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ABSTRACT 

All intracellular pathogens must escape (egress) from the confines of their host cell to disseminate and 
proliferate. The malaria parasite only replicates in an intracellular vacuole or in a cyst, and must 
undergo egress at four distinct phases during its complex life cycle, each time disrupting in a highly 
regulated manner the membranes or cyst wall that entrap the parasites. This Cell Science at a Glance 
article and accompanying poster summarises our current knowledge of the morphological features of 
egress across the Plasmodium life cycle, the molecular mechanisms that govern the process, and how 
researchers are working to exploit this knowledge to develop much-needed new approaches to 
malaria control.  
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Introduction 

Malaria is a devastating infectious disease that impacts over 30% of the world’s population, causing 
over 400,000 deaths annually (World Health Organization, 2020). The causative agents, species of the 
genus Plasmodium, belong to a phylum of predominantly obligate intracellular protozoan parasites 
called the Apicomplexa that includes numerous other pathogens of clinical and veterinary importance, 
such as the agents of toxoplasmosis, cryptosporidiosis, coccidiosis, babesiosis and theileriosis (Seeber 
and Steinfelder, 2016). Whilst much of the biology of these organisms is unique to each genus or even 
species, a unifying feature is that replication takes place only within a cyst or the intracellular 
environment of an infected host cell. As a result, the replicative parasite life cycle stages are 
interspersed by the release (egress) and dissemination of invasive and often motile forms called zoites 
that seek out and actively invade specific cells of their hosts. Malaria transmission takes place only via 
an insect vector, the female Anopheles mosquito. The parasite life cycle spans both the vertebrate 
host and insect vector (see Text Box 1), so parasite egress must occur in these very different 
environments. Despite this, it has become increasingly clear over the past 2 decades that the 
molecular mechanisms controlling egress – whilst distinct - share some remarkably similar regulatory 
and/or effector molecules, allowing development of unifying models for the signalling and effector 
pathways involved (Friedrich et al., 2012; Wirth and Pradel, 2012; Flieger et al., 2018). As our 
knowledge of egress increases, we predict that these parallels may become increasingly evident. 
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The malaria parasite replicates within three distinct settings: the mosquito oocyst, the 
vertebrate hepatocyte, and the vertebrate red blood cell (RBC). Details vary between the six different 
Plasmodium species that cause malaria in humans, including the stage of RBC maturation preferred. 
Here, we describe current knowledge of egress and highlight outstanding questions in the field. We 
focus primarily on Plasmodium falciparum (denoted by the prefix Pf where necessary), the most 
deadly species, but where relevant reference is also made to other Plasmodium species, including the 
widely used model rodent species Plasmodium berghei (prefix Pb); this species also has certain 
biological similarities to Plasmodium vivax, which is the most important agent of malaria outside of 
Africa but cannot be maintained in vitro, hindering its experimental analysis. 

 

Text box 1: The malaria parasite life cycle 

Male and female gametocytes in a blood meal are rapidly activated in the mosquito midgut through a 
combination of lowered temperature relative to the vertebrate host and the presence in the mosquito 
midgut of a vector-derived soluble factor called xanthurenic acid (XA). The males undergo 3 rounds of 
mitosis over the course of ~10 minutes to form 8 flagellated microgametes, whilst the females form a 
single macrogamete. Gamete egress and fertilisation generates zygotes which transform into motile 
ookinetes. These migrate through the midgut epithelium, arresting beneath the basal lamina where 
they round up to form an oocyst. Over the next 10-15 days, hundreds to thousands of sporozoites 
develop within each oocyst. The oocyst then ruptures, releasing the sporozoites into the insect main 
body cavity (haemocoel) from where they are carried by the circulating haemolymph to the salivary 
glands. 

Infection of the vertebrate host begins with inoculation of salivary gland sporozoites into the 
dermis during the bite of an infected mosquito. The sporozoites migrate via the bloodstream to the 
liver where they invade hepatocytes and develop over the course of 2-10 days (depending on the 
Plasmodium species) to form large, multinucleated liver-stage schizonts which undergo segmentation 
to form merozoites. This is a huge amplification step as each viable sporozoite can generate up to 
~30,000 liver stage merozoites  (Baer et al., 2007; Sturm et al., 2009; Burda et al., 2017b). These are 
released into the bloodstream, rapidly invading RBCs to initiate the asexual erythrocytic cycle. The 
intracellular parasite develops and replicates, digesting the host cell haemoglobin (over ~48 h in the 
case of P. falciparum) and eventually forms a multinucleated schizont that produces 16 or more 
daughter merozoites. These burst out of the host RBC and rapidly infect new RBCs to repeat the cycle 
of invasion, replication and egress, resulting in exponential expansion of the parasite population. 
Whereas the liver stages of malarial infection are clinically silent, the asexual blood stage cycle is 
responsible for all the manifestations of disease. 

During each asexual growth cycle, a subset of parasites take an alternative developmental 
route and commit to sexual development to produce gametocytes, the forms required for 
transmission to the mosquito vector. In all three intracellular stages in the vertebrate host, parasite 
development occurs within a membrane-bound parasitophorous vacuole (PV). 

 

Text box 2: The PKG-SUB1-SERA pathway: a universal route to malarial egress? 

The parasite protein kinase PKG plays a key signalling role in several important transitions throughout 
the life cycle. PKG is activated by the cyclic nucleotide 3’,5’-guanosine monophosphate (cGMP), so 
regulation of levels of this intracellular second messenger is central to control of egress; indeed, the 
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timing of egress may be governed simply by cGMP accumulating in the parasite until it reaches a 
critical intracellular threshold concentration required to fully activate PKG. This is likely achieved by a 
balance between cGMP synthesis by guanylyl cyclases (GCs) and cGMP degradation by 
phosphodiesterases (PDEs). Plasmodium PKG  has three cGMP-binding sites arranged surrounding the 
central kinase domain in an architecture that may allow the transfer of conformational 
rearrangements as the sites become occupied (Deng et al., 2003; Kim et al., 2015; Franz et al., 2018; 
El Bakkouri et al., 2019). PKG activation results in production of another second messenger inositol 
(1,4,5)-trisphosphate (IP3) and mobilisation of intracellular calcium (Brochet and Billker, 2016).  This 
activates plant-like calcium-dependent protein kinases (CDPKs) and triggers discharge of specialised 
secretory organelles (e.g. (Collins et al., 2013; Absalon et al., 2018). 

