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Purpose of review

Malaria parasites invade and multiply in diverse host cells during their complex life cycle. Some blood stage parasites transform into male and female gametocytes that are transmitted by female anopheline mosquitoes. The gametocytes are activated in the mosquito midgut to form male and female gametes, which egress from RBCs to mate and form a zygote. Here, we will review our current understanding of the molecular mechanisms that mediate invasion and egress by malaria parasites at different life cycle stages.

Recent findings

A number of key effector molecules such as parasite protein ligands for receptor-engagement during invasion as well as proteases and perforin-like proteins that mediate egress have been identified. Interestingly, these parasite-encoded effectors are located in internal, vesicular organelles and are secreted in a highly regulated manner during invasion and egress. Here, we will review our current understanding of the functional roles of these effectors as well as the signaling pathways that regulate their timely secretion with accurate spatiotemporal coordinates.
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-Disease burden, epidemiology and pathogenesis

Malaria is an infectious disease caused by a unicellular apicomplexan protozoan parasite of the genus Plasmodium that is transmitted by infective bites of female Anopheles mosquitoes. Even after more than 100 years of its discovery, the disease still continues to be a threat to almost half of the world's population. Many historical writings from different human civilizations contain references to the characteristic periodic fevers typical of malaria. The earliest detailed account of the disease comes from the work of Hippocrates in 5 th century BC [START_REF] Cunha | Brief history of the clinical diagnosis of malaria: from Hippocrates to Osler[END_REF]. Plasmodium parasite is ancient in origin, with evidence coming from a study in fossilized Culex mosquito that showed the presence of this parasite approximately 30 million years ago [START_REF] Poinar | Plasmodium dominicana n. sp. (Plasmodiidae: Haemospororida) from Tertiary Dominican amber[END_REF]. This suggests that Plasmodium was present much before humans evolved.

According to the latest report by World Health Organization (WHO), almost half of the world's population was at risk of malaria in the year 2015. There were 212 million clinical cases of the disease in 2015, resulting in about 429,000 deaths. The disease has greatest impact on the populations living in sub-Saharan Africa. In the year 2015, 92% of deaths due to malaria occurred in African region followed by 6% in South-East Asia region and 2% in the Eastern Mediterranean region. Mortality rates are highest amongst children under 5 years and pregnant women. However, the latest WHO report suggests that since the year 2011, the mortality rates have fallen down globally by 35% in children under 5 years and 29% among all age groups. With intensified malaria control and elimination efforts, global malaria burden has been dropping since the year 2010. The mortality rates have dropped by 58% in the Western Pacific region, 46% in South-East Asia region, 37% in the Americas and 6% in the Eastern Mediterranean region. (WHO, 2016). Parasite transmission rates worldwide have also fallen. According to WHO, 57 out of 106 countries have achieved reductions in new cases of the disease by 75% between the year 2000 and 2015.

In order to control and prevent malaria, WHO promotes a number of different strategies. Vector control is one of the most important ways of reducing parasite transmission.

To execute this, two very basic and cost effective strategies are used. These include the usage of insecticide treated bed nets and indoor residual spraying. WHO also promotes intermittent preventive treatment for pregnant women and infants living in moderate-to-high parasite transmission regions by using the drug sulfadoxine-pyrimethamine. Additionally, as a preventive measure to reduce malaria cases in people travelling to endemic regions, WHO recommends chemoprophylaxis with doxycycline for travellers.

Six different species of Plasmodium are responsible for causing clinical episodes of malaria in humans. These include P. falciparum, P. vivax, P. malariae, P. ovale (P.o. curtisi and P.o. wallikeri) and P. knowlesi. Out of these six species, P. falciparum is the most virulent and is primarily responsible for severe cases of malaria and deaths associated with the disease. P. falciparum is distributed worldwide in tropical and subtropical regions, mainly in Africa. P. vivax is less virulent than P. falciparum but can also lead to severe disease cases and deaths. It is distributed mainly in Asia, Latin America and some parts of Africa. P. vivax and P. ovale have a characteristic tendency of forming dormant liver stage parasitic forms known as "hypnozoites", that can reactivate and invade red blood cells (RBCs) causing relapse of the disease. P. ovale is present mainly in Africa and the islands of Western Pacific. P. malariae is worldwide in distribution and has a quartan cycle (three day cycle). P. knowlesi is present in Southeast Asia. This species causes malaria in primates (long tailed and pig tailed macaques). However in recent years this species has been shown to be a significant cause of zoonotic malaria. P. knowlesi has a 24 hour life cycle and therefore it can lead to severe infections rapidly (https://www.cdc.gov/malaria/). Plasmodium sp. parasites have a complex life cycle involving two hosts. These include a mosquito vector and a human host. The parasite is transmitted by female Anopheles mosquitoes during a blood meal. The infection begins in the human liver, however the disease symptoms are only observed when the parasite reaches the blood stream of the host to initiate its erythrocytic cycle of development. This erythrocytic multiplicative cycle of Plasmodium in humans is responsible for all the clinical symptoms of malaria. These symptoms include recurrent episodes of high fever, chills, headache, anaemia, joint pain, nausea, retinal damage and convulsions. P. falciparum can sequester in the blood capillaries of brain, leading to severe form of the disease known as celebral malaria, resulting in organ failure and death. P. falciparum is responsible for most of the severe cases of malaria worldwide. P. vivax can also cause severe malaria although progression to severe disease is less common with this parasite species. The map below shows the global distribution of these two parasite species and the number of malaria inpatient deaths associated with them.

Figure 1. Global distribution of P. falciparum and P. vivax and the associated malaria inpatient deaths.

Map was created using the Global Malaria Mapper (http://www.worldmalariareport.org/) based on the data from WHO Malaria Report 2015 (http://www.who.int/malaria/media/worldmalaria-report-2015/en/).

The symptoms of malaria are only manifested when the parasites have started their asexual multiplication in the RBCs. The liver stage development of the parasites is asymptomatic. Malaria infections are identified by microscopy of blood smears from patients, and is still considered the gold standard for disease diagnosis. Thick blood smears are used to identify the infection, while thin blood smears are used to identify the species of Plasmodium and quantification of parasitemia [START_REF] Wongsrichanalai | A review of malaria diagnostic tools: microscopy and rapid diagnostic test (RDT)[END_REF] . This method of detection however has some limitations, especially when the parasite density is low. Therefore, rapid diagnostic tests have been developed for detection of the disease. These are based on antigens expressed in the asexual stage of the parasite life cycle, including Plasmodium glutamate dehydrogenase and P. falciparum Histidine Rich Protein 2 (PfHRP2) (de Dominguez and [START_REF] De Dominguez | Glutamate dehydrogenase antigen detection in Plasmodium falciparum infections[END_REF][START_REF] Moody | Rapid diagnostic tests for malaria parasites[END_REF]. These tests detect the antigen in small volumes of blood (5 -15 µl) using immunochromatographic assays with monoclonal antibodies directed against a particular antigen coated on a test strip.

The severity of malaria cases can range from asymptomatic to severe and fatal infections. Most often, clinical cases of malaria can be divided into uncomplicated malaria (UM) and severe malaria (SM) cases. Uncomplicated malaria patients display symptoms of periodic fever along with either of the following symptoms: headache, chills, joint and body pains, loss of appetite, sometimes diarrhea, abdominal pains, nausea, splenomegaly. The clinical symptoms of malaria often resemble many other childhood illnesses. Severe malaria (SM) on the other hand is more complicated form of the disease as it often poses threat to vital organs like brain, lungs, and also leads to complications during pregnancy. Patients with SM often display signs of malarial anemia due to loss of erythrocytes. The patients suffering from cerebral malaria experience coma accompanied by seizures. Cerebral malaria is clinically diagnosed by the Blantyre coma score. Patients with a score below 3 are specified as cerebral malaria patients. Cerebral malaria is mostly fatal even with treatment and the patients who survive this condition still have persistent neurological complications. Pregancy associated severe malaria is also common in malaria endemic regions. Plasmodium infected erythrocytes can sequester in the placenta and hamper nutritional transport to the developing foetus, leading to spontaneous abortions, premature delivery, still births and birth of under weight babies [START_REF] Steketee | The burden of malaria in pregnancy in malaria-endemic areas[END_REF].

-Life cycle of the malaria parasite P. falciparum

The malaria parasite P. falciparum has a complex life cycle involving two hosts, an invertebrate primary (female Anopheles) and a vertebrate secondary host (Homo sapiens). The parasites undergo a multistage life cycle where the parasite transforms itself into different morphological forms known as "zoites" that can invade diverse host tissues. In humans, the life cycle of P. falciparum is initiated when the female Anopheles injects the infective forms of the parasite known as sporozoites into the human skin while taking a blood meal. Every infective bite of the female mosquito can deliver 10-100 sporozoites [START_REF] Doolan | Acquired immunity to malaria[END_REF][START_REF] Nkhoma | Close kinship within multiple-genotype malaria parasite infections[END_REF]. Once inside the skin, the parasite locates a blood vessel and migrates to release of infective life stage forms of the parasite known as merozoites, which enter the blood stream and initiate their erythrocytic cycle of development by invading red blood cells (RBCs). This asexual development of the parasite in blood is symptomatic and responsible for disease episodes in humans. During each asexual cycle in the blood, a small percentage of the parasites are committed towards an alternate development pathway known as sexual commitment and initiate their sexual stage of development. The sexual stage results in the production of mature male and female gametocytes which are ready to be transmitted to the mosquito. These mature gametocytes are picked up by the mosquito during blood meal. They reach the midgut of the mosquito and initiate their mosquito stage of development which involves the fertilization of the male and female gametes to produce a zygote which ultimately develops into infective sporozoite form of the parasite. These sporozoites are then once again injected by the mosquito into another human host. The parasite thereby shuttles between two alternate hosts and propagates itself over time.

1.2a. -Hepatic stage

As soon as the sporozoites enter human skin after an infective mosquito bite, they must leave the site of injection and find their way to reach their first target organ, the liver, to initiate their exoerythrocytic cycle/hepatic cycle of replication. Initially it was believed that sporozoites can directly infect host red blood cells and cause disease. It was only in 1940s that this hepatic stage of the parasite life cycle was identified by studies in rodent malaria parasites P. yoelii and P. berghei.

Once deposited in the skin, the sporozoites have to initiate a complex journey to reach the host liver to establish a successful infection. It can take 1-3 hours for these sporozoites to exit the site of their injection to locate and penetrate a blood vessel to enter the host blood stream. Sporozoites are highly motile. Unlike merozoites, sporozoites are capable of undergoing two different kinds of interactions in the host cells, i.e. traversal and invasion.

During traversal, sporozoites invade cells by rupturing them accompanied by the formation of a transient vacuole. They eventually come out of these transient vacuoles and continue to traverse neighbouring cells [START_REF] Risco-Castillo | Malaria Sporozoites Traverse Host Cells within Transient Vacuoles[END_REF]. During invasion, sporozoites invade cells accompanied by the formation of a resident parasitophorous vacuole (PV).

Initially, sporozoites enter the bloodstream by traversal through dermal capillaries and reach hepatic sinusoids, where they traverse through endothelial barrier to reach the hepatic parenchyma. Inside the liver parenchyma, a sporozoite traverses through many hepatocytes before it finally invades a hepatocyte to initiate its hepatic cycle of development. During and after the process of hepatocyte invasion, sporozoite secretes the contents of specialized set of invasive organelles known as micronemes and rhoptries. These released proteins mediate molecular interactions with the receptors on host hepatocyte. One of the major surface proteins on sporozoites, known as circumsporozoite protein (CSP) has been extensively studied. CSP is known to mediate the interaction of sporozoites with the host hepatocytes.

CSP is composed of an amino-terminal region I, followed by a central repeat region and a carboxy-terminal type I thrombospondin repeat (TSR). When the sporozoite is still in circulation on its way to the liver, region I of CSP masks the TSR. However, once the sporozoite reaches the liver, region I is cleaved and the TSR is rendered free to interact and adhere to hepatocytes [START_REF] Coppi | The malaria circumsporozoite protein has two functional domains, each with distinct roles as sporozoites journey from mosquito to mammalian host[END_REF]. The CSP on sporozoites recognizes highly sulfated proteoglycans (HSPGs) in the liver (Frevert et al. 1993). This interaction potentially acts as a trigger and switches the sporozoite into an invasive sporozoite [START_REF] Coppi | Heparan sulfate proteoglycans provide a signal to Plasmodium sporozoites to stop migrating and productively invade host cells[END_REF]. Besides CSP, there are other micronemal proteins important for sporozoite invasion. These include thrombospondin-related anonymous protein (TRAP), P52 and P36. TRAP is a transmembrane protein that is secreted during sporozoite invasion and has been shown to be important for sporozoite gliding motility (Sultan et al., 1997). TRAP interacts with the actinmyosin motor of the sporozoite through its carboxy-terminal cytoplasmic domain and interacts with HSPGs of hepatocytes by its extracellular domain (Kappe et al., 1999). As sporozoites invade heapatocytes, TRAP gets translocated to the posterior end of sporozoites and is shed off through cleavage by a rhomboid protease ROM4. Proteolytic cleavage by ROM4 releases the TRAP-HSPG bond and allows hepatocyte invasion by sporozoite [START_REF] Baker | Two Plasmodium rhomboid proteases preferentially cleave different adhesins implicated in all invasive stages of malaria[END_REF][START_REF] Ejigiri | Shedding of TRAP by a rhomboid protease from the malaria sporozoite surface is essential for gliding motility and sporozoite infectivity[END_REF]. CD81 and SR-BI receptors present on hepatocytes were found to be important determinants of hepatocyte infection by sporozoites [START_REF] Rodrigues | Host scavenger receptor SR-BI plays a dual role in the establishment of malaria parasite liver infection[END_REF][START_REF] Silvie | Hepatocyte CD81 is required for Plasmodium falciparum and Plasmodium yoelii sporozoite infectivity[END_REF][START_REF] Yalaoui | Scavenger receptor BI boosts hepatocyte permissiveness to Plasmodium infection[END_REF]. A recent study has demonstrated the role of a sporozoite 6-cysteine domain protein P36 in determining host cell receptor usage during hepatocyte invasion [START_REF] Manzoni | Plasmodium P36 determines host cell receptor usage during sporozoite invasion[END_REF]. This study demonstrates that CD81 and SR-BI define independent pathways for hepatocyte invasion by sporozoites and P36 protein is the key factor that determines the host receptor usage during hepatocyte infection by sporozoites.

Sporozoite invasion is followed by the formation of a parasitophorous vacuolar membrane (PVM) around the parasite. After invading a hepatocyte, the sporozoite transforms into a highly metabolically active intracellular replicative form [START_REF] Vaughan | Malaria Parasite Liver Infection and Exoerythrocytic Biology[END_REF]. Sporozoites are injected into the human skin by female Anopheles mosquito [START_REF] Dvorak | Invasion of erythrocytes by malaria merozoites[END_REF]. Soon after their entry they start migrating in the dermis and either enter the blood capillary [START_REF] Riglar | Super-resolution dissection of coordinated events during malaria parasite invasion of the human erythrocyte[END_REF], or are cleared away by the lymphatic system [START_REF] Kadekoppala | Merozoite surface proteins of the malaria parasite: the MSP1 complex and the MSP7 family[END_REF]. Some sporozoites start their incomplete transformation in the skin [START_REF] Lin | The merozoite surface protein 1 complex is a platform for binding to human erythrocytes by Plasmodium falciparum[END_REF]. The sporozoites that have entered the blood capillary are distributed by the circulatory system [START_REF] Boyle | Interactions with heparin-like molecules during erythrocyte invasion by Plasmodium falciparum merozoites[END_REF]. The sporozoites that enter the liver sinusoids adheres to endothelial cells [START_REF] Baldwin | Merozoite surface protein 1 recognition of host glycophorin A mediates malaria parasite invasion of red blood cells[END_REF] and traverse through Kupffer cells (liver macrophages) to cross the sinusoidal barrier [START_REF] Das | Processing of Plasmodium falciparum merozoite surface protein MSP1 activates a spectrin-binding function enabling parasite egress from RBCs[END_REF]. Once sporozoites reach the liver parenchyma, they actively traverse through different hepatocytes [START_REF] Koch | The mechanics of malaria parasite invasion of the human erythrocyte: towards a reassessment of the host cell contribution[END_REF] and finally invade a hepatocyte accompanied by the formation of a PV [START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. Inside the PV, sporozoites quickly transform into round early liver stages [START_REF] Carruthers | Ethanol and acetaldehyde elevate intracellular [Ca2þ] and stimulate microneme discharge in Toxoplasma gondii[END_REF]. The intrahepatic parasites start cell division and differentiate to form merozoites in a process known as schizogony [START_REF] Dawn | The central role of cAMP in regulating Plasmodium falciparum merozoite invasion of human erythrocytes[END_REF]. The infectious hepatic stage merozoites are released as membrane-shielded merosomes [START_REF] Lourido | Calcium-dependent protein kinase 1 is an essential regulator of exocytosis in Toxoplasma[END_REF]. The merosomes are transported away [START_REF] Bansal | Characterization of Plasmodium falciparum calcium-dependent protein kinase 1 (PfCDPK1) and its role in microneme secretion during erythrocyte invasion[END_REF] and ultimately rupture in the lung microvasculature.

1.2b. -Erythrocytic stage

Soon after their release into the bloodstream, merozoites invade the host red blood cells (RBCs) to initiate their erythrocytic stage of development which is responsible for all the clinical symptoms associated with the disease, including high periodic fevers, chills, headaches, sweats and nausea. The erythrocytic cycle of parasite growth takes 48 hours to complete, therefore the people suffering from malaria experience high fevers after every two days. Following invasion, during the next 48 hours, P. falciparum merozoites undergo morphological changes and develop into rings, trophozoites and schizonts. Each mature schizont contains 16-18 daughter merozoites which eventually bursts to release free merozoites. The bursting (egress) of schizonts to release merozoites leads to production of prostaglandins, which is pyrogenic and responsible for causing high fever in malaria patients [START_REF] Kilunga Kubata | Plasmodium falciparum produces prostaglandins that are pyrogenic, somnogenic, and immunosuppressive substances in humans[END_REF].

The process of entry of a merozoite entry into a RBC is a rapid, complex, multi-step process. The process of invasion is divided into the following key steps: pre-invasion, active invasion and echinocytosis (Cowman et al., 2016).

Pre-invasion marks the first contact of the merozoites with the host RBCs. The exact molecular details defining this first contact are not very well understood. However, a group of proteins constitutively expressed on the parasite surface known as merozoite surface proteins (MSPs) have been thought to be involved in the initial contact between the merozoite and RBC. Some of the MSPs including MSP1, MSP6, MSP7 and MSPDBL1 have been shown to form a complex on the merozoite surface that might mediate the initial interaction with RBCs (Kadekoppala and Holder, 2010;Lin et al., 2014). However, there is no direct evidence that demonstrates that MSP1 plays an essential role during invasion. However, a recent study has shown the role of MSP1 in merozoite egress [START_REF] Das | Processing of Plasmodium falciparum Merozoite Surface Protein MSP1 Activates a Spectrin-Binding Function Enabling Parasite Egress from RBCs[END_REF].

After the initial contact between merozoites and RBCs, the next step in preinvasion is the process of reorientation of the merozoite in a manner that allows the apical end of the merozoite to face the RBC. After apical reorientation, merozoites moves towards a more 'committed' stage of invasion. This includes formation of a tight junction and active invasion.

The apical end of the merozoite contains apical organelles known as micronemes and rhoptries. The secretion of the contents of these apical oragnelles is not constitutive but depends on external signals.

The exposure of merozoites to a low potassium [K + ] environment found in the blood plasma triggers a rise in cyclic adenosine monophosphate (cAMP) levels which leads to increase in intracellular calcium (Ca 2+ ) (Dawn et al., 2014;Singh et al., 2010). The rise in Ca 2+ is triggered by the activation of phospholipase C (PLC), leading to production of inositol triphosphate (IP 3 ). IP 3 presumably binds to IP 3 receptors on the endoplasmic reticulum to release Ca 2+ from ER. The elevated Ca 2+ , in turn activates calcium dependent protein kinase 1 (CDPK1), which has been shown to be important for microneme release (Bansal et al., 2013).

Once triggered by these signals, the contents of micronemes are released, including EBA175 and AMA1. These secreted micronemal proteins bind to their receptors on the host RBC. For example, EBA175 binds to Glycophorin A on RBCs (Singh et al., 2010). After microneme proteins such as EBA175 engage with their receptors on the RBCs, basal calcium level is restored followed by secretion of another set of molecules from rhoptries.

Two families of proteins known as erythrocyte binding-like proteins (EBLs) and reticulocyte-binding protein homologs (Rhs) have been shown to engage with receptors on the RBC surface. For example PfRH5, a rhoptry protein, binds to basigin on RBCs and is essential for invasion (Crosnier et al., 2011;Wright et al., 2014). A protein present in the rhoptry neck, known as rhoptry neck protein 2 (RON2) has been shown to insert into the RBC membrane and is then used as a receptor by the micronemal protein AMA1 (Richard et al., 2010;Srinivasan et al., 2011). The 'tight junction' formation between merozoites and RBCs is defined by the RON2-AMA1 interaction, after which the merozoite begins its active entry into the host. Merozoite invasion into the RBC is accompanied by the formation of a parasitophorous vacuole (PV) and echinocytosis of the host RBC [START_REF] Cowman | The cellular and molecular basis for malaria parasite invasion of the human red blood cell[END_REF]. A study has demonstrated that during merozoite invasion, the Ca 2+ levels in host erythrocyte increases (Riglar et al., 2011). A recent study has demonstrated that Ca 2+ entry into host erythrocytes is dependent upon the formation of a complex between PfRH5 with two other ligands known as PfRipr and CyRPA. PfRH5/PfRipr/CyRPA complex binds to basigin on host receptors leading to influx of Ca 2+ into host erythrocytes [START_REF] Volz | Essential Role of the PfRh5/PfRipr/CyRPA Complex during Plasmodium falciparum Invasion of Erythrocytes[END_REF]. However, another study demonstrated that RH5-basigin interaction alone is sufficient to trigger Ca 2+ influx into host erythrocytes [START_REF] Aniweh | P. falciparum RH5-Basigin interaction induces changes in the cytoskeleton of the host RBC[END_REF]. It has also been proposed that Ca 2+ is secreted into target erythrocytes from the rhoptries [START_REF] Weiss | Revealing the sequence and resulting cellular morphology of receptor-ligand interactions during Plasmodium falciparum invasion of erythrocytes[END_REF]. Although the mechanism by which Ca2+ enters host erythrocytes during invasion remains to be clearly understood, it is clear that rise in Ca 2+ triggers phosphorylation of certain RBC proteins that leads to rearrangements in the cytoskeleton enabling insertion of rhoptry neck protein and junction formation [START_REF] Aniweh | P. falciparum RH5-Basigin interaction induces changes in the cytoskeleton of the host RBC[END_REF].

After invasion, the merozoites transform into rings, which is the only parasitic form that is observed in peripheral blood of malaria patients infected with P. falciparum. The ring stage transforms into 'trophozoites', which are rapid growing parasite forms. Trophozoites feed on host hemoglobin and convert the released heme into the polymer hemozoin, which is localized in the food vacuole. The path of hemoglobin internalization is not very clear and it is possible that several distinct processes might be involved [START_REF] Wirth | Digestive-vacuole genesis and endocytic processes in the early intraerythrocytic stages of Plasmodium falciparum[END_REF][START_REF] Elliott | Four distinct pathways of hemoglobin uptake in the malaria parasite Plasmodium falciparum[END_REF][START_REF] Lazarus | A new model for hemoglobin ingestion and transport by the human malaria parasite Plasmodium falciparum[END_REF]. After an active feeding phase, the trophozoites transform into 'schizont stage'. The trophozoites contain 1n to 2n DNA content. In schizont stage, the parasite undergoes 3-4 rounds of DNA synthesis, mitosis and nuclear division but does not undergo cell division. All the nuclei are present in a syncytium. A syncytial schizont can contain 16 to 22 nuclei [START_REF] Arnot | The Plasmodium cell-cycle: facts and questions[END_REF][START_REF] Bannister | A brief illustrated guide to the ultrastructure of Plasmodium falciparum asexual blood stages[END_REF]. Later on, approximately 22 daughter merozoites are formed by division of the syncytial cytoplasm.

Once the daughter merozoites are formed, they need to come out of the nutritionally exhausted host RBC and start a new cycle of RBC invasion in order ensure their survival and continuity.

The process of merozoite egress from mature schizont is also governed by signaling molecules. Just before egress, rise in Ca 2+ and cGMP levels trigger the secretion of a number of different molecules localized in organelles like micronemes and exonemes [START_REF] Agarwal | Ca(2+) -mediated exocytosis of subtilisin-like protease 1: a key step in egress of Plasmodium falciparum merozoites[END_REF][START_REF] Collins | Malaria parasite cGMP-dependent protein kinase regulates blood stage merozoite secretory organelle discharge and egress[END_REF]Yeoh et al., 2007). These molecules assist the merozoites in breaching different barriers like parasitophorous vacuolar membrane (PVM) and RBC membrane (RBCM). The parasite secretes different cysteine and serine proteases, which help in crossing these limiting membranes (Blackman, 2004(Blackman, , 2008)). Rise in intracellular Ca 2+ triggers the discharge of a subtilisin-like protease (SUB1) from exonemes into the parasitophorous vacuole [START_REF] Agarwal | Ca(2+) -mediated exocytosis of subtilisin-like protease 1: a key step in egress of Plasmodium falciparum merozoites[END_REF]. A recent study has demonstrated the role for merozoite surface protein 1 (MSP1) during parasite egress. MSP1 is proteolytically cleaved by SUB1. This processing alters the secondary structure of MSP1, allowing it to bind to heparin and spectrin of host RBCs. MSP1 interacts with host cytoskeletal proteins and enables host erythrocyte rupture leading to egress. Mutations in SUB1 binding sites of MSP& displayed a severe egress defect [START_REF] Das | Processing of Plasmodium falciparum Merozoite Surface Protein MSP1 Activates a Spectrin-Binding Function Enabling Parasite Egress from RBCs[END_REF]. In addition to proteases, merozoites also employ some kinases like calcium dependent protein kinase 5 (CDPK5) to promote egress (Dvorin et al., 2010). Another interesting class of molecules that plays a key role in mediating egress includes perforin like proteins (PLPs). These proteins contain a membrane attack complex/perforin domain (MACPF domain) which creates holes in the target membrane.

Perforin like protein 1 (PLP1) is localized in the micronemes and has been shown to promote the egress of merozoites by permeabilizing the PVM and host RBC membrane (Garg et al., 2013).

Once egressed, the daughter merozoites invade fresh RBCs and continue the asexual cycle of multiplication.

1.2c. -Sexual stage

As the parasite is divding asexually leading to rise in blood stage parasitemia, a subset of parasites (0.1-15%) exit asexual division and commit to sexual development to form male and female gametocytes. Once committed, it takes ∼8-10 days for gametocytes to fully mature. During this process of maturation, known as gametocytogenesis, the gametocytes transit through five different morphological forms (stage I -stage V). A recent autopsy study from children who died of cerebral malaria demonstrated that immature gametocytes are localized in contact with the erythroblastic islands located in the bone marrow [START_REF] Joice | Plasmodium falciparum transmission stages accumulate in the human bone marrow[END_REF]. The mechanism underlying the sequestration of immature gametocytes need to be investigated. The current hypothesis is that immature gametocytes are able to traverse the endothelial barriers to reach the bone marrow where they develop into mature stage V gametocytes which finally come to peripheral blood circulation by intravasation [START_REF] Nilsson | Targeting Human Transmission Biology for Malaria Elimination[END_REF][START_REF] Pelle | Transcriptional profiling defines dynamics of parasite tissue sequestration during malaria infection[END_REF]. Sequestration of immature gametocytes in the bone marrow is believed to protect them from immune responses and also provide them with a nutritionally rich environment.

Interestingly, stage V gametocytes are the only parasitic forms capable of transmission to mosquito. Although gametocytes have no direct role in disease pathology, they play a very crucial role in the spread of malaria in a population via transmission through mosquitoes. For successful transmission, the mature stage V gametocytes circulating in the peripheral blood must traverse the blood capillaries to reach the dermis. A study which involved direct feeding of mosquitoes on the skin of a patient, demonstrated higher mosquito infection rates in comparison to artificial membrane feeding with venous blood samples (Bousema et al. 2012).

This indicates that mature P. falciparum gametocytes are localized under the skin in subdermal capillaries (Meibalan and Marti, 2017). Once these mature gametocytes reach the subdermal capillaries, they can be taken up by the mosquito during the course of a blood meal. known as exflagellation, during which they rapidly undergo three rounds of genome replication to form eight motile flagellated male gametes. These motile male gametes rapidly beat their flagella, egress out of RBCs and form rosettes with the neighbouring RBCs in search of female gametes. This process of egress and flagellar beating of male gametes is termed as exflagellation. The female gametocytes do not undergo any genome replication, but mature into female gametes and egress out of the RBC. Once both male and female gametes have come out of the RBCs in the mosquito midgut, they fuse together to form a zygote. The genome of Plasmodium is haploid in all of its developmental stages except during a very brief zygote period after fertilization of male and female gametes. Soon after fertilization and zygote formation, meiosis and genetic recombination takes place. The zygote transforms into an ookinete, which is an elongated and highly motile cell that possesses secretory organelles called micronemes. It can take 16-24 hours for the gametes to mate and form ookinetes. The ookinetes are ∼6-8µm long and ∼1µm wide [START_REF] Shahabuddin | Plasmodium: parasite chitinase and its role in malaria transmission[END_REF]. Once formed, the ookinetes come out of the blood meal bolus by crossing the peritrophic matrix and traversing the gut epithelium. To traverse the peritrophic matrix, ookinetes secrete a chitinase which helps in permeabilizing this chitin containing structure [START_REF] Huber | Malaria parasite chitinase and penetration of the mosquito peritrophic membrane[END_REF]. Once out of the peritrophic matrix, ookinetes cross the midgut epithelium and develop into oocysts. The mosquito stage of the parasite gets initiated in the midgut of female Anopheles mosquito. Shortly after their entry into the midgut, male and female gametocytes get activated to release mature male and female gametes which undergo fertilization to form a zygote. The zygote differentiates into a motile ookinete which penetrates the peritrophic matrix and invades the midgut epithelium. The ookinetes attach to the basal surface of the epithelium and transform into oocysts which develop further to produce thousands of infective sporozoites over a period of two weeks.

-Parasite transmission

Two key factors responsible for spreading and transmitting malaria in a population include: mature P. falciparum gametocytes circulating in the peripheral blood of diseased patients, and female Anopheles mosquitoes that ingest these gametocytes and transmit the infection to other healthy individuals in the population. Historically, Ronald Ross (1911) and George Mcdonald (1957) developed mathematical models for the transmission of mosquitoborne diseases including malaria. In the year 1897, Ronald Ross demonstrated for the first time that mosquitoes transmit malaria parasites [START_REF] Ross | On some Peculiar Pigmented Cells Found in Two Mosquitos Fed on Malarial Blood[END_REF][START_REF] Ross | Researches on malaria[END_REF]. Immediately, he came up with the idea that mosquito-borne diseases could be prevented by controlling and reducing the population densities of mosquitoes [START_REF] Ross | Inaugural Lecture on the Possibility of Extirpating Malaria from Certain Localities by a New Method[END_REF]. This idea of reducing the mosquito larval population to control the disease was tested at the military cantonment at Mian-Mir, near Lahore, but failed, demonstrating that mosquito eradication is not going to be easy [START_REF] Ross | The anti-malaria experiment at Mian-Mir[END_REF]. Ross developed two mathematical models to study parasite transmission in the years 1908 and 1911 respectively. Mcdonald further expanded these models in the year 1957. These models gave the concept of R 0 and vectoral capacity (V). R 0 denotes the number of new disease cases (infections) generated from an existing disease case (infection) in a completely susceptible population. The value of R 0 depends on the efficiency of the mosquito vector in transmitting malaria., i.e on the vectorial capacity (V), and also on the human capacity of transmission. The vectorial capacity is defined by the efficiency of local mosquitoes in transmitting parasites to humans. On the other hand, human capacity is defined by how efficient humans are in maintaining and transmitting the parasites to the vector. Parasite transmission is maintained when R 0 > 1 and, parasite transmission is not sustained when R 0 <1. Different geographical regions have different R 0 values falling between 0 (a region with no parasite transmission), to 100-1000 (regions of high parasite transmission).

An interesting and fundamental characteristic of parasite transmission is the fact that it is focal in distribution. The female Anopheles requires human blood to obtain nutrition for its oogenesis and a breeding site for oviposition (egg laying). During this time, when the female mosquitoes encounter and feed on human hosts who might be carrying Plasmodium parasites (from previous infections), they get infected with mature gametocytes and begin to act as vectors for transmission by infecting healthy humans in that area. The interaction of the mosquito vector with the human host therefore depends on the availability of suitable breeding sites. It is because of this phenomenon that parasite transmission is focal. Parasite transmission varies between different geographical regions, with some regions having bettersuited climatic conditions to support mosquito vectors, breeding grounds and human habitation. However, even in foci of high transmission, malaria is clustered within particular households. Poorly constructed houses allow more frequent and easy entry of the vectors leading to higher malaria cases [START_REF] Gamage-Mendis | Clustering of malaria infections within an endemic population: risk of malaria associated with the type of housing construction[END_REF]. Interestingly, it has been observed that certain individuals attract more mosquitoes because of their body odours [START_REF] Mukabana | Host-specific cues cause differential attractiveness of Kenyan men to the African malaria vector Anopheles gambiae[END_REF][START_REF] Takken | Odor-mediated behavior of Afrotropical malaria mosquitoes[END_REF]. The parasite transmission which depends upon successful gametocyte carriage in humans is determined by both host and parasite factors. The host factors influencing parasite transmission include age and acquired immunity.

