmentation of the parasite (in purple) invading the mosquito cell (in yellow). The entry site is marked by a black arrowhead. In G and H, only the cell surface is shown, revealing the imprinting of the extracellular portion of the sporozoite (black arrow). In H, the circular entry site is shown at higher magnification. I-K. SBF-SEM images of another invading untreated ama1cKO sporozoite. In I, a XY section cuts the invading parasite twice (black arrows), with the extracellular portion being positioned between the cell surface and the basal lamina (BL). Two virtual YZ sections are shown in J and K, illustrating that the sporozoite is penetrating tangentially into the acinar cell. The entry aperture is marked by a black arrowhead. A full rhoptry is visible in J and an empty one can be seen in K (arrows).