One secretory organelle resident common to several parasite life cycle stages is the subtilisin-
like parasite serine protease SUB1 which is critical for merozoite (both liver and blood stage) and 
gamete egress (see main text). Maturation of SUB1 is mediated by the aspartic protease plasmepsin 
X (PMX) (Pino et al., 2017; Nasamu et al., 2017). Maturation of PMX is in turn dependent upon an 
endoplasmic reticulum-resident CREC family calcium-binding protein (PfERC), (Fierro et al., 2020).  

SUB1 activates the function of a set of proteins of the serine repeat antigen (SERA) family. All 
SERAs possess a central domain homologous to papain-like proteases (clan CA, family C1; 
https://www.ebi.ac.uk/merops/) and are divided into four subfamilies (‘Groups I-IV’) (Arisue et al., 
2011; Arisue et al., 2020). The SERAs may mediate egress throughout the parasite life cycle, albeit via 
different mechanisms (see main text). Of particular interest is PfSERA6 (the ‘Group III’ SERA; the P. 
berghei orthologue is PbSERA3), which is implicated in both liver and blood stage egress. The ‘Group 
I’ SERA PbSERA5 (egress cysteine protease 1 or ECP1) is required for sporozoite egress but appears to 
lack SUB1 cleavage sites, suggesting a SUB1-independent activation mechanism. 

 

Sporozoite egress from the mosquito oocyst 

The oocyst is surrounded by a poorly defined structure called the oocyst wall or capsule, which 
ruptures to release sporozoites. Despite many previous electron microscopy (EM) studies of oocyst 
structure and egress (e.g. Sinden and Strong, 1978; Orfano et al., 2016), details of the dynamics of 
sporozoite egress have come to light only recently (see poster). Using an elegant ex vivo time-lapse 
light microscopy approach, egress was seen to take place in several superficially distinct manners (Klug 
and Frischknecht, 2017). Unexpectedly, escaping sporozoites sometimes appeared to initially bud into 
large vesicle-like protrusions that emerged from a single point of rupture of the oocyst capsule. In all 
cases, egress was preceded by extensive circular movement of the sporozoites within the oocyst.  

Reverse genetic studies have implicated several parasite gene products in sporozoite egress, 
although in only a few cases have these shed light on their mechanistic role. A seminal example of this 
was examination of the cysteine protease-like protein ECP1 (a ‘Group I’ SERA; see Text box 2). ECP1-
null sporozoites developed normally and displayed the intra-oocyst motility mentioned above, but 
failed to egress (Aly and Matuschewski, 2005). Importantly given the presumed proteolytic role of 
ECP1, the authors noticed that a characteristic western blot signal produced upon probing oocyst 
extracts with antibodies to the major circumsporozoite protein (CSP) was more complex in the ECP1 
mutant, suggesting altered CSP proteolysis. As well as being localised to the sporozoite surface, CSP is 
a component of the inner layer of the oocyst wall (Thathy et al., 2002) so it was significant that the 
mutant oocysts were insensitive to detergent permeabilisation, in contrast to wild-type oocysts, and 
relatively resistant to mechanical stress (Aly and Matuschewski, 2005). Collectively, these 
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observations suggest an essential role for ECP1 in proteolytic degradation of the oocyst wall at egress. 
However, ECP1 has yet to be demonstrated to possess protease activity. 

Gene disruption has similarly implicated the putative aspartic protease plasmepsin VIII 
(PMVIII) in egress. PMVIII-null sporozoites lacked motility and failed to egress from oocysts (Mastan 
et al., 2017). A study of the α-thrombospondin repeat (TSR)-containing putative integral membrane 
sporozoite protein TRP1 showed that, similar to ECP1 and PMVIII, its loss resulted in sporozoites that 
developed normally but failed to egress (Klug and Frischknecht, 2017).  TRP1-null sporozoites 
displayed no intra-oocyst motility, so it was surprising that mechanically released TRP1-null 
sporozoites showed no motility defect, leading the authors to speculate that TRP1 plays a role in 
activating sporozoite motility prior to egress (Klug and Frischknecht, 2017). TRP1 could play a signalling 
or sensing role as TSR domains are often involved in protein-protein interactions (Adams and Tucker, 
2000). However, as shown by the ECP1 mutant described above, sporozoite motility is clearly not 
sufficient for egress.  

Other players identified as important for sporozoite egress include the two related histone 
fold domain proteins, oocyst rupture protein 1 (ORP1) and ORP2  (Currà et al., 2016). ORP1 was 
located to the capsule, whereas ORP2 initially localises throughout the oocyst body. Remarkably, both 
relocalise to the oocyst wall around the time of sporozoite egress, probably forming a heterodimer 
(Currà et al., 2016) (see poster). Sporozoites lacking ORP1 or ORP2 developed normally and were 
motile if mechanically released, but did not undergo egress  (Currà et al., 2016). Despite detailed 
mutagenesis analysis of the twin histone fold domains of ORP2 (Siden-Kiamos et al., 2018), how the 
ORP proteins contribute mechanistically to oocyst rupture remains unknown. Several other proteins, 
including CSP, PCRMP3 and PCRMP4 (Douradinha et al., 2011), PSOP9/GAMA (Ecker et al., 2008), SIAP-
1 (Engelmann et al., 2009) and the putative phospholipase PbPL (Burda et al., 2015), are also important 
for egress. The pathways disrupted in the respective mutants are likely diverse. For example, CSP-null 
mutants do not form sporozoites at all (Ménard et al., 1997), possibly due to the loss of this abundant 
glycolipid-anchored protein from the plasma membrane of the developing syncytium (Wang et al., 
2005b); however, more subtle alterations of CSP that do not block protein expression also prevent 
egress (Wang et al., 2005a). With regard to these other factors, PbPL likely acts to hydrolyse oocyst 
phospholipids, but PSOP9/GAMA and SIAP-1 possess no recognisable domains and so, as is the case 
for ORP1 and ORP2, their mechanistic role is not understood. Future progress in understanding 
sporozoite egress will require a clearer picture of the molecular composition and fate of the oocyst 
capsule at egress, and will be aided by the availability of an increasing number of egress-defective 
parasite mutants and improvements in oocyst isolation (e.g. Siden-Kiamos et al., 2020). 