The parasite factors influencing transmission include parasite density and gametocyte sex ratio.

An epidemiological study determined that the proportion of gametocytes developed from asexual parasites increases in adults [START_REF] Ouedraogo | The plasticity of Plasmodium falciparum gametocytaemia in relation to age in Burkina Faso[END_REF]. This is possibly due to age-acquired immune responses that lead to lower density of asexual parasites. This implies the importance of adults in acting as an infectious reservoir of malaria. Another parameter that seems to be important for transmission is gametocyte sex ratio. The male to female gametocyte ratio varies from 1:3 to 1:5 (males:females). A study demonstrated that sex ratio has an impact on parasite transmission but it is dependent on the density of gametocytes. It was observed that high male sex ratios gave higher parasite transmission rates at low gametocyte densities but reduced the success at higher gametocyte densities [START_REF] Mitri | Density-dependent impact of the human malaria parasite Plasmodium falciparum gametocyte sex ratio on mosquito infection rates[END_REF]. Gametocyte densities are also affected by anti-malarial drug treatment as some antimalarial drugs that kill the asexual stages of the parasite trigger an increase in gametocyte production [START_REF] Buckling | Chloroquine increases Plasmodium falciparum gametocytogenesis in vitro[END_REF].

The world map shown below display the regions which have completely eradicated malaria and therefore have no parasite transmission (areas in white color), the regions which are eliminating malaria i.e. trying to reduce the transmission of the disease (areas in pink) and, the areas which are controlling the disease i.e. transmission of the disease continues to occur (areas in red).

gametocytogenesis, a number of different studies have been conducted. Initially, it was hypothesized that high parasitemia, i.e. high density of asexual parasites in human blood might induce the formation of gametocytes. This was tested in a study and found that the parasite culture that contained high parasitemia had more schizonts committed towards producing gametocytes in comparison to the culture with low parasitemia [START_REF] Bruce | Commitment of the malaria parasite Plasmodium falciparum to sexual and asexual development[END_REF].

In vitro studies have pointed towards the role of nutritional deprivation in inducing gametocytogenesis [START_REF] Dyer | Regulation of the rate of asexual growth and commitment to sexual development by diffusible factors from in vitro cultures of Plasmodium falciparum[END_REF][START_REF] Williams | Stimulation of Plasmodium falciparum gametocytogenesis by conditioned medium from parasite cultures[END_REF]. Although, these in vitro studies points towards the role of high parasitemia in inducing gametogenesis, this assumption remains debatable since in natural infections gametocytes have been detected in the blood of asymptomatic individuals [START_REF] Nguitragool | Very high carriage of gametocytes in asymptomatic low-density Plasmodium falciparum and P. vivax infections in western Thailand[END_REF]. In addition, a study involving malaria infected Gambian children had shown that addition of lymphocytes and sera from these children may lead to an increased production of P. falciparum gametocytes in in vitro cultures (Smalley and Brown, 1981). This indicated that there might be some factors secreted by lymphocytes or present in the sera of malaria patients that triggers the process of gametocytogenesis. Another study using the antibodies against P. falciparum, produced in hybridoma cell lines demonstrated that addition of these antibodies along with the culture medium induced gametocytogenesis in the in vitro cultures [START_REF] Ono | Induction of gametocytogenesis in Plasmodium falciparum by the culture supernatant of hybridoma cells producing anti-P. falciparum antibody[END_REF]. Another interesting factor that was found to enhance gametocytogenesis is reticulocyte rich blood [START_REF] Trager | What triggers the gametocyte pathway in Plasmodium falciparum?[END_REF][START_REF] Trager | Enhanced gametocyte formation in young erythrocytes by Plasmodium falciparum in vitro[END_REF][START_REF] Trager | Plasmodium falciparum: enhanced gametocyte formation in vitro in reticulocyte-rich blood[END_REF]. Two other independent studies in P. chaubaudi and P. berghei have also reported similar phenomenon that increase in the number of reticulocytes by inducing reticulocytosis through treatment with erythropoietin (EPO) leads to an increased production of gametocytes [START_REF] Gautret | Enhanced gametocyte formation by Plasmodium chabaudi in immature erythrocytes: pattern of production, sequestration, and infectivity to mosquitoes[END_REF][START_REF] Mons | Intra erythrocytic differentiation of Plasmodium berghei[END_REF].

These different studies hint towards the role of factors associated with hematopoeisis in triggering gametocytogenesis in human host, however the precise signals involved in this process remain to be identified.

A recent insight regarding the factors inducing gametocytogenesis comes from two in vitro studies with P. falciparum. These studies demonstrated that when the parasite is rapidly multiplying in the asexual cycle, they secrete some extracellular vesicles (EVs) or microvesicles that are taken up by the surrounding infected RBCs and promote their conversion to sexual stages [START_REF] Mantel | Malaria-infected erythrocyte-derived microvesicles mediate cellular communication within the parasite population and with the host immune system[END_REF][START_REF] Regev-Rudzki | Cell-cell communication between malaria-infected red blood cells via exosome-like vesicles[END_REF]. However the components of these vesicles that trigger sexual commitment remain unidentified.

A very recent study has identified the role of host derived lysophosphatidylcholine (lysoPC) in regulating sexual differentiation in P. falciparum [START_REF] Brancucci | Lysophosphatidylcholine Regulates Sexual Stage Differentiation in the Human Malaria Parasite Plasmodium falciparum[END_REF]. This study shows that the parasite uptakes lysoPC from the human host for the biosynthesis of phosphatidylcholine, which is an essential membrane component. Host derived lysoPC promotes asexual parasite proliferation and represses sexual differentiation. A drop in the lysoPC levels acts as a switch and triggers sexual commitment and differentiation [START_REF] Brancucci | Lysophosphatidylcholine Regulates Sexual Stage Differentiation in the Human Malaria Parasite Plasmodium falciparum[END_REF].

Once gametocytogenesis has been triggered by some of the factors discussed above, gametocyte development in P. falciparum completed in approximately 10-12 days. This time period is shorter in other Plasmodium species. During this process of development, the gametocytes undergo changes in the morphology and can be categorized into five stages (stages I-V). Besides stage I, all the other gametocyte stages, i.e. stages II to V, can be distinguished using light microscopy [START_REF] Carter | Evidence for environmental modulation of gametocytogenesis in Plasmodium falciparum in continuous culture[END_REF]. It is also possible to distinguish all the stages using molecular markers specific to each stage [START_REF] Pradel | Proteins of the malaria parasite sexual stages: expression, function and potential for transmission blocking strategies[END_REF].

Under light microscopy, stage I gametocytes appear round shaped cells with granular distribution of pigment in food vacuole. During stage I, a subpellicular membrane and microtubule array forms [START_REF] Talman | Gametocytogenesis: the puberty of Plasmodium falciparum[END_REF]. Infact, it is the presence of a pellicular complex originating from small membranous vesicles beneath the plasmalemma, which distinguishes sexual stages from asexual stages.

Stage I gametocytes transform into stage II gametocytes over the period of next two days. Stage II gametocytes elongate within the host erythrocyte and eventually become Dshaped as observed under the light microscopy. The subpellicular membrane and microtubule complex expands and it is because of this expansion that stage II gametocytes acquire a Dshaped morphology. The nucleus is found either at the terminal site or towards the long axis of the cell. Some spindle fibers are visible within. The mitochondria of stage I and II gametocytes have very few cristae [START_REF] Sinden | Gametocytogenesis of Plasmodium falciparum in vitro: ultrastructural observations on the lethal action of chloroquine[END_REF].

Stage II gametocytes transform into stage III gametocytes over two days. The D-shape gets slightly distorted and they become more rectangular. Subpellicular membrane develops further and leads to distortion of the cell shape. Sexual dimorphism becomes apparent from stage III onwards. Male and female gametocytes can be distinguished by light microscopy.

Males appear pink and females appear blue after staining with Giemsa. The male nucleus is larger than the female nucleus. Females contain slightly more endoplasmic reticulum, ribosomes and mitochondria than males. Stage III onwards, mitochondria exhibit increased cristae.

Over the next couple of days stage III gets transformed into stage IV gametocytes.

Morphologically, they appear elongated with pointed ends. The host erythrocyte membrane is highly distorted by this time. The hemozoin pigments appear to be scattered in male gametocytes and they are more dense in female gametocytes. The subpellicular membrane and microtubular complex completely surrounds the gametocyte. The osmophilic bodies which are related to egress of female gametocytes, become visible during this stage of gametocyte development. The female gametocytes contain more mitochondria, ribosomes and osmophilic bodies. The nucleus is larger in male gametocytes. The kinetochores of every chromosome are attached to an electron dense body present over a nuclear pore in male gametocytes. Microtubule-organizing center (MTOC) is present right opposite the nuclear pore [START_REF] Sinden | Gametocytogenesis of Plasmodium falciparum in vitro: ultrastructural observations on the lethal action of chloroquine[END_REF].

Stage IV gametocytes eventually mature into the last stage, i.e., stage V over the period of next two days. Stage V gametocytes are sausage or banana shaped with round extremities. In male gametocytes which stain pink with Giemsa, the hemozoin pigment is scattered while in the female gametocytes which stains blue with Giemsa, hemozoin pigment is dense. The inner membrane complex remains intact. The male gametocytes have a large nucleus, drastic reduction in the ribosomal density and very few mitochondria. The kinetochore complex is attached to the nuclear envelope in male gametocytes. Females possess large number of mitochondria, ribosomes and osmophilic bodies and a smaller nucleus.

them in crossing splenic slits and appear in blood circulation, ready to be picked up by the mosquitoes. Mature stage V gametocytes are more deformable and therefore they are able to leave the sequestration sites and reach the peripheral circulation, ready to be picked up by mosquitoes. The defomability of mature gametocytes had been associated with host cytoskeletal changes, i.e. actin remodeling in host erythrocytes [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF]. P. falciparum infected red blood cells adhere to host endothelium via a transmembrane erythrocyte membrane protein 1 (PfEMP1). PfEMP1 is coded by var genes [START_REF] Flick | var genes, PfEMP1 and the human host[END_REF]). The parasite genome contain 60 different var genes. These genes follow a strict monoallelic expression, with one var gene expressed in a single parasite at a time and all others are kept silenced [START_REF] Dzikowski | Mutually exclusive expression of virulence genes by malaria parasites is regulated independently of antigen production[END_REF]. The parasites evade host immune system by switching var gene expression. Early and late stage P. falciparum gametocytes have also been shown to transcribe var genes [START_REF] Hayward | Virulence and transmission success of the malarial parasite Plasmodium falciparum[END_REF]. In fact, a particular var gene subset, i.e., type C is transcribed in gametocytes and the expression pattern of this gene in gametocytes is different from asexual parasites [START_REF] Sharp | Programmed transcription of the var gene family, but not of stevor, in Plasmodium falciparum gametocytes[END_REF]. PfEMP1, a var gene product in early stage gametocytes [START_REF] Glushakova | Irreversible effect of cysteine protease inhibitors on the release of malaria parasites from infected erythrocytes[END_REF][START_REF] Yeoh | Subcellular discharge of a serine protease mediates release of invasive malaria parasites from host erythrocytes[END_REF][START_REF] Stallmach | Plasmodium falciparum SERA5 plays a nonenzymatic role in the malarial asexual blood-stage lifecycle[END_REF][START_REF] Chandramohanadas | Apicomplexan parasites co-opt host calpains to facilitate their escape from infected cells[END_REF][START_REF] Dvorin | A plant-like kinase in Plasmodium falciparum regulates parasite egress from erythrocytes[END_REF][START_REF] Alam | Phosphoproteomics reveals malaria parasite Protein Kinase G as a signalling hub regulating egress and invasion[END_REF][START_REF] Kafsack | Apicomplexan perforin-like proteins[END_REF][START_REF] Garg | Calcium-dependent permeabilization of erythrocytes by a perforin-like protein during egress of malaria parasites[END_REF][START_REF] Billker | The roles of temperature, pH and mosquito factors as triggers of male and female gametogenesis of Plasmodium berghei in vitro[END_REF] hours of development) interacts with CD36 on host endothelial cells [START_REF] Day | CD36-dependent adhesion and knob expression of the transmission stages of Plasmodium falciparum is stage specific[END_REF]. The early stage gametocytes display fewer PfEMP1 molecules on the surface of host erythrocytes in comparison to asexual blood stages [START_REF] Tiburcio | Early gametocytes of the malaria parasite Plasmodium falciparum specifically remodel the adhesive properties of infected erythrocyte surface[END_REF]. In asexual parasites PfEMP1 is exposed in cellular structures known as knobs [START_REF] Crabb | Targeted gene disruption shows that knobs enable malaria-infected red cells to cytoadhere under physiological shear stress[END_REF]. However, gametocyte infected erythrocytes do not display knob formation [START_REF] Sinden | Gametocytogenesis of Plasmodium falciparum in vitro: ultrastructural observations on the lethal action of chloroquine[END_REF]. A study found that the cell binding efficiency of immature gametocytes is much lower than that of asexual parasites [START_REF] Silvestrini | Differential adhesive properties of sequestered asexual and sexual stages of Plasmodium falciparum on human endothelial cells are tissue independent[END_REF]. From these studies, it becomes evident that PfEMP1 is expressed at low levels in immature gametocytes, however its role in cytoadherence and gametocyte sequesteration remains unclear.

Another important multigene family known as stevor (subtelomeric variable open reading frame), is expressed in three different stages of P. falciparum including asexual blood stages, gametocytes and sporozoites [START_REF] Mcrobert | Distinct trafficking and localization of STEVOR proteins in three stages of the Plasmodium falciparum life cycle[END_REF]. In gametocytes, STEVOR has been shown to play a role in regulating deformability of mature gametocytes [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. STEVORs contain a PEXEL motif and are transported to host erythrocyte cytoplasm and membrane [START_REF] Lavazec | Hypervariability within the Rifin, Stevor and Pfmc-2TM superfamilies in Plasmodium falciparum[END_REF][START_REF] Niang | The Plasmodium falciparum STEVOR multigene family mediates antigenic variation of the infected erythrocyte[END_REF]. The 'stiffness' of immature gametocytes is due to interaction of STEVOR cytoplasmic domain with host erythrocyte ankyrin complex (ankyrin, Band3 and spectrin) [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. This interaction is regulated by PKA-dependent phosphorylation of a specific serine residue on the cytoplasmic domain of STEVOR [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. In mature gametocytes, which are more 'deformable', the STEVOR phosphorylation decreases. The drop in cAMP level has been hypothesized to play a role in reduction of phosphorylation of STEVORs and their cytoskeletal binding partners. This weakens the interactions of STEVORs with its host cytoskeleton and causes mature gametocytes to become more 'deformed' [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF][START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF].

When the parasite switches from asexual to sexual stage, it is accompanied by several metabolic changes. In asexual blood stages, most of the ATP production takes place via glycolytic pathway by conversion of pyruvate to lactate. However, the gametocytes are more dependent on tricarboxylic acid (TCA) cycle for their energy production [START_REF] Macrae | Mitochondrial metabolism of sexual and asexual blood stages of the malaria parasite Plasmodium falciparum[END_REF]. Mitochondria from stage III, IV and V macrogametocytes have been shown to contain increased cristae while microgametes contain very few mitochondria [START_REF] Krungkrai | Mitochondrial oxygen consumption in asexual and sexual blood stages of the human malarial parasite, Plasmodium falciparum[END_REF][START_REF] Langreth | Fine structure of human malaria in vitro[END_REF]. Another enzyme that is differentially expressed in the blood stages and gametocytes is phosphoenolpyruvate carboxy kinase (PfPEPCK). This enzyme is upregulated in gametocytes as compared to asexual stages. It was hypothesized that the abundant expression of this enzyme in gametocytes and zygote stages is an adaptation mechanism which prepares the parasite to survive in glucose depleted environment of the mosquito midgut by providing an alteranate pathway of ATP production via gluconeogenesis [START_REF] Hayward | Plasmodium falciparum phosphoenolpyruvate carboxykinase is developmentally regulated in gametocytes[END_REF][START_REF] Talman | Gametocytogenesis: the puberty of Plasmodium falciparum[END_REF].

1.3b -Gametogenesis, fertilization and development in the mosquito vector

Mature stage V gametocytes are unable to undergo fertilization in the human host. This is the reason why mature gametocytes are considered to be a bottleneck in the P. falciparum life cycle and are the target for development of transmission blocking drugs and vaccine interventions. For further life cycle progression, mature stage V gametocytes need to be picked up by the mosquito during a blood meal and reach the mosquito midgut where their further development into mature gametes and fertilization takes place. Like other organisms, sexual reproduction is a significant event in the parasite life cycle as it generates variations amongst the progeny and ensures their evolutionary survival and propagation. Similar to other apicomplexan parasites, Plasmodium falciparum remains haploid (N) by dividing mitotically throughout its life cycle, except for a very brief period during fertilization and zygote formation (2N), soon after which the first meiotic division takes place which is known as zygotic meiosis. This meiosis leads to the formation of a tetraploid cell (ookinete) containing four haploid nuclei.

After ingestion along with the blood meal, mature gametocytes reach the midgut of mosquitoes and are triggered to undergo gametogenesis. Gametogenesis is the process of formation and release of mature gametes by rupturing the human host erythrocytes. This process of gamete formation is triggered by the following factors: xanthurenic acid (XA) which is a byproduct of retinal pigment synthesis in mosquitoes and found in the midgut (Billker et al., 1998), a drop in temperature due to shift from a mammalian host to an invertebrate mosquito vector and the change in pH (Billker et al., 1997). Even after the discovery of XA as the molecule triggering gametogenesis in Plasmodium, the parasite receptor that binds to XA remains to be identified. In response to these cues, stage V microgametocytes which were arrested in the G 0 phase of the cell cycle in the human host, are able to resume their cell cycle. Microgametocytes undergo three rounds of genome replication to produce eight flagellated microgametes by a process known as exflagellation [START_REF] Janse | DNA synthesis in gametocytes of Plasmodium falciparum[END_REF][START_REF] Janse | DNA synthesis in Plasmodium berghei during asexual and sexual development[END_REF]. Exflagellation has been defined as the process during which newly formed microgametes rapidly move by beating their flagella and egress from erythrocytes in search of macrogametes for fertilization. The macrogametocyte does not undergo any genome replication in response to these cues, but instead undergoes another switch. In macrogametocytes, many mRNAs are translationally 'suppressed' when they are still inside the human host. Once they reach the mosquito, this repression is removed and these mRNAs which encode gamete/zygote/ookinete proteins are translated [START_REF] Sinden | Regulation of infectivity of Plasmodium to the mosquito vector[END_REF].

A number of surface-associated proteins regulate gametocyte development and gamete formation in P. falciparum. These include LCCL-domain containing proteins known as PfCCp, six-cys motif containing proteins like Pfs47, Pfs48/45, Pfs230 and EGF-domain containing Pfs25 [START_REF] Pradel | A multidomain adhesion protein family expressed in Plasmodium falciparum is essential for transmission to the mosquito[END_REF][START_REF] Simon | Adhesion protein complexes of malaria gametocytes assemble following parasite transmission to the mosquito[END_REF][START_REF] Simon | Sexual stage adhesion proteins form multi-protein complexes in the malaria parasite Plasmodium falciparum[END_REF][START_REF] Van Dijk | A central role for P48/45 in malaria parasite male gamete fertility[END_REF][START_REF] Van Schaijk | Pfs47, paralog of the male fertility factor Pfs48/45, is a female specific surface protein in Plasmodium falciparum[END_REF].

LCCL domains present in PfCCps were initially identified in three different proteins namely, Limulus clotting factor C, cochlear protein Coch-5b2 and lung gestation protein Lgl1 [START_REF] Trexler | The LCCL module[END_REF]. Six PfCCp proteins are expressed in gametocytes and they assemble to form a multiprotein complex (MPC) in the lumen of the parasitophorous vacuole.

The MPC interacts with Pfs230 which in turn binds the parasite plasma membrane-bound Pfs48/45. After gametocyte activation, Pfs230 gets processed and Pfs25, a GPI-anchored protein reaches the gamete plasma membrane. This sequence of events post gametocyte activation and PVM and EM rutpture, results in increased binding of the PfCCp-based MPC to gametocyte plasma membrane [START_REF] Simon | Adhesion protein complexes of malaria gametocytes assemble following parasite transmission to the mosquito[END_REF].

Once microgametes and macrogametes escape from the erythrocyte, the process of fertilization begins by fusion of the two gametes. Their plasma membranes fuse together, followed by the entry of male nucleus into the female cytoplasm. It has been found that a protein known as GCS1 (generative cell specific 1) also known as HAP2 (hapless2) is expressed by microgametes and is important for gamete fusion. Gene dispruption studies in P.

berghei have shown that disrupting GCS1 leads to male sterility and block in fertilization [START_REF] Hirai | Male fertility of malaria parasites is determined by GCS1, a plant-type reproduction factor[END_REF][START_REF] Liu | The conserved plant sterility gene HAP2 functions after attachment of fusogenic membranes in Chlamydomonas and Plasmodium gametes[END_REF]. Once the gametes have fused to form a zygote, nuclear fusion commences and in the following 3 hours meiosis takes place leading to the formation of a tetraploid zygotes which develops into ookinetes [START_REF] Janse | DNA synthesis in Plasmodium berghei during asexual and sexual development[END_REF].

After ookinete formation, a number of maternal transcripts are derepressed and protein translation resumes. Differentiation of zygotes into ookinetes, which are elongated and polar, is highly dependent on the spatio-temporal expression of several important proteins (Guttery et al., 2015). A study in zygotes led to the identification of 91 proteins specifically synthesized after fertilization [START_REF] Sebastian | A Plasmodium calcium-dependent protein kinase controls zygote development and transmission by translationally activating repressed mRNAs[END_REF]. The inner membrane complex (IMC) and the apical complex is newly formed during ookinete development. An important transcription factor that regulates the expression of a number of genes in ookinetes is AP2-O.

AP2-O mRNA is translationally repressed in the microgametocyte and gets translated later during ookinete development [START_REF] Yuda | Identification of a transcription factor in the mosquito-invasive stage of malaria parasites[END_REF]. Another interesting study involved in recognizing the targets of AP2-O, revealed that this transcription factor regulates the expression of more than 500 genes. Some of the genes whose transcription is regulated by AP2-O include the genes involved in morphogenesis, locomotion, penetration of mosquito midgut, oocyst development and protection against mosquito immune system [START_REF] Kaneko | Genome-Wide Identification of the Target Genes of AP2-O, a Plasmodium AP2-Family Transcription Factor[END_REF]. Once the ookinetes have matured, over 19-36 hours post-blood meal, the motile ookinete exit the mosquito midgut lumen [START_REF] Aikawa | New observations on gametogenesis, fertilization, and zygote transformation in Plasmodium gallinaceum[END_REF][START_REF] Sinden | The development of Plasmodium ookinetes in vitro: an ultrastructural study including a description of meiotic division[END_REF][START_REF] Vlachou | Real-time, in vivo analysis of malaria ookinete locomotion and mosquito midgut invasion[END_REF]. During exit from the midgut lumen, ookinetes secrete a chitinase that hydrolyses the chitin containing peritrophic matrix [START_REF] Vinetz | The chitinase PfCHT1 from the human malaria parasite Plasmodium falciparum lacks proenzyme and chitin-binding domains and displays unique substrate preferences[END_REF]. After exit from the midgut lumen, the ookinetes adhere to the midgut wall and transform into oocysts. Some of the proteins which are thought to mediate ookinete to oocyst transformation by helping in the attachment to basal lamina of midgut wall include: P25, P28, SOAP (secreted ookinete adhesive protein) and CTRP [START_REF] Dessens | SOAP, a novel malaria ookinete protein involved in mosquito midgut invasion and oocyst development[END_REF][START_REF] Limviroj | Immuno-electron microscopic observation of Plasmodium berghei CTRP localization in the midgut of the vector mosquito Anopheles stephensi[END_REF][START_REF] Mahairaki | The Anopheles gambiae gamma1 laminin directly binds the Plasmodium berghei circumsporozoite-and TRAP-related protein (CTRP)[END_REF][START_REF] Vlachou | Anopheles gambiae laminin interacts with the P25 surface protein of Plasmodium berghei ookinetes[END_REF].

Following oocyst attachment to the midgut wall, further development to produce sporozoites takes approximately 10-12 days. Oocysts undergo endo-mitotic divisions and as characteristic for Plasmodium, there is a temporal separation between nuclear division and cytokinesis. During this time, the growing oocyst acquires nutrition presumably from the mosquito hemolymph, through a yet unknown mechanism. Oocysts can develop to attain a size of 50-60µm in diameter. When the oocysts are developing, they start expressing the circumsporozoite protein (CSP). CSP expression begins after few days of oocyst formation and it accumulates on the plasma membrane of the growing oocyst [START_REF] Thathy | Levels of circumsporozoite protein in the Plasmodium oocyst determine sporozoite morphology[END_REF].

When sporozoite formation starts, the plasma membrane of the oocyst is retracted by formation of internal invaginations that lead to formation of lobes of cytoplasm containing nuclei. These lobes of syncytium containing the dividing nuclei are known as sporoblasts. It has been found that CSP is expressed on the membrane of sporoblasts and is essential for the formation of sporoblasts and therefore sporozoites [START_REF] Menard | Circumsporozoite protein is required for development of malaria sporozoites in mosquitoes[END_REF][START_REF] Thathy | Levels of circumsporozoite protein in the Plasmodium oocyst determine sporozoite morphology[END_REF].

The microtubule organizing centers (MTOCs) are involved in the formation of the apical complex and positing of nuclei for their incorporation into daughter sporozoites. MTOCs are found to be present below the sporoblast membrane [START_REF] Thathy | Levels of circumsporozoite protein in the Plasmodium oocyst determine sporozoite morphology[END_REF]. During sporozoite formation, the apical ring is assembled, subpellicular microtubules are formed, polymerized and attached to the inner membrane complex (IMC). After this, sporozoites bud off from the sporoblast [START_REF] Vanderberg | Differentiation of nuclear and cytoplasmic fine structure during sporogonic development of Plasmodium berghei[END_REF]. The sporozoites attain crescent shape after their budding from the sporoblasts. When sporozoite formation is complete, the oocyst is filled with 2000-8000 sporozoites that eventually egress out and are released into the hemolymph.

Earlier, it was believed that oocyst rupture is a passive process resulting from oocyst expansion due to accumulating sporozoites. However, later studies in rodent malaria P. berghei, showed that a cysteine protease known as ECP1 (egress cysteine protease 1) is essential for sporozoite egress from the oocyst [START_REF] Aly | A malarial cysteine protease is necessary for Plasmodium sporozoite egress from oocysts[END_REF]. Another study demonstrated that ECP1 might be responsible for processing of CSP in the oocyst, which maybe necessary for sporozoite release [START_REF] Wang | Exit of Plasmodium sporozoites from oocysts is an active process that involves the circumsporozoite protein[END_REF]. Once released, sporozoites are transported to all the tissues of the mosquito via hemolymph circulation [START_REF] Aly | Malaria parasite development in the mosquito and infection of the mammalian host[END_REF].

During their journey, sporozoites also pass the basal lamina of mosquito salivary glands. Some parasite ligands recognize specific receptors on the basal lamina of the host salivary glands and enabling entry [START_REF] Aly | A malarial cysteine protease is necessary for Plasmodium sporozoite egress from oocysts[END_REF]. The sporozoites cross the basal lamina and invade secretory acinar cells of salivary glands. Eventually, the sporozoites exit emerge out from the acinar cells and enter the salivary gland duct [START_REF] Pimenta | The journey of malaria sporozoites in the mosquito salivary gland[END_REF].

These sporozoites are now ready to be injected into the human skin during mosquito feeding to initiate their life cycle in humans.

-Molecular switch regulating sexual commitment and differentiation in P. falciparum

During each asexual cycle in the human blood, a small percentage of malaria parasites exit this asexual mode of multiplication and enter an alternate sexual development pathway.

Different factors including change in the host environment or factors secreted by the parasites have been proposed to mediate this developmental switch. Two recent independent studies in P. falciparum and P. berghei involving both forward and reverse genetics have identified a transcription factor known as AP2-G which is the master regulator that mediates the switch from asexual to sexual development in parasites [START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF][START_REF] Sinha | A cascade of DNA-binding proteins for sexual commitment and development in Plasmodium[END_REF].

Whole genome sequencing of different P. falciparum lines that either produce or do not produce gametocytes led to the identification of several single nucleotide polymorphisms (SNPs) in one genetic locus, namely pfap2-g [START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF]. AP2-G is a transcription factor that belongs to the family of apicomplexan-specific DNA binding protein termed as ApiAP2 family. Members of this family contain a conserved 60 amino acid long DNAbinding domain known as AP2. The AP2 domain is homologous to plant DNA-binding proteins known as APETALA2/ethylene response factor (AP2/ERF) [START_REF] Josling | Sexual development in Plasmodium parasites: knowing when it's time to commit[END_REF]. AP2-G binds to the DNA motif (GTAC) located upstream of a number of gametocyte genes [START_REF] Campbell | Identification and genome-wide prediction of DNA binding specificities for the ApiAP2 family of regulators from the malaria parasite[END_REF]. It has been found that the parasites that express PfAP2-G are committed to produce gametocytes. The parasites in which pfap2-g locus was disrupted failed to produce gametocytes and only replicated asexually in culture [START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF]. Interestingly, it was observed that the ap2-g locus in both P. falciparum and P. berghei contain multiple copies of its own recognition motif in the promoter region, indicating that it might regulate its own expression in a positive feedback loop [START_REF] Josling | Sexual development in Plasmodium parasites: knowing when it's time to commit[END_REF][START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF][START_REF] Sinha | A cascade of DNA-binding proteins for sexual commitment and development in Plasmodium[END_REF]. Although, it is well established that PfAP2-G expression gets elevated during gametogenesis, it is not clear whether this increase in PfAP2-G levels drive commitment towards gametogenesis or the levels go high immediately after commitment [START_REF] Josling | Sexual development in Plasmodium parasites: knowing when it's time to commit[END_REF].

Interestingly, the process of sexual differentiation through pfap2-g is regulated at the epigenetic level. A well studied silencing factor in eukaryotes known as heterochromatin protein 1 (HP1) has been found to enrich at the pfap2-g locus in P. falciparum [START_REF] Flueck | Plasmodium falciparum heterochromatin protein 1 marks genomic loci linked to phenotypic variation of exported virulence factors[END_REF]. From studies in various organisms, it is known that HP1 binds to a repressive histone mark, i.e. histone H3 trimethylated on lysine 9 (H3K9me3) and renders the chromatin unaccessible to transcription factors. Therefore, the heterochromatin containing the repressive methylation i.e. on lysine 9 of histone H3 and an associated HP1 protein is transcriptionally repressed. A study found that reduction in levels of PfHP1 led to increased gametocyte production by derepression of pfap2-g locus [START_REF] Brancucci | Heterochromatin protein 1 secures survival and transmission of malaria parasites[END_REF]. It was also found that the PfHP1 expression is required during the schizont stage to repress gametogenesis. This indicates that PfAP2-G expression must be required during schizont stage to trigger gametocyte development [START_REF] Josling | Sexual development in Plasmodium parasites: knowing when it's time to commit[END_REF].

Apart from PfHP1, another epigenetic factor known as P. falciparum histone deacetylase 2 (PfHda2) was found to negatively regulate gametocytogenesis [START_REF] Coleman | A Plasmodium falciparum histone deacetylase regulates antigenic variation and gametocyte conversion[END_REF]. Reduction in the levels of PfHda2 was found to trigger gametocytogenesis by derepression of pfap2-g locus. Although, the depletion of both PfHP1 and PfHda2 led to the derepression of pfap2-g locus and increased gametocytogenesis, the effect of depletion of PfHda2 on gametocytogenesis was found to be less drastic than that of PfHP1. Therefore, it is speculated that PfHda2 functions upstream of PfHP1 [START_REF] Josling | Sexual development in Plasmodium parasites: knowing when it's time to commit[END_REF].

: Molecular players regulating sex determination in P.

falciparum P. falciparum is a haploid organism lacking sex chromosomes. Therefore, it is quite intriguing to understand the mechanisms that this haploid organism deploys to allocate male and female sexes. A single clone of the parasite produces both male and female gametocytes.

The precise molecular mechanisms regulating sex allocation remains to be identified.

However, it has been speculated that sex determination occurs either concomitantly with sexual commitment or shortly after it in the human host. This speculation is based on studies that found that all the merozoites emerging from each sexually commited schizont either develop into male or female gametocytes [START_REF] Silvestrini | Commitment to the production of male and female gametocytes in the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Smith | Commitment to sexual differentiation in the human malaria parasite, Plasmodium falciparum[END_REF].

Moreover, sex allocation in P. falciparum is biased towards females as more female gametocytes are produced in comparison to male gametocytes. The ratio between female and male gametocytes usually varies between 3:1 to 5:1 depending upon the parasite strain.