 

Egress of liver stage merozoites 

Studying the development of liver stage parasites is challenging, in part due to the very small 
proportion of hepatocytes that become parasitised even under optimal conditions. However, several 
technically outstanding intravital and ex vivo imaging studies have shown that liver merozoite release, 
rather than occurring through simple rupture of the host hepatocyte, takes place through the release 
of membrane-bound ‘bags’ of merozoites (called extrusomes or merosomes). These are extruded into 
adjacent liver sinusoidal blood vessels to be swept into the bloodstream where they disintegrate 
beyond the liver to release their cargo (Tarun et al., 2006; Sturm et al., 2006; Baer et al., 2007). 
Merosome formation and liver stage merozoite egress, but not intracellular liver stage development, 
is prevented by genetic disruption or pharmacological inhibition of the parasite cGMP-dependent 
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protein kinase, PKG (see Text box 2) (Falae et al., 2010; Govindasamy et al., 2016; Vanaerschot et al., 
2020). 

The first morphological indicator of liver merozoite egress is parasitophorous vacuole 
membrane (PVM) rupture, which may occur after a period of increasing permeability, although not all 
researchers observe this (Baer et al., 2007; Sturm et al., 2009). Ablation of the liver-stage protein LISP1 
had no effect on merozoite development but prevented PVM rupture (Ishino et al., 2009); however 
how LISP1 mediates its function is unknown. PVM rupture is followed by destabilisation of the host 
hepatocyte cell membrane and separation from its underlying cytoskeleton (Burda et al., 2017a), likely 
enabling merosome formation (see poster). In accord with this model, analysis of merosome structure 
indicated that the merosome membrane is derived from the host cell plasma membrane (Graewe et 
al., 2011). Both PVM rupture and host membrane cytoskeletal changes that lead to merosome 
formation are inhibited by E64 (Burda et al., 2017a), a peptidyl epoxide selective for cysteine 
proteases. Significantly, very recent reverse genetic work has implicated the cysteine protease-like 
PbSERA4 (‘Group II’ SERA; see Text box 2) in liver stage egress (Putrianti et al., 2020). Expression and 
proteolytic processing of the ‘Group III SERA’ (see Text box 2), PbSERA3 was also demonstrated in liver 
stage parasites (Schmidt-Christensen et al., 2008),  although in this case its importance in egress was 
not examined. If SERA proteins are targets of E64 in exoerythrocytic parasites, this implicates these 
putative proteases in PVM rupture and possibly in downstream events. In further support of a role for 
proteolysis in liver stage egress, two separate studies demonstrated that egress requires the serine 
protease SUB1 (see Text box 2) (Tawk et al., 2013; Suarez et al., 2013), first implicated in asexual blood 
stage egress (see below). It is conceivable that, as in asexual blood stages, SUB1 activates the function 
of the SERA proteins in the liver egress pathway (see poster and below).  

Unlike the host cell plasma membrane, the PVM has no underlying cytoskeleton, so whether 
or how it could be directly disrupted by protease activity is a mystery. Involvement of a third enzyme 
class in liver stage egress was convincingly demonstrated by disruption of the gene encoding the 
putative phospholipase PbPL, which localises to the PVM. This produced a defect in PVM rupture and 
delayed egress (Burda et al., 2015). As mentioned above, PbPL is also implicated in sporozoite egress 
from oocysts, but its substrate specificity and targeted structure(s) remain unknown (see poster).  

 

Egress of asexual blood stage merozoites 

Despite some uncertainty in earlier work, it is now widely accepted that - as in the liver stage – blood 
stage merozoite egress comprises PVM rupture rapidly followed by rupture and vesiculation of the 
RBC membrane (RBCM) (the so-called ‘inside-out’ model). Several observations have added 
granularity to this picture, indicating that rupture of each membrane is preceded by a transient 
permeabilisation or ‘poration’ step.  

As in the liver stage, PKG plays a key early role in asexual blood stage merozoite egress, as 
demonstrated with selective pharmacological inhibitors combined with gatekeeper mutagenesis, and 
more recently by conditional gene disruption (Taylor et al., 2010; Collins et al., 2013; Baker et al., 2017; 
Ressurreição et al., 2020; Koussis et al., 2020). Consistent with this, blockade of cGMP synthesis by 
conditional knockout of the guanylyl cyclase GCα blocks egress (Nofal et al., 2021), whilst 
pharmacological inhibition of phosphodiesterases (which degrade cGMP) conversely leads to 
premature egress (Collins et al., 2013), likely through dysregulated over-accumulation of cGMP. The 
parasite protein phosphatase 1 (PfPP1) plays an essential role in stimulating GCα activity, perhaps by 
regulating its capacity to respond to phospholipid-based signals (Paul et al., 2020). PKG activation 
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results in rapid mobilisation of cytosolic calcium levels that in turn activate a set of plant-like calcium-
dependent protein kinases (see Text box 2 and poster). Of these, CDPK5 is required for efficient egress, 
cooperating with PKG in a poorly-understood manner to control the process (Dvorin et al., 2010; 
Absalon et al., 2018). Unlike gametocyte activation (see Text box 1), blood stage merozoite egress is 
not obviously controlled by changing exogenous environmental signals, and the endogenous ‘trigger’ 
that initiates PKG activation in the mature schizont remains elusive. Recent intriguing data have 
implicated exogenous phosphatidylcholine as a putative egress stimulatory factor (Paul et al., 2020), 
but more research is needed to understand how access of this serum factor to the intracellular 
parasite might be temporally regulated. 

Building on early descriptive work in avian and simian Plasmodium species (Trager and 
McGhee, 1956; Dvorak et al., 1975), the morphological transitions that lead up to merozoite egress 
have been more recently described in a series of EM and light microscopic studies, combined with the 
use of compartment- or membrane-specific fluorescent markers and pharmacological inhibitors to 
‘trap’ otherwise transient steps in the pathway. Minutes before egress, the PVM alters in shape, 
rounding up without apparently swelling. As in the liver stage, this can be accompanied by increased 
PVM permeability (Hale et al., 2017), but this is not always observed (Glushakova et al., 2018). The 
segmented merozoites rearrange into a symmetrical ‘flower-like’ structure, before sudden rupture 
and vesiculation of the PVM, fragments of which form multilamellar vesicles within the enclosing 
RBCM (see poster). PVM rupture allows  increased movement of the merozoites, as well as poration 
and collapse of the RBCM, rapidly followed by final RBCM rupture (Glushakova et al., 2005; Glushakova 
et al., 2009; Gilson and Crabb, 2009; Glushakova et al., 2010; Yahata et al., 2012; Collins et al., 2017; 
Thomas et al., 2018). High-speed video microscopy has shown that RBCM rupture initiates at a single 
point, allowing the membrane to rip open whilst curling and everting, ejecting the merozoites 
(Abkarian et al., 2011) (see poster).  