However, this female gametocyte biased sex ratio does not lead to more female gametes at the time of fertilization because each female gametocyte matures into one female gamete. On the other hand, each male gametocyte produces eight mature male gametes, which are capable of fertilizing eight female gametes. Therefore, the sex ratio is balanced due to the fact that greater number of male gametes are gametocyte are produced per gametocyte.

The genes regulating sex allocation in P. falciparum remains largely unknown. A genetic study in Dd2 parasite line that which produces fewer male gametocytes, led to the identification of a gene termed as P. falciparum male gamete development 1 (pfmdv1). It is because of low levels of PfMDV1 in Dd2 parasite line, that this strain produces fewer male gametocytes. Disruption of pfmdv1 in P. falciparum arrests gametocyte development at stage I and the ratio of male to female gametocytes is extremely low. Another factor regulating sex ratios is PfPuf2. Puf family contains RNA binding molecules. Disruption of PfPuf2 was found to increase the number of male gametocytes. On the other hand, overexpression of PfPuf2 was found to repress formation of male gametocytes leading to lower male:female sex ratios.

A proteomic study in P. falciparum identified 174 male specific and 258 female specific proteins in stage V gametocytes [START_REF] Tao | Sex-partitioning of the Plasmodium falciparum stage V gametocyte proteome provides insight into falciparumspecific cell biology[END_REF]. A similar study in P. berghei had found that 36% of the total proteome is composed of male specific proteins and around 19% of the total proteome consist of female specific proteins [START_REF] Khan | Proteome analysis of separated male and female gametocytes reveals novel sexspecific Plasmodium biology[END_REF] . These studies indicate that the gametocyte developmental program is maneuvered by a number of different molecular players specific to each sex, however, the genes determining the gender of a sexually committed schizont remain to be identified.

: Gametocyte activation in the mosquito midgut

Gametocytes are programmed to undergo maturation to form gametes in the mosquito midgut by a process known as gametocyte activation. The drastic change in the host environment when gametocytes are picked up by a mosquito during a blood meal triggers this maturation process. The precise factors known so far that are responsible for inducing gametocyte activation include : a temperature drop by approximately 5°C (due to shift from warm blooded human host to an invertebrate host) and exposure to a mosquito-derived molecule known as xanthurenic acid (XA).

1.8a : Signals for gametocyte activation

In response to the external signals, i.e. temperature drop and presence of XA, the gametocytes get activated. These signals were shown to trigger the activity of guanylyl cyclase in gametocyte membranes. However, the parasite receptor that recognizes and responds to XA has not yet been identified. The activation of guanylyl cyclase activity results in the synthesis of cyclic GMP (cGMP), which serves as a second messenger. XA induced guanylyl cyclase activity was found to be dependent on Mg 2+ or Mn 2+ and inhibited by Ca 2+ [START_REF] Muhia | The gametocyteactivating factor xanthurenic acid stimulates an increase in membrane-associated guanylyl cyclase activity in the human malaria parasite Plasmodium falciparum[END_REF]. In eukaryotes, the intracellular levels of cGMP are regulated by two enzymes. These include cGMP-synthesizing guanylyl cyclases and cGMP-hydrolyzing phosphodiesterases (PDE). In P. falciparum, two guanylyl cyclases are present. These include GCα and GCβ [START_REF] Carucci | Guanylyl cyclase activity associated with putative bifunctional integral membrane proteins in Plasmodium falciparum[END_REF]. GCα is thought to be essential as the attempts to delete this gene failed in both P. falciparum and P. berghei. On the other hand, GCβ was successfully disrupted in both the species. P. falciparum genome contains four putative cyclic nucleotide phosphodiesterases (PDEs), PDEα-δ [START_REF] Young | The Plasmodium falciparum sexual development transcriptome: a microarray analysis using ontology-based pattern identification[END_REF]. In a study involving the inhibition of phosphodiesterase activity by the human PDE inhibitor zaprinast, it was found that mature gametocytes are stimulated to round up in the absence of an external trigger, i.e., in the absence of XA. This indicates that elevated levels of cGMP are required for gametogenesis by triggering the rounding up of crescent shaped gametocytes (McRobert et al., 2008). However, the knockout of PDEδ gene in P. falciparum leads to impaired gametogenesis. This indicates that although elevation in cGMP levels is required for gametogenesis, there is a temporal regulation of cGMP levels and having abnormally high cGMP levels has deleterious effects on gametogenesis [START_REF] Taylor | Disruption of a Plasmodium falciparum cyclic nucleotide phosphodiesterase gene causes aberrant gametogenesis[END_REF]. The elevated cGMP levels at the beginning of gametocyte activation triggers the activation of cGMPdependent protein kinase (PKG). Inhibition of PKG activity by an inhibitor known as compound 1 was shown to arrest gametogenesis at the very first step, i.e. gametocyte rounding up. The same study also demonstrated that mutant strains expressing a compound 1 insensitive PKG were not affected by the treatment with compound 1 and underwent normal gametogenesis. This indicated that PKG is important for the first step in gametogenesis, i.e. gametocyte rounding up (McRobert et al., 2008).

In P. berghei, Ca 2+ levels have been found to be elevated around 10 seconds post gametocyte activation (Billker et al., 2004). In P. falciparum, it was observed that chelating Ca 2+ levels by BAPTA-AM had no effect on the first step of gametogenesis, i.e. rounding up. This suggested that PKG activity was upstream of Ca 2+ signaling. However, Ca 2+ was found to have a role in the egress of mature gametes, i.e. during the second step of gametogenesis (McRobert et al., 2008). Increase in the Ca 2+ levels has been linked to activation of PI-PLC pathway by XA during gametocyte activation. Stimulation of this pathway leads to the breakdown of phosphatidylinositol-(4,5)-biphosphate (PIP 2 ) to form diacylglycerol (DAG) and inositol- [START_REF] Dvorak | Invasion of erythrocytes by malaria merozoites[END_REF][START_REF] Lin | The merozoite surface protein 1 complex is a platform for binding to human erythrocytes by Plasmodium falciparum[END_REF][START_REF] Boyle | Interactions with heparin-like molecules during erythrocyte invasion by Plasmodium falciparum merozoites[END_REF]-triphosphate (IP 3 ) [START_REF] Martin | Correlation of phosphoinositide hydrolysis with exflagellation in the malaria microgametocyte[END_REF]Raabe et al., 2011). IP 3 leads to the release of Ca 2+ from endoplasmic reticulum (ER) by binding to a yet unknown receptor on ER and triggering the opening of Ca 2+ channels. Elevated Ca 2+ levels are sensed by Ca 2+dependent protein kinases (CDPKs). In rodent malaria parasite, P. berghei, CDPK1 has been shown to be involved in release of translational repression from mRNAs in female gametocytes [START_REF] Sebastian | A Plasmodium calcium-dependent protein kinase controls zygote development and transmission by translationally activating repressed mRNAs[END_REF]. These translationally repressed mRNAs code for the proteins that are important during zygote and ookinete development. CDPK4 has been found to be important for male gametogenesis. Knock out studies in P. berghei have shown that gametocytes lacking CDPK4 fail to undergo DNA synthesis which is essential for mitotic monophosphate; GTP -guanosine triphosphate; IP 3 -inositol triphosphate; Map-2 -Mitogen-activated protein kinase 2; PDE -phosphodiesterase; PI -phosphatidyl-1D-myoinositol; PI4K -phosphatidylinositol 4-kinase; PI4P -phosphatidylinositol 4-phosphate; PIP2 -phosphatidylinositol-4,5-bisphosphate; PIP5K -phosphatidylinositol 4-phosphate 5-kinase, PI-PLC -phosphoinositide-specific phospholipase C; PKG -cGMP-dependent protein kinase; PPM1-metallo-dependent protein phosphatase 1; Puf2 -Pumilio/FBF (fem-3 binding factor); PV -parasitophorous vacuole; R -receptor; T -temperature; XA -xanthurenic acid.

1.8b -Molecular players regulating gamete egress

In response to the signals inducing gametogenesis, mature microgametes and macrogametes are formed inside the mosquito midgut. For fertilization to take place, these gametes must exit from the enveloping human erythrocyte. To do so, they must cross two barriers, the first barrier is the parasitophorous vacuole membrane (PVM) and the second is erythrocyte membrane (EM). The egress of mature gametes has been postulated to occur via an inside out model, in which, the PVM gets ruptured first followed by the rupture of erythrocyte membrane. PVM rupture is a Ca 2+ independent event and takes place at multiple points, within two minutes after uptake by the mosquitoes (Sologub et al., 2011). Interesting vesicles known as osmiophilic bodies have been shown to be involved in female gamete egress. These are electron-dense organelles mainly present in mature female gametocytes [START_REF] Aikawa | New observations on gametogenesis, fertilization, and zygote transformation in Plasmodium gallinaceum[END_REF][START_REF] Sinden | Gametocytogenesis of Plasmodium falciparum in vitro: ultrastructural observations on the lethal action of chloroquine[END_REF]. These osmiophilic bodies have been found to accumulate at the site of PVM rupture and disappear within few minutes after activation simultaneously along with PVM disintegration (Sologub et al., 2011). These osmiophilic bodies were found to contain a female gametocyte-specific protein known as Pfg377 (Alano et al., 1995;[START_REF] Severini | The production of the osmiophilic body protein Pfg377 is associated with stage of maturation and sex in Plasmodium falciparum gametocytes[END_REF]. It was found that Pfg377 is important for egress in P. berghei and not in P. falciparum [START_REF] Olivieri | Distinct properties of the egressrelated osmiophilic bodies in male and female gametocytes of the rodent malaria parasite Plasmodium berghei[END_REF]Suarez-Cortes et al., 2014). A study in P. berghei identified another molecule known as MDV-1/Peg3, which is also involved in destablization of the PVM and unlike Pfg377, this molecule is present in both male and female gametocytes [START_REF] Furuya | Disruption of a Plasmodium falciparum gene linked to male sexual development causes early arrest in gametocytogenesis[END_REF][START_REF] Lanfrancotti | Plasmodium falciparum: mRNA co-expression and protein co-localisation of two gene products upregulated in early gametocytes[END_REF]Ponzi et al., 2009;Silvestrini et al., 2005).

Another molecule found to be important for gamete egress is GEST (gamete egress and sporozoite traversal). Gametocytes lacking GEST were also found to remain trapped within host erythrocytes (Talman et al., 2011). In P. berghei, actin II was found to be specifically important for male gamete exflagellation and egress (Deligianni et al., 2011).

In response to the Ca 2+ signal, the contents of another set of vesicles are released into the host cytoplasm triggering gamete egress. These vesicles are known as egress vesicles (EVs) and contain a pore-forming protein known as perforin-like protein 2 (PLP2). This protein is characterized by the presence of a MAC (membrane attack complex) domain. PLP2 protein has been shown to mediate gamete egress by punching holes in the erythrocyte membrane. Studies have reported that approximately 15 minutes after the uptake of P. falciparum gametocytes by mosquito, the erythrocyte membrane of gametocytes gets perforated by PLP2 leading to the release of mature fertile gametes (Wirth et al., 2014).

A recent study has shown the role of a merozoite-TRAP (thrombospodin-related anonymous protein) in gamete egress [START_REF] Bargieri | Plasmodium Merozoite TRAP Family Protein Is Essential for Vacuole Membrane Disruption and Gamete Egress from Erythrocytes[END_REF]. Members of TRAP protein family are known to regulate parasite gliding motility and host cell invasion. Therefore, MTRAP, a member of this family was initially hypothesized to play a role in merozoite invasion. However, MTRAP knockout in P. falciparum and P. berghei was found to have no effect on asexual growth of parasites in vitro or in vivo. Instead, MTRAP knockout gametes were found to remain trapped within host erythrocytes as they were unable to rupture the PVM. Contrary to its expected role in motility and invasion, MTRAP was found to regulate gamete egress. One possible hypothesis explaining the role of MTRAP in gamete egress is that MTRAP links actin in gametes to ligands present on PVM. MTRAP gets displaced on the PVM mediated by actin motor, leading to PVM disruption [START_REF] Bargieri | Plasmodium Merozoite TRAP Family Protein Is Essential for Vacuole Membrane Disruption and Gamete Egress from Erythrocytes[END_REF]. knees in humans. The disulphide bond pattern in this PLA2 was found to resemble rattlesnake PLA2 and therefore it was designated as type IIA. These different enzymes were later designated as secreted PLA2s (sPLA2s) (Dennis et al., 2011).

After the identification of secretory type of PLA2s, many research groups became interested in finding PLA2-like activity in mammalian cells. The first human cytosolic PLA2 (cPLA2) was reported in 1991 by two independent groups [START_REF] Clark | A novel arachidonic acid-selective cytosolic PLA2 contains a Ca(2+)dependent translocation domain with homology to PKC and GAP[END_REF][START_REF] Sharp | Molecular cloning and expression of human Ca(2+)-sensitive cytosolic phospholipase A2[END_REF]. The sequence of this cytosolic PLA2 was found to be completely different from secretory PLA2s. After the identification of the cytosolic enzyme, a new numbering system was proposed. According to this new classification, the previously identified venom PLA2s

were classified into groups IA, IB and IIA. Another secretory PLA2 identified from bee venom was included in group III and the newly identified human cytosolic PLA2 was included in a new group, i.e., group IV. However, soon after this classification system was established, another type of secretory PLA2 was identified from macrophages and this sPLA2 contained six conserved disulphide bonds as found in groups I and II. But interestingly, the macrophage sPLA2 completely lacked the seventh disulphide bond which at that time was the basis for categorizing PLA2s into type I or type II groups. Therefore, another group, i.e., group V was created to include this macrophage sPLA2. Another cytosolic PLA2 was identified in 1995 from macrophages and the sequence of this enzyme was found to be different from group IV cPLA2 and additionally the activity of this macrophage cPLA2 was found to be independent of Ca 2+ . This newly identified cPLA2 was then added to a new group VI (Dennis et al., 2011).

In the year 1995, a research group had identified an enzyme from human plasma that contained hydrolase activity. This enzyme was found to hydrolyze the platelet activating factor (PAF) which is a phosphatidylcholine carrying an acetate group at the sn-2 position. This enzyme was therefore called as platelet activating factor-acetyl hydrolase (PAF-AH).

PAF-AH was later identified as PLA2s which has specificity for a short acyl chain at sn-2 position. PAF-AH family was later called as lipoprotein associated phospholipases (Lp-PLA2s). These Lp-PLA2s were categorized into group VII and VIII (Dennis et al., 2011).

Many other sPLA2s from different sources and species (rice, fungi, snail, parvovirus, bacteria) were identified around the same time or after this classification and they were only exception is a member of group III sPLA2 which is 55KDa in size. It has been over 100 years since sPLA2s have been identified. They were the first phospholipases to be discovered from cobra venom. These phospholipases require Ca 2+ for their lytic activity and their catalytic site is composed of His/Asp dyad. sPLA2 family contains ten members, each of which is grouped according to their disulphide bonding pattern. Till date, 17 different forms of sPLA2s have been identified from different species including bacteria, insects, molluscs, reptiles, plants and mammals. These enzymes display diversity in terms of their tissue distribution as well function. The genomes of humans and mouse contain 9 and 10 sPLA2 genes, respectively.

Unlike cytosolic PLA2s, sPLA2s do not show preference for fatty acyl chains at sn-2 position in phospholipids. However, they have specificity for certain head groups of phospholipids. Majority of sPLA2s have been found to show increased activity with negatively charged or anionic phospholipids including phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and phosphatidylserine (PS). Groups IA and XIV sPLA2 has been found to be more active with phosphatidylcholine (PC). Interestingly, mammalian group V and X sPLA2s can act on both anionic and zwitterioinic phospholipids.

Structurally, all sPLA2s comprise of a highly conserved Ca 2+ binding loop XCGXGG and a conserved catalytic site DXCCXXHD (Dennis et al., 2011). The protein sequences of different sPLA2s do not exhibit high identity at the amino acid level, but they share a similarity at the three dimensional level with a conserved protein fold and catalytic site residues (His/Asp). These enzymes usually contain three α helices, two-stranded β-sheets and a conserved Ca 2+ binding loop. Group I sPLA2 found in cobra venom contain six conserved disulfide bonds along with another disulfide bond present between 11 th and 71 st residue. The activity of sPLA2s is critically dependent upon binding of Ca 2+ with conserved aspartate residues in the Ca 2+ binding loop. The binding of sPLA2s to anionic phospholipid membranes is governed by the electrostatic and hydrophobic interactions between the two. sPLA2s carry out a number of different biological functions. In humans, these enzymes are expressed by many cells including macrophages, monocytes, mast cells, T cells and neutrophils. One of the main functions carried out by these enzymes include their ability to lyse Gram-positive and Gram-negative bacteria, hence playing a role in host defense mechanisms against bacterial infections. Human tears contain group IIA sPLA2 and therefore have bactericidal activity. sPLA2s have also been shown to lyse viruses and thereby possess antiviral activity. These antiviral PLA2 convert PC into lysoPC in the membranes of host cells thereby preventing adenovirus entry. The mode of action of group III sPLA2 against viruses is different. These enzymes recognize and degrade virus membranes. Human group X sPLA2 has been shown to neutralize HIV-1 virus [START_REF] Kim | Lysis of human immunodeficiency virus type 1 by a specific secreted human phospholipase A2[END_REF]. Apart from their antibacterial and antiviral activities, sPLA2s are also known to play roles in many inflammatory diseases including rheumatoid arthritis. The arachidonic acid released during the enzymatic reaction catalyzed by sPLA2s initiates the synthesis of lipid mediators such as prostaglandins, thromboxanes, and leucotrienes which act as proinflammatory mediators in inflammatory diseases. 

1.9c -Cytosolic phospholipase A2 (cPLA2)

Cytosolic phospholipase A2s also known as group IV PLA2s, were first reported by two independent groups in human platelets and neutrophils in 1986 [START_REF] Alonso | A cytosolic phospholipase in human neutrophils that hydrolyzes arachidonoyl-containing phosphatidylcholine[END_REF][START_REF] Kramer | Solubilization and properties of Ca2+-dependent human platelet phospholipase A2[END_REF]. This enzyme is now classified as cPLA2α. In the subsequent years other members of this group were identified including cPLA2β, cPLA2γ, cPLA2δ, cPLA2ε and cPLA2ζ (figure 14). These cytosolic enzymes contain calcium binding C2 domains and their catalytic site is composed of Ser/Asp dyad. Although all six different types of cPLA2s have structural similarities in terms of possessing a C2 domain and the α/β hydrolase domain, there are significant differences amongst them.

Group IVA cPLA2 (cPLA2α) is expressed in a number of human tissues ubiquitously. This enzyme is composed of 749 amino acids and is 85KDa in size. It contains a C2 domain at the N-terminus and a catalytic domain at the C-terminus. Similar to sPLA2s, the activity of these enzymes is regulated by Ca 2+ , which binds to the Ca 2+ binding C2 domains. Ca 2+ binding activates the enzyme leading to its localization to the phospholipid membrane [START_REF] Clark | A novel arachidonic acid-selective cytosolic PLA2 contains a Ca(2+)dependent translocation domain with homology to PKC and GAP[END_REF][START_REF] Gijon | Role of phosphorylation sites and the C2 domain in regulation of cytosolic phospholipase A2[END_REF]. Once at the membrane, the α/β hydrolase domain catalyzes the hydrolysis of phospholipids. Another mechanism of cPLA2α activation is through binding with the lipid second messenger phosphatidylinositol-4,5-bisphosphate (PIP2). This interaction is Ca 2+ -independent [START_REF] Mosior | Group IV cytosolic phospholipase A2 binds with high affinity and specificity to phosphatidylinositol 4,5-bisphosphate resulting in dramatic increases in activity[END_REF][START_REF] Six | Essential Ca(2+)-independent role of the group IVA cytosolic phospholipase A(2) C2 domain for interfacial activity[END_REF]. A study had demonstrated that an increase in intracellular PIP2 caused a rise in the production of arachidonic acid through Ca 2+ -independent activation of cPLA2α ( 223). The activity of cPLA2α also increases in the presence of ceramide-1-phosphate (C1P) and by MAP kinase phosphorylation [START_REF] Leslie | Anionic phospholipids stimulate an arachidonoylhydrolyzing phospholipase A2 from macrophages and reduce the calcium requirement for activity[END_REF][START_REF] Lin | cPLA2 is phosphorylated and activated by MAP kinase[END_REF][START_REF] Nakamura | Ceramide-1phosphate activates cytosolic phospholipase A2alpha directly and by PKC pathway[END_REF][START_REF] Tamiya-Koizumi | A novel phospholipase A2 associated with nuclear matrix: stimulation of the activity and modulation of the Ca2+ dependency by polyphosphoinositides[END_REF]. These PLA2s have high specificity for phospholipids containing arachidonic acid at the sn-2 position. Besides having PLA2 activity, these enzymes also possess lysophopholipase activity and transacylase activity.

Group IVB PLA2 or cPLA2β was first identified in the year 1999. This enzyme is expressed in pancreas and cerebellum. It is composed of 1012 amino acids and is 100-114 KDa in size. Similar to cPLA2α, these enzymes also contain a C2 domain and a catalytic domain with Ser/Asp dyad. cPLA2β shares 30% sequence identity with cPLA2α. However, cPLA2β have two insertions, one before C2 domain and the other after C2 domain, which distinguishes them from cPLA2α. Multiple sequence alignment of six members of group IV

1.9d -Calcium-independent phospholipase A2 (iPLA2)

iPLA2s also known as group VI PLA2s are characterized by their calcium independent phospholipase A2 activity and are ubiquitously expressed. There are six members in this group namely iPLA2β (VIA), iPLA2γ (VIB), iPLA2δ (VIC), iPLA2ε (VID), iPLA2ζ (VIE) and iPLA2η (VIF) (figure 15). Although other groups also have some enzymes whose activity is independent of calcium, but the name "calcium independent" is specifically given to the enzymes falling in this group. The first enzyme of this group was purified from macrophages in the year 1994 [START_REF] Ackermann | Ca(2+)-independent cytosolic phospholipase A2 from macrophage-like P388D1 cells. Isolation and characterization[END_REF]. These enzymes contain a Ser/Asp dyad in the catalytic site. iPLA2β, iPLA2γ, iPLA2δ, iPLA2ε, iPLA2ζ, iPLA2η share homology with plant patatin family of proteins and for this reason these enzymes are also included in the patatin-like protein family and named as PNPLA9, 8, 6, 3, 2, and 4, respectively [START_REF] Kienesberger | Mammalian patatin domain containing proteins: a family with diverse lipolytic activities involved in multiple biological functions[END_REF][START_REF] Saarela | The patatin-like lipase family in Gallus gallus[END_REF]. [START_REF] Atsumi | Distinct roles of two intracellular phospholipase A2s in fatty acid release in the cell death pathway. Proteolytic fragment of type IVA cytosolic phospholipase A2alpha inhibits stimulus-induced arachidonate release, whereas that of type VI Ca2+-independent phospholipase A2 augments spontaneous fatty acid release[END_REF][START_REF] Atsumi | Fasinduced arachidonic acid release is mediated by Ca2+-independent phospholipase A2 but not cytosolic phospholipase A2, which undergoes proteolytic inactivation[END_REF].

iPLA2γ is a 90 KDa protein expressed in kidney, liver, skeletal muscle, heart and brain. The patatin-domain in this protein is coded by the amino acids 445-640. These enzymes share about 25% identity with iPLA2β and are found to associate with mitochondria and peroxisomes. iPLA2γ has both PLA1 and PLA2 activity. iPLA2δ, also known as neuropathy target esterase, is a 146 KDa enzyme expressed in neurons. The patatin domain is located betweeen the amino acids 933-1100. iPLA2ε is a transmembrane protein of 52 KDa size, expressed in adipocytes. The patatin domain is present between 10-180 amino acids. This enzyme displays triacylglycerol hydrolase, transacylase and calcium-independent phospholipase A2 activity. iPLA2ζ, also known as triglyceride lipase is a 55KDa protein expressed mostly in adipocytes and present in lipid droplets and membranes. The patatin domain is present between 10-180 amino acids. This enzyme has triglyceride lipase, transacylase, and phospholipase A2 activity.

Lastly, iPLA2η is a 27KDa protein expressed ubiquitously in many tissues. The amino acids 6-177 codes for a patatin-domain. These enzymes have acylglycerol, retinyl ester hydrolase and retinol transacylase, triacyl glycerol hydrolase and PLA2 activity.

The characteristic feature of iPLA2 enzymes is the presence of a patatin-like lipase domain which shares 40% homology to plant patatin. Some of these enzymes are regulated by ATP binding which is crucial for various cellular functions. ATP binding either stabilizes the structure of these enzyme or activates them. The activation is likely to result from conformational change in these enzyme. Some of the iPLA2s are also involved in maintaining cellular homeostasis by maintaining constant levels of lysoPC in the resting macrophages.

During apoptosis, these iPLA2s are cleaved by caspases leading to the formation of a truncated iPLA2 variant which is a hyperactive form of this protein and participates in membrane damage by possibly providing lipid metabolites for phagocytosis.

A splice variant of iPLA2β, i.e. iPLA2β-1 has been shown to be the primary phospholipase A2 in cells and is involved in functions like cell proliferation, apoptosis and insulin secretion. These enzymes have also been shown to play roles in diabetes by regulating β-cell apoptosis which is involved in the onset and progression of type 1 and type 2 diabetes mellitus (Dennis et al., 2011). acid sequence identity with group VIIA. It is an intracellular protein of 40KDa and has a myristoylation site at the N-terminus. It is expressed in epithelial cells of kidney, intestine and liver. These enzymes have an anti-oxidant function and are translocated from the cytosol to the membrane, preventing oxidative stress thereby promoting cell survival. The Nmyristyolation enables the enzyme to localize in membranes. This enzyme plays a role in protecting the cell against oxidative stress-induced death by hydrolyzing the oxidized phospholipids (Dennis et al., 2011).

Group VIII phospholipase A2 also known as PAF-AH Ib, is an intracellular enzyme found in the brain. It is a heterotrimeric protein consisting of two catalytic subunits (α1 and α-2 subunits) of 26KDa size each and one regulatory subunit (β-subunit) of 45KDa size. Unlike group VII PLA2s, these enzymes are more selective for acetyl groups at the sn-2 position in phospholipids (Dennis et al., 2011).

1.9f -Lysosomal phosphopliaseA2 (LPLA2) and adipose-specific phosphopliaseA2 (ADPLA)

Lysosomal phosphopliaseA2s are also known as group X PLA2. They were first identified in canine kidney cells and later in bovine brain. The gene encoding this protein is found in humans, mouse, cow and rat. These enzymes show high sequence identity with a human lecithin: cholesterol acyltransferase-like lysophospholipase, however it does not show any significant lysophospholipaase activity. LPLA2 possesses a calcium-independent phospholipase A2 activity, transacylase activity, 1-O-acylceramide synthase (ACS) activity and phospholipase A1 activity. LPLA2 is a water-soluble enzyme of 45KDa molecular weight and has glycosylation sites at the N-terminus. The catalytic site is formed by a Ser/Asp/His triad. These enzymes are involved in degradation of the lysosomal phospholipids. They are also thought to play a role in surfactant phospholipid cleavage in the alveolar macrophages in lungs (Dennis et al., 2011).

Adipose-specific PLA2 (AdPLA) was originally characterized as tumor suppressor protein. It was later found to possess PLA2 activity and designated as group XVI PLA2. In humans, AdPLA is highly expressed in adipose tissues. The enzyme is 18KDa in size with His/Cys dyad as the catalytic residues. AdPLA exhibits PLA1 and PLA2 activity. They show higher PLA1 than PLA2 activity and are involved in eicosanoid production in adipose tissues (Dennis et al., 2011).

1.9g -Role of PLA2s in membrane fusion

The fluid mosaic model describes the basic nature of lipid membranes. According to this model, membranes are formed by lipid bilayers, i.e., two layers of lipids in which polar head groups of each layer are in contact with the aqueous medium as they are hydrophilic and the acyl hydrophobic tails of both layer face each other to minimize the contact with the aqueous medium. Different membrane proteins are either associated with hydrophilic head groups (peripheral proteins) or associated with hydrophobic tail groups of lipids (integral proteins). Lipids and proteins in the membrane are in constant motion via the action of different flipases, flopases and scramblases, giving asymmetry to the lipid membranes [START_REF] Contreras | Transbilayer (flip-flop) lipid motion and lipid scrambling in membranes[END_REF]. Different lipids like phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylethanolamine (PE) and phosphatidic acid (PA) are the fundamental components of lipid membranes.

Depending on the relative size of hydrophilic head groups and hydrophobic tails, lipids attain different conformations (Dabral and Coorssen, 2017). Lipid assemblies can adapt a number of different conformations when exposed to aqueous medium. These includelamellar (L) in which lipids acquire bilayer arrangement, micellar (M) in which lipids acquire spherical form with hydrophilic head groups facing outwards and hydrophobic tails facing the interior, hexagonal (H) in which micelles arrange themselves attaining tubular aggregates under particular pH, temperature or ionic conditions and cubic (Q) in which lipids attain a cubic phase which is an intermediate between hexagonal and lamellar phases.

The constituent lipids in the membrane during steady state are controlled by two pathways -a de novo biosynthetic pathway known as Kennedy pathway (Dabral and Coorssen, 2017). During Kennedy pathway, free fatty acids (FFA) are first converted into fatty acyl-CoA, followed by glycerol phosphate and then phosphatidic acid (PA). PA is converted to phosphatidylinositiol (PI) or diacylglycerol (DAG) and ultimately DAG is converted to PE, PS or PC. On the other hand, in Lands cycle, phospholipids at the membrane are converted into lysophospholipids and free fatty acids (FFAs) by cleavage at sn-2 position membrane, as a result bringing the two membranes closer leading to fusion [START_REF] Lee | A lipid-protein hybrid model for tight junction[END_REF].

The transmembrane complex that mediates membrane fusion is known as SNARE complex. This complex comprises of a transmembrane protein syntaxin, SNAP-25 (synaptosomal-associated protein) and transmembrane proteins synaptobrevin/VAMP (vesicular associated membrane protein). SNAP-25 does not have a transmembrane domain and is anchored to the membrane via palmitoylation and containes two SNARE motifs.

Syntaxin and VAMP contains one SNARE motif. It is hypothesized that trans SNARE complex forms between two membranes, with SNAP-25 and syntaxin present in one bilayer and synaptobrevin/VAMP present on the opposing bilayer, keeping the two membranes together. The inter membrane 'zippering' of SNARE motifs in these proteins is suggested to facilitate membrane fusion (Dabral and Coorssen, 2017). This zippering has been postulated to generate a mechanical force that is sufficient enough to overcome the hydration barrier and help in the formation of a fusogenic pore [START_REF] Jackson | SNARE complex zipping as a driving force in the dilation of proteinaceous fusion pores[END_REF][START_REF] Min | Mechanical unzipping and rezipping of a single SNARE complex reveals hysteresis as a force-generating mechanism[END_REF].

The second model of membrane fusion is known as lipid fusion pore model, also known as stalk-pore hypothesis. This model postulates that fusion of two lipid bilayer takes place by mixing of proximal monolayers followed by merging of distal monolayers [START_REF] Chernomordik | The hemifusion intermediate and its conversion to complete fusion: regulation by membrane composition[END_REF]. The process of membrane fusion starts with formation of a stalk at the point of initial contact. Lipids present in the proximal leaflets of apposed bilayers have intrinsic negative charge which promotes mixing of lipids at the point of contact, i.e., at the stalk. Stalk formation is followed by opening and expansion of the fusogenic pore and merging of lipids from the distal leaflets.

The hint about prospective role of PLA2 in vesicle docking and fusion came from a study in neuroendocrine cells. The treatment of these cells with PLA2 inhibitors led to inhibition in arachidonic acid (a byproduct of PLA2 catalyzed reaction) production and blockade of exocytosis [START_REF] Ray | Botulinum toxin inhibits arachidonic acid release associated with acetylcholine release from PC12 cells[END_REF]. Another study demonstrated that the treatment of presynaptic membranes with PLA2 led to premature fusion of synaptic vesicles [START_REF] Nishio | Ca(2+)-independent fusion of synaptic vesicles with phospholipase A2-treated presynaptic membranes in vitro[END_REF]. Recent studies have shown that Munc18, a regulatory protein 'locks' syntaxin in a closed conformation [START_REF] Yang | nSec1 binds a closed conformation of syntaxin1A[END_REF]. Arachadonic acid interacts with Munc18 bound syntaxin complex, relieving syntaxin from Munc18 regulation and allowing it to engage in the formation of trans-SNARE complex [START_REF] Connell | Mechanism of arachidonic acid action on syntaxin-Munc18[END_REF][START_REF] Rickman | Arachidonic acid allows SNARE complex formation in the presence of Munc18[END_REF]. Arachadonic acid has also been shown to limit lateral movement of vesicles present in membrane proximity by interacting with SNARE motifs [START_REF] Johns | Restriction of secretory granule motion near the plasma membrane of chromaffin cells[END_REF].

The function and biology of PLA2 enzymes remain poorly studied in the apicomplexan parasites. The earliest report of PLA2 activity comes from a study in P.

falciparum. This study showed that some of the antimalarial drugs including choloroquine, quinine and arteether inhibit phospholipase A2 activity [START_REF] Zidovetzki | Inhibition of Plasmodium falciparum phospholipase A2 by chloroquine, quinine, and arteether[END_REF]. PLA2 activity in this study was detected in trophozoite and schizont stages of the parasite. More than a decade after this study in P. falciparum, a study in rodent malaria parasite P. berghei had shown the isolation and partial characterization of a PLA2 from erythrocytic stages [START_REF]Partial Characterization of Phospholipase A2 from the Erythrocytic Stage of Plasmodium berghei[END_REF]. However, the functional role of the enzyme was not studied.