The use of pharmacological agents, fluorogenic probes and conditional mutagenesis have 
provided further insights into the regulation of individual steps in the pathway. A mechanistic role in 
egress has been proposed for a large parasite protein termed schizont egress antigen-1 (SEA1) (Raj et 
al., 2014), but very recent work has confirmed a previously suspected role in DNA replication instead 
(Perrin et al., 2021). PVM rounding and likely all downstream steps depend upon mobilisation of 
intracellular calcium (Glushakova et al., 2013; Brochet et al., 2014), itself regulated by PKG activation. 
PKG activity and calcium are also required for discharge and activity of SUB1 from merozoite secretory 
organelles, called exonemes, into the PV lumen (Yeoh et al., 2007; Agarwal et al., 2013; Withers-
Martinez et al., 2014). There, SUB1 cleaves several soluble PV and merozoite surface proteins including 
MSP1 (Yeoh et al., 2007; Koussis et al., 2009). Conditional knockout of SUB1 produced an egress block 
indistinguishable from inhibition or knockout of PKG (Thomas et al., 2018), indicating a key role for 
SUB1 early in the pathway. SUB1-mediated cleavage of MSP1 appears to be important for efficient 
egress, perhaps due to interactions between MSP1 and the host RBC cytoskeleton (Das et al., 2015). 
RBCM rupture, but not RBCM poration or PVM rupture, is prevented by E64 and its more membrane-
permeable analogue E64d, indicating a role for cysteine protease(s) in the final step of egress 
(Wickham et al., 2003; Glushakova et al., 2010; Chandramohanadas et al., 2011; Dans et al., 2020). A 
suggested role for the cysteine protease dipeptidyl peptidase DPAP3 was ruled out by knockout 
studies (Ghosh et al., 2018; Lehmann et al., 2018). Host RBC calpain-I (a calcium-dependent cysteine 
protease) was implicated in egress (Chandramohanadas et al., 2009; Millholland et al., 2013), but the 
essentiality of this was put in doubt by the observation that calpain-I-null mice support normal 
replication of P. berghei (Hanspal et al., 2002). Further light on likely targets of E64 and E64d was shed 
by the demonstration that SUB1 activates members of the SERA family (previously implicated in 
sporozoite egress from oocysts). In the case of P. falciparum, these include the ‘Group IV’ SERA, 
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PfSERA5, which plays a non-enzymatic role in regulating the kinetics and efficiency of egress 
(Stallmach et al., 2015; Collins et al., 2017), and the ‘Group III’ SERA, PfSERA6 (the P. falciparum 
orthologue of PbSERA3), which has a distinct, essential role in RBCM rupture, probably by mediating 
proteolytic degradation of the RBC cytoskeletal protein β-spectrin (Ruecker et al., 2012; Thomas et al., 
2018).  

Based on work in the related parasite Toxoplasma (Kafsack et al., 2009), interest has focused 
on the potential role of pore-forming proteins in blood stage merozoite egress. The Plasmodium 
genome encodes five proteins with membrane attack complex/perforin (MACPF) domains, and PPLP1 
and PPLP2 have been proposed to play roles in egress based on expression, localisation and inhibitor 
studies, as well as the demonstration that their recombinant forms possess RBC lytic activity (Garg et 
al., 2013; Wirth et al., 2014; Garg et al., 2020).  However, this notion remains contentious, as genetic 
ablation of either PPLP1 or PPLP2 has no effect on asexual replication rates, or RBCM poration at 
egress (Deligianni et al., 2013; Wirth et al., 2014; Yang et al., 2017). The proteins may perform 
redundant and complementary functions, and further work is needed to clarify their essentiality in 
egress. 

Collectively, the current data point to a blood stage merozoite egress model in which PKG 
together with CDPK5 triggers the intracellular release and activation of a number of effector molecules 
that disrupt the bounding membranes within minutes (see poster). This is in contrast to earlier 
suggestions that breakdown of the host cell cytoskeleton takes place slowly over many hours 
(Millholland et al., 2011). Perhaps in contrast to sporozoite egress, merozoite egress  is a ‘passive’ 
process in that the merozoite actinomyosin contractile system, which drives subsequent invasion of a 
fresh RBC, is not required for egress (Das et al., 2017; Perrin et al., 2018).  

 

Egress of gametes 

Gamete egress has been most closely examined in the rodent species P. berghei. Both male and female 
P. berghei gametocytes possess unique electron-dense cytoplasmic vesicles termed osmiophilic 
bodies (OBs); these are larger and more abundant in female P. berghei gametocytes, and completely 
absent from male P. falciparum gametocytes. In a process reminiscent of exonemes in blood stage 
merozoite egress, discharge of OBs into the PV occurs concomitant with egress (Kuehn and Pradel, 
2010; Ishino et al., 2020), leading to the notion that OBs contain important molecules with possibly 
sex-specific role(s). However, gene disruption analysis provides conflicting data on this. Knockout of 
the gene encoding the first identified protein marker for OBs, G377, resulted in loss of OBs from 
female P. falciparum gametocytes and failure to infect mosquitoes (Suárez-Cortés et al., 2016). 
However, in contrast with earlier studies, this was not due to an egress defect, suggesting that OBs 
function post-egress. Proteomic analysis of the OB-free mutants allowed the identification of several 
other OB proteins, including GEST, a subtilisin-like protease SUB2 and the dipeptidyl peptidase DPAP2 
(Suárez-Cortés et al., 2016). Disruption of  DPAP2 partially reduced egress (Suárez-Cortés et al., 2016). 
Other reverse genetic studies revealed that several OB-located proteins, MDV1/PEG3 (Ponzi et al., 
2009), GEST (Talman et al., 2011) and GEP (Andreadaki et al., 2020), are required for efficient egress. 
Disruption of the putative pantothenate transporter PAT, which localises to membranes of OBs and 
other parasite secretory organelles, also reduces egress (Kehrer et al., 2016). A further, non OB-
located gametocyte ferlin-like protein called FLP is also required for egress (Obrova et al., 2019); like 
PAT (Kehrer et al., 2016), this protein likely has an indirect role, probably being required for the 
calcium-dependent exocytosis involved in discharge of OBs and other important secretory organelles 
(Coleman et al., 2018). The gametocyte TRAP-family protein MTRAP, originally identified as a putative 