A study had identified a phospholipase enzyme designated as PbPL in rodent malaria parasite P. berghei. This study demonstrated that PbPL is involved in migration of sporozoites from skin to the bloodstream. It was hypothesized that PbPL potentially hydrolyzes phosphatidycholine (PC) present on host cell membranes, leading to wound formation in host cells which facilitates the entry of migrating sporozoites [START_REF] Bhanot | A surface phospholipase is involved in the migration of plasmodium sporozoites through cells[END_REF]. This enzyme was found to contain lipase and membrane lytic activity. PbPL possess sequence homology to the carboxyl terminus of LCAT (lecithin-cholestrol acyl transferase), thereby it is thought to belong to PLA2 superfamily. PbPL homolog is present in Plasmodium species, suggesting that the enzyme is essential and might play a similar role in Plasmodium.

A recent study has demonstrated the role of PbPL in regulating egress from the liver stage of parasite by rupturing parasitophorous vacuolar membrane (PVM) (Burda et al., 2015). The same study had shown that this enzyme is also important for oocyst egress. Therefore these two combined studies demonstrate that PbPL plays a role in different life stages of the parasite, i.e., in sporozoites, liver stage and oocysts. It is needed during -oocyst egress leading to the release of mature sporozoites, in sporozoite migration through host tissues mediating host cell invasion, and, in rupture of liver stage PVM leading to egress from hepatocytes (Burda et al., 2015).

Besides Plasmodium, PLA2s have also been reported in other apicomplexan parasites like Toxoplasma gondii. Studies in T. gondii have shown the presence of a soluble phospholipase A2 and its role in host cell penetration [START_REF] Saffer | The role of phospholipase in host cell penetration by Toxoplasma gondii[END_REF][START_REF] Saffer | A soluble phospholipase of Toxoplasma gondii associated with host cell penetration[END_REF]. The first study demonstrated that addition of an exogenous PLA2 from snake venome was found to increase host cell penetration by T. gondii and this was blocked by antisera to PLA2 as well as PLA2 inhibitors [START_REF] Saffer | The role of phospholipase in host cell penetration by Toxoplasma gondii[END_REF]. The second study showed the presence of a calcium-dependent phospholipase in T. gondii, by detection of byproducts of PLA2 enzymatic activity [START_REF] Saffer | A soluble phospholipase of Toxoplasma gondii associated with host cell penetration[END_REF]. Later on, a study in the year 2000 demonstrated the presence of a calcium-independent PLA2 in T.gondii. This enzyme was also found to possess PLA1 activity [START_REF] Cassaing | Toxoplasma gondii secretes a calcium-independent phospholipase A(2)[END_REF]. Furthermore, another study using a pharmacological inhibitor of PLA2s known as 4-Bromophenacyl bromide (4-BPB) has shown that PLA2 activity is needed for rhoptry secretion during invasion of Toxoplasma [START_REF] Ravindran | 4-Bromophenacyl bromide specifically inhibits rhoptry secretion during Toxoplasma invasion[END_REF].

A recent study had identified another phospholipase enzyme in T.gondii known as TgPL2. TgPL2 is a patatin-like phospholipase domain containing protein localized in apicoplasts. The conditional knockdown of TgPL2 led to an impaired parasite growth [START_REF] Leveque | TgPL2, a patatin-like phospholipase domain-containing protein, is involved in the maintenance of apicoplast lipids homeostasis in Toxoplasma[END_REF]. The mutant parasites showed a delayed death phenotype due to progressive loss of apicoplasts. Interestingly, the mutant parasites that retained the organelle were found to contain accumulations of multilamellar structures around the apicoplast. The same study also performed targeted mutagenesis of the putative active site serine residues.

The parasites containing mutations in the active site serine residue displayed the same phenotype as conditional knockdown parasites. This study also compared the lipid profile of wild type versus the conditional knock down parasites. Lipidomic analysis revealed that TgPL2 knockdown led to accumulation of PC and reduction of LPC, indicating that TgPL2 might exert an acyl transferase hydrolase activity on phosphatidylcholine in vivo [START_REF] Leveque | TgPL2, a patatin-like phospholipase domain-containing protein, is involved in the maintenance of apicoplast lipids homeostasis in Toxoplasma[END_REF].

-Thesis Objectives :

My thesis work focuses on the functional role of phospholipase A2 (PLA2) enzymes in P. Malaria remains one of the major health issues in the tropical and sub-tropical parts of the world. The causative agent of this disease, Plasmodium falciparum has a complex life cycle that involves a human host and a mosquito vector. In humans, the parasite primarily undergoes asexual divisions and increase its number exponentially. However, to ensure its own survival and continuity in nature, a small fraction of parasites differentiate into sexual stages known as gametocytes. Mature Stage V gametocytes are picked up by the mosquitoes during a blood meal. Inside the mosquito midgut, the gametocytes initiate their sexual stage of life cycle known as gametogenesis. During gametogenesis, these gametocytes undergo a drastic change in morphology and metabolism and form fertilization competent male and female gametes.

The process of gametogenesis starts with a process known as gametocyte 'rounding up' during which the elongated crescent shaped gametocytes change their morphology and become spherical in form. Inside the mosquito midgut, this process is triggered by two factors, namely, a metabolite known as xanthurenic acid (XA) and a drop in temperature to 25°C. Following rounding up, the gametocytes undergo a process known as egress which leads to the release of mature gametes. The process of egress is regulated by a number of different effector molecules including various proteases and pore forming proteins known as perforin like proteins (PLPs). PfPLP2 which is present in specialized egress vesicles is distributed to the periphery of gametes prior to egress. Once PfPLP2 reaches the periphery, it attacks the erythrocyte membrane and makes pores in it, enabling the gametes to egress.

Interestingly, unlike female gametocytes, the male gamtocytes undergo three rounds of rapid genome replication post rounding up. This leads to the formation of eight flagellated male gametes. During egress, the male gametes rapidly beat their flagella and egress out of host erythocyte residual body in a process known as exflagellation. The egressed male and female gametes subsequently undergo fertilization to form a zygote.

Although, the main steps involved in P. falciparum gametogenesis and some of the effector molecules and signaling mechanisms involved in this process are known, our understanding about gametogenesis remains very limited. As a step towards understanding this critical process of parasite development inside mosquitoes, we have probed the role of a phospholipase A2 in P. falciparum gametogenesis. Using a reverse genetics approach, we have generated a transgenic parasite line expressing PfPATPL1 fused to a destabilization domain (DD). Using this transgenic parasite line, we have found that PfPATPL1 is important for different steps of gametogenesis including gametocyte rounding up, re-distribution of PfPLP2 containing vesicles to periphery in pre-gametes, gamete egress and male gamete exflagellation. Additionally, we have also utilized a known PLA2 inhibitor known as 4-Bromophenacyl bromide (4-BPB) and shown that PLA2 activity is required for different steps of gametogenesis. Inhibiting PLA2 activity with 4-BPB leads to a similar defects in gametogenesis as displayed PfPATPL1 knockdown.

These observations from genetic and inhibitor studies point towards the importance of PfPATPL1 for parasite development inside mosquitoes. When mosquitoes were fed with 4-BPB treated gametocytes in a standard mosquito feeding assay (SMFA), we found a significant drop in mosquito infection rate as well as a drastic drop in oocyst density per infected mosquito. This indicates the importance of PfPATPL1 and makes it an interesting candidate for transmission intervention strategies in the upcoming future.

INTRODUCTION

Malaria remains a major public health problem in the tropical regions of the world.

Intensification of efforts to control and even eliminate malaria over the past decade has led to significant reduction in number of clinical cases and deaths due to malaria. However, Plasmodium falciparum still causes as many as 215 million malaria cases that lead to around 430,000 deaths each year, primarily in children in sub-Saharan Africa (WHO Malaria Report 2016). Further progress towards sustained elimination and eventual eradication of malaria will require the development of novel tools that target the transmission efficiency of malaria parasites.

P. falciparum has a complex life cycle that includes distinct stages in the human host and mosquito vector (Cowman et al., 2016). The success of malaria parasites relies on their ability to adapt as they differentiate into various developmental forms through different stages of the life cycle. For example, sporozoites injected into the host by the mosquito vector invade hepatocytes in the liver, multiply and differentiate into merozoites (Frischknecht and Matuschewski, 2017). Subsequently, merozoites emerge into the bloodstream from infected hepatocytes and go on to invade and multiply in red blood cells (RBCs) (Cowman et al., 2016). During the blood stage, some parasites differentiate into gametocytes, which transform into gametes in the midgut of the mosquito when they are ingested during a blood meal. Male and female gametes fertilize to form zygotes, which transform into ookinetes that go on to develop into oocysts that produce sporozoites to complete the parasite life cycle. These transformations from one stage to the next are carefully orchestrated by signaling mechanisms that respond to diverse signals encountered by the parasite in different life cycle stages (Alaganan et al., 2017). Understanding the signaling mechanisms that regulate the progression of the parasite life cycle may open avenues for intervention to block parasite growth or limit parasite transmission.

During the blood stage, some asexual P. falciparum parasites commit to developing into sexual stages in a process called gametocytogenesis (Guttery et al., 2015). Immature gametocytes (Stages I to IV) develop within the bone marrow (Guttery et al., 2015).

Following maturation, Stage V gametocytes develop over 8-10 days and emerge into circulation, where they require uptake by a female Anopheles mosquito during a blood meal to continue their life cycle (Guttery et al., 2015). Within minutes of being ingested by Anopheles mosquitoes, the gametocytes are activated in the mosquito midgut and differentiate into gametes in a process termed as gametogenesis (Guttery et al., 2015). In this process, the banana-shaped Stage V gametocytes rapidly transform into rounded-up forms and egress from host RBCs to be released as male and female gametes. The male gametes also develop flagella, which assist in binding to female gametes for fertilization. 'Activation' of male and female gametocytes is thought to be triggered by signals within the midgut of the mosquito, and can be simulated in vitro by a temperature drop to 25ºC, which mimics the drop in temperature following transfer from the mammalian host to the mosquito, as well as a rise in pH, or exposure to the mosquito derived factor xanthurenic acid (XA) that is found in the mosquito midgut (Billker et al., 1998;Guttery et al., 2015). Although the receptors for XA are not known it has been shown that XA triggers the activation of membrane guanyl cyclases leading to the synthesis of the secondary messenger cyclic guanosine monophosphate (cGMP), which in turn triggers the cGMP dependent protein kinase G (PKG) (McRobert et al., 2008). Inhibition of PKG prevents gametocytes from transitioning from Stage V into the rounded-up form, the stage just prior to gamete egress. Hence PKG appears to be important for the first step of gametogenesis (McRobert et al., 2008). A rise in intracellular calcium (Ca 2+ ) is another important second messenger for many events such as invasion and egress in the asexual stages (Brochet and Billker, 2016). Treatment of gametocytes with the cell permeant Ca 2+ chelator BAPTA-AM does not affect gametocyte rounding up, but blocks gamete egress (McRobert et al., 2008). Ca 2+ is required for the secretion of a perforin-like protein, PfPLP2, which is essential for gamete egress (Wirth et al., 2014). PfPLP2 containing vesicles are localized in the cytosol of Stage V gametocytes and upon activation redistribute to the periphery and subsequently discharge their contents, presumably leading to host membrane permeabilization and egress of gametes (Wirth et al., 2014).

The rise in intracellular Ca 2+ prior to gamete egress has been linked to the phosphatidyl inositol -phospholipase C (PI-PLC) pathway in P. berghei (Raabe et al., 2011).

PLC catalyzes the conversion of phosphatidyl inositol biphosphate (PIP 2 ) to second messengers, inositol triphosphate (IP 3 ) and diacyl glycerol (DAG), leading to release of Ca 2+ from the endoplasmic reticulum (ER), presumably via an IP 3 receptor (Raabe et al., 2011).

Another less studied phospholipase family, the phospholipase A2 (PLA2) family, is also present in Plasmodium parasites. PLA2 is a large family of enzymes that catalyze the release of fatty acids and lysophospholipids by hydrolysing the sn2 position of the glycerol backbone of phospholipids (Dennis et al., 2011). Members of this family play diverse roles in humans including pro-inflammatory signaling, cellular homeostasis and protection against pathogens by inducing bacterial and viral lysis (Dennis et al., 2011). In P. berghei, egress of merozoites from liver stage schizonts requires the activity of a dual activity phospholipase (PbPL) with PLA2 activity as well as lecithin:cholesterol acyltransferase activity (Burda et al., 2015).

PbPL deficient parasites were less efficient at egressing from the host cell but PbPL appeared dispensable for gametogenesis (Burda et al., 2015). Apart from the PbPL homolog, bioinformatics analysis revealed 4 putative PLA2-like proteins in P. falciparum that belong to the patatin-like phospholipase family (see Experimental Procedures). Patatin is a storage protein in potatoes that possesses acyl-transferase activity (Scherer et al., 2010) . Patatins are thought to signal during stress or defense against pathogens (Canonne et al., 2011). Although first identified in potatoes, patatin-like domain containing proteins are ubiquitously distributed in nature (InterPro domain IPR002641, https://www.ebi.ac.uk/interpro/entry/IPR002641) (Finn et al., 2017). For example, patatinlike PLA2s are widely distributed in prokaryotic pathogens and symbionts, suggesting they play a role at the host-pathogen interface (Anderson et al., 2015).

In this study, we show that one of the putative P. falciparum patatin-like phospholipases (PlasmoDB ID Pf3D7_0209100) predicted to have PLA2 activity, which we named patatin-like phospholipase 1 (PfPATPL1), is essential for gametogenesis. Conditional knockdown of PfPATPL1 in Stage IV gametocytes results in reduced efficiency of rounding up and gamete egress. Importantly, treatment of P. falciparum gametocytes with a PLA2

inhibitor, 4-bromophenacyl bromide (4-BPB), recapitulates the genetic knockdown phenotype in vitro with inhibition of both rounding up and egress. Moreover, feeding 4-BPB-treated gametocytes to A. gambiae mosquitoes shows a significant drop in transmission to mosquitoes in a standard membrane-feeding assay (SMFA) compared to feeding with control untreated gametocytes, indicating that targeting phospholipases such as PfPATPL1 may provide a novel path for the development of transmission blocking drugs.

RESULTS

Generation of a transgenic line for conditional knockdown of PfPATPL1. Initial scanning of the genome of P. falciparum at PlasmoDB revealed three putative patatin-like phospholipases, PF3D7_0209100, PF3D7_1358000 and PF3D7_0924000 (PlasmoDB.org) (Aurrecoechea et al., 2009). Pf3D7_1358000 and Pf3D7_0924000 are predicted to localize in the apicoplast. Two additional genes encoding conserved PLA2 domains, namely, PF3D7_0218600 and PF3D7_0629300 were further identified by our bioinformatic analysis using Hidden Markov Model (HMM) profiling based on a broad range of PLA2 sequences (see Experimental Procedures). PF3D7_0629300, is a homolog of P. berghei, PbPL, that has both PLA2 and lecithin:cholesterol acyltransferase activities and is known to play a role in merozoite egress from hepatocytes (Burda et al., 2015). However, PbPL was not essential for P. berghei gametogenesis (Burda et al., 2015) suggesting that PF3D7_0629300 is unlikely to play a role in this process in P. falciparum. Pf3D7_0218600 and Pf3D7_0209100 are predicted cytosolic phospholipases that contain a PLA2 patatin-like domain. We performed a sequence alignment of patatin domains from all four P. falciparum patatin-like phospholipases with patatin from Solanum tuberosum, patatin from human iPLA2 and patatin from Pseudomonas ExoU protein (Figure S1). In this study, we focused our attention on Pf3D7_0209100 (PfPATPL1) as it is the only patatin-like phospholipase with all the conserved motifs including the serine/aspartate catalytic dyad and the anion-binding box motifs within the patatin-like domain (oxyanion hole) (Figure S1). To examine the structural similarity between PfPATPL1 patatin with Solanum patatin, we used Swiss-model to predict the structure of PfPATPL1 patatin using the known crystal structure of Solanum patatin (1OXW). The predicted structure of PfPATPL1 patatin displays catalytic site and secondary structures similar to the crystal structure of Solanum patatin (Figure S1). PfPATPL1 is expressed in blood stages and gametocytes (Figure S2). PfPAPL1 appears to be localized in cytoplasmic vesicles (Figure S2), however PfPATPL1 is not present in osmiophilic bodies and egress-related PfPLP2 containing vesicles as no significant colocalization with Pfg377 and PfPLP2 was observed (Figure S3, S4). It is not known if either PfPATPL1 or its P.

berghei homolog is essential for blood stage parasite growth and sexual stage development (http://plasmogen.sanger.ac.uk). PfPATPL1 is a conserved 679 amino acid protein with orthologs in many Plasmodium spp.

We used a conditional knockdown strategy to study the functional role of PfPATPL1.

The C-terminus of the endogenous PfPATPL1 in P. falciparum NF54 was genetically fused with the destabilization domain (DD) (Armstrong and Goldberg, 2007) to generate the P.

falciparum NF54-PfPATPL1-DD line (Figure 1A). PCR analysis of genomic DNA using combinations of primers based on PfPATPL1 and vector sequences confirmed the genetic replacement of endogenous PfPATPL1 gene sequence with PfPATPL1-DD (Figure 1B).

Western blotting with specific antibodies raised against PfPATPL1 was used to detect changes in levels of PfPATPL1 following removal of Shield-1 from blood stage and gametocyte cultures (Figure S3). Removal of Shield-1 from blood stage cultures of NF54-PfPATPL1-DD at the ring stage resulted in marginal reduction (~10%) in PfPATPL1 protein levels at the late schizont stage (Figure S2A). Consequently, no defect in blood stage growth was observed even after culturing P. falciparum NF54-PfPATPL1-DD for 3 cycles over 6 days (Figure S2B). In contrast, removal of Shield-1 in Stage IV gametocytes resulted in ∼60% drop in PfPATPL1 protein approximately 24-36 hours post Shield-1 removal (Figure 1C). 

PfPATPL1 knockdown in Stage V gametocytes leads to defects in gametogenesis.

The process of gametogenesis is initiated in the mosquito midgut by exposure of Stage V gametocytes to lower temperature (25ºC) and xanthurenic acid (XA) (Billker et al., 1998). P.

falciparum Stage V gametocytes can also be exposed in vitro to lower temperature (25ºC) and XA to trigger gametogenesis, which begins with a process known as "rounding up" resulting in a morphological change of crescent shaped Stage V gametocytes into rounded spherical forms, followed by egress of gametes from RBCs (Guttery et al., 2015). To examine the role of PfPATPL1 in the process of gametogenesis, P. falciparum NF54-PfPATPL1-DD Stage IV gametocyte cultures were allowed to develop into Stage V gametocytes in the presence or absence of Shield-1 (Shield-1 [+] gametocytes and Shield-1 [-] gametocytes respectively).

The Shield-1 [+] and Shield-1 [-] gametocytes were activated by exposure to lower temperature (25ºC) and XA, and the frequency of rounding up was scored by microscopy (Figure 2A). The frequency of rounding up of Shield-1 [-] gametocytes was only ~37% of the rounding up frequency of Shield-1 [+] gametocytes (Figure 2A). The majority of Shield-1 [-] gametocytes remain elongated and crescent shaped post activation. This indicates that PfPATPL1 plays a critical role in the step of rounding up during gametogenesis.

Once gametocytes round up, the next step in gametogenesis involves emergence of mature gametes from host erythrocytes in a process known as egress. We examined whether PfPATPL1 plays a role in gamete egress from host RBCs. To study gamete egress we employed a fluorescent wheat germ agglutinin (WGA) staining assay (Suarez-Cortes et al., 2014). This assay utilizes WGA conjugated to Texas Red (WGA-Texas Red) that binds RBC surface lectins, and a nuclear stain H33342 that stains gamete nuclei. WGA staining detects intact erythrocyte surface membranes, which allows us to distinguish between gametes that have egressed and those that fail to egress. We observed that 20 minutes post activation, ~90% of rounded-up Shield-1 [+] gametes had egressed successfully as they were not stained with WGA-Texas Red and were positive for H33342 staining (Figure 2B). However, only ~54% of rounded-up Shield-1 [-] gametes egressed from host RBCs while the rest were found to be trapped inside the host erythrocyte staining positive for both WGA-Texas Red and H33342 (Figure 2B). This indicates that PfPATPL1 plays an important role in gamete egress.

In the case of male gametocytes an additional process known as exflagellation takes place. It involves rapid genome replication and formation of eight flagellated microgametes that rapidly beat their flagella enabling attachment to female gametes. Shield-1 [-] gametocytes were found to form ∼65% less exflagellation centers compared to Shield-1 [+] gametocytes (Figure 2C). This observation suggests that PfPATPL1 also plays a role in male gamete exflagellation (Figure 2C).

Finally, using transmission electron microscopy we detected ultrastructural changes in the peripheral membrane layers of Shield-1 [+] and Shield-1 [-] activated (Ac) gametes during egress. Prior to egress, i.e., before activation, the unactivated Stage V gametocytes contain four peripheral membranous layers including the erythrocyte membrane (EM), parasitophorous vacuolar membrane (PVM), parasite plasma membrane (PPM) and inner membrane complex (IMC). Upon egress, i.e., 20 minutes post-activation, activated (Ac) Shield-1 [+] gametes lose the EM and PVM and are left with just two peripheral membrane layers, the PPM and IMC (Figure 3A). In contrast, a higher number of activated (Ac) Shield-1

[-] gametes were found to contain all the peripheral membranous layers including EM, PVM, PPM and IMC, i.e. they remains unegressed (Figure 3B). 

PfPATPL1 knockdown and 4-BPB treatment hampers dynamic relocalization of

PfPLP2 containing vesicles to the periphery. Egress of mature gametes from host erythrocytes is mediated by a perforin like protein 2 (PfPLP2) (Wirth et al., 2014). During egress vesicles containing PfPLP2 move to the gamete periphery where PfPLP2 is thought to perforate the PVM and EM enabling gamete egress (Wirth et al., 2014). Since gamete egress requires relocalization of PfPLP2 containing vesicles to the periphery, we next investigated whether PfPATPL1 knockdown and 4-BPB treatment impair the dynamic translocation of PfPLP2 vesicles to the periphery of gametes. We found that ~15 minutes post activation PfPLP2 vesicles were localized on the periphery of ~90% of Shield-1 [+] gametes. In contrast, PfPLP2 was localized at the periphery of only ~43% of Shield-1 [-] gametes (Figure 6A,B). PfPLP2 vesicles remained distributed in internal vesicular structures in the majority of Shield-1 [-] gametes ~15 minutes post activation indicating that PfPATPL1 plays a role in translocation of PfPLP2 to the periphery during gamete egress. In addition, we observed that PfPLP2 was peripherally localized in ~82% of P. falciparum NF54 gametes in untreated (control) cultures 15 minutes post activation (Figure 6C,D). In contrast, only ~24% gametes contained PfPLP2 at the periphery in 4-BPB treated cultures with PfPLP2 localized internally in the cytoplasm of P. falciparum NF54 gametes in majority of gametes.

mercurochrome staining and the number of oocysts (stained dark pink) were counted in the mosquitoes fed with control and 4BPB tretated gametocytes.

DISCUSSION

The transformation of a small percentage of asexual Plasmodium parasites into gametocytes during blood stage growth is essential for parasite transmission. activate the elongated, banana-shaped Stage V gametocytes to undergo cytoskeletal and membrane re-organization to form 'rounded-up' gametes within host RBCs (Guttery et al., 2015;Hliscs et al., 2015). These 'rounded-up' male and female gametes then egress from RBCs and are released as free gametes that are competent for fertilization. The signaling pathways responsible for this transformation from gametocytes to gametes in the mosquito midgut are not completely understood.

In this study, we demonstrate that a putative patatin-like phospholipase (PfPATPL1) is critical for both the rounding up of Stage V gametocytes and egress of gametes from RBCs.

Given that PfPATPL1 is also expressed in asexual blood stages and may be essential for blood stage growth, we used a conditional knockdown strategy to investigate the potential role of PfPATPL1 in gametogenesis. Genetic replacement of wild type PfPATPL1 with PfPATPL1-DD fusion enabled significant depletion of PfPATPL1-DD in gametocytes by culturing parasites without Shield-1. In contrast, PfPATPL1-DD appeared refractory to depletion by Shield-1 removal in the blood stage and resulted in only ~10% drop in PfPATPL1-DD protein levels (Figure S2A), which did not affect blood stage growth in any way (Figure S2B). On the other hand, Shield-1 removal from Stage IV gametocyte cultures resulted in ~60% drop in PfPATPL1 protein levels in Stage V gametocytes (Figure 1).

Depletion of PfPATPL1 did not affect progression of gametocytes from Stage IV to Stage V, but affected the ability of Stage V gametocytes to be activated following a shift to lower temperature (37ºC to 25ºC) and exposure to XA. Following activation, PfPATPL1 deficient Stage V gametocytes were found to have reduced efficiency of rounding-up compared to wild type PfPATPL1 expressing parasites (Figure 2A). Moreover, PfPATPL1 deficient gametocytes that did round up had a reduced efficiency to egress from host RBCs compared to parasites with normal PfPATPL1 levels (Figure 2B). Depletion of PfPATPL1 also reduced the efficiency of exflagellation in case of male gametocytes (Figure 2C). The translocation of the perforin-like protein, PfPLP2, to the periphery is essential for gamete egress (Wirth et al., 2014). We demonstrated that depletion of PfPATPL1 inhibits the translocation of PfPLP2 to the periphery (Figure 6A). As a result the PVM and RBCM remain intact and gamete egress is blocked (Figures 2B and3). PfPATPL1 thus plays a critical role in PfPLP2 secretion, an essential step for gamete egress during gametogenesis.

Rounding up of gametocytes occurs within minutes of being taken up by mosquitoes.

PKG is a known regulator of rounding-up during gametogenesis, as treatment of gametocytes with PKG inhibitors prevents elongated Stage V gametocytes from rounding up (McRobert et al., 2008). Chelation of Ca 2+ with BAPTA-AM in gametocytes does not block rounding up following activation, but rounded-up gametes fail to egress, indicating an important role for intracellular Ca 2+ in gamete egress (McRobert et al., 2008). Given that PfPATPL1 deficient parasites exhibit defects in both rounding up and egress, it remains to be seen if there is crosstalk between cGMP/PKG and PfPATPL1, as well as between Ca 2+ and PfPATPL1, or if PfPATPL1 acts independently to regulate these processes.

Domain analysis using Simple Modular Architecture Research Tool (SMART)

(http://smart.embl-heidelberg.de) (Schultz et al., 1998) of PfPATPL1, revealed that residues 338 to 554 contain a patatin-like phospholipase domain. Patatin is a soluble storage protein in potato tubers with lipid acyl hydrolase activity that plays a signaling role in the plant defense system (Canonne et al., 2011). Patatin-like proteins possess various functions from membrane trafficking to induction of sepsis and as virulence factors of pathogenic bacteria (Finck- Barbancon et al., 1997;Green et al., 1991). We found that the patatin-like domain of PfPATPL1 contains the conserved serine lipase motif, Gly-X-Ser-X-Gly, as well as the catalytic Ser/Asp diad found in the PLA2 superfamily of proteins (Dennis et al., 2011).

Proteins belonging to the PLA2 superfamily are characterized by their ability to hydrolyse the sn2 position of the glycerol backbone of phospholipids to release a free fatty acid leaving behind lyophosphatidic acid (LPA) (Dennis et al., 2011). PLA2 proteins are known to play roles in signaling via the release of fatty acids such as arachidonic acid (Balsinde et al., 2002;Burke and Dennis, 2009). These enzymes also modify lipid composition of membranes leading to changes in membrane curvature and shape. By promoting SNARE complex formation, PLA2s can stimulate vesicle fusion (Dabral and Coorssen, 2017). The ability of PLA2 to influence changes in membrane curvature may be important for the rounding up of P. falciparum gametocytes following activation. Moreover, For expression of recombinant PfPATPL1 protein, full length PfPATPL1 (79 kDa)

depletion
was expressed in E. coli as a recombinant protein with an N-terminal 6-His tag. A gene fragment corresponding to full length PfPATPL1 was amplified from P. falciparum schizont cDNA using primers AA23 and AA27 (Table S1). This gene fragment was cloned into pET28a vector (Novagen) into the BamHI and SalI for expression of recombinant proteins. Recombinant PfPATPL1 accumulated in inclusion bodies. The inclusion bodies were solubilized in 6M guanidium chloride and 50mM Tris-Cl and denatured PfPATPL1 was affinity purified using Ni 2+ -NTA chromatography. PfPATPL1 was separated on 6% SDS-PAGE. Recombinant PfPATPL1 was eluted from the gel in a buffer containing 50mM Tris-Cl, 150mM NaCl and 0.1M EDTA (pH 7.5). Following this, PfPATPL1 was subjected to buffer exchange using Amicon Ultra centrifugal filter units (Millipore) and used for immunization as described below.

Generation of NF54-

To generate antibodies against PfPATPL1 protein, 10µg of recombinant PfPATPL1

was emulsified with Freund's complete adjuvant and immunized in 6 weeks old female BALB/c mice subcutaneously. Two boosts of 10µg protein along with Freund's incomplete adjuvant were administered to each mouse on days 28 and 56. Mice were sacrificed on day 70 and terminal polyclonal immune serum against PfPATPL1 was obtained. Anti-PfPATPL1 serum was used for Western blotting and immunofluorescence assays.

Western blot analysis. Stage V gametocytes were purified using VarioMACS magnetic separator (Miltenyi Biotech). 0.5×10 8 gametocytes were treated with 0.1% saponin followed by washes with 1X PBS to remove traces of hemoglobin. The saponin-treated parasite pellets were lysed in parasite lysis buffer (10mM Tris pH 8, 0.4M NaCl, 1mM EDTA, 1% SDS) for 5 minutes on ice followed by centrifugation at 20,000 rcf at 4°C. The supernatants containing parasite proteins were collected, mixed with 4X Laemmli sample loading buffer (Bio-Rad) containing 350mM dithiothreitol (Sigma), boiled at 95°C for 5 minutes and loaded on 12% SDS-PAGE gel (Bio-Rad). The gel was transferred onto a nitrocellulose membrane using the Trans-blot Turbo transfer system (Bio-Rad). The membrane was then blocked in 5% skimmed milk overnight at 4°C followed by incubation with anti-PfPATPL1 mouse serum (1:400) or anti-PfNAPL rabbit serum (1:1,000) for 1 hour each. Following this, the blots were incubated with goat anti-mouse IgG antibodies conjugated to horseradish peroxidase (HRP) (1:1,000 dilution) and goat anti-rabbit IgG antibodies conjugated to horse radish peroxidase (HRP).

The immunoblot was developed using enhanced chemiluminescence (ECL) substrate (ThermoFischer Scientific) and signal was quantified on an Amersham Imager 600.

Quantification of the signal from the immunoblots was performed using ImageJ software. Electron microscopy. P. falciparum Stage V gametocytes were purified using LS-Column (Miltenyi Biotech) using VarioMACS magnetic separator (Miltenyi Biotech). One set of gametocytes was treated with 10µM 4-BPB for 1 hour at 37°C and the second set was treated with DMSO (Control). Both sets were fixed with 0.1% gluteraldehyde (Sigma) and 4% paraformaldehyde (EMS 15714) for 1 hour on ice followed by three washes in 1X PBS (Gibco). The fixed gametocyte pellets were then resuspended in PBS with 10% gelatin (Sigma G2500) and incubated for 5-10 minutes at 37°C. The samples were centrifuged briefly and gelatin was allowed to solidify by placing the samples on ice for 15 minutes. The pellets were cut in half and placed in 2.3M sucrose for 15 minutes. The pellets were sliced into pieces of 1mm 3 . Gelatin-embedded samples were infiltrated with 2.3M sucrose at 4°C overnight on a rotating wheel, mounted onto sample pins and frozen in liquid nitrogen.

Immunofluorescene assays (IFAs

Subsequently, the samples were cryo-sectioned (60nM thickness) using FC6/UC6-cryoultramicrotome (Leica) and a 35° diamond knife (Diatome). The sections were picked up using a 1:1 mixture of 2% methyl cellulose (Sigma Aldrich M-6385) and 2.3M sucrose (MERCK, 1.076541000). The sections were thawed and stained/embedded in 4% uranyl acetate/2% methyl cellulose mixture (1:9) (Griffiths et al., 1984). Images were recorded with TECHNAI SPIRIT 120 Kv (with bottom-mounted EAGLE 4Kx4K camera).

Mosquito infection using standard membrane feeding assay (SMFA). P. falciparum NF54

gametocytes were cultured in human Rh + erythrocytes (provided by donors from ICAReB, Institute Pasteur) at 7% haematocrit in RPMI1640/Hepes medium (Gibco), 0.37mM hypoxanthine (CC Pro), 10% AB + human serum (Etablissement Français du sang), 37°C, 5% CO 2 , 1% O2, 94% N2. After 14-15 days of culture in an automated system (Ponnudurai et al. 1983), mature gametocytes (checked by microscopy with Giemsa staining on blood smears and exflagellation assay) were resuspended in human serum AB + and fresh Rh + erythrocytes (v/v). This suspension was treated with 100µM of 4-BPB for 30 min at 37°C and was fed on a membrane feeder to 2-4 days old female Anopheles gambiae. Mosquitoes were kept at 26°C, 70% humidity and 10% sucrose. The midguts were dissected on 10 th day post feeding, stained with 0.25% fluoresceine and the number of oocysts per mosquito midgut were counted in both untreated and 4-BPB treated mosquitoes.