8 
 

merozoite invasion ligand, has been implicated in gametocyte egress (Bargieri et al., 2016), whilst PMX 
is also required (Pino et al., 2017), perhaps due to its role in maturation of SUB1, which is implicated 
in male gamete egress (Pace et al., 2019). Further support for a role for protease activity in egress was 
provided by evidence that broad-spectrum small molecule protease inhibitors prevent egress (Sologub 
et al., 2011); these include E64d, implicating at least one cysteine protease in egress. Although none 
has yet been definitely identified to be essential for gamete egress, by analogy with sporozoite and 
asexual parasite stages, it seems likely that a SERA family member is involved (Pace et al., 2019). 

Similar to the other parasite developmental stages, time-lapse video light microscopy 
(sometimes combined with fluorescent reporter-expressing parasites) and EM have revealed the 
morphological transitions involved in gamete egress. In P. falciparum, the process initiates by 
‘rounding up’ of the crescent-shaped cells, a process that is PKG-dependent (McRobert et al., 2008) 
(see poster). P. berghei gametocytes undergo swelling (Andreadaki et al., 2018). Production of cGMP 
required for gametocyte activation and egress is mediated by the guanylyl cyclase GCα but also 
depends on  the  associated polytopic membrane protein GEP1 (distinct from GEP discussed above), 
which is thought to bind more strongly to GCα in the presence of xanthurenic acid (XA) and thus 
enhance GCα-mediated cGMP synthesis (Jiang et al., 2020). Subsequent events, including activation 
of the calcium-dependent protein kinase CDPK4 (Billker et al., 2004), depend  on calcium mobilisation 
that is induced in a PKG- and phosphoinositide-specific phospholipase C (PI-PLC)-dependent manner 
(Martin et al., 1994; Brochet et al., 2014). Within minutes of activation, the OBs migrate to and fuse 
with the parasite plasma membrane (Kuehn and Pradel, 2010; Ishino et al., 2020), before PVM rupture 
and vesiculation take place, appearing to occur at multiple points (Sologub et al., 2011; Wirth et al., 
2014; Andreadaki et al., 2018). In contrast, subsequent rupture of the RBCM initially occurs at a single 
site (Sologub et al., 2011; Andreadaki et al., 2018). Thus, as in the liver and asexual blood stages, 
gamete egress appears to follow the ‘inside-out’ model (see poster).   

The precise roles in these membrane rupture events of most of the proteins mentioned above 
is unknown (see poster). Loss of GEP prevents axoneme motility in microgametes, but this is not its 
only role as macrogamete egress was also blocked in GEP-null mutants, perhaps because OB discharge 
was retarded or reduced (Andreadaki et al., 2020). As is the case for many malarial proteins, GEP has 
no recognisable protein domains and no orthologues outside the Apicomplexa, making functional 
prediction difficult. A greater mechanistic understanding has been gleaned in the case of the putative 
pore-forming protein PPLP2, a member of the family of Plasmodium perforin-like proteins referred to 
above. Ablation of PPLP2 produced a dramatic egress phenotype (male-specific in P. berghei), in which 
PVM rupture and vesiculation occurred normally, but the RBCM remained intact and unpermeabilised 
(Deligianni et al., 2013; Wirth et al., 2014; Andreadaki et al., 2018). This indicates a specific role for 
PPLP2 in RBCM rupture, presumably through the formation of pores that weaken the membrane. In 
support of this, artificial selective permeabilisation of the RBCM with exogenously-applied equinatoxin 
II could release PPLP2-null mutant parasites (Deligianni et al., 2013; Wirth et al., 2014), and 
recombinant PPLP2 was demonstrated to lyse RBCs (Wirth et al., 2014). Reminiscent of SUB1 
regulation in asexual blood stage egress, PPLP2 is thought to be discharged just prior to egress from 
vesicular structures distinct from OBs (Wirth et al., 2014).  This discharge is reduced in mutants lacking 
a patatin-like phospholipase, which also show an egress defect (Singh et al., 2019). Intriguingly, the 
protease inhibitor studies mentioned above showed that the chymotrypsin inhibitor TLCK prevents 
RBCM rupture without preventing its permeabilisation (Sologub et al., 2011), indicating a requirement 
for a protease-mediated step independent of PPLP2 activity. Whilst many questions remain 
unanswered regarding gamete egress, these fascinating insights imply that - just as with merozoite 
egress - distinct mechanisms govern PVM rupture, RBCM poration and RBCM rupture.  
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Text box 3: Key conceptual questions regarding malaria parasite egress 

• What is the molecular makeup of the PVM and oocyst wall and how are they degraded? 

• What are the egress triggers in the different life cycle stages and how are these signals sensed 
and transduced? 

• What additional egress effectors have yet to be identified? 

• Can signalling molecules and effector molecules involved in egress be targets of clinically 
efficacious therapeutic or prophylactic antimalarial drugs?  

 

Conclusions and future perspectives 

We hope that it is evident from this brief summary that there are clear distinctions between the 
biological features and molecular pathways operating to mediate egress at the different 
developmental phases of the Plasmodium life cycle. At the same time, there is strong evidence for a 
central essential role for PKG in liver stage, asexual blood stage and gamete egress, and for SERA family 
members in all egress stages. This suggests underlying commonalities that indicate evolutionarily 
convergent strategies. Despite recent insights gained largely from improvements in conditional 
genetics in Plasmodium, key questions remain regarding the regulation of and effector molecules 
involved in egress, and whether egress can be a target of new types of chemotherapeutics (see poster 
and Text box 3). Current evidence suggests that at least PKG could represent an exciting drug target 
(Baker et al., 2020). Given the continued interest in all these crucial phases of the Plasmodium life 
cycle, we are confident that the answers to many of these questions will soon become clear. 