Statistical Analysis. The statistical analysis for all the plots was performed using GraphPad Prism 7 software. Gametocyte rounding up and male gamete exflagellation experiments were analyzed using unpaired Student's t-test (assuming equal SD) and P≤ 0.05 was considered significant. The graphs were plotted with mean±SEM of the population. Gamete egress and PfPLP2 redistribution was analyzed by two-way ANOVA test and P≤ 0.05 was considered significant. The graphs were plotted with mean±SEM of the population.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

In my thesis work, I have deciphered the role of a PfPATPL1 (Pf3D7_0209100) in the process of P. falciparum gametogenesis. We have found that PfPATPL1 is required for gametocyte activation which is a two step process. The first step known as gametocyte rounding up involves shape change, i.e. the crescent shaped gametocytes transform into round forms upon exposure to activation signals. This morphological change in gametocyte shape is followed by a second step which involves the secretion of specialized vesicles containing molecules needed for egress, such as PLP2, leading to egress. In this study, we have found that a phospholipase A2 with a plant like patatin domain ( PfPATPL1) is required during different steps of gametocyte activation, starting from gametocyte rounding up, followed by PfPLP2 discharge and finally gamete egress. Taking a conditional knock down strategy using fusion to destabilization domain (DD), we have demonstrated that PfPATPL1 knock down in stage V gametocytes prevents rounding up of mature gametocytes post activation. This indicates that PfPATPL1 is required for the first step of gametocyte activation, i.e. rounding up. We then went further to determine whether PfPATPL1 is also required for the down stream steps of gametogenesis. These involve the relocalization and exocytosis of PLP2 containing vesicles to the gametocyte periphery leading to egress of gametes from the host erythrocyte membrane.

Therefore, we further tested whether PfPATPL1 is needed for the relocalization of PLP2 containing vesicles to the gametocyte periphery, post rounding up. We observed that PfPATPL1 knock down prevented the dynamic relocalization of PfPLP2 containing vesicles to the gametocyte surface. This indicates that PfPATPL1 is required for relocalization of PfPLP2 containing vesicles to the parasite surface.

We next tested whether PfPATPL1 knock down also impacts gamete egress. Infact, we have found that PfPATPL1 knock down in stage V gametocytes, prevents egress of mature gametes from the host erythrocytes. These results indicate that PfPATPL1 is needed during different steps of gametogeneis, i.e., during rounding up, relocalization of PfPLP2 containing vesicles, and gamete egress.

In the past, a couple of studies in rodent malaria parasite, P. berghei, have demonstrated the role of a phospholipase (PbPL) in different stages of the parasite life cycle.

This includes the role of PbPL in sporozoite traversal, liver stage egress and egress from ookinetes. However, there have been no reports about the functional role of phospholipase A2s in P. falciparum. In this study, we show for the first time that a phospholipase A2 (PLA2) plays a role during different steps of gametogenesis following activation of gametocytes in the mosquito midgut.

Phospholipases are diverse group of enzymes carrying out a number of biological functions that include their role as important components of signaling cascades in cells. Phospholipase A2 (PLA2) enzymes are expressed in many organisms. These enzyme display diversity in terms of the functions they perform and the regulatory mechanisms that control their enzymatic activity. One interesting function carried out by PLA2s is entry into and exit from host cells. For example, some intracellular obligate bacterial parasites like Rickettsia use PLA2 enzyme to mediate their entry into host cells. This bacteria also utilizes PLA2 enzymes to lyse their host cells once they complete their development inside host [START_REF] Rahman | Rickettsia typhi possesses phospholipase A2 enzymes that are involved in infection of host cells[END_REF]. Plasmodium, an apicomplexan parasite also possesses PLA2 enzymes, however their function and regulation remains poorly studied.

Using bioinformatic analysis, we have found that P. falciparum genome contains five genes encoding PLA2 like enzymes. Out of these five, two contain apicoplast signal sequence (Pf3D7_1358000 and Pf3D7_0924000) and therefore are predicted to localize in apicoplast.

The P. berghei homolog of PF3D7_0629300 has been shown to play a role in merozoite egress during liver stage growth and sprozoite egress from oocysts in mosquitoes. This gene was found to be non-essential for gametogenesis. Pf3D7_0218600 and Pf3D7_0209100 are putative phospholipases predicted to be cytoplasmic in distribution. In my thesis, I decided to work on Pf3D7_0209100 which is a putative patatin-like phospholipase. We have named the protein encoded by this gene as PfPATPL1. PfPATPL1 is a 79 KDa protein containing a plant patatin like domain which is the predicted catalytic domain that catalyzes the hydrolysis of phospholipids. PfPATPL1 lacks any transmembrane domain and is therefore predicted to be cytosolic in distribution. PfPATPL1 lacks C2 domains which are present in many other known PLA2s. Based on the classification of phospholipase A2s, PfPATPL1 is predicted to fall under group VI or iPLA2s. Group VI PLA2s are also known as patatin containing PLA2s.

Group VIA PLA2 has been shown to be important for membrane homeostasis and remodeling [START_REF] Balsinde | Inhibition of calcium-independent phospholipase A2 prevents arachidonic acid incorporation and phospholipid remodeling in P388D1 macrophages[END_REF]. In my thesis study, I have found that PfPATPL1 is required during different steps of gametogenesis, including gametocyte rounding up and egress from host RBC. During gametogenesis, the parasite undergoes transformations in shape enabling it to egress out of the host RBC. These changes potentially involve remodelling of lipid membranes and since PfPATPL1 is found to be required during these transformational steps of gametogenesis, we hypothesize that PfPATPL1 might play a role in mediating these membrane remodeling.

PLA2 enzymatic activity has been found to be regulated by a number of different factors including Ca 2+ binding, phosphatidylinositol-4,5-bisphosphate (PIP2) binding, phosphorylation and membrane interaction (Dennis et al., 2011). Ca 2+ binding to C2 domain of PLA2s has been reported to increase the phospholipase A2 activity. Certain cPLA2s are also regulated by binding to the lipid second messenger phosphatidylinositol-4,5bisphosphate (PIP2) [START_REF] Six | Essential Ca(2+)-independent role of the group IVA cytosolic phospholipase A(2) C2 domain for interfacial activity[END_REF]. Some cPLA2s are known to be regulated by phosphorylation of specific serine residues by MAP kinase and PKC [START_REF] Lin | cPLA2 is phosphorylated and activated by MAP kinase[END_REF][START_REF] Nakamura | Modulation of the activity of cytosolic phospholipase A2alpha (cPLA2alpha) by cellular sphingolipids and inhibition of cPLA2alpha by sphingomyelin[END_REF]. The presence of PLA2s in the viscinity of phospholipid membranes has also been shown to enhance their lipase activity. Binding to Ca 2+ , lipid second messengers and phosphorylation has been suggested to mediate the translocation of PLA2s to phospholipid membranes (Dennis et al., 2011) In this current study, we have studied the function of PfPATPL1 in P. falciparum

gametogenesis, but we have not been able to study the different factors that might regulate PfPATPL1 activity. Since PfPATPL1 lacks a canonical Ca 2+ binding C2 domain, PfPATPL1

is not likely to be regulated by Ca 2+ . Another possible mode of PfPATPL1 regulation is binding to the lipid second messenger PIP2. A study in P. berghei had demonstrated that PIP2 levels remain high in gametocytes even after a proportion of it is hydrolyzed by PI-PLC post gametocyte activation (Raabe et al., 2011). It is possible that the presence of such an accumulated pool of PIP 2 may activate PfPATPL1 which then promotes gametocyte rounding up.

In this study we have found that PfPATPL1 knockdown leads to defects in the relocalization of PfPLP2 containing vesicles to the gamete periphery. This suggests that PfPATPL1 is needed for the process of vesicular trafficking and fusion. One of the ways that PLA2s regulate vesicular fusion is through the formation of lysophosphatidylcholine (lysoPC) and arachadonic acid. LysoPC has been suggested to dock two opposing membranes and prevents their fusion until the right trigger arrives. Arachadonic acid on the other hand, promotes the formation of a trans-SNARE complex which is needed for membrane fusion (Dabral and Coorssen, 2017). These two byproducts of PLA2 catalysis pave the way for membrane fusion in the presence of the right trigger.

After PfPLP2 containing vesicles move to the periphery, they fuse with the gametocyte membrane and release their contents such as PfPLP2, which mediates egress by permeabilization of the host erythrocyte membrane. In this study we have found that PfPATPL1 knock down leads to a substantial block in egress from host RBC. Since PfPATPL1 knock down in mature gametocytes inhibits the relocalization of PfPLP2 containing vesicles to the gametocyte periphery and prevents egress of gametes from host erythrocytes. PfPATPL1 thus regulates gamete egress by regulating the relocalization of PfPLP2 containing vesicles to the periphery.

In this study, we were able to knock down PfPATPL1 protein levels in stage V gametocytes by ∼60%. This reduction in protein levels was sufficient to cause defects in different steps of gametogenesis, including gametocyte rounding up, PfPLP2 relocalization and gamete egress. We have observed ∼60% block in rounding up and ∼50% block in PfPLP2 relocalization and gamete egress. This partial inhibition by PfPATPL1 knock down observed in these processes is possibly due to incomplete knockdown of PfPATPL1 protein upon Shield-1 removal.

We have made two attempts to knock out PfPATPL1 gene using a gene disruption strategy by insertion of a human dhfr containing cassette using a single homologous recombination, but we were not successful in obtaining transgenic PfPATPL1 knock out parasites. This indicates that PfPATPL1 may be essential for parasite asexual growth.

Therefore, we are currently working on a conditional knock out stragtegy using CRISPR/Cas9-loxP-mediated gene editing. Using this approach, we plan to obtain a clean knock out of PfPATPL1 during different stages of parasite life cycle.

This study has shown the role of PfPATPL1 during gametogenesis and opens a number of questions. Future work will aim to address some of these questions. One of the main objectives of further study would be to obtain a clean knock out of this gene using the stragtegy explained above and determine whether it leads to a complete inhibtion during different steps of gametogenesis. Complete knock out of PfPATPL1 is predicted to have two outcomes -one possibilty is that the process of gametogenesis is completely inhibited, which will support our current observations regarding the role of PfPATPL1 during gametogenesis.

The second possibility is that the process of gametogenesis is not fully hampered even after complete knock out PfPATPL1. In case of the second outcome, it is possible that another PLA2 like enzyme provides redundancy and enables the parasite to undergo normal gametogenesis.

In addition to reverse genetics tools, we would like to take biochemical approaches to characterize the mechanism of action of PfPATPL1. In this direction, we would like to measure PLA2 activity in P. falciparum asexual stages and gametocytes using an enzymatic assay. We will use radiolabelled phospholipids as substrates in this assay and detect the release of arachadonic acid, a byproduct of PLA2 catalysis. Using this assay, we would also determine whether PLA2 activity in P. falciparum lysates is regulated by second messengers like Ca 2+ or PIP 2 . This approach will, however, determine the activity of all the PLA2s in P.

falciparum. To specifically determine the activity of PfPATPL1 (Pf3D7_0209100), we plan to produce enzymatically active recombinant PfPATPL1.

We have produced recombinant PfPATPL1 protein using an E. coli expression system, but the protein was found to express mainly in the insoluble fraction (inclusion bodies). Attempts to refold the protein in vitro have not been successful. We have used this recombinant protein to generate antiserum against PfPATPL1 in mice. To study the activity of recombinant PfPATPL1 enzyme we plan to produce enzymatically active recombinant PfPATPL1 using in insect cells or using a mammalian expression system.

Next, we would like to study the binding partners of PfPATPL1 in gametocytes. For this, we will use anti-PfPATPL1 antiserum to immunoprecipitate PfPATPL1 and identify the binding partners by mass spectrometry. Additionally, we will also study the subcellular localization of PfPATPL1 in gametocytes by immunofluorescence assays (IFAs) and electron microscopy using antiserum against PfPATPL1. We will check whether PfPATPL1 colocalizes with the known egress vesicles like Pfg377 (present in osmophilic bodies) or PfPLP2 (present in egress related vesicles). Furthermore, we would also like to study whether the localization of PfPATPL1 changes post gametocyte activation.

The process of gametocyte rounding up has previously been shown to be regulated by cGMP-dependent protein kinase G (PKG). A study using a phosphodiesterase inhibitor zaprinast, has demonstrated that PfPKG is important for gametocyte rounding up. In this current study, using reverse genetics, we have observed a role for PfPATPL1 in gametocyte rounding up. Therefore, it would be interesting to study the connection between PfPATPL1

and PfPKG. Some studies in other systems have demonstrated that phosphorylation of PLA2 by numerous kinases including MAP kinase regulates PLA2 activity. It is therefore possible that PfPATPL1 is regulated by PfPKG and both of them play a role in gametocyte rounding up.

There are two possiblities regarding the connection between PfPKG and PfPATPL1.

The first possibility is that PfPKG activates PfPATPL1 and the second possibility is that both PfPATPL1 and PfPKG are acting independently in regulating gametocyte rounding up. It is likely that PfPKG phosphorylates PfPATPL1 leading to regulates gametocyte rounding up.

To test whether PfPATPL1 is phosphorylated, we will pull down native protein from gametocyte lysate by immunoprecipitation using antiserum against PfPATPL1, and subject it to mass spectometry to detect phosphorylation sites in the protein. If we observe phosphorylation of specific residues in PfPATPL1, then we would like to determine whether PfPKG is the kinase responsible for phosphorylating PfPATPL1. To test this, we will treat a set of P. falciparum gametocytes with a PKG inhibitor, i.e. compound 1. The second set of untreated gametocytes will be used as a control. Lysates from these two different sets of gametocytes will be prepared. PfPATPL1 protein from compound 1 treated and untreated lysate will be pulled down by immunoprecipitation using antiserum against PfPATPL1. The native PfPATPL1 protein obtained after pull down will be subjected to mass spectrometry to determine changes in the phosphorylation patterns between control and compound 1 treated gametocytes. A difference in the phosphorylation pattern between the two conditions is expected if PfPKG phosphorylates PfPATPL1.

These above listed future experiments will help us in improving our understanding about the mode of action of PfPATPL1 in gametogenesis.

The process of gametogenesis and the molecules mediating different steps during this process have not been studied extensively. Moreover, the first step in gametogenesis, i.e., the process of gametocyte 'rounding up' remains poorly understood. However, the role of a cGMP-dependent PKG pathway in gametocyte rounding up has been well established.

Besides this pathway, there are no reports about molecules/signals for gametocyte rounding up. In this study, we have show the role of PfPATPL1 in different steps of gametogenesis, including gametocyte rounding up. We have also shown that PfPATPL1 is required for egress of gametes from human erythrocytes. However, we still need to understand the mechanism of action by which PfPATPL1 is regulating these different steps in gametogenesis.

In addition to taking a reverse genetics approach to study the role of PfPATPL1 in P.

falciparum gametogenesis, we have also utilized a known chemical inhibitor of PLA2s known as 4-Bromophenacyl bromide (4-BPB). Although, 4-BPB can target all the five putative PLA2s in the parasite, we have found that treament of gametocytes with 4-BPB resulted in similar defects during gametogenesis as observed upon PfPATPL1 knockdown. Similar to PfPATPL1 knockdown, 4-BPB treated gametocytes were found to be defective in rounding up, redistribution of PfPLP2 vesicles to the gamete periphery, egress and male gamete exflagellation. Moreover, when the mosquitoes were fed with a blood meal containing 4-BPB treated gametocytes, we observed a significant reduction in mosquito infection rate as well as drastic decrease in oocyst densities per infected mosquito. This indicates that PLA2 activity is needed during gametogenesis and makes PfPATPL1 a potential target for designing intervention strategies to prevent parasite transmission.

INTRODUCTION

Plasmodium parasites have evolved a highly complex life cycle reflected in their ability to shuttle between female mosquitoes and their vertebrate hosts. This lifestyle has selected for the formation of unique developmental stages that invade and multiply in diverse cells. Plasmodium merozoites emerge from infected hepatocytes and begin the blood stage of their life cycle by invading host RBCs. Repeated rounds of invasion, multiplication and egress result in the frequently debilitating, and sometimes fatal, disease of malaria. During the blood stage, some of the parasites differentiate into sexual stages. The male and female gametocytes, which form inside RBCs, are picked up by the mosquito during a blood meal and transform into gametes in the mosquito midgut. Both male and female gametes egress from the RBCs and mate to form a zygote, which transforms into an ookinete, the next developmental stage in the parasite life cycle. Processes such as RBC invasion and egress involve multiple steps that are tightly regulated. Here, we will review recent findings related to our understanding of the molecular mechanisms and signaling pathways that mediate and regulate these events.

ENTRY OF PLASMODIUM MEROZOITES INTO HOST RBCs

Invasion of RBCs by Plasmodium merozoites is a highly dynamic process that takes minutes to complete [START_REF] Dvorak | Invasion of erythrocytes by malaria merozoites[END_REF]. The invasion process can be divided into MOH 240312

the following key steps: first contact, apical reorientation, formation of the 'tight junction' followed by movement into a vacuole, echinocytosis and resealing of the RBC membrane (RBCM) [START_REF] Riglar | Super-resolution dissection of coordinated events during malaria parasite invasion of the human erythrocyte[END_REF]. The parasite finally rests within the parasitophorous vacuole surrounded by the parasitophorous vacuolar membrane (PVM). For invasion to succeed, merozoites must release, in a sequential and regulated manner, a set of invasion proteins that are sequestered in internal apical organelles called micronemes and rhoptries. Here, we review what we know about such invasion proteins and the signaling mechanisms that control their release with the proper spatiotemporal coordinates required for successful invasion. An overview of the series of signaling events, including the proteins, and secondary messengers involved during invasion is highlighted in Figure 1a.

The initial contact between the RBC and parasite relies on a group of constitutively expressed parasite proteins called the merozoite surface proteins (MSPs). Some of the MSPs such as MSP1, MSP6, MSP7 and MSPDBL1-2 form a complex on the merozoite surface that may mediate the first interaction with RBCs [START_REF] Kadekoppala | Merozoite surface proteins of the malaria parasite: the MSP1 complex and the MSP7 family[END_REF][START_REF] Lin | The merozoite surface protein 1 complex is a platform for binding to human erythrocytes by Plasmodium falciparum[END_REF]. For example, MSP1 binds heparin, which has been shown to block RBC invasion by Plasmodium falciparum merozoites [START_REF] Boyle | Interactions with heparin-like molecules during erythrocyte invasion by Plasmodium falciparum merozoites[END_REF]. In addition, phage display data have recently found that MSP1 binds the RBC receptor Glycophorin A, which forms a complex with Band 3 [START_REF] Baldwin | Merozoite surface protein 1 recognition of host glycophorin A mediates malaria parasite invasion of red blood cells[END_REF], suggesting a role in RBC recognition. Despite these findings, which demonstrate that MSP1 may bind RBC receptors, there is no direct evidence that MSP1 plays an essential role in the invasion process. In fact, a recent report that uses reverse genetics has implicated MSP1 in egress from the RBC [7 & ]. It is possible that MSP1 plays a role in both entry and egress, but conclusive data are still missing.

The next step in invasion requires the parasite to reorient itself with its apical end facing the RBC.

Apical reorientation is a higher affinity interaction and reflects a more 'committed' stage of invasion. Invasion proteins secreted at the apical end from the micronemes and rhoptries may create a gradient of parasite ligands capable of high affinity interactions with RBC receptors. It has been suggested that this increased 'stickiness' at the apical end may be sufficient to lead to reorientation of the merozoite following initial interaction [START_REF] Koch | The mechanics of malaria parasite invasion of the human erythrocyte: towards a reassessment of the host cell contribution[END_REF].

The secretion of microneme and rhoptry proteins is not constitutive. Previous work on identification of the signals for apical organelle release has revealed that exposure of merozoites to a low potassium ([K þ ]) environment as found in blood plasma triggers a rise in intracellular calcium (Ca 2þ ) leading to secretion of microneme proteins such as AMA1 and EBA175 [START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. Early studies on Toxoplasma tachyzoites showed that intracellular Ca 2þ levels were high in gliding tachyzoites and reduced to basal levels when they attached to host cells just prior to invasion [START_REF] Carruthers | Ethanol and acetaldehyde elevate intracellular [Ca2þ] and stimulate microneme discharge in Toxoplasma gondii[END_REF]. This was also shown to be the case for merozoites invading RBCs [START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. Exposure to low [K þ ] first triggers an increase in cyclic adenosine monophosphate (cAMP) levels, which leads to rise in cytosolic Ca 2þ [START_REF] Dawn | The central role of cAMP in regulating Plasmodium falciparum merozoite invasion of human erythrocytes[END_REF]. The rise in Ca 2þ is dependent on activation of phospholipase C (PLC) by the exchange protein activated by cAMP leading to production of Inositol triphosphate (IP 3 ) [START_REF] Dawn | The central role of cAMP in regulating Plasmodium falciparum merozoite invasion of human erythrocytes[END_REF], which presumably acts on IP 3 receptors on the endoplasmic reticulum (ER) to release Ca 2þ from ER stores. Rise in Ca 2þ in turn activates calcium-dependent protein kinase 1 (CDPK1), a kinase implicated in microneme release in both Toxoplasma tachyzoites and Plasmodium merozoites [START_REF] Lourido | Calcium-dependent protein kinase 1 is an essential regulator of exocytosis in Toxoplasma[END_REF][START_REF] Bansal | Characterization of Plasmodium falciparum calcium-dependent protein kinase 1 (PfCDPK1) and its role in microneme secretion during erythrocyte invasion[END_REF]. Another byproduct of the PLC pathway, diacylglycerol (DAG), is converted into phosphatidic acid (PA), by DAG kinase 1 (DGK1) in both Toxoplasma [14 & ] and Plasmodium (Singh and Chitnis, unpublished data). In case of Toxoplasma tachyzoites, an acylated pleckstrin homology domain (APH) protein that is localized to the microneme surface binds phosphatidic acid produced on the merozoite plasma membrane by DGK1 leading to microneme fusion and the release of microneme proteins at the merozoite surface [14 & ]. The secretion of microneme proteins is thus regulated at several points to create a robust system with multiple regulatory checkpoints. Rise in cytosolic Ca 2þ is required for microneme exocytosis, but not for rhoptry release, which is triggered by the engagement of the secreted microneme protein EBA175 with Glycophorin A (GlyA) on RBCs [START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. In Toxoplasma, the microneme protein MIC8 was implicated in rhoptry release [START_REF] Kessler | Microneme protein 8: a new essential invasion factor in Toxoplasma gondii[END_REF]. The signal transduction pathways that lead to rhoptry secretion in response to receptor-engagement by EBA175 or MIC8 are not known.

KEY POINTS

The molecular effectors that play key functional roles in processes such as host cell invasion and egress by malaria parasites include receptor-binding parasite ligands, perforin-like proteins and proteases.

These effectors are secreted and/or activated in response to specific internal and external signals leading to the coordinated execution of the multiple steps required for successful invasion and egress.

Targeting such effectors and their signaling pathways can block parasite growth and/or transmission providing new approaches to prevent, treat and eliminate malaria. FIGURE 1. (a) Events during erythrocyte invasion by Plasmodium merozoites. Initial interaction between the RBC and the merozoite is mediated by members of the MSP family of proteins, which are constitutively expressed on the merozoite surface (e.g. MSP1). Exposure to low potassium (low K þ ) in blood plasma triggers an increase in cAMP levels inside the parasite, which activates PLC to produce IP 3 and DAG. IP 3 releases Ca 2þ from endoplasmic reticulum (ER) stores by interacting with as yet unidentified receptors on the ER. Elevated Ca 2þ activates calcium-dependent protein kinase 1 (CDPK1), which leads to the secretion of microneme proteins such as AMA1 and EBA175. The other product, DAG, is converted into phosphatidic acid (PA), which interacts with acylated pleckstrin homology domain protein (APH) on the surface of micronemes leading to microneme secretion. Once secreted, EBA175 interacts with the RBC receptor Glycophorin A (GlyA), leading to the discharge of rhoptry proteins such as TRAMP and CLAG. AMA1 interacts with the parasite rhoptry neck protein RON2 which is inserted onto the RBC surface, resulting in the formation of a tight junction through which the parasite enters the host erythrocyte. (b) Events during the egress of merozoites from host erythrocyte. An internal parasite signal, abscisic acid (ABA), accumulates in schizonts and triggers the release of Ca 2þ from the ER through the cADPR pathway. Elevated Ca 2þ levels lead to the discharge of microneme (Mn) proteins like PLP1 (perforin-like protein 1) and exoneme (Exo) proteins like Sub1 (subtilisin-like protein). Sub1 is localized in exonemes and is discharged into the parasitophorous vacuole (PV), where it mediates the processing of SERA5 (serine repeat antigen 5), which is implicated in egress. Secretion of PLP1 from micronemes leads to the permeabilization of parasitophorous vacuolar membrane (PVM) and host red blood cell membrane (RBCM), leading to membrane degradation and egress. Multiple parasite adhesins belonging to the EBL and Rh protein families have been shown to engage with ligands on the RBC surface, in what appears to be functional redundancy [START_REF] Paul | Host-parasite interactions that guide red blood cell invasion by malaria parasites[END_REF]. This is thought to be the parasite's way of expanding the repertoire of RBC receptors used for invasion but could also be a consequence of host immune pressure [START_REF] Wright | Plasmodium falciparum erythrocyte invasion: combining function with immune evasion[END_REF]. The exception to this redundancy is rhoptry protein PfRH5, which binds basigin on RBCs and was found to be essential for invasion [START_REF] Crosnier | Basigin is a receptor essential for erythrocyte invasion by Plasmodium falciparum[END_REF][START_REF] Wright | Structure of malaria invasion protein RH5 with erythrocyte basigin and blocking antibodies[END_REF]. PfRH5, along with the microneme proteins PfRipR and PfCYRPA, forms a protein complex [20 ,21], presumably postsecretion from their respective organelles. In addition to the use of host receptors, merozoites also insert a parasite protein (rhoptry neck protein RON2) into the RBC membrane, which is then used as a receptor by the microneme protein AMA1 [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] Srinivasan | Binding of Plasmodium merozoite proteins RON2 and AMA1 triggers commitment to invasion[END_REF]. The RON2-AMA1 interaction defines the 'tight junction' at which the parasite begins its active entry into the host. Recently, another essential parasite player in invasion, CLAMP, which shares homology with claudin-like proteins that are found in tight junctions between cells, has been described in both Toxoplasma and Plasmodium [24 & ]. The precise functional role of CLAMP in invasion remains to be defined.

Apart from binding to their receptors once released, parasite ligands may play a role in signal transduction through their cytoplasmic domains (CTDs). For example, a recent report has shown that sequential phosphorylation of the CTD of AMA1 is required for invasion [START_REF] Prinz | Hierarchical phosphorylation of apical membrane antigen 1 is required for efficient red blood cell invasion by malaria parasites[END_REF]. In addition, the studies implicate protein kinase A in these phosphorylation events. In response to low levels of extracellular ([K þ ]), intracellular Ca 2þ levels rise and upregulate the activity of a calcium-dependent phosphatase, namely, calcineurin [START_REF] Singh | Role of calcineurin and actin dynamics in regulated secretion of microneme proteins in Plasmodium falciparum merozoites during erythrocyte invasion[END_REF]. Recently, a reverse genetic approach has shown the importance of calcinuerin, in host cell binding [START_REF] Paul | Parasite calcineurin regulates host cell recognition and attachment by Apicomplexans[END_REF]. Depletion of calcineurin by conditional knock out methods resulted in a block in merozoite invasion of RBCs. Calcineurin appears to play a role in stabilization of host receptor engagement such as PfRH5-Basigin although the mechanism by which calcineurin influences these interactions is not known. Another member of the PfRH family, PfRH1, was also implicated in triggering a Ca 2þ increase in merozoites leading to the release of EBP members such as EBA175 [START_REF] Gao | Triggers of key calcium signals during erythrocyte invasion by Plasmodium falciparum[END_REF]. However, this is challenging to explain as other studies have demonstrated that, in fact, EBA175 engagement of GlyA is required for secretion of PfRH2 and other rhoptry proteins [START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. The order of some events related to parasite protein secretion and their function in the invasion process remains to be clearly understood.

An area of emerging interest has been the changes occurring in the host cell during invasion. It has been observed that Ca 2þ levels rise in target RBCs following merozoite attachment leading to host membrane deformation [START_REF] Riglar | Super-resolution dissection of coordinated events during malaria parasite invasion of the human erythrocyte[END_REF]. The essential invasion protein PfRH5 has been shown to play a role in this event as antibodies that block its binding to Basigin, as well as conditional deletion of PfRH5/ CyRPA/Ripr complex, prevent rise in Ca 2þ in RBCs and echinocytosis leading to a block in invasion [20 & ]. However, the mechanism by which interaction of PfRH5 with its receptor leads to rise in Ca 2þ in RBCs is not known. A phospho-proteome study investigating the phosphorylation status of RBC proteins following interaction of P. falciparum merozoites with RBCs [29 & ] has shown that distinct signaling cascades are activated in host RBCs during infection. Importantly, the host cytoskeletal protein, spectrin, and the channel protein, piezo 1, were implicated, and although these changes could be seen as a consequence of invasion, it is possible that the host plays a not so passive role in the invasion process itself.

EGRESS OF MALARIA PARASITES FROM HOST RBCs

The process of egress during asexual proliferation is essential for survival as merozoites need to exit the nutritionally exhausted host RBC and invade fresh RBCs to continue to multiply. Merozoites in mature schizonts are trapped inside two membranes, namely, PVM and RBCM. Here, we will review our understanding of the signaling and molecular mechanisms that lead to the destabilization of PVM and RBCM during merozoite egress. An overview of the series of signaling events, including the proteins, and secondary messengers involved in egress is highlighted in Figure 1b.

An insight into understanding the first intrinsic signal for egress comes from a study in Toxoplasma gondii, wherein production of the phytohormone abscisic acid (ABA) was found to trigger egress of tachyzoites [START_REF] Nagamune | Abscisic acid controls calcium-dependent egress and development in Toxoplasma gondii[END_REF]. They found that ABA levels in parasites poised to egress were elevated. In plants, rise in ABA leads to production of second messenger, cyclic ADP-ribose (cADPR), which can activate ryanodine receptors on the ER to induce calcium release [START_REF] Wu | Abscisic acid signaling through cyclic ADPribose in plants[END_REF]. cADPR was also implicated in the release of Ca 2þ from ER in response to ABA synthesis in T. gondii [START_REF] Wu | Abscisic acid signaling through cyclic ADPribose in plants[END_REF]. Treatment of T. gondii tachyzoites with the herbicide fluridone, which inhibits ABA production, blocks tachyzoite egress. Fluridone was also found to block egress of P. falciparum merozoites from schizonts (Singh and Chitnis, unpublished data). These studies suggest that ABA might be the MOH 240312 first intrinsic signal that initiates the egress process in Apicomplexan parasites.

Following this initial internal signal that triggers egress, some extrinsic environmental signals may come into play to complete the egress process. For example, in T. gondii, exposure to low [K þ ] as found in blood plasma has been shown to trigger tachyzoite motility leading to rapid egress [START_REF] Moudy | The loss of cytoplasmic potassium upon host cell breakdown triggers egress of Toxoplasma gondii[END_REF]. In case of P. falciparum, low [K þ ] has been shown to trigger microneme release [START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. In other studies, parasite egress was observed even in the absence of motility [START_REF] Lavine | Exit from host cells by the pathogenic parasite Toxoplasma gondii does not require motility[END_REF][START_REF] Abkarian | A novel mechanism for egress of malarial parasites from red blood cells[END_REF]. Furthermore, osmotic stress leading to host cell membrane tension has been shown to mediate P. falciparum merozoite release from mature schizonts [START_REF] Abkarian | A novel mechanism for egress of malarial parasites from red blood cells[END_REF].

In response to egress signals, merozoites secrete a number of molecules that are localized in organelles such as micronemes and exonemes. These molecules help the merozoite breach barriers such as the PVM and RBCM. There are two hypotheses regarding the sequence of rupture of these membranes. According to the first hypothesis, the PVM is ruptured before the RBCM [START_REF] Winograd | Release of merozoites from Plasmodium falciparum-infected erythrocytes could be mediated by a nonexplosive event[END_REF][START_REF] Wickham | Selective inhibition of a two-step egress of malaria parasites from the host erythrocyte[END_REF], whereas the second claims that the RBCM ruptures first and is followed by PVM rupture [START_REF] Salmon | Malaria parasite exit from the host erythrocyte: a two-step process requiring extraerythrocytic proteolysis[END_REF]. P. falciparum merozoites secrete different proteases [START_REF] Blackman | Proteases in host cell invasion by the malaria parasite[END_REF][START_REF] Blackman | Malarial proteases and host cell egress: an 'emerging' cascade[END_REF], which help breach the limiting membranes. Using pharmacological inhibitors, the roles of cysteine and serine proteases have been implicated in RBCM and PVM rupture [START_REF] Glushakova | Irreversible effect of cysteine protease inhibitors on the release of malaria parasites from infected erythrocytes[END_REF]. In addition, a subtilisin-like protease in P. falciparum (PfSUB1) was found to be localized in exonemes and is secreted into the parasitophorous vacuole just before egress, where it processes serine rich antigen 5 (SERA5) and possibly other SERA proteins [START_REF] Yeoh | Subcellular discharge of a serine protease mediates release of invasive malaria parasites from host erythrocytes[END_REF]. Initially thought to function as a protease, recently SERA5 was reported to play an essential nonenymatic role during egress [START_REF] Stallmach | Plasmodium falciparum SERA5 plays a nonenzymatic role in the malarial asexual blood-stage lifecycle[END_REF]. A recent study shows that the processing of MSP1 by PfSUB1 modifies its secondary structure enabling it to interact with host red blood cell spectrin and promoting egress [7 & ]. Apart from parasite proteases, there is evidence that some host proteases like calpain-1 are used by the parasite during egress [START_REF] Chandramohanadas | Apicomplexan parasites co-opt host calpains to facilitate their escape from infected cells[END_REF].