 

Acknowledgements 

The authors are indebted to their numerous colleagues and collaborators for the many insightful 
discussions and outstanding science that form the basis of this review. We apologise to all our 
colleagues whose work we have been unable to cite due to space restrictions. This research was 
funded in part by the Wellcome Trust. This work was supported by funding to MJB from the Francis 
Crick Institute (https://www.crick.ac.uk/), which receives its core funding from Cancer Research UK 
(FC001043; https://www.cancerresearchuk.org), the UK Medical Research Council (FC001043; 
https://www.mrc.ac.uk/), and the Wellcome Trust (FC001043; https://wellcome.ac.uk/). MSYT was in 
receipt of a Francis Crick PhD studentship, as well as funding from the Francis Crick Idea to Innovation 
(i2i) programme (grant P2019-0015). The work was also supported by Wellcome ISSF2 funding to the 
London School of Hygiene & Tropical Medicine. 

 

  



10 
 

References 

Abkarian, M., Massiera, G., Berry, L., Roques, M. and Braun-Breton, C. (2011). A novel mechanism for 
egress of malarial parasites from red blood cells. Blood 117, 4118–4124. doi: 10.1182/blood-
2010-08-299883. 

Absalon, S., Blomqvist, K., Rudlaff, R. M., DeLano, T. J., Pollastri, M. P. and Dvorin, J. D. (2018). 
Calcium-Dependent Protein Kinase 5 Is Required for Release of Egress-Specific Organelles in 
Plasmodium falciparum. mBio 9, e00130-18. doi: 10.1128/mBio.00130-18. 

Adams, J. C. and Tucker, R. P. (2000). The thrombospondin type 1 repeat (TSR) superfamily: Diverse 
proteins with related roles in neuronal development. Dev. Dyn. 218, 280–299. doi: 
10.1002/(SICI)1097-0177(200006)218:2<280::AID-DVDY4>3.0.CO;2-0. 

Agarwal, S., Singh, M. K., Garg, S., Chitnis, C. E. and Singh, S. (2013). Ca(2+) -mediated exocytosis of 
subtilisin-like protease 1: a key step in egress of Plasmodium falciparum merozoites. Cell. 
Microbiol. 15, 910–921. doi: 10.1111/cmi.12086. 

Aly, A. S. and Matuschewski, K. (2005). A malarial cysteine protease is necessary for Plasmodium 
sporozoite egress from oocysts. J. Exp. Med. 202, 225–230. doi: 10.1084/jem.20050545. 

Andreadaki, M., Hanssen, E., Deligianni, E., Claudet, C., Wengelnik, K., Mollard, V., McFadden, G. I., 
Abkarian, M., Braun-Breton, C. and Siden-Kiamos, I. (2018). Sequential Membrane Rupture and 
Vesiculation during Plasmodium berghei Gametocyte Egress from the Red Blood Cell. Sci. Rep. 
8, 3543. doi: 10.1038/s41598-018-21801-3. 

Andreadaki, M., Pace, T., Grasso, F., Siden-Kiamos, I., Mochi, S., Picci, L., Bertuccini, L., Ponzi, M. and 
Currà, C. (2020). Plasmodium berghei Gamete Egress Protein is required for fertility of both 
genders. Microbiologyopen 9, e1038. doi: 10.1002/mbo3.1038. 

Arisue, N., Kawai, S., Hirai, M., Palacpac, N. M. Q., Jia, M., Kaneko, A., Tanabe, K. and Horii, T. (2011). 
Clues to evolution of the SERA multigene family in 18 Plasmodium species. PLoS ONE 6, 
e17775. doi: 10.1371/journal.pone.0017775. 

Arisue, N., Palacpac, N. M. Q., Tougan, T. and Horii, T. (2020). Characteristic features of the SERA 
multigene family in the malaria parasite. Parasit. Vectors 13, 170. doi: 10.1186/s13071-020-
04044-y. 

Baer, K., Klotz, C., Kappe, S. H. I., Schnieder, T. and Frevert, U. (2007). Release of Hepatic Plasmodium 
yoelii Merozoites into the Pulmonary Microvasculature. PLoS Pathog. 3, e171. doi: 
10.1371/journal.ppat.0030171. 

Baker, D. A., Stewart, L. B., Large, J. M., Bowyer, P. W., Ansell, K. H., Jiménez-Díaz, M. B., El Bakkouri, 
M., Birchall, K., Dechering, K. J., Bouloc, N. S., et al. (2017). A potent series targeting the 
malarial cGMP-dependent protein kinase clears infection and blocks transmission. Nat. 
Commun. 8, 430. doi: 10.1038/s41467-017-00572-x. 

Baker, D. A., Matralis, A. N., Osborne, S. A., Large, J. M. and Penzo, M. (2020). Targeting the Malaria 
Parasite cGMP-Dependent Protein Kinase to Develop New Drugs. Front. Microbiol. 11, 602803. 
doi: 10.3389/fmicb.2020.602803. 

Bargieri, D. Y., Thiberge, S., Tay, C. L., Carey, A. F., Rantz, A., Hischen, F., Lorthiois, A., Straschil, U., 
Singh, P., Singh, S., et al. (2016). Plasmodium Merozoite TRAP Family Protein Is Essential for 
Vacuole Membrane Disruption and Gamete Egress from Erythrocytes. Cell Host Microbe 20, 
618–630. doi: 10.1016/j.chom.2016.10.015. 

Billker, O., Dechamps, S., Tewari, R., Wenig, G., Franke-Fayard, B. and Brinkmann, V. (2004). Calcium 



11 
 

and a calcium-dependent protein kinase regulate gamete formation and  mosquito 
transmission in a malaria parasite. Cell 117, 503–514. doi: 10.1016/s0092-8674(04)00449-0. 

Brochet, M. and Billker, O. (2016). Calcium signalling in malaria parasites. Mol. Microbiol. 100, 397–
408. doi: 10.1111/mmi.13324. 

Brochet, M., Collins, M. O., Smith, T. K., Thompson, E., Sebastian, S., Volkmann, K., Schwach, F., 
Chappell, L., Gomes, A. R., Berriman, M., et al. (2014). Phosphoinositide metabolism links 
cGMP-dependent protein kinase G to essential Ca2+ signals at key decision points in the life 
cycle of malaria parasites. PLoS Biol. 12, e1001806. doi: 10.1371/journal.pbio.1001806. 