In addition to proteases, kinases have also been shown to promote egress. A plant-like calciumdependent protein kinase, PfCDPK5, was found to be essential for egress as its conditional deletion blocked parasite egress [START_REF] Dvorin | A plant-like kinase in Plasmodium falciparum regulates parasite egress from erythrocytes[END_REF]. A phospho-proteomic study in merozoites highlighted the importance of cGMP-dependent kinase, PKG, in regulating the egress of P. falciparum merozoites [START_REF] Alam | Phosphoproteomics reveals malaria parasite Protein Kinase G as a signalling hub regulating egress and invasion[END_REF].

In the past few years, an interesting class of molecules known as perforin-like proteins (PLPs) has been identified in T. gondii and P. falciparum. PLPs are membrane attack complex domain-containing proteins present in the micronemes. Rise in cytosolic calcium during late schizogony was found to trigger the release of these micronemal proteins, which target the membrane to initially create pores and eventually lyse it to enable merozoite egress [START_REF] Kafsack | Apicomplexan perforin-like proteins[END_REF][START_REF] Garg | Calcium-dependent permeabilization of erythrocytes by a perforin-like protein during egress of malaria parasites[END_REF].

EGRESS OF P. FALCIPARUM GAMETOCYTES FROM RBCs

Gametocytes, the sexual forms of the parasite, are the only parasitic forms capable of transmission to mosquitoes from the human host. Similar to its importance in the blood stage, egress of mature gametocytes from RBCs is critical for gamete fertilization. Gametocyte egress takes place in the mosquito midgut and is completed in two steps. The first step involves rounding up of banana-shaped gametocytes followed by exflagellation (in males) and egress (in both sexes). Although not much is known about gametocyte egress, an overview of signaling events uncovered thus far, including the proteins, and secondary messengers involved during gametocyte egress is highlighted in Figure 1c.

The signals that activate gametocytes to round up and trigger egress include a drop in temperature to 258C and the presence of a molecule known as xanthurenic acid, which is interestingly a byproduct of eye pigment synthesis found in the mosquito midgut [START_REF] Billker | The roles of temperature, pH and mosquito factors as triggers of male and female gametogenesis of Plasmodium berghei in vitro[END_REF][START_REF] Billker | Identification of xanthurenic acid as the putative inducer of malaria development in the mosquito[END_REF][START_REF] Garcia | Xanthurenic acid induces gametogenesis in Plasmodium, the malaria parasite[END_REF]. However, the receptor that binds and responds to xanthurenic acid remains unidentified.

cGMP and Ca 2þ have been shown to regulate gametocyte egress, with cGMP playing a role in the initial step of rounding up of gametocytes, followed by exflagellation and egress for which Ca 2þ is essential [START_REF] Kuehn | The coming-out of malaria gametocytes[END_REF]. Elevated Ca 2þ levels trigger microgamete formation in males and gametocyte egress by secretion of molecules like perforin-like protein 2 (PLP2), which permeabilize the RBCM [START_REF] Wirth | Perforin-like protein PPLP2 permeabilizes the red blood cell membrane during egress of Plasmodium falciparum gametocytes[END_REF].

An interesting vesicle that has been primarily associated with female gametocyte egress is the osmiophilic body. Osmiophilic bodies, which are marked by the presence of Pfg377, migrate to the gametocyte periphery upon activation. Gene disruption studies have shown that Pfg377 is required for female gametocyte emergence [START_REF] De Koning-Ward | The role of osmiophilic bodies and Pfg377 expression in female gametocyte emergence and mosquito infectivity in the human malaria parasite Plasmodium falciparum[END_REF]. Another protein that has been shown to play a role during gametocyte egress, MDV-1/Peg3, is associated with the PVM. Gametocytes lacking MDV-1/ Peg3 failed to egress resulting in poor rates of fertilization and ookinete formation [START_REF] Ponzi | Egress of Plasmodium berghei gametes from their host erythrocyte is mediated by the MDV-1/PEG3 protein[END_REF]. A recent study in P. berghei identified a putative small solute transporter known as pantothenate transporter (PAT). PAT was found on the membranes of osmiophilic bodies and other egress-related vesicles (e.g. vesicles containing PLP2). It was observed that PAT was not essential for formation or trafficking of egress MOH 240312 vesicles, but was essential for the dissolution of PVM and RBCM via secretion of proteins like Pfg377 from osmiophilic bodies and PLP2 from other vesicles [START_REF] Kehrer | A putative small solute transporter is responsible for the secretion of G377 and TRAP-containing secretory vesicles during plasmodium gamete egress and sporozoite motility[END_REF].

Two different studies [56,57 & ] have identified the role of a merozoite trap-like protein (MTRAP) in parasite transmission. Interestingly, in contrast to its predicted role in gliding motility and invasion, MTRAP was recently shown to mediate Plasmodium gametocyte egress by rupturing the PVM and was found to be dispensable for asexual stages. MTRAP was not found to be localized in osmiophilic bodies but was associated with the parasite surface upon activation. However, the mechanism of action of MTRAP is not apparent. The likely mode of action is that like other TRAP proteins, MTRAP might link actin in the gamete and ligands on the PVM. Upon gametocyte activation, MTRAP crosses the parasite plasma membrane and is found on the PVM leading to its disruption by a yet unknown mechanism. Secretion of PLP2 in the MTRAP knock out strain is normal indicating that both PLP2 and MTRAP play essential roles in egress.

CONCLUSION

The malaria parasite has a complex life cycle that involves a vertebrate host and an insect vector. Here, we have reviewed our current understanding of the molecular mechanisms by which malaria parasites invade and exit host RBCs during the blood stage of the life cycle. We have also reviewed studies on egress of Plasmodium gametocytes from host RBCs following activation in the mosquito midgut. Both invasion and egress are complex processes that involve multiple effector molecules that must act in a coordinated manner for successful execution of each multistep process. Understanding the signaling mechanisms that regulate these events may provide opportunities for novel intervention strategies to block parasite multiplication and transmission to protect individuals and eventually eliminate malaria.

In Brief MTRAP, a protein expressed in Plasmodium blood stages, was thought to function during invasion of erythrocytes by the asexual merozoite stage. Bargieri et al. report that MTRAP is dispensable for merozoite invasion but is essential for egress of the gamete sexual stage from erythrocytes and for parasite transmission to mosquitoes.

Plasmodium Merozoite TRAP Family Protein Is Essential for Vacuole Membrane Disruption and Gamete Egress from Erythrocytes

INTRODUCTION

The cyclic fevers typically associated with malaria are caused by repeated cycles of Plasmodium multiplication inside host erythrocytes. During a cycle, which lasts 24-72 hr depending on the Plasmodium species, the merozoite form of the parasite invades an erythrocyte inside a vacuole where it transforms into 10-30 new merozoites that eventually egress from the host erythrocyte [START_REF] Tilley | The Plasmodium falciparum-infected red blood cell[END_REF]. Instead of multiplying, internalized merozoites can also transform into sexual stages, the gametocytes, which do not divide and circulate until they are ingested by an Anopheles mosquito [START_REF] Tibu ´rcio | Erythrocyte remodeling by Plasmodium falciparum gametocytes in the human host interplay[END_REF]. In the mosquito midgut lumen, gametocytes become activated and transform into gametes that rapidly egress from erythrocytes [START_REF] Wirth | Molecular mechanisms of host cell egress by malaria parasites[END_REF]. After fertilization and parasite development in the mosquito, a process that takes 2-3 weeks, invasive sporozoites form and are transmitted to a new mammalian host where they transform, inside hepatocytes, into first-generation merozoites [START_REF] Lindner | Malaria parasite pre-erythrocytic infection: preparation meets opportunity[END_REF].

To complete its life cycle, the parasite needs to be motile and to actively invade host cells. With the exception of flagellumbased motility used by male gametes, Plasmodium locomotes via a substrate-dependent type of motility called gliding [START_REF] King | Cell motility of sporozoan protozoa[END_REF]. The ookinete stage (motile zygote) glides in the mosquito midgut lumen and crosses its epithelium [START_REF] Zieler | Invasion in vitro of mosquito midgut cells by the malaria parasite proceeds by a conserved mechanism and results in death of the invaded midgut cells[END_REF], while the sporozoite glides in the mosquito salivary system [START_REF] Frischknecht | Imaging movement of malaria parasites during transmission by Anopheles mosquitoes[END_REF] as well as in the skin [START_REF] Vanderberg | Intravital microscopy demonstrating antibody-mediated immobilisation of Plasmodium berghei sporozoites injected into skin by mosquitoes[END_REF] and liver of the mammalian host [START_REF] Amino | Quantitative imaging of Plasmodium transmission from mosquito to mammal[END_REF]. The parasite also needs to invade host cells. Host cell invasion is a process by which the parasite actively enters the target cell inside a parasitophorous vacuole (PV) created by the invagination of the host cell membrane [START_REF] References Aikawa | Erythrocyte entry by malarial parasites. A moving junction between erythrocyte and parasite[END_REF]. Only the merozoite and sporozoite forms invade host cells-the erythrocytes and hepatocytes, respectively.

Gliding motility and host cell invasion are both active processes powered by an actomyosin motor. The motor is located in the space that separates the parasite plasma membrane (PPM) and a layer of flattened vesicles called inner-membrane complex (IMC) or alveoli [START_REF] Gould | Ciliate pellicular proteome identifies novel protein families with characteristic repeat motifs that are common to alveolates[END_REF]. The motor comprises a single-headed unconventional myosin of the apicomplexan-specific XIV class, called MyoA, bound to the IMC, and dynamic filaments of actin located underneath the plasma membrane [START_REF] Heintzelman | Gliding motility in apicomplexan parasites[END_REF]. A number of structural proteins called gliding-associated proteins appear to tether MyoA to the IMC as well as hold the PPM and the IMC together [START_REF] Boucher | The apicomplexan glideosome and adhesins -Structures and function[END_REF]. Finally, transmembrane proteins link the submembrane motor to the extracellular environment. Their stable interaction with the matrix/host cell surface constitutes an anchor on which myosins pull to move the parasite forward [START_REF] King | Cell motility of sporozoan protozoa[END_REF].

To date, the parasite transmembrane proteins that have been identified as links between the parasite motor and the extracellular milieu all belong to the thrombospondin-related anonymous protein (TRAP) family of proteins [START_REF] Morahan | No TRAP, no invasion[END_REF]. These proteins are type I transmembrane proteins that share a functionally conserved cytoplasmic tail (Kappe et al., 1999) that binds actin [START_REF] Jewett | Aldolase forms a bridge between cell surface adhesins and the actin cytoskeleton in apicomplexan parasites[END_REF], and an ectodomain exposing various ligand-binding modules including a thrombospondin type I repeat (TSR) [START_REF] Matuschewski | Plasmodium sporozoite invasion into insect and mammalian cells is directed by the same dual binding system[END_REF]. They are specific to the apicomplexan phylum of protists, being expressed, among human pathogens, in Plasmodium, Toxoplasma, Babesia, and Cryptosporidium.I nPlasmodium, the sporozoite stage expresses three members of the family-TRAP; TRAP-related protein (TREP), also called S6; and TRAPlike protein (TLP)-which all play a role in sporozoite gliding on substrates and within tissues [START_REF] Combe | TREP, a novel protein necessary for gliding motility of the malaria sporozoite[END_REF][START_REF] Heiss | Functional characterization of a redundant Plasmodium TRAP family invasin, TRAP-like protein, by aldolase binding and a genetic complementation test[END_REF][START_REF] Steinbuechel | Role for the Plasmodium sporozoite-specific transmembrane protein S6 in parasite motility and efficient malaria transmission[END_REF]Sultan et al., 1997). The ookinete stage expresses a single member, called circumsporozoite protein and thrombospondin-related anonymous protein-related protein (CTRP), which is essential for ookinete gliding motility [START_REF] Dessens | CTRP is essential for mosquito infection by malaria ookinetes[END_REF].

Merozoite TRAP (MTRAP) is a TRAP family member that was reported as expressed in the merozoite (Baum et al., 2006), which invades erythrocytes but does not exhibit gliding motility. The mtrap gene is conserved and syntenic among Plasmodium species. In P. falciparum, mtrap could not be disrupted (Baum et al., 2006), in agreement with the view that MTRAP might be involved in merozoite invasion of erythrocytes. Biochemical approaches found that the P. falciparum MTRAP ectodomain bound to the GPI-linked protein semaphorin-7A (CD108) on human erythrocytes [START_REF] Bartholdson | Semaphorin-7A is an erythrocyte receptor for P. falciparum merozoite-specific TRAP homolog, MTRAP[END_REF]. In this interaction, two MTRAP monomers were proposed to interact via their tandem TSRs with the Sema domains of a Semaphorin-7A homodimer. More recently, the MTRAP cytoplasmic tail was shown to be sufficient to polymerize actin [START_REF] Diaz | Plasmodium falciparum aldolase and the C-terminal cytoplasmic domain of certain apical organellar proteins promote actin polymerization[END_REF]. These data all favor a role for MTRAP during merozoite invasion of erythrocytes, possibly acting as a bridge between the motor and the erythrocyte surface.

Here we address the role of MTRAP using rodent-infecting P. berghei and human-infecting P. falciparum parasites. Results indicate that MTRAP is not critical for merozoite invasion of erythrocytes but is crucial for gamete egress from the PV membrane (PVM) and thus parasite transmission to mosquitoes.

RESULTS

MTRAP Is Dispensable for P. berghei Asexual Blood Stages

We first investigated the role of MTRAP using the rodent-infecting P. berghei model. mtrap knockout (PbMTRAP KO ) clones, B4 and R8, were derived from WT P. berghei ANKA by replacing the full mtrap coding sequence by two cassettes expressing resistance to pyrimethamine or the red fluorescent protein mCherry (Figures 1A-1C). Intravenous injection of PbMTRAP KO or WT parasites in mice resulted in identical parasite growth curves, i.e., an 10-fold daily increase in parasitemia during exponential multiplication (Figure 1D). The absence of any detectable effect of mtrap deletion on blood stage parasite growth thus raised the hypothesis that MTRAP does not function at that stage.

Isolated blood stages were then analyzed by immunofluorescence assays (IF) using a polyclonal antibody generated against a peptide sequence from the cytoplasmic tail of P. berghei MTRAP. In WT parasites, only a proportion (48% ± 12.2%) of merozoites, defined by positive staining of apical membrane antigen 1 (AMA1), displayed a positive MTRAP signal (Figure 1E), differently from previous findings in P. falciparum, in which all merozoites are MTRAP positive (Riglar et al., 2016). MTRAP staining was predominantly associated with sexual stages of the parasite (Figures 1F-1H). Isolated P. berghei gametocytes, identified by staining male development-1 (MDV-1)/protein of early gametocyte 3 (PEG3) in osmiophilic bodies [START_REF] Hayton | Osmiophilic bodies and the odd organelles of alveolates[END_REF], exhibited a punctate MTRAP staining (Figure 1F) with asexual trophozoite stages serving as negative controls. The punctate MTRAP staining in nonactivated P. berghei gametocytes did not colocalize with MDV-1/PEG3, and after activation of the gametocytes for 10 min it became more diffuse and mostly peripheral (Figures 1G andS1). MTRAP was not detected in any PbMTRAP KO parasite population by immunofluorescence (IF) (Figure 1G) or by western blot (Figure 1H).

PbMTRAP KO Are Blocked in Mosquito Transmission

To test whether MTRAP might play a role in sexual stages, Anopheles stephensi mosquitoes were blood fed on mice infected with either GFP + WT P. berghei ANKA or the mCherry + PbMTRAP KO clones, and the numbers of oocysts formed in mosquito midguts were counted 7 days postfeeding. While mosquitoes feeding on WT-infected mice consistently infected (F) Fluorescence microscopy with anti-PbMTRAP (green), anti-MDV-1/PEG3 (red) and DAPI (blue) in a wild-type P. berghei sexual stage isolated from infected mouse blood. BF, brightfield. Scale bar, 5 mm. See also Figure S1. (G) Fluorescence microscopy with anti-PbMTRAP (green), anti-MDV-1/PEG3 (red), and DAPI (blue) in nonactivated or 10 min activated wild-type P. berghei sexual stages isolated from infected mouse blood. BF, brightfield. Scale bar, 5 mm. (H) Fluorescence microscopy with anti-PbMTRAP (green) and DAPI (blue) in MTRAP knockout (PbMTRAP KO ) and wild-type parasites. BF, brightfield. Scale bar, 5 mm. (I) Western blot analysis of the gametocyte extract of PbMTRAP KO (gKO) with a specific antibody recognizing the MTRAP C-terminal region. Total extract (tWT) or gametocyte extract (gWT) of wild-type P. berghei ANKA strain was used as control. Anti-aldolase (ALD) was used as loading control. The anti-MTRAP recognizes two specific bands in tWT and one specific band in gWT parasites. No bands are recognized in the three gKO extract. more than 70% of mosquitoes with over 100 oocysts per midgut on average, PbMTRAP KO oocysts were not observed (Figure 2A). The inability to infect mosquitoes was not due to impaired gametocytogenesis, since mice infected with PbMTRAP KO had normal numbers of circulating male and female gametocytes (Figure 2B) that were morphologically normal as judged by Giemsa staining (data not shown). However, when PbMTRAP KO gametocytes were activated in vitro and allowed to fertilize, ookinetes, the motile zygote stage, were not formed (Figure 2C). These data indicated a major role for MTRAP in a step following gametocyte activation.

To date, several Plasmodium products have been shown to play a role during the sexual phase of the parasite life cycle, which include the mitogen-activated kinase 2 (map-2) [START_REF] Rangarajan | A mitogen-activated protein kinase regulates male gametogenesis and transmission of the malaria parasite Plasmodium berghei[END_REF][START_REF] Tewari | An atypical mitogen-activated protein kinase controls cytokinesis and flagellar motility during male gamete formation in a malaria parasite[END_REF], actin-II (Deligianni et al., 2011), the Plasmodium perforin-like protein 2 (PPLP2) [START_REF] Deligianni | A perforin-like protein mediates disruption of the erythrocyte membrane during egress of Plasmodium berghei male gametocytes[END_REF]Wirth et al., 2014), Pfg377 (de Koning-Ward et al., 2008), MDV-1/ PEG3 (Ponzi et al., 2009), and the gamete egress and sporozoite traversal (GEST) protein (Talman et al., 2011). Using gene targeting in P. falciparum, GEST, MDV-1/PEG3, and PPLP2 were found to be important for both male and female gametocytes, while using gene targeting in P. berghei, map-2, PPLP2, and actin-II were reported to cause male-specific phenotypes.

To test whether MTRAP function is gender specific, mosquitoes were fed on mice coinfected with GFP + WT (green) and mCherry + PbMTRAP KO (red) parasites, and oocysts formed in mosquito midguts were counted 7 days after feeding. As expected, mosquitoes fed on mice infected with a control mixture of GFP + WT and RFP + WT parasites had midguts infected with green, red, or yellow oocysts (Figure 2D). In contrast, mosquitoes fed on mice infected with GFP + WT and mCherry + PbMTRAP KO parasites had midguts infected with green oocysts only (Figure 2D). This demonstrated that neither male nor female PbMTRAP KO gametocytes could fertilize their WT green counterparts and therefore that MTRAP is important for both male and female gametocyte development.

PbMTRAP KO Gametes Are Trapped inside the PV Membrane P. berghei gamete formation and host cell egress is readily observable in vitro. While a female gametocyte forms a single macrogamete, the male gamete undergoes three mitotic divisions, assembles eight intracytoplasmic axonemes, and produces eight flagellated microgametes in just 10-15 min (Guttery et al., 2015). ''Exflagellation'' occurs when male microgametes use microtubule-based movements to leave the erythrocyte host and bind egressed macrogametes, and exflagellation centers (ECs), made of gametes attached to erythrocytes, can be readily observed by microscopy. While around five ECs per 103 microscopy field were counted upon WT gametocyte activation in vitro, activated PbMTRAP KO gametocytes did not (D) Quantification of green, red, and yellow (green + red) P. berghei oocyst numbers by fluorescence microscopy of mosquito midguts 7 days after mosquito feeding onto mice infected with a control mixture of green and red wild-type parasites (GFP + WT and RFP + WT, respectively), or with a mixture of PbMTRAP KO (red, mCh + PbMTRAP KO ) and wild-type green (GFP + WT) parasites. N = 100 mosquitoes for each group. The gametocytemia of green and red parasites were comparable in infected mice of the different groups used for mosquito feeding (data not shown). For all panels, data are shown as mean ± SD and are representative of three independent experiments. form ECs (Figure 3A), even when gametocytemia in the mouse blood was as high as 1%. Activated male PbMTRAP KO gametocytes formed motile flagella, but they remained intracellular, beating as a thick bundle of flagella, suggesting that they were unable to egress from the PV or the host erythrocyte (Figure 3B; Movie S1). A similar conclusion of lack of egress of P. berghei MTRAP KO was reported in a recently published paper (Kehrer et al., 2016).

Gametes are formed in the first minutes of activation. Within 5 min, the PVM is disrupted, leaving the gametes surrounded by the erythrocyte membrane (EM), which is lysed after another 10 min (Sologub et al., 2011). To further study the PbMTRAP KO gametes, purified PbMTRAP KO or WT gametocytes from the blood of infected mice were fixed without activation or postactivation following 15 min incubation in ookinete medium and analyzed by electron microscopy. Both nonactivated WT and PbMTRAP KO gametocytes were found surrounded by three enveloping membranes, i.e., the EM, the PVM, and the PPM. Underneath the PPM, the double membrane of the IMC was in most cases visible (Figure 4A). Following activation, WT gametes were devoid of surrounding host membranes, while the PbMTRAP KO male and female gametes were consistently wrapped in intact PVM and EM (Figure 4A). Male PbMTRAP KO gametes with formed axonemes could be observed surrounded by PV and host cell membranes (Figure 4B), explaining the observations made by live microscopy (Figure 3B). We conclude that PbMTRAP KO gametocytes can be activated and initiate gametogenesis, but the lack of MTRAP blocks P. berghei gamete egress because of an inability to disrupt the membrane of the PV.

Complementation of PbMTRAP KO

To verify that the PbMTRAP KO phenotype was specifically due to lack of MTRAP, we attempted to complement the defective mutants. The promoter and coding sequence of P. berghei mtrap were fused to the 3 0 UTR of trap in a plasmid containing a cassette constitutively expressing GFP and a centromeric sequence, PbCEN5-core, conferring plasmid stability by even segregation during schizogony (Iwanaga et al., 2010). PbMTRAP KO blood stages electroporated with the plasmid were injected into mice and after 2 days, GFP-expressing, episome-bearing parasites were FACS sorted. An expanded, sorted parasite population containing 65% of GFP + individuals was passaged to mosquitoes and oocysts were examined in mosquito midguts 7 days after feeding. Whereas PbMTRAP KO parasites carrying a control episome lacking mtrap did not form ECs after in vitro activation and remained blocked in transmission like PbMTRAP KO parasites, FACS-sorted parasites were able to form ECs (Figure 3A) and oocysts in the midgut of mosquitoes, which were all yellow (Figures 3C and3D). Therefore, mtrap expression in the PbMTRAP KO partially (55% in vitro and 12% in vivo) but specifically restored normal parasite transmission.

MTRAP Is Dispensable for P. falciparum Asexual Blood Stages

In view of these data in P. berghei, we reattempted to disrupt mtrap in P. falciparum, this time using the CRISPR-Cas9 technology (Ghorbal et al., 2014). The first 170 bp and the last 392 bp of the mtrap coding sequence, along with up-or downstream noncoding regions, were used as homology arms flanking a WR99210-resistance cassette, and the resulting plasmid was transfected into 3D7 blood stages with a Cas9-expressing plasmid (Figure 5A). Double crossover recombination was induced by chromosomal locus disruption by Cas9 and guided by gRNA sequences.

Resistant P. falciparum blood stages were detected growing in culture within 14-21 days posttransfection. Three independent clones, C3, C8, and C18, were shown by PCR with mutantor WT-specific primers (Figure 5A) to have a disrupted mtrap locus (Figure S2). To confirm successful mtrap disruption, blood stage protein extracts from the three PfMTRAP KO clones were analyzed by western blot using a specific anti-PfMTRAP antibody against the C-terminal region of the protein (a-MTRAP-Tail) (Riglar et al., 2016). The antibody specifically recognized three bands in WT P. falciparum 3D7 blood stage extracts corresponding to the full-length (FL) and processed (cleavage and tail) MTRAP, while no specific band was recognized in the protein extracts of the three PfMTRAP KO clones (Figure 5B). Furthermore, a comparison of the in vitro growth of the three PfMTRAP KO clones with WT parasites showed identical asexual growth (Figure 5C). Therefore, as in P. berghei, deletion of mtrap in P. falciparum has no noticeable impact on merozoite invasion, multiplication, or egress. The selection of PfMTRAP KO mutants was reproduced independently in two different laboratories with different transfection plasmids (data not shown) using the CRISPR-Cas9 system.

MTRAP Is Expressed in the Gametocyte Stages of P. falciparum

To verify MTRAP expression in P. falciparum blood stages, new anti-MTRAP antibodies were generated in rabbits immunized with a full-length recombinant P. falciparum MTRAP construct expressed by wheat germ cell-free in vitro translation system (Tsuboi et al., 2008). As in P. berghei, MTRAP was strongly detected in the sexual stages. When synchronous P. falciparum gametocytes at stages III, IV, or V of maturation were analyzed by immunofluorescence assay, MTRAP was detected predominantly in stage V gametocytes and only weakly in stages MTRAP was then immunostained in stage V gametocytes along with other relevant sexual stage proteins. MTRAP staining did not colocalize with Pfg377 (Figure 6A) or with DPAP2, a gametocyte-specific P. falciparum homolog of dipeptidyl aminopeptidases (Figure S4), which have been both localized to the osmiophilic bodies (OBs) [START_REF] Sua ´rez-Corte ´s | Comparative proteomics and functional analysis reveal a role of P. falciparum osmiophilic bodies in malaria parasite transmission[END_REF]. This suggested that either MTRAP is not an OB protein or that it is stored a unique OB subset. Costaining with Pfs230, a sexual stage surface antigen, confirmed the peripheral staining of MTRAP (Figures S5A andS5B). Importantly, costainings using antibodies recognizing the MTRAP TSR or tail (Baum et al., 2006;Riglar et al., 2016) and anti-GAP45 (Figures S6A andS6B), a component of the parasite gliding motor, supported a localization in mature gametocytes consistent with the IMC.

Plasmodium gametocyte activation and gamete formation comprise a stepwise event during which the PVM is lysed before the host EM (Kuehn and Pradel, 2010). The pattern of MTRAP staining was thus followed over time during P. falciparum gametocyte activation. Prior to activation, crescent-shaped gametocytes, displaying peripheral MTRAP staining, were surrounded by an intact EM labeled with anti-Band3 antibody (Figure 6B, top line). After 30 s of activation, gametocytes started rounding up, while remaining surrounded by an intact EM (Figure 6B, middle line). Notably, after 30 s, MTRAP staining appeared patchier than the homogeneous staining prior to activation (Figure 6B, middle line; Figure S7A), suggesting that MTRAP intramembrane displacement might be an early event during gametocyte activation. After 600 s of activation, egressed female gametes appeared spherical and Band3 staining was no longer visible, indicating an extracellular position (Figure 6B, bottom line). Importantly, MTRAP was still detected on these egressed gametes, demonstrating that MTRAP is associated with parasite membrane rather than PVM. Independent labeling using the anti-MTRAP TSR or the anti-MTRAP Tail antibodies over time during gametocyte activation confirmed that the protein is membrane associated in both male and female gametes, displaying punctate labeling foci at the tips of egressed males (Figures S7B andS7C).

PfMTRAP KO Gametes Fail to Egress

To follow gamete egress in PfMTRAP KO , a knockout was generated in a P. falciparum NF54 line, which is more efficient in producing viable gametocytes, using the same plasmids used for generating the knockout in 3D7. PfMTRAP KO had no impact in the time to gametocyte maturation nor in gametocyte yield in cultures. Gametocytes were stained with anti-Band3 for visualization of the EM prior to activation or 2.5 hr after activation. While in wild-type parasites activated gametocytes formed gametes free from a surrounding EM after 2.5 hr, 89.5% of the PfMTRAP KO gametes, relative to the control, were wrapped inside an intact EM (Figure 7A), confirming the P. berghei MTRAP KO phenotype.

Last, we tested whether lack of MTRAP might affect secretion of other membrane-lysing effectors upon activation. EM rupture is dependent on the secretion of the Plasmodium perforin-like protein 2 (PPLP2), since male and female P. falciparum PPLP2 KO fail to permeabilize the EM after PVM lysis has occurred (Wirth et al., 2014). In wild-type gametocytes PPLP2 is no longer visible after 2.5 hr activation, likely because it is secreted and lost upon EM lysis. In PfMTRAP KO gametocytes, upon activation PPLP2 staining clearly shifted from a punctate to a periphery-associated pattern, presumably indicating secretion of PPLP2 from internal stores into the PV space but not beyond the unruptured PVM (Figure 7A). This PPLP2 staining pattern was also observed in activated male gametocytes revealed by tubulin staining of formed axonemes. While in exflagellated wild-type male gametocytes PPLP2 had been fully secreted (Figure 7B), activated MTRAP KO male gametocytes formed a thick bundle of flagella, which are motile (Movie S2), surrounded by a periphery-associated PPLP2 staining pattern (Figure 7B). Thus, MTRAP functions critically in the pathway that leads to both male and female gamete egress from the infected erythrocyte.

DISCUSSION

Proteins of the TRAP family are viewed as bridging extracellular ligands to parasite actin. To date, all members of the family have been shown to play a role during parasite gliding motility and/or host cell invasion [START_REF] Bargieri | Host cell invasion by apicomplexan parasites: the junction conundrum[END_REF]. This work shows that at least one member, MTRAP, is involved in another, seemingly unrelated process of rupturing the PVM that surrounds sexual stages inside erythrocytes.

MTRAP was a strong candidate for playing a motor-binding function during merozoite invasion, based on the model that Plasmodium merozoite invasion depends on parasite actin [START_REF] Angrisano | Spatial localisation of actin filaments across developmental stages of the malaria parasite[END_REF][START_REF] Miller | Interaction between cytochalasin B-treated malarial parasites and erythrocytes. Attachment and junction formation[END_REF] and the notion that, among parasite surface transmembrane proteins, only TRAP family members were known to bind actin. Our data now indicate that MTRAP acts as a sexual stage protein. Both in P. berghei and in P. falciparum, immunofluorescence assays using MTRAP antibodies detected the protein in gametocytes. This is in agreement with earlier proteomic studies of P. falciparum that identified MTRAP peptides preferentially in gametocyte preparations and clustered MTRAP with a group of proteins predicted to be involved in gametocytogenesis (Silvestrini et al., 2005). Furthermore, mtrap gene deletion in P. berghei and in P. falciparum has no impact on asexual parasite growth in vivo or in vitro, respectively, which fits with the absence of inhibitory effect of MTRAP antibodies [START_REF] Bartholdson | Semaphorin-7A is an erythrocyte receptor for P. falciparum merozoite-specific TRAP homolog, MTRAP[END_REF][START_REF] Uchime | Analysis of the conformation and function of the Plasmodium falciparum merozoite proteins MTRAP and PTRAMP[END_REF] and of recombinant MTRAP [START_REF] Bartholdson | Semaphorin-7A is an erythrocyte receptor for P. falciparum merozoite-specific TRAP homolog, MTRAP[END_REF]o nP. falciparum asexual growth in vitro. Together, these data strongly suggest that MTRAP is not involved in Plasmodium merozoite invasion of erythrocytes. The proteins that link the junction to the parasite motor thus remain unknown.

Instead, mtrap deletion mutants in both P. berghei and P. falciparum indicate that male and female mutant gametes fail to egress erythrocytes. Detailed phenotypic characterization of the P. berghei mutant indicates that mutant gametes fail to disrupt the PVM, which results in a complete fertilization block in mosquitoes, a phenotype that is partially complemented by an episomally expressed MTRAP. To date, three proteins, which Cell Host & Microbe 20, 618-630, November 9, 2016 625 are OB-resident molecules, have been genetically shown to play a role in PVM rupture by activated gametes: PbMDV-1/PEG3 (Ponzi et al., 2009), PbGEST (Talman et al., 2011), and, to a lesser extent, PfDPAP2 (Sua ´rez-Corte ´s et al., 2016), whereas the partial defect in egress in gametocytes lacking Pfg377 (de Koning-Ward et al., 2008) was no longer observed using a different protocol to measure egress [START_REF] Sua ´rez-Corte ´s | Comparative proteomics and functional analysis reveal a role of P. falciparum osmiophilic bodies in malaria parasite transmission[END_REF]. None of these proteins, however, displays structural features suggesting a direct role in PVM rupture. Our immunolocalization studies indicate that MTRAP does not convincingly colocalize with any of the OB-resident proteins tested (i.e., Pfg377, MDV-1/PEG3, and DPAP2), suggesting that MTRAP is not stored inside OBs or is in a distinct OB subset. Upon activation, MTRAP then associates with the parasite surface, where it colocalizes with Pfs-230, and remains surface bound after gamete egress.