Burda, P.-C., Roelli, M. A., Schaffner, M., Khan, S. M., Janse, C. J. and Heussler, V. T. (2015). A 
Plasmodium phospholipase is involved in disruption of the liver stage parasitophorous vacuole 
membrane. PLoS Pathog. 11, e1004760. doi: 10.1371/journal.ppat.1004760. 

Burda, P.-C., Caldelari, R. and Heussler, V. T. (2017a). Manipulation of the Host Cell Membrane 
during Plasmodium Liver Stage Egress. mBio 8, e00139-17. doi: 10.1128/mBio.00139-17. 

Burda, P.-C., Schaffner, M., Kaiser, G., Roques, M., Zuber, B. and Heussler, V. T. (2017b). A 
Plasmodium plasma membrane reporter reveals membrane dynamics by live-cell microscopy. 
Sci. Rep. 7, 9740. doi: 10.1038/s41598-017-09569-4. 

Chandramohanadas, R., Davis, P. H., Beiting, D. P., Harbut, M. B., Darling, C., Velmourougane, G., 
Lee, M. Y., Greer, P. A., Roos, D. S. and Greenbaum, D. C. (2009). Apicomplexan parasites co-
opt host calpains to facilitate their escape from infected cells. Science 324, 794–797. doi: 
10.1126/science.1171085. 

Chandramohanadas, R., Park, Y., Lui, L., Li, A., Quinn, D., Liew, K., Diez-Silva, M., Sung, Y., Dao, M., 
Lim, C. T., et al. (2011). Biophysics of malarial parasite exit from infected erythrocytes. PLoS 
ONE 6, e20869. doi: 10.1371/journal.pone.0020869. 

Coleman, B. I., Saha, S., Sato, S., Engelberg, K., Ferguson, D. J. P., Coppens, I., Lodoen, M. B. and 
Gubbels, M.-J. (2018). A Member of the Ferlin Calcium Sensor Family Is Essential for 
Toxoplasma gondii Rhoptry Secretion. mBio 9, e01510-18. doi: 10.1128/mBio.01510-18. 

Collins, C. R., Hackett, F., Strath, M., Penzo, M., Withers-Martinez, C., Baker, D. A. and Blackman, M. 
J. (2013). Malaria parasite cGMP-dependent protein kinase regulates blood stage merozoite 
secretory organelle discharge and egress. PLoS Pathog. 9, e1003344. doi: 
10.1371/journal.ppat.1003344. 

Collins, C. R., Hackett, F., Atid, J., Tan, M. S. Y. and Blackman, J. (2017). The Plasmodium falciparum 
pseudoprotease SERA5 regulates the kinetics and efficiency of malaria parasite egress from 
host erythrocytes. PLoS Pathog. 13, e1006453. doi: 10.1371/journal.ppat.1006453. 

Currà, C., Gessmann, R., Pace, T., Picci, L., Peruzzi, G., Varamogianni-Mamatsi, V., Spanos, L., Garcia, 
C. R. S., Spaccapelo, R., Ponzi, M., et al. (2016). Release of Plasmodium sporozoites requires 
proteins with histone-fold dimerization domains. Nat. Commun. 7, 13846. doi: 
10.1038/ncomms13846. 

Dans, M. G., Weiss, G. E., Wilson, D. W., Sleebs, B. E., Crabb, B. S., de Koning-Ward, T. F. and Gilson, 
P. R. (2020). Screening the Medicines for Malaria Venture Pathogen Box for invasion and egress 
inhibitors of the blood stage of Plasmodium falciparum reveals several inhibitory compounds. 
Int. J. Parasitol. 50, 235–252. doi: 10.1016/j.ijpara.2020.01.002. 

Das, S., Hertrich, N., Perrin, A. J., Withers-Martinez, C., Collins, C. R., Jones, M. L., Watermeyer, J. M., 
Fobes, E. T., Martin, S. R., Saibil, H. R., et al. (2015). Processing of Plasmodium falciparum 
Merozoite Surface Protein MSP1 Activates a Spectrin-Binding Function Enabling Parasite Egress 



12 
 

from RBCs. Cell Host Microbe 18, 433–444. doi: 10.1016/j.chom.2015.09.007. 

Das, S., Lemgruber, L., Tay, C. L., Baum, J. and Meissner, M. (2017). Multiple essential functions of 
Plasmodium falciparum actin-1 during malaria blood-stage development. BMC Biol. 15, 70. doi: 
10.1186/s12915-017-0406-2. 

Deligianni, E., Morgan, R. N., Bertuccini, L., Wirth, C. C., Silmon de Monerri, N. C., Spanos, L., 
Blackman, M. J., Louis, C., Pradel, G. and Siden-Kiamos, I. (2013). A perforin-like protein 
mediates disruption of the erythrocyte membrane during egress of Plasmodium berghei male 
gametocytes. Cell. Microbiol. 15, 1438–1455. doi: 10.1111/cmi.12131. 

Deng, W., Parbhu-Patel, A., Meyer, D. J. and Baker, D. A. (2003). The role of two novel regulatory 
sites in the activation of the cGMP-dependent protein kinase from Plasmodium falciparum. 
Biochem. J. 374, 559–565. doi: 10.1042/BJ20030474. 

Douradinha, B., Augustijn, K. D., Moore, S. G., Ramesar, J., Mota, M. M., Waters, A. P., Janse, C. J. 
and Thompson, J. (2011). Plasmodium Cysteine Repeat Modular Proteins 3 and 4 are essential 
for malaria parasite transmission from the mosquito to the host. Malar. J. 10, 71. doi: 
10.1186/1475-2875-10-71. 

Dvorak, J. A., Miller, L. H., Whitehouse, W. C. and Shiroishi, T. (1975). Invasion of erythrocytes by 
malaria merozoites. Science 187, 748–750. doi: 10.1126/science.803712. 

Dvorin, J. D., Martyn, D. C., Patel, S. D., Grimley, J. S., Collins, C. R., Hopp, C. S., Bright, A. T., 
Westenberger, S., Winzeler, E., Blackman, M. J., et al. (2010). A plant-like kinase in Plasmodium 
falciparum regulates parasite egress from erythrocytes. Science 328, 910–2. doi: 
10.1126/science.1188191. 

Ecker, A., Bushell, E. S. C., Tewari, R. and Sinden, R. E. (2008). Reverse genetics screen identifies six 
proteins important for malaria development in the mosquito. Mol. Microbiol. 70, 209–220. doi: 
10.1111/j.1365-2958.2008.06407.x. 

El Bakkouri, M., Kouidmi, I., Wernimont, A. K., Amani, M., Hutchinson, A., Loppnau, P., Kim, J. J., 
Flueck, C., Walker, J. R., Seitova, A., et al. (2019). Structures of the cGMP-dependent protein 
kinase in malaria parasites reveal a unique  structural relay mechanism for activation. Proc. 
Natl. Acad. Sci. USA 116, 14164–14173. doi: 10.1073/pnas.1905558116. 

Engelmann, S., Silvie, O. and Matuschewski, K. (2009). Disruption of Plasmodium sporozoite 
transmission by depletion of sporozoite invasion-associated protein 1. Eukaryot. Cell 8, 640–
648. doi: 10.1128/EC.00347-08. 

Falae, A., Combe, A., Amaladoss, A., Carvalho, T., Menard, R. and Bhanot, P. (2010). Role of 
Plasmodium berghei cGMP-dependent protein kinase in late liver stage development. J. Biol. 
Chem. 285, 3282–3288. doi: 10.1074/jbc.M109.070367. 

Fierro, M. A., Asady, B., Brooks, C. F., Cobb, D. W., Villegas, A., Moreno, S. N. J. and Muralidharan, V. 
(2020). An Endoplasmic Reticulum CREC Family Protein Regulates the Egress Proteolytic  
Cascade in Malaria Parasites. mBio 11, doi: 10.1128/mBio.03078-19. 

Flieger, A., Frischknecht, F., Häcker, G., Hornef, M. W. and Pradel, G. (2018). Pathways of host cell 
exit by intracellular pathogens. Microb. Cell 5, 525–544. doi: 10.15698/mic2018.12.659. 

Franz, E., Knape, M. J. and Herberg, F. W. (2018). cGMP Binding Domain D Mediates a Unique 
Activation Mechanism in Plasmodium falciparum PKG. ACS Infect. Dis. 4, 415–423. doi: 
10.1021/acsinfecdis.7b00222. 

Friedrich, N., Hagedorn, M., Soldati-Favre, D. and Soldati, T. (2012). Prison break: pathogens’ 



13 
 

strategies to egress from host cells. Microbiol. Mol. Biol. Rev. 76, 707–720. doi: 
10.1128/MMBR.00024-12. 

Garg, S., Agarwal, S., Kumar, S., Yazdani, S. S., Chitnis, C. E. and Singh, S. (2013). Calcium-dependent 
permeabilization of erythrocytes by a perforin-like protein during egress of malaria parasites. 
Nat. Commun. 4, 1736. doi: 10.1038/ncomms2725. 

Garg, S., Shivappagowdar, A., Hada, R. S., Ayana, R., Bathula, C., Sen, S., Kalia, I., Pati, S., Singh, A. P. 
and Singh, S. (2020). Plasmodium Perforin-Like Protein Pores on the Host Cell Membrane 
Contribute in Its Multistage Growth and Erythrocyte Senescence. Front. Cell. Infect. Microbiol. 
10, 121. doi: 10.3389/fcimb.2020.00121. 

Ghosh, S., Chisholm, S. A., Dans, M., Lakkavaram, A., Kennedy, K., Ralph, S. A., Counihan, N. A. and 
de Koning-Ward, T. F. (2018). The cysteine protease dipeptidyl aminopeptidase 3 does not 
contribute to egress of Plasmodium falciparum from host red blood cells. PLoS ONE 13, 
e0193538. doi: 10.1371/journal.pone.0193538. 

Gilson, P. R. and Crabb, B. S. (2009). Morphology and kinetics of the three distinct phases of red 
blood cell invasion by Plasmodium falciparum merozoites. Int. J. Parasitol. 39, 91–96. doi: 
10.1016/j.ijpara.2008.09.007. 

Glushakova, S., Yin, D., Li, T. and Zimmerberg, J. (2005). Membrane transformation during malaria 
parasite release from human red blood cells. Curr. Biol. 15, 1645–1650. doi: 
10.1016/j.cub.2005.07.067. 

Glushakova, S., Mazar, J., Hohmann-marriott, M. F., Hama, E. and Zimmerberg, J. (2009). Irreversible 
effect of cysteine protease inhibitors on the release of malaria parasites from infected 
erythrocytes. Cell. Microbiol. 11, 95–105. doi: 10.1111/j.1462-5822.2008.01242.x. 

Glushakova, S., Humphrey, G., Leikina, E., Balaban, A., Miller, J. and Zimmerberg, J. (2010). New 
stages in the program of malaria parasite egress imaged in normal and sickle erythrocytes. 
Curr. Biol. 20, 1117–1121. doi: 10.1016/j.cub.2010.04.051. 

Glushakova, S., Lizunov, V., Blank, P. S., Melikov, K., Humphrey, G. and Zimmerberg, J. (2013). 
Cytoplasmic free Ca2+ is essential for multiple steps in malaria parasite egress from infected 
erythrocytes. Malar. J. 12, 41. doi: 10.1186/1475-2875-12-41. 

Glushakova, S., Beck, J. R., Garten, M., Busse, B. L., Nasamu, A. S., Tenkova-Heuser, T., Heuser, J., 
Goldberg, D. E. and Zimmerberg, J. (2018). Rounding precedes rupture and breakdown of 
vacuolar membranes minutes before malaria parasite egress from erythrocytes. Cell. Microbiol. 
1–12. doi: 10.1111/cmi.12868. 

Govindasamy, K., Jebiwott, S., Jaijyan, D. K., Davidow, A., Ojo, K. K., Van Voorhis, W. C., Brochet, M., 
Billker, O. and Bhanot, P. (2016). Invasion of hepatocytes by Plasmodium sporozoites requires 
cGMP-dependent protein kinase and calcium dependent protein kinase 4. Mol. Microbiol. 102, 
349–363. doi: 10.1111/mmi.13466. 

Graewe, S., Rankin, K. E., Lehmann, C., Deschermeier, C., Hecht, L., Froehlke, U., Stanway, R. R. and 
Heussler, V. (2011). Hostile takeover by Plasmodium: reorganization of parasite and host cell 
membranes during liver stage egress. PLoS Pathog. 7, e1002224. doi: 
10.1371/journal.ppat.