The finding that MTRAP, a member of the TRAP family of proteins typically associated with parasite gliding motility and host cell invasion, is involved in PVM rupture is unexpected. This, however, does not exclude that MTRAP might still have a function relating to actin/motor based motility. Several lines of evidence are compatible with the involvement of a motor in gamete egress and PVM rupture. It is known that gametocytes possess a trilaminar membrane structure subtended by a layer of structural microtubules that is reminiscent of that of invasive and motile stages [START_REF] Angrisano | Spatial localisation of actin filaments across developmental stages of the malaria parasite[END_REF][START_REF] Sinden | Gametocyte and gamete development in Plasmodium falciparum[END_REF]. It is also known that an F-actin cytoskeleton is concentrated at the ends of the elongating gametocyte, which extends inward along the microtubule cytoskeleton, and is still present in stage V gametocytes (Hliscs et al., 2015). Actin I is the major and ubiquitously expressed actin and is present in both male and female sexual stages, while actin II, a second conventional actin, is specifically expressed by the sexual stages (Deligianni et al., 2011;[START_REF] Rupp | Malaria parasites form filamentous cell-to-cell connections during reproduction in the mosquito midgut[END_REF][START_REF] Wesseling | Stage-specific expression and genomic organization of the actin genes of the malaria parasite Plasmodium falciparum[END_REF]. Furthermore, a recent report shows that the subpellicular membrane complex of gametocytes is analogous to the IMC of the parasite motile and invasive stages at the molecular level, since GAP50, GAP45, MTIP, and MyoA are present at the periphery of stages IV and V P. falciparum gametocytes [START_REF] Dearnley | Origin, composition, organization and function of the inner membrane complex of Plasmodium falciparum gametocytes[END_REF]. An actomyosin motor role during PVM lysis predicts that cytochalasin D (CytD) and jasplakinolide (Jas), drugs that destabilize actin dynamics, would inhibit egress. In support of this, activated P. falciparum gametocytes in the presence of 1 mM of Jas or 10 mM of CytD display an 40% and 25% inhibition of egress, respectively (data not shown). As such, the notion that actin dynamics are involved in gamete egress certainly warrants further investigation.

Therefore, one possible mechanistic view of the MTRAPdependent rupture of the gamete-surrounding PVM is that MTRAP links actin in the gamete and ligands on the PVM, which functions as an inverted plasma membrane. In this scenario, actin/motor-mediated displacement/capping of MTRAP along the PPM might lead to the disruption of the PVM. Several lines of indirect evidence fit in well with this hypothesis: (1) surface localization of MTRAP upon gamete activation; (2) a ribbed MTRAP staining pattern seen in mature gametocytes (Figure S6) reminiscent of that seen with GAP50 [START_REF] Dixon | Shape-shifting gametocytes: how and why does P. falciparum go bananashaped?[END_REF], suggesting that MTRAP might also be, like other members of the TRAP family of proteins, a glideosome-associated protein; (3) patchy distribution of surface-associated MTRAP after activation, suggesting that MTRAP aggregation in the membrane might be part of the activation process; and (4) the recent demonstration, in line with our cytochalasin and jasplakinolide inhibition experiments, that the MTRAP cytoplasmic tail is sufficient to stimulate actin polymerization in vitro [START_REF] Diaz | Plasmodium falciparum aldolase and the C-terminal cytoplasmic domain of certain apical organellar proteins promote actin polymerization[END_REF]. Of note, the conformation of recombinant MTRAP (rMTRAP) appears to be a highly extended linear, rod-like protein (2 nm by 33 nm, width by length, respectively) [START_REF] Uchime | Analysis of the conformation and function of the Plasmodium falciparum merozoite proteins MTRAP and PTRAMP[END_REF], which is in agreement with a putative role of MTRAP in bridging the PPM and PVM. Although Semaphorin-7A was identified as a P. falciparum MTRAP binding partner [START_REF] Bartholdson | Semaphorin-7A is an erythrocyte receptor for P. falciparum merozoite-specific TRAP homolog, MTRAP[END_REF], it is not involved in MTRAP activity during PVM rupture in P. berghei, since WT parasites display normal transmission and thus gamete egress in Semaphorin-7Adeficient mice (Tom Metcalf and Oliver Billker, personal communication). Alternatively, TSRs can also bind heparan sulfates, which might be present at the PVM.

Alternative scenarios are of course possible, although they appear less likely. First, PVM rupture might still depend on MTRAP bridging the PPM to PVM ligands, while MTRAP displacement in the PPM might originate in an actin-independent patching of the protein, as was observed using MTRAP antibodies in samples of 30 s activated P. falciparum gametocytes. PVM lysis might also result from some sort of MTRAP-dependent, actin-based gamete motility, which might help disrupt the PVM in the absence of any specific MTRAP-PVM association. Finally, it cannot be excluded that MTRAP might play an indirect role in PVM rupture, such as in signaling or regulation of other effectors. Gametocyte activation is dependent on Ca 2+ signaling. A Ca 2+ peak is necessary for male gamete exflagellation, probably through activation of the Calcium-Dependent Protein Kinase 4 (CDPK4), since CDPK4 KO parasites fail to exflagellate (Billker et al., 2004). Since MTRAP KO formed beating axonemes, it seems MTRAP is not involved in Ca 2+ signaling and early steps of gametocyte activation. Another indirect role for MTRAP in PVM lysis might be in regulating the secretions of effectors of membrane rupture. However, our PPLP2 stainings do not favor this view, since PPLP2 is secreted in the MTRAP KO . This also suggests that secretion of EM lysis effectors is not dependent on successful PVM rupture.

While the dispensability of MTRAP for asexual growth in the blood excludes MTRAP as a valid target for antimalarial vaccines aimed at preventing merozoite invasion of erythrocytes, MTRAP might still retain potential as a transmission-blocking vaccine. MTRAP function is essential before gamete egress; therefore antibodies will not have access to the target before function. Nonetheless, since MTRAP remains on the surface of egressed gametes, it might serve as a target where bound antibodies might allosterically block gamete function or induce complement-mediated killing. It also remains a possibility that MTRAP might contribute not just to PVM rupture by gametes but also in subsequent steps of zygote formation. Future studies are needed to determine whether specific antibodies to MTRAP can block parasite transmission to mosquitoes.

Abstract :

The activation of Plasmodium falciparum gametocytes by exposure to low temperature and xanthurenic acid leads to the egress of mature male and female gametes from host erythrocytes, which is essential for fertilization and subsequent zygote formation. Gametes contain cytosolic vesicles bearing a pore forming protein known as PfPLP2. During egress, PfPLP2 containing vesicles gets redistributed from gamete cytoplasm to periphery. Subsequently, PfPLP2 is secreted from these vesicles leading to perforation of host erythrocyte membrane resulting in gamete egress. In this study, we have identified the role of a patatin-like phospholipase A2 (PfPATPL1) in P. falciparum gamete egress. We have taken a reverse genetics approach to generate a conditional knock down of PfPATPL1 by fusion to a destabilization domain (DD). We have knocked down PfPATPL1 in Stage V gametocytes by removal of Shield-1 ligand and found that PfPATPL1 is required during different steps of gametogenesis including gametocyte rounding up, gamete egress and male gamete exflagellation. We have also found that PfPATPL1 is needed for redistribution of PfPLP2 bearing vesicles to the gamete periphery during egress. Additionally, we have utilized a known inhibitor of phospholipase A2 known as 4bromophenacyl bromide (4-BPB) to study the importance of PLA2 activity in gametogenesis. We have found that 4-BPB treatment also leads to defects in gametocyte rounding up, inhibits gamete egress and male gamete exflagellation. 4-BPB treatment also hampers the redistribution of PfPLP2 containing vesicles to gamete periphery. When the mosquitoes were fed with 4-BPB treated gametocytes in a standard membrane feeding assay (SMFA), we observed a significant decline in mosquito infection rate and a drastic drop in oocyst density and number of infected mosquitos. These data suggests that PfPATPL1 is important for gamete development in mosquitos and may serve as a promising target for transmmision intervention strategies.

Résumé :

L'activation des gamétocytes de Plasmodium falciparum par exposition à l'acide xanthurénique à basse température conduit à la sortie de gamètes mâles et femelles matures des érythrocytes de l'hôte, ce qui est essentiel pour la fertilisation et la formation ultérieure de zygotes. Les gamètes possèdent des vésicules cytosoliques contenant une protéine formant des pores connue sous le nom de PfPLP2. Durant la sortie, les vésicules ayant PfPLP2 sont redistribuées du cytoplasme des gamètes à la périphérie. Puis ces vésicules vont sécréter PfPLP2 permettant ainsi la sortie des gamètes par perforation de la membrane érythrocytaire. Dans cette étude, nous avons identifié le rôle d'une phospholipase de type patatine A2 (PfPATPL1) dans la sortie de gamètes de P. falciparum. Nous avons utilisé une approche de génétique inverse pour générer un knock-down conditionnel de PfPATPL1 par fusion à un domaine de déstabilisation (DD). Nous avons modifié l'expression PfPATPL1 dans les gamétocytes de stade V en supprimant le ligand de Shield-1, ce qui nous a permis de constater l'importance de PfPATPL1 durant les différentes étapes de la gamétogenèse, ainsi que dans l'arrondissement des gamétocytes, la sortie des gamètes et l'exflagellation des gamètes mâles. Nous avons également trouvé que PfPATPL1 est nécessaire pour la redistribution des vésicules portant PfPLP2 à la périphérie des gamètes pendant sortie. De plus, nous avons utilisé un inhibiteur connu de la phospholipase du nom de bromure de 4bromophénacyle (4-BPB) pour étudier l'importance de l'activité de la PLA2 dans la gamétogenèse. Nous avons découvert que le traitement par le 4-BPB entraîne également des anomalies dans l'arrondissement des gamétocytes, inhibe la sortie des gamètes et l'exflagellation des gamètes mâles. Et que ce même traitement au 4-BPB entravait la redistribution des vésicules contenant PfPLP2 à la périphérie des gamètes. Lorsque les moustiques ont été nourris avec des gamétocytes traités au 4-BPB dans un test d'alimentation membranaire standard (SMFA), nous avons observé une diminution significative du taux d'infection des moustiques et une chute drastique de la densité des oocystes et du nombre de moustiques infectés. Ces données suggèrent que PfPATPL1 est important pour le développement des gamètes chez les moustiques et peut constituer une cible prometteuse pour les stratégies d'intervention de transmissivité.
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Figure 3 .

 3 Figure 3. Plasmodium falciparum hepatic stage[START_REF] Silvie | Interactions of the malaria parasite and its mammalian host[END_REF]. Sporozoites are injected into the human skin by female Anopheles mosquito[START_REF] Dvorak | Invasion of erythrocytes by malaria merozoites[END_REF]. Soon after their entry they start migrating in the dermis and either enter the blood capillary[START_REF] Riglar | Super-resolution dissection of coordinated events during malaria parasite invasion of the human erythrocyte[END_REF], or are cleared away by the lymphatic system[START_REF] Kadekoppala | Merozoite surface proteins of the malaria parasite: the MSP1 complex and the MSP7 family[END_REF]. Some sporozoites start their incomplete transformation in the skin[START_REF] Lin | The merozoite surface protein 1 complex is a platform for binding to human erythrocytes by Plasmodium falciparum[END_REF]. The sporozoites that have entered the blood capillary are distributed by the circulatory system[START_REF] Boyle | Interactions with heparin-like molecules during erythrocyte invasion by Plasmodium falciparum merozoites[END_REF]. The sporozoites that enter the liver sinusoids adheres to endothelial cells[START_REF] Baldwin | Merozoite surface protein 1 recognition of host glycophorin A mediates malaria parasite invasion of red blood cells[END_REF] and traverse through Kupffer cells (liver macrophages) to cross the sinusoidal barrier[START_REF] Das | Processing of Plasmodium falciparum merozoite surface protein MSP1 activates a spectrin-binding function enabling parasite egress from RBCs[END_REF]. Once sporozoites reach the liver parenchyma, they actively traverse through different hepatocytes[START_REF] Koch | The mechanics of malaria parasite invasion of the human erythrocyte: towards a reassessment of the host cell contribution[END_REF] and finally invade a hepatocyte accompanied by the formation of a PV[START_REF] Singh | Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites[END_REF]. Inside the PV, sporozoites quickly transform into round early liver stages[START_REF] Carruthers | Ethanol and acetaldehyde elevate intracellular [Ca2þ] and stimulate microneme discharge in Toxoplasma gondii[END_REF]. The intrahepatic parasites start cell division and differentiate to form merozoites in a process known as schizogony[START_REF] Dawn | The central role of cAMP in regulating Plasmodium falciparum merozoite invasion of human erythrocytes[END_REF]. The infectious hepatic stage merozoites are released as membrane-shielded merosomes[START_REF] Lourido | Calcium-dependent protein kinase 1 is an essential regulator of exocytosis in Toxoplasma[END_REF]. The merosomes are transported away[START_REF] Bansal | Characterization of Plasmodium falciparum calcium-dependent protein kinase 1 (PfCDPK1) and its role in microneme secretion during erythrocyte invasion[END_REF] and ultimately rupture in the lung microvasculature.

  Oocysts are the only stages in the life cycle of Plasmodium, which undergo extracellular development. It takes 10-12 days for development of oocysts to produce sporozoites. The sporozoites are release into the hemocoel of the mosquitoes, from where they reach the salivary glands. The sporozoites are injected into the skin of human host by mosquitoes during a blood meal.

Figure 6 .

 6 Figure 6. Plasmodium falciparum mosquito stage (Smith et al., 2014).The mosquito stage of the parasite gets initiated in the midgut of female Anopheles mosquito. Shortly after their entry into the midgut, male and female gametocytes get activated to release mature male and female gametes which undergo fertilization to form a zygote. The zygote differentiates into a motile ookinete which penetrates the peritrophic matrix and invades the midgut epithelium. The ookinetes attach to the basal surface of the epithelium and transform into oocysts which develop further to produce thousands of infective sporozoites over a period of two weeks.

Figure 13 :

 13 Figure 13 : Domain architecture of secreted PLA2s (Dennis et al., 2011)

  iPLA2β is a 85 KDa enzyme with eight ankyrin repeats and one catalytic domain. This enzyme contains phospholipase, lysophospholipase and transacylase activities. In humans, iPLA2β shows alternative splicing leading to the production of different variants expressed in a tissue specific manner. Unlike group IV PLA2, group VI PLA2s do not have specifity for arachidonic acid containing phospholipids at sn-2 position. The activity of iPLA2s are regulated by mechanisms like caspase cleavage, ATP binding and possibly protein aggregation by ankyrin repeats. The proteolysis of iPLA2β by caspases during apoptosis produces a truncated enzyme in which the N-terminal ankyrin repeats are chopped off, resulting in the formation of a hyperactive form of the enzyme
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 12 falciparum. So far, there has been only one study which has reported PLA2 activity in P. falciparum. Besides this study, nothing much is known about the structure, function and biological role of PLA2s in the parasite life cycle. The specific objectives of my thesis project are as follows : Bioinformatic analysis of PLA2 proteins in P. falciparum A. Identify genes encoding putative PLA2 homologs in P. falciparum B. Perform sequence alignments to classify PLA2 homologs from P. falciparum and identify the PLA2 homologs that may have a role in biology of blood stages or sexual stages. Characterize the functional role of a patatin domain containing PLA2 (PfPATPL1, Pf3D7_0209100) in P. falciparum gametogenesis using a biochemical approach A. Study the function of PfPATPL1 in gametocyte rounding up and male gametocyte exflagellation using 4-BPB, a known inhibitor of PLA2. B. Study the role of PfPATPL1 in PfPLP2 discharge during gametocyte activation using 4-BPB. C. Study the role of PfPATPL1s in gametocyte egress using 4-BPB. 3 -Characterize the functional role of PfPATPL1 in P. falciparum gametogenesis using a genetic approach. A. Generate a conditional knock down line of PfPATPL1 in P. falciparum NF54 strain using destabilization domain (DD) fusion system. B. Study the phenotype of P. falciparum NF54 stage V gametocytes after depletion of PfPATPL1. C. Study the effect of PfPATPL1 knock down on different steps in gametogenesis including gametocyte rounding up and male gametocyte exflagellation phenomenon. D. Study the the effect of PfPATPL1 knock down on PfPLP2 discharge during gametocyte activation. E. Study the the effect of PfPATPL1 knock down on gametocyte egress.To accomplish these objectives, a combination of biochemical and reverse genetics approaches were taken. The expression and subcellular localization of PfPATPL1 in P. falciparum asexual and sexual stages was studied by generating an antibody against recombinant PfPATPL1. The functional role of PfPATPL1 in P. falciparum asexual and sexual stages was examined by generating a conditional knock down of this protein using a destabilization domain (DD) fusion approach. PfPATPL1-DD transgenic parasite line was used to study the function of this protein in different steps of gametogenesis including gametocyte rounding up, male gamete exflagellation and egress. Additionally, a known inhibitor of PLA2s known as 4-Bromophenacyl bromide (4-BPB) was used to study the role of phospholipase A2 activity during different steps of gametogenesis and parasite transmission to mosquitoes.

  Male and female P. falciparum gametocytes develop from Stage I to Stage V in the human host. Transmissioncompetent Stage V gametocytes are ingested by Anopheles mosquitoes during a blood meal (Meibalan and Marti, 2017). Exposure of Stage V gametocytes to the lower ambient temperature in the mosquito midgut (25ºC) compared to the temperature in the bloodstream in the human host, together with other environmental factors such as xanthurenic acid (XA)

  of PfPLA2 may block fusion of PfPLP2 containing vesicles with the RBC membrane preventing egress. Given the possibility that PfPATPL1 likely possesses PLA2 activity, we tested the ability of the PLA2 inhibitor 4-BPB to block gametogenesis in P. falciparum NF54 Stage V gametocytes. While 4-BPB might target other phospholipases in the parasite in addition to PfPATPL1, the 4-BPB induced phenotypes are similar to those described following specific depletion of PfPATPL1 using reverse genetics. Treatment of gametocytes with 4-BPB inhibits rounding up, secretion of PfPLP2 and gamete egress. These results highlight the possibility of targeting PfPATPL1 with small molecule inhibitors to block parasite transmission and indeed, we have demonstrated that addition of 4-BPB to the blood meal blocks oocyst formation in mosquitoes. The essentiality of PfPATPL1 in the process of gametogenesis together with the demonstration that the PLA2 inhibitor 4-BPB can block oocyst formation in mosquitoes highlights the potential of targeting a gamete phospholipase such as PfPATPL1 to block parasite transmission. Such drugs, which limit parasite transmission, can serve as valuable tools in the strategy for eradication of malaria.

Figure S1 .

 S1 Figure S1. Domain architecture and sequence conservation in PfPATPL1 compared to plant patatin, human iPLA2, Pseudomonas ExoU and other P. falciparum patatin-like proteins. A) Domain architecture of PfPATPL1 (Pf3D7_0209100). PfPATPL1 contains a patatin-like domain. B) Comparison of patatin-like domain of PfPATPL1 (Pf3D7_0209100) with Solanum tuberosum patatin (Q41487.1), patatin domain from human iPLA2 (AAD08847.1), Pseudomonas ExoU (OXZ23520.1) and patatin domain from other P. falciparum patatin-like proteins including Pf3D7_0218600, Pf3D7_1358000 and Pf3D7_0924000 sequences. Sequence alignment of conserved active site amino acid residues of PfPATPL1 (Pf3D7_0209100), with patatin from Solanum tuberosum. C) Structural prediction of PfPATPL1 patatin domain using a known crystal structure of Solanum patatin (1OXW) by Swiss-model. Oxyanion hole in green, active site serine in blue, active site aspartate in red and conserved proline in green. The protein folds in predicted structure of PfPATPL1 patatin appear similar to the known crystal structure (1OXW). The catalytic pockets formed by active site serine, active site aspartate also appears similar.

Figure S2 .

 S2 Figure S2. Expression and subcellular localization of PfPATPL1 in P. falciparum gametocytes and blood stages. A) Expression of PfPATPL1-DD protein in stage V gametocytes. Western blot analysis of stage V gametocyte extracts from P. falciparum NF54 parasite line with a specific antibody against PfPATPL1. A protein band (80kDa) corresponding to full length native PfPATPL1 was observed. B) PfPATPL1 is expressed in sexual stages of P. falciparum. P. falciparum NF54 gametocytes were cultured. Smears from different gametocyte stages were prepared, fixed and probed with anti-PfPATPL1 antibodies and H33342 in an IFA.PfPATPL1 is expressed in all stages of gametocytes including stage II to V and shows vesicular distribution in all gametocyte stages. C) PfPATPL1 is expressed in asexual blood stages of P. falciparum. P. falciparum NF54 blood stages were cultured. Smears from different blood stages were prepared, fixed and probed with anti-PfPATPL1 antibodies and H33342 in an IFA. PfPATPL1 is expressed in all blood stages including rings, trophozoites and schizonts and shows punctate staining in the cytoplasm.

  PfPATPL1-DD parasite line. 100µg of the pJPATPL1-DD target plasmid DNA was transfected into sorbitol-synchronized P. falciparum NF54 ring-stage parasites by electroporation. Parasites were cultured with 2.5µM WR99210 (Jacobus Pharmaceutical Company) to select for transfectants and grown in the presence of 500nM Shield-1 (Clontech, Takara). Once stable parasites were observed, they were cultured with or without WR99210 for two cycles of two weeks each. Genetic recombination of the pJDDPATPL1-DD plasmid DNA by single homologous crossover was confirmed by PCR. Stable transfectants were sub-cloned by limiting dilution in the presence of 500nM Shield-1. Purification of recombinant PfPATPL1 protein and generation of anti-PfPATL1 mouse sera. Recombinant PfPATPL1 was expressed in E.coli BL21 expression cells (Invitrogen).

  ). P. falciparum NF54 wild type, and transgenic NF54 PfPATPL1-DD gametocytes, were cultured and purified as described above. Purified gametocytes were activated by incubation in activation medium (100µM XA, 20% AB + human serum in RPMI1640/Hepes (Gibco)) for 15 minutes at 25ºC. Unactivated and activated gametocytes were spread on glass slides. The smears were fixed in ice-cold methanol for 15 minutes at -20°C and blocked in 3% bovine serum albumin (Sigma) for 1 hour at room temperature. The smears were incubated with anti-PfPATPL1 mouse sera at 1:200 dilution for 1 hour at room temperature. This was followed by two washes in 1X PBS, 5 minutes each. Subsequently, smears were incubated with goat anti-mouse IgG antibodies conjugated to Alexa 594 (1:500 dilution) (Life Technologies) and DNA intercalating dye Hoechst H33342 (1:1000 dilution) for 1 hour at room temperature in the following dilution. This was followed by three washes in 1X PBS containing 0.05% Tween. The slides were mounted with coverslips using Vectashield mounting medium (Vector Laboratories Inc) and observed under a Deltavision TM Elite high resolution fluorescence microscope (GE Healthcare Lifesciences). Activation of gametocytes for gametogenesis. P. falciparum NF54 PfPATPL1-DD gametocyte cultures were maintained in 500nM Shield-1 for 8-9 days, i.e. till the point when gametocytes reached Stage IV. At this point, the culture was divided into two. Shield-1 was removed from one culture (to knockdown PfPATPL1-DD) (Shield-1 [-] culture) and retained in the other (Shield-1 [+] culture). Both cultures were continued for 24 -36 hours till the gametocytes reached Stage V. Stage V gametocytes from Shield-1 [+] and Shield-1 [-] cultures were purified using VarioMACS magnetic separator (Miltenyi Biotech) and were incubated with activation medium (100µM XA, 20% AB + human serum in RPMI1640/Hepes (Gibco)) for 5-6 minutes at 25ºC to induce gametogenesis. Activated gametocytes from Shield-1 [+] and Shield-1 [-] cultures were scored for rounding up, egress and exflagellation (in case of male gametes) as described below. Unactivated gametocytes from Shield-1 [+] and Shield-1 [-] cultures were used as control. The effect of 4-BPB on gametogenesis of P. falciparum NF54 gametocyte cultures was investigated by treating purified Stage V gametocytes with 10µM 4-BPB for 60 minutes followed by two washes with RPMI/Hepes (Gibco) prior to activation. Exflagellation assays. Equal volumes of Stage V gametocyte from P. falciparum NF54 PfPATPL1-DD transgenic line cultured with or without Shield-1 (Shield-1 [+] or Shield-1 [-] cultures) were incubated with activation medium at 25ºC for 15 minutes to induce gametogenesis. The number of exflagellation centers was scored in Shield-1 [+] or Shield-1 [-] gametocyte cultures by light microscopy in 30 optical fields at 40X magnification. The exflagellation efficiency of Shield-1 [-] gametocytes is shown relative to the exflagellation efficiency of Shield-1 [+] gametocytes. In case of P. falciparum NF54 Stage V gametocyte cultures treated with 4-BPB, the number of exflagellation centers was scored in 4-BPB or DMSO (control) gametocyte cultures by light microscopy in 30 optical fields at 40X magnification. The exflagellation efficiency of 4-BPB treated gametocytes is shown relative to the exflagellation efficiency of DMSO treated (control) gametocytes. Gametocyte rounding up assay. Following activation of gametocytes, the number of rounded-up and crescent shaped gametocytes were scored by microscopy. As a negative control, gametocytes from both Shield-1 [+] and Shield-1 [-] cultures were left without exposing them to activation medium. Gametocytes from both sets were spread on glass slides 5 minutes after activation, fixed with methanol, stained with Giemsa (RAL Diagnostics) and observed by light microscopy. Percentage of rounded-up gametocytes was scored in activated Shield-1 [+] and Shield-1 [-] cultures. Frequency of rounding up in Shield-1 [-] activated gametocytes was calculated relative to frequency of rounding up in Shield-1 [+] cultures. The effect of 4-BPB on gametocyte rounding up was studied by treating P. falciparum NF54 Stage V gametocyte cultures with 10µM 4-BPB for 60 minutes followed by two washes with RPMI/Hepes (Gibco) prior to activation. Percentage of rounded-up gametes was scored in activated 4-BPB treated and DMSO treated (control) gametocyte cultures. Frequency of rounding up in 4-BPB treated gametocyte cultures was calculated relative to frequency of rounding up in DMSO treated (control) cultures. Detection of egress using WGA-Texas Red. Gametocytes were spread on glass slides 20 minutes after activation and fixed with 1% paraformaldehye for 20-30 minutes at room temperature. The smears were subsequently blocked in 3% bovine serum albumin (Sigma) for 1 hour at room temperature followed by incubation with 5µg/ml wheat germ agglutinin (WGA) conjugated to Texas Red (WGA-Texas Red) for 1 hour at room temperature. The smears were then washed three times with 1X PBS and incubated with PBS containing DNA intercalating dye Hoechst H33342 (1:1,000) for 10 minutes followed by one wash in 1X PBS. The smears were mounted with coverslips using Vectashield mounting medium (Vector Laboratories Inc.) and observed under Deltavision TM Elite high resolution fluorescence microscope (GE Healthcare and Lifesciences). Only rounded-up gametes were scored for egress. The egressed gametes were identified and counted based on the absence of WGA-Texas Red staining (due to loss of host erythrocyte membrane) and presence of nuclear staining (Hoescht H33342). Similarly, unegressed gametocytes were observed and counted based on the presence of both WGA-Texas Red staining (due to presence of host erythrocyte membrane) and nuclear staining (Hoechst H33342). The frequency of egressed gametes in Shield-1 [-] gametocyte cultures was scored and is shown relative to frequency of egressed gametes in Shield-1 [+] gametocyte cultures. The effect of 4-BPB on gamete egress was studied by treating Stage V gametocyte cultures with 10µM 4-BPB for 60 minutes followed by two washes with RPMI/Hepes (Gibco) prior to activation. The frequency of egressed gametes in 4-BPB treated gametocyte cultures was scored and is shown relative to frequency of egressed gametes in DMSO-treated control gametocyte cultures. A total of 100-150 gametocytes were scored in each condition and used to calculate the frequency of egress.

  Phospholipases act on phospholipids and have been categorized into different subgroups based on the type of enymatic reaction they catalyze. These subgroups include phospholipase A1 (PLA1), phospholipase A2 (PLA2), phospholipase B (PLB), phospholipase C (PLC) and phospholipase D (PLD). PLA1 enzymes hydrolyses the ester bond at the sn-1 acyl chain of phospholipids while PLA2 enzymes act at the sn-2 position of phospholipids releasing arachadonic acid as one of the byproducts. PLB cleaves at both the sn-1 and sn-2 position of phospholipids and is also called lysophospholipase. PLC cleaves before the phosphate group in phospholipids releasing diacylglycerol (DAG) and a phosphate containing head group (such as inositol triphosphate) as byproducts. PLD cleaves after phosphate group in phospholipids releasing phosphatidic acid (PA) and an alcohol as byproducts. PLCs have been extensively studied and play a key role in signal transduction pathways through the formation of IP3 and DAG as byproducts. IP 3 plays a role in the release of Ca 2+ from endoplasmic reticulum (ER) which then acts as a second messenger and play a role in a number of cellular signaling cascades.

  FIGURE 1. (a) Events during erythrocyte invasion by Plasmodium merozoites. Initial interaction between the RBC and the merozoite is mediated by members of the MSP family of proteins, which are constitutively expressed on the merozoite surface (e.g. MSP1). Exposure to low potassium (low K þ ) in blood plasma triggers an increase in cAMP levels inside the parasite, which activates PLC to produce IP 3 and DAG. IP 3 releases Ca 2þ from endoplasmic reticulum (ER) stores by interacting with as yet unidentified receptors on the ER. Elevated Ca 2þ activates calcium-dependent protein kinase 1 (CDPK1), which leads to the secretion of microneme proteins such as AMA1 and EBA175. The other product, DAG, is converted into phosphatidic acid (PA), which interacts with acylated pleckstrin homology domain protein (APH) on the surface of micronemes leading to microneme secretion. Once secreted, EBA175 interacts with the RBC receptor Glycophorin A (GlyA), leading to the discharge of rhoptry proteins such as TRAMP and CLAG. AMA1 interacts with the parasite rhoptry neck protein RON2 which is inserted onto the RBC surface, resulting in the formation of a tight junction through which the parasite enters the host erythrocyte. (b) Events during the egress of merozoites from host erythrocyte. An internal parasite signal, abscisic acid (ABA), accumulates in schizonts and triggers the release of Ca 2þ from the ER through the cADPR pathway. Elevated Ca 2þ levels lead to the discharge of microneme (Mn) proteins like PLP1 (perforin-like protein 1) and exoneme (Exo) proteins like Sub1 (subtilisin-like protein). Sub1 is localized in exonemes and is discharged into the parasitophorous vacuole (PV), where it mediates the processing of SERA5 (serine repeat antigen 5), which is implicated in egress. Secretion of PLP1 from micronemes leads to the permeabilization of parasitophorous vacuolar membrane (PVM) and host red blood cell membrane (RBCM), leading to membrane degradation and egress. (c) Egress of gametocytes from RBCs following activation of gametogenesis in mosquito midgut. External signals including exposure to a lower temperature and xanthurenic acid (XA) in the mosquito midgut trigger gametocyte egress by activation of PLC and guanylyl cyclase (GC), leading to an increase in IP 3 and cGMP. IP 3 triggers the release of Ca 2þ from ER. A link between Ca 2þ release and PKG has not yet been validated. The rise in intracellular Ca 2þ triggers the release of PLP2 from egress vesicles (EVs), present near the parasite periphery. PLP2 mediates gametocyte egress by permeabilizing the PVM and host RBCM. Pfg377, a molecule localized in osmiophilic bodies (OBs), has been associated with female gametocyte egress.
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Figure 1 .

 1 Figure 1. Generation of PbMTRAP KO Clones (A) Illustration of the strategy used for replacing the coding sequence of MTRAP by a cassette for expression of the selection marker human dihydrofolate reductase (hDHFR), that confers resistance to pyrimethamine, and a cassette for expression of mCherry (red fluorescence). The primers (arrowheads) and probes (green bars) used for genotyping are shown. The expected fragment sizes after digestion of the loci with MfeI are also shown. (B) PCR analysis of the mtrap locus in wild-type (WT) or mutant (B4 and B8) parasites. P1/P2 pair of primers is specific to the WT locus, and P1/P3 pair is specific to integration of the targeting sequence. (C) Southern blot detecting the mtrap locus in wild-type (WT) or mutant (B4 and B8) parasites after digestion of genomic DNA with MfeI. The probe used is illustrated in (A) (green bars). (D) Growth curves assessed daily in mouse blood after infection with wild-type (black line) or the two clones of PbMTRAP KO parasites (blue and red lines). Results are shown as mean ± SD and are representative of three independent experiments. N = 5 for each group. (E) Fluorescence microscopy with anti-PbMTRAP (green), anti-AMA1 (red), and DAPI (blue) in wild-type P. berghei merozoites. BF, brightfield. Scale bar, 5 mm. (legend continued on next page) Cell Host & Microbe 20, 618-630, November 9, 2016 619

Figure 2 .

 2 Figure 2. PbMTRAP KO Are Blocked in Mosquito Transmission (A) P. berghei oocysts in the midgut of mosquitoes fed onto mice infected with wild-type or PbMTRAP KO . Oocysts are visualized by mercurochrome staining of mosquito midguts 7 days after mosquito feeding. Scale bar, 100 mm. Quantification is shown on the left. N = 100 mosquitoes for each group. (B) Quantification of P. berghei male gametocytes (MG, blue) and female gametocytes (FG, pink) circulating in mouse blood infected with either wild-type (WT) or PbMTRAP KO parasites. (C) Quantification of in vitro ookinete formation from gametocytes circulating in mouse blood infected with either wild-type (WT) or PbMTRAP KO parasites.(D) Quantification of green, red, and yellow (green + red) P. berghei oocyst numbers by fluorescence microscopy of mosquito midguts 7 days after mosquito feeding onto mice infected with a control mixture of green and red wild-type parasites (GFP + WT and RFP + WT, respectively), or with a mixture of PbMTRAP KO (red, mCh + PbMTRAP KO ) and wild-type green (GFP + WT) parasites. N = 100 mosquitoes for each group. The gametocytemia of green and red parasites were comparable in infected mice of the different groups used for mosquito feeding (data not shown). For all panels, data are shown as mean ± SD and are representative of three independent experiments.

Figure 3 .

 3 Figure 3. PbMTRAP KO Male Gametocytes Do Not Make Exflagellation Centers but Form Motile Axonemes (A) Quantification of exflagellation centers per 103 field formed by in vitro-activated wild-type P. berghei (WT), PbMTRAP KO male gametocytes, or PbMTRAP KO carrying either a control episome (contComp) or an episome with the promoter and coding sequence of mtrap cloned upstream the 3 0 UTR of trap, a centromeric sequence and a cassette for GFP (green) expression (mtrapComp). The results are shown as mean ± SD and are representative of four independent experiments. (B) Time-lapse microscopy of an activated PbMTRAP KO male gametocyte. The time in seconds is shown in each image. The results are representative of five independent experiments. (C) Quantification of oocysts per midgut of mosquitoes fed onto mice infected with PbMTRAP KO carrying either the control episome (contComp) or the episome with mtrap (mtrapComp). The results are shown as mean ± SD and are representative of two independent experiments. (D) Fluorescence microscopy of mosquito midgut 7 days after mosquito feeding onto mice infected with PbMTRAP KO (red) electroporated with the mtrapComp episome. The presence of the episome is depicted by green fluorescence, and parasites are red fluorescent. Single color oocysts were never seen. N = 100 mosquitoes. Scale bar, 100 mm.

Figure 4 .

 4 Figure 4. PbMTRAP KO Gametes Are Trapped inside the PV Membrane (A) Micrographs of wild-type P. berghei (WT) or PbMTRAP KO gametocytes isolated from infected mice blood and immediately fixed (nonactivated) or fixed after activation in vitro for 15 min (15 min p.a.) in ookinete medium. Ultrastructures are indicated with arrows. IMC, inner membrane complex; PPM, parasite plasma membrane; PVM, parasitophorous vacuole membrane; EM, erythrocyte membrane; N, nucleus; G, Golgi complex. Results are representative of three independent experiments. N = 6 for WT and 19 for PbMTRAP KO . Scale bars, 1 mm. (B) Micrograph of a male PbMTRAP KO gametocyte activated in vitro for 15 min in ookinete medium. Ultrastructures are shown as in (A), except for Ax, axonemes. Scale bars, 1 mm.

Figure 5 .

 5 Figure 5. MTRAP Is Dispensable for P. falciparum Asexual Stages (A) Illustration of the strategy used to target P. falciparum mtrap for disruption. Two plasmids were transfected in the P. falciparum 3D7 strain, one plasmid carrying a guide DNA sequence (GAATGGTCAGAATGTAAAGA) and a hDHFR cassette flanked by two homology regions with the 5 0 and 3 0 sequences of the mtrap coding sequence as indicated in the figure, and the second plasmid bearing a cassette for Cas9 expression. Double homologous recombination replaces 935 base pairs of the mtrap coding sequence by the hDHFR cassette, creating a disrupted locus. Primers used for PCR specific detection of the genomic or the disrupted loci are shown. See also Figure S2. (B) Western blot analysis of the PfMTRAP KO clones C3, C8, and C18 with a specific antibody recognizing the MTRAP C-terminal region (a-MTRAP-Tail). Wild-type P. falciparum 3D7 strain (WT) was used as control. The a-MTRAP-Tail recognizes three specific bands in WT parasites, FL as the full-length protein, cleavage as a processed fragment, and Tail as the C-terminal region after processing. No bands are recognized in the three PfMTRAP KO clones. Actin (a-actin) was used as loading controls. (C) Growth curves assessed every 48 hr by flow cytometry in blood cultures of P. falciparum wild-type (3D7, black line) or the three PfMTRAP KO clones (colored lines). The experiment was performed in triplicate and the data are presented as mean ± SD.

Figure 6 .

 6 Figure 6. MTRAP Is Expressed in Sexual Stages of P. falciparum (A) Fluorescence microscopy with anti-PfMTRAP (green), anti-Pfg377 (red), and DAPI (blue) in wildtype P. falciparum sexual stages matured in vitro. Stages III, IV, and V gametocytes are shown. BF, brightfield. Scale bar, 5 mm. See also Figure S3. (B) Fluorescence microscopy with anti-PfMTRAP (green), anti-Band3 (red), and DAPI (blue) in wildtype P. falciparum sexual stages matured in vitro. A gametocyte nonactivated (preactivation), a gametocyte activated for 30 s in vitro, and an egressed gamete after 600 s of activation in vitro are shown. BF, brightfield. Scale bar, 5 mm. See also Figure S7A.

Figure 7 .

 7 Figure 7. PPLP2 Secretion in PfMTRAP KO Gametocytes (A) Fluorescence microscopy with anti-Band3 (green), anti-PPLP2 (red), and DAPI (blue) in wild-type and MTRAP KO NF54 P. falciparum sexual stages matured in vitro nonactivated or 2.5 hr postactivation. BF, brightfield. Scale bar, 5 mm. (B) Fluorescence microscopy with anti-tubulin (green), anti-PPLP2 (red), and DAPI (blue) in wild-type and MTRAP KO NF54 P. falciparum sexual stages matured in vitro 25 min postactivation. BF, brightfield. Scale bar, 5 mm.

  

  

  

  

  

PCR analysis to confirm transgenic PfPATPL1-DD parasites

  . P. falciparum NF54 PfPATPL1-DD clones were screened by PCR using the primers AA64/AA65 (see primer table and schematic illustration) to confirm integration of the pJPATPL1-DD vector at the PfPATPL1 locus. Each clone was further analyzed by PCR for the absence of episomal targeting vector using the primers AA66/AA65 (see primer table). Template DNA used for PCR analysis: Lane 1, NF54 PfPATPL1-DD transgenic clone; Lane 2, P.

	falciparum NF54, Lane 3, Targeting vector plasmid pJPATPL1-DD. C) Conditional knockdown of
	PfPATPL1-DD protein in Stage V gametocytes. Stage IV P. falciparum NF54 PfPATPL1-DD clone was
	cultured with or without Shield-1 (denoted as Shield-1 [+] or Shield-1 [-]) for 24 to 36 h till Stage V.
	PfPATPL1 was detected in Stage V gametocyte lysates by Western blotting using specific anti-PfPATPL1
	mouse serum. The cytoplasmic protein PfNAPL was used as a loading control. Western blotting band intensities
	were quantified by densitometry scanning and relative PfPATPL1 levels in Shield-1 [+] and Shield-1 [-]
	gametocytes were calculated (mean + SEM from 3 independent experiments) using ImageJ software. * indicates
	P value = 0.02 as determined using Prism 7 software. A representative image of a Western blot from one of three
	independent experiments is shown.

The progression of different gametocyte stages were monitored using light microscopy following giemssa staining. Stage IV gametocytes appear elongated with pointed ends, and stage V gametocytes appear elongated and sausage shaped (rounded ends) under light microscope. Removal of Shield-1 had no effect on the progression of gametocytes from Stage IV to Stage V. NF54 PfPATPL1-DD. B.)

  incubation in activation medium at 25°C for 20 minutes. Gamete egress in Shield-1 [+] and Shield-1[-] gametocyte cultures were scored using WGA conjugated to Texas Red (WGA-Texas Red) to detect RBC membrane (red), and H33342 to stain gamete nuclei (blue). Gametes that remain trapped within RBCs post activation stain positive for both WGA (red) and H33342 (blue). Gametes that egress normally post activation stain positive for only H33342 (blue). The images shown here are derived from one of three independent (n=3) experiments. The percentage of rounded-up gametes with RBC membrane (unegressed, black), or without RBC membrane (egressed, grey), in Shield-1 [+] and Shield-1 [-] gametocyte cultures is shown.

	three independent experiments (n=3), each performed in triplicate. Statistical significance was determined using containing xanthurenic acid (XA) to induce gamete egress. Transmission electron microscopic images showing
	Student's t-test. ** indicates P = 0.01 as determined using Prism 7 software. B) 4-BPB treatment blocks ultrastructural changes in unactivated (UAc) and activated gametocytes, with or without 4-BPB treatment.
	gamete egress. P. falciparum NF54 Stage V gametocyte cultures were treated with 10µM 4-BPB or DMSO at Unactivated (UAc) gametocytes contain four peripheral membranous layers including the outermost host
	37°C for 60 minutes followed by incubation in activation medium with XA at 25°C for 20 minutes to induce erythrocyte membrane (EM), followed by a parasitophorous vacuolar membrane (PVM), parasite plasma
	gamete egress. Gamete egress was scored after activation of 4-BPB treated (Ac/4-BPB) and control DMSO membrane (PPM), and the inner membrane complex (IMC). Activated (Ac) gametes contain only the PPM and
	treated (Ac/DMSO) gametocytes using WGA-Texas Red, to detect RBC membrane (red), and H33342 to stain IMC. Activated gametes pretreated with 4-BPB (Ac/4-BPB) remain surrounded by all the four peripheral
	The frequency of gamete nuclei (blue). The percentage of round gametes with RBC membrane (unegressed, black), or without membranous layers, i.e. EM, PVM, PPM, and IMC. Boxes with white dotted lines denote regions displayed at
	egress is lower in Shield-1 [-] gametocytes compared to Shield-1 [+] gametocytes. The plot depicts results (mean RBC membrane (egressed, grey), in control DMSO treated (Ac/DMSO) and 4-BPB treated (Ac/4-BPB) cultures higher magnification in panel on right. B) 4-BPB treatment inhibits rupture of RBC membrane. 25
	± SEM) from three independent experiments (n=3) each performed in triplicates. * indicates P = 0.02 calculated is shown. The plot depicts results (mean ± SEM) from three independent experiments (n=3) each performed in gametocytes were scored for presence/absence of RBC membrane in each condition. The number of gametes
	by Two-way Anova using Prism 7 software. C) Knockdown of PfPATPL1 inhibits exflagellation of male triplicate. **** P value ≤ 0.001, Two way Anova using Prism 7 software. C) 4-BPB treatment inhibits male with RBC membrane (unegressed (black)), or without RBC membrane (egressed (grey)), in control DMSO
	gametes. P. falciparum NF54 PfPATPL1-DD Stage IV gametocytes were cultured to Stage V with or without gamete exflagellation. P. falciparum NF54 Stage V gametocyte cultures were treated with 10µM 4-BPB or treated (Ac/DMSO), and 4-BPB treated (Ac/4-BPB) cultures are shown. Treatment with 4-BPB blocks the
	Shield-1 (Shield-1 [+] and Shield-1 [-] cultures), and incubated in activation medium containing XA at 25ºC for DMSO (control) at 37°C for 60 minutes followed by incubation in activation medium containing XA at 25°C for rupture of RBC membrane of gametes.
	15 minutes to induce male gamete exflagellation. The exflagellation efficiency was scored in 4-BPB (Ac/4-BPB) 15 minutes to induce male gamete exflagellation. The exflagellation efficiency was scored in Shield-1 [+] and and control DMSO (Ac/DMSO) treated gametocyte cultures following activation. Exflagellation efficiency of 4-Shield-1 [-] cultures. Exflagellation efficiency of Shield-1 [-] activated gametocytes is shown relative to the BPB treated gametocytes (Ac 4-BPB) is shown relative to the exflagellation efficiency of control DMSO treated exflagellation efficiency of Shield-1 [+] activated gametocytes. Knockdown of PfPATPL1 results in lower (Ac DMSO) gametocytes. DMSO treated unactivated gametocytes (UAc DMSO) were used as a negative exflagellation efficiency. Results shown (mean ± SEM) are derived from 3 independent experiments (n=3) each control. Results shown (mean ± SEM) are derived from 3 independent experiments (n=3) each performed in performed in triplicates. Statistical significance of differences was evaluated by Student's t-test. *** indicates P = 0.001 as determined using Prism 7 software. triplicates. **** P value ≤ 0.001 calculated by Two-way Anova using Prism 7 software.

Table 1 . Efficiency of P. falciparum gametocyte transmission in mosquitoes treated with 4-BPB.

 1 

		Feed	Infections/Total (mean + SD, range)	% Decrease in Infection Rate	Oocysts/Midgut (mean + SD, range)	% Decrease in Oocyst Density
		DMSO Control	27/50	-	6.2 + 1.5, 0 -34	-
	Feed 1	100 µM 4-BPB	8/50	74.6%	0.8 + 0.3, 0 -12	87.2%
		DMSO Control	36/58	-	7.1 + 2.2, 0 -101	-
	Feed 2	100 µM 4-BPB	12/50	61.3%	1.1 + 0.4, 0 -17	85.1%
		DMSO Control	37/49	-	19.5 + 4.3, 0 -12	-
	Feed 3	100 µM 4-BPB	16/55	61.4%	0.7 + 0.2, 0 -12	96.2%

Analysis Program. Pearson coefficient between PfPATPL1 and Pfg377 is 0.2422 in UAc gametocytes and 0.1453 in Ac gametocytes. PfPATPL1 and Pfg377 does not show significant colocalization as the Pearson coefficient of colocalization is less than 0.7.
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SUMMARY

Surface-associated TRAP (thrombospondin-related anonymous protein) family proteins are conserved across the phylum of apicomplexan parasites. TRAP proteins are thought to play an integral role in parasite motility and cell invasion by linking the extracellular environment with the parasite submembrane actomyosin motor. Blood stage forms of the malaria parasite Plasmodium express a TRAP family protein called merozoite-TRAP (MTRAP) that has been implicated in erythrocyte invasion. Using MTRAP-deficient mutants of the rodent-infecting P. berghei and human-infecting P. falciparum parasites, we show that MTRAP is dispensable for erythrocyte invasion. Instead, MTRAP is essential for gamete egress from erythrocytes, where it is necessary for the disruption of the gamete-containing parasitophorous vacuole membrane, and thus for parasite transmission to mosquitoes. This indicates that motor-binding TRAP family members function not just in parasite motility and cell invasion but also in membrane disruption and cell egress.

EXPERIMENTAL PROCEDURES

Parasites, Mice, and Mosquitos P. berghei WT ANKA strain and MTRAP KO , were maintained in 3-week-old female Wistar rats or 3-week-old female Swiss mice. Mice or rats were infected Cell Host & Microbe 20, 618-630, November 9, 2016 627 with P. berghei parasites by intraperitoneal or intravenous injections. Parasitemia was followed daily by blood smears or FACS analysis. Anopheles stephensi (Sda500 strain) mosquitoes were reared at the Centre for Production and Infection of Anopheles (CEPIA) at the Pasteur Institute. All experiments using rodents were performed in accordance with the guidelines and regulations of the Pasteur Institute and are approved by the Ethical Committee for Animal Experimentation. P. falciparum 3D7 and NF54 strains were maintained in RPMI-based media containing O + human erythrocytes at 4% hematocrit and 0.5% AlbuMAX II (Life Technologies) or 10% A + pooled human serum (Interstate Bloodbank), according to established methods (Trager and Jensen, 1976).

Molecular Cloning and Transfections

To generate the targeting sequence to knockout MTRAP in P. berghei, the mtrap 5 0 UTR (553 bp) and 3 0 UTR (476 bp) were used as homology sequences flanking the hDHFR and mCherry cassettes. The MTRAP complementing plasmid was generated by cloning, in a plasmid bearing the P. berghei centromeric sequence CEN-core (Iwanaga et al., 2010), the 5 0 UTR (1,503 bp), and coding sequence of MTRAP, followed by a heterologous 3 0 UTR from trap (600 bp).

To generate the transfection plasmids for P. falciparum, regions of the N-terminal and C-terminal mtrap coding sequence, including part of the 5 0 and 3 0 UTRs, were used as homology regions, which were cloned into the pL6-eGFP CRISPR plasmid on either side of the hDHFR selection cassette (Ghorbal et al., 2014). The guide DNA sequence (GAATGGTCAGAATGTAAAGA) was cloned into the same plasmid using the BtgZI-adaptor site (Ghorbal et al., 2014), resulting in the completed PfMTRAPKO-pL7 plasmid.

P. berghei genetic manipulation was performed as described (Lacroix et al., 2011). P. falciparum genetic manipulation was performed as described (Fidock and Wellems, 1997).

All primers used for PCR amplification, molecular clonings, and genotyping are described in the Supplemental Information.

Immunofluorescence Assay P. berghei gametocytes and merozoites were obtained directly from infected mice blood using a Nycodenz gradient (Janse and Waters, 1995). Samples were fixed with 4% paraformaldehyde (PFA) and 0.0075% glutaraldehyde, permeabilized with 0.1% Triton X-100, and blocked with BSA 3% prior to stainings.

P. falciparum parasites were obtained from in vitro cultures of the 3D7 or NF54 strains. Synchronous production of gametocytes stages was achieved as described (Fivelman et al., 2007;Lamour et al., 2014). Nonactivated and activated parasites in ookinete medium (RPMI media supplemented with 100 mM xanthurenic acid) were spread on glass slides and fixed with icecold methanol.

All antibodies and dilutions used for stainings are described in the the Supplemental Information.

Electron Microscopy

For analysis of WT and MTRAP KO gametocytes, sexual stages were isolated directly from infected mice blood with at least 0.5% gametocytemia after leucocyte removal (plasmodipur filters, EuroProxima) using a Nycodenz 48% gradient (Janse and Waters, 1995)a t3 7 C. The cells were with 4% PFA and 1% glutaraldehyde immediately after isolation or after activation in ookinete medium. A detailed description of specimen treatment for EM is provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, seven figures, and two movies and can be found with this article at http://dx. doi.org/10.1016/j.chom.2016.10.015. 
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Material and Methods

Parasites and mosquitos P. berghei WT ANKA strain, GFP fluorescent (GFP@HSP70) [START_REF] Ishino | A calcium-dependent protein kinase regulates Plasmodium ookinete access to the midgut epithelial cell[END_REF], and MTRAP KO , were maintained in 3-week-old female Wistar rats or 3-week-old female Swiss mice. Mice or rats were infected with P. berghei parasites by intraperitoneal or intravenous injections. Parasitemia was followed daily by blood smears or FACS analysis. Anopheles stephensi (Sda500 strain) mosquitoes were reared at the Centre for Production and Infection of Anopheles (CEPIA) at the Pasteur Institute as described [START_REF] Thiberge | In vivo imaging of malaria parasites in the murine liver[END_REF]. All experiments using rodents were performed in accordance with the guidelines and regulations of the Pasteur Institute and are approved by the Ethical Committee for Animal Experimentation. P. falciparum 3D7 and NF54 strains were maintained in RPMI-based media containing O + human erythrocytes at 4% haematocrit and 0.5% AlbuMAX II (Life Technologies) or 10% A + pooled human serum (Interstate Bloodbank), according to established methods (Trager and Jensen, 1976).

Cloning of DNA constructs

To generate the targeting sequence to knockout MTRAP in P. berghei, the mtrap 5'UTR and 3'UTR were used as homology sequences flanking the hDHFR (de [START_REF] De Koning-Ward | The selectable marker human dihydrofolate reductase enables sequential genetic manipulation of the Plasmodium berghei genome[END_REF] and mCherry cassettes. The mtrap 5'UTR was amplified from P. berghei ANKA genomic DNA with primers forward GGCTGCAGGGGAATTCCGCAAAACTCAAGCATTTTAT (restriction sequences for PstI and EcoRI are underlined), and reverse GGGTCGACTTTTCATTTAATTAATCAACACAA (restriction sequence for SalI underlined). The mtrap 3'UTR was amplified from P. berghei ANKA genomic DNA with primers forward GGGAGCTCGTGTATACAATTTAAGAGAGG (restriction sequence for SacI underlined), and reverse GGGAATTCGTAAACCGTTACCAAAAGTTC (restriction sequence for EcoRI underlined). The hDHFR cassette was amplified from a plasmid available in the laboratory with primers forward GGGTCGACTGCAGCCCAGCTTAATTCT (restriction sequence for SalI underlined), and reverse GGCCCGGGAAATTGAAGGAAAAAACATCATT (restriction sequence for SmaI underlined). The mCherry cassette (HSP70 promoter) was amplified from plasmid available in the laboratory with primers forward GGCCCGGGGTAATATTTTGTTGGTGAGCT (restriction sequence for SmaI underlined) and reverse GGGAGCTCAAAATACCAATAATACCGTTTG (restriction sequence for SacI underlined). The fragments were cloned in the vector pUC18 with the homology regions flanking the hDHFR and mCherry cassettes, generating the plasmid pMTRAP-DCO. The targeting sequence was removed from the vector with EcoRI digestion and gel purified for transfection. into the same plasmid using the BtgZI-adaptor site (Ghorbal et al., 2014), resulting in the completed PfMTRAPKO-pL7 plasmid. All cloning steps were performed using Gibson Assembly [START_REF] Gibson | Enzymatic assembly of DNA molecules up to several hundred kilobases[END_REF].

Transfection and selection P. berghei genetic manipulation was performed as described (Lacroix et al., 2011). P. berghei ANKA schizonts and re-injection into mice, mutants were selected with constant treatment with pyrimethamine in drinking water until red fluorescent parasitemia was detected. Drugs were used as described [START_REF] Janse | High-efficiency transfection and drug selection of genetically transformed blood stages of the rodent malaria parasite Plasmodium berghei[END_REF]. Selected red parasites were cloned in mice by limiting dilution and two clones, B4 and R8, were isolated. Knockout of mtrap was confirmed by PCR analysis using primers P1/P2, specific for the WT mtrap locus, and P1/P3, specific for integration at the mtrap locus. Primer sequences are P1 -GGTAGATACTGGAAATGATG, P2 -GACAAACGAGTTTATGAGTTT, P3 -GTATACAACTCGCCAAAAAAT. Integration was also confirmed by Southern blotting of total gDNA after digestion with the restriction enzyme MfeI, with a probe hybridizing at the 5'UTR of mtrap, amplified with primers forward GATTCAAGTGATGAAAACCCTTTTG and reverse CTCAGTGCCCCAAAATTCA, to recognize the WT and the mutant loci with different sizes. Southern blotting was performed using the DIG easy Hyb kit and DIG wash and block buffer kit from Roche according to manufacturer's protocol.

P. falciparum genetic manipulation was performed as described (Fidock and Wellems, 1997). Briefly, ring stage parasites at 8-10% parasitemia were transfected with 60 µg of the PfMTRAPKO-pL7 plasmid, along with 60 µg of the pUF1-Cas9 plasmid, which expresses the Cas9 endonuclease (Ghorbal et al., 2014). Positive drug selection was performed one day post-transfection using 2.5 nM WR99210 and 1.5 µM DSM1 and maintained until stable parasite growth was achieved. Negative drug selection was then performed using 1 µM 5-fluorocytosine (Sigma Aldrich) in the presence of 2.5 nM WR99210 as previously described [START_REF] Maier | Negative selection using yeast cytosine deaminase/uracil phosphoribosyl transferase in Plasmodium falciparum for targeted gene deletion by double crossover recombination[END_REF]. The transgenic parasites were then cloned by limiting dilution at concentrations of 0.25 parasites/well, 0.5 parasites/well or 1 parasite/well. Three clones were isolated -C3, C8 and C18, and the disruption of mtrap was confirmed for each clone by PCR analysis using primers P4/P5, specific for the WT mtrap locus, and P4/P6, specific for integration of the targeting sequence at the mtrap locus. Primer sequences are P4 -GCGCTCATGTGTATACTTTTATATATG, P5 -CATCATTTTTATCATCATGATCTTC, P6 -GCGACGATGCAGTTTAGCGAACCATGC.!

Immunofluorescence assay

For P. berghei merozoites, infected mice blood was synchronized in vitro and schizonts were separated by a Nycodenz® 55% gradient as described (Janse and Waters, 1995). P. berghei gametocytes were obtained directly from infected mice blood using a Nycodenz® 48 % gradient (Janse and Waters, 1995).

Samples were fixed with 4% paraformaldehyde (PFA), 0.0075% glutaraldehyde in PBS for 1 h, permeabilized with 0.1% Triton X-100 in PBS, blocked with BSA 3% in PBS. Stainings were performed with primary rat anti-AMA1 MAb 28G2 [START_REF] Narum | Differential localization of full-length and processed forms of PF83/AMA-1 an apical membrane antigen of Plasmodium falciparum merozoites[END_REF]) diluted 1:500, primary rabbit polyclonal antibodies to the P. berghei MTRAP peptide YALYNEKNKQSGES (GenScript) diluted 1:500, and primary mouse polyclonal antibodies to the P. berghei MDV1-PEG3 protein (Ponzi et al., 2009) followed by secondary Alexa-Fluor-conjugated antibodies (Molecular Probes, 1:500 dilution).

P. falciparum merozoites were obtained from in vitro cultures of the NF54 strain. Parasites were cultivated in vitro under standard conditions using RPMI 1640 medium supplemented with 10% heatinactivated human serum and human erythrocytes at a 5% haematocrit. Synchronous production of gametocytes stages was achieved as described (Fivelman et al., 2007). Samples were fixed in glass slides with ice-cold methanol pre-activation or 10''and 600''post-activation in ookinete medium and incubating at 24-26°C (RPMI media supplemented with 100 µM xanthurenic acid), and blocked with BSA 3% in PBS. Stainings were performed with primary rat anti-AMA1 MAb 28G2 [START_REF] Narum | Differential localization of full-length and processed forms of PF83/AMA-1 an apical membrane antigen of Plasmodium falciparum merozoites[END_REF]) diluted 1:500, primary rabbit polyclonal antibodies to the P. falciparum full-length MTRAP protein produced by wheat germ cell-free in vitro translation system (Tsuboi et al., 2008) diluted 1:500, and primary rat anti-Pfg377 (Alano et al., 1995) diluted 1:250 followed by secondary Alexa-Fluor-conjugated antibodies (Molecular Probes, 1:500 dilution). Images were acquired using an Axio Observer Z1 fluorescent microscope (Zeiss).

Alternatively, production of gametocyte stages from wild-type NF54 parasites was achieved as described (Lamour et al., 2014). Stage V gametocytes were purified using Nycoprep 1.077 solution (Axis-Shield) as previously described [START_REF] Miguel-Blanco | Imaging-based high-throughput screening assay to identify new molecules with transmission-blocking potential against Plasmodium falciparum female gamete formation[END_REF]. Activation was performed by resuspending purified gametocytes in ookinete medium and incubating at 24-26°C for either 25 minutes or 2.5 hours, as previously described [START_REF] Delves | Male and female Plasmodium falciparum mature gametocytes show different responses to antimalarial drugs[END_REF]. Pre-activated and post-activated gametocytes were spread on glass slides and fixed and blocked as described above. Staining was performed with primary rabbit anti-PfMTRAP-TSR (Baum et al., 2006) diluted 1:200, primary rabbit anti-PfMTRAPtail (Riglar et al., 2016) diluted 1:500, primary mouse anti-GAP45 KN66 (Baum et al., 2006) diluted 1:500, primary mouse anti-Pfs230 diluted 1:500, primary mouse anti-Tubulin diluted 1:500, primary rabbit anti-PPLP2 diluted 1:100, primary mouse anti-DPAP2 diluted 1:50, primary rat anti-Band3 (BRAC66) diluted 1:250, followed by secondary Alexa-Fluor-conjugated antibodies (Life Technologies, 1:500 dilution). Confocal images were acquired using a Zeiss LSM 510 Laser scanning confocal microscope.

Western blot analysis

For Western blot analysis, P. berghei total blood stages or isolated gametocytes, or transgenic schizontstage P. falciparum parasites were extracted from in vitro blood-stage cultures by saponin lysis. Saponin pellets were lysed in 4%SDS/50 mM Tris-Cl pH 7.4/150 mM NaCl/5 mM EDTA and boiled at 95°C for 5 minutes. For NF54 pre-and post-activated gametocytes, the Nycoprep-purified gametocytes were directly lysed and boiled as described above. Lysates were resuspended in reducing 2X Laemmli sample buffer and resolved by SDS-PAGE. Proteins of interest were detected using the following antibodies diluted in 1% skim milk/0.1% Tween-20/PBS: primary rabbit antiPbMTRAP diluted 1:1000, anti-Plasmodium aldolase-HRP (Abcam ab38905) diluted 1:2000, primary rabbit anti-PfMTRAP-tail (Riglar et al., 2016) diluted 1:500, primary mouse PfActin 5H3 diluted 1:500, followed by secondary HRPconjugated antibodies (Sigma-Aldrich).

P. falciparum growth assay

P. falciparum blood-stage culture was diluted to produce a suspension at 2% haematocrit and 2% parasitemia. A 10 µL aliquot of the parasite suspension was fixed in 2% paraformaldehyde/0.2% gluteraldehyde/PBS for 45 minutes at 4°C. The fixed cells ('Day 0') were kept in 50 µL PBS until further use. The remaining parasite suspension was added into a 96-well round-bottomed plate at 100 µL volume per well. After 48 hours incubation under standard culture conditions, a 10 µL aliquot was again removed from the plate and fixed as above ('Day 2'). The cells in the plate were then diluted 1:10 or 1:20 with fresh red blood cells (2% haematocrit). This was repeated every 48 hours until 'Day 10' cells were collected. Fixed cells were permeabilised in 0.3% Triton X-100/PBS for 10 minutes at room temperature (RT) and stained with SYBR Green I (Life Technologies)/PBS, at a concentration of 1:5000, for 45 minutes at RT. This was followed by acquisition on a flow cytometer and parasitemia was determined by SYBR Green I fluorescence as measured by the flow cytometer. All experiments were carried out in triplicate and the data is presented as mean ± standard deviation.

Mosquito infection

An. stephensi mosquitos were kept and infected as previously described [START_REF] Sinden | Maintenance of the Plasmodium berghei life cycle[END_REF][START_REF] Thiberge | In vivo imaging of malaria parasites in the murine liver[END_REF]. Oocyst infection in mosquito midgut was verified 7 days after mosquito infection by removal of the midgut with the aid of a syringe needle and a forceps, staining of the midgut with 1% solution of mercurochrome in PBS [START_REF] Sinden | Maintenance of the Plasmodium berghei life cycle[END_REF], and observation under light microscope. In some cases the midguts were directly observed under a fluorescence microscope (Axio Observer Z1 fluorescent microscope, Zeiss).

Gametocyte in vitro activation assays and ookinete culture P. berghei gametocyte activation in vitro was achieved by collecting 5 µl of infected mice blood with at least 0.5 % gametocytemia and immediately mixing with 10 µl of PBS at RT. One third of the mixture was put in a glass slide, covered with a coverslip, and activation was observed under light microscopy for 20 minutes for videomicroscopy (Axio Observer Z1 fluorescent microscope, Zeiss) or counting of exflagellation centres. P. berghei ookinete cultures were performed as described [START_REF] Ramakrishnan | Laboratory maintenance of rodent malaria parasites[END_REF].

Electron microscopy

For analysis of WT and MTRAP KO gametocytes, sexual stages were isolated directly from infected mice blood with at least 0.5 % gametocytemia after leucocyte removal (plasmodipur filters, EuroProxima) using a Nycodenz® 48% gradient (Janse and Waters, 1995) at 37 ºC to avoid gametocyte activation.

The cells were washed in RPMI at 37 ºC and separated in two tubes pre heated at 37 ºC. One tube was immediately fixed with 4 % PFA and 1 % glutaraldehyde. The second tube was activated with ookinete medium at RT [START_REF] Ramakrishnan | Laboratory maintenance of rodent malaria parasites[END_REF] for 15 minutes prior to fixation. Specimens were post-fixed in 1% osmium tetroxide and 1.5% K3Fe(CN)6 in PBS for 2 h at RT, followed by incubation in 0.5% uranyl acetate for 1 h. The fixed cultures were dehydrated in increasing concentrations of ethanol and then incubated for 1 h in propylene oxide, followed by another incubation step for 1 h in a 1:1 mixture of propylene oxide and Epon (Electron Microscopy Sciences). Specimens were subsequently embedded in Epon at 60°C for 2 d. Post-contrasting of ultrasections included sequential incubation steps with 2% uranyl acetate for 20 min and 0.2% lead citrate for 7 min and rinsing of the ultrasections in A. bidest for 5x 30 s. Photographs were taken with a Zeiss EM10 transmission electron microscope and scanned images were processed using Adobe Photoshop CS software. The video plays at 15 frames per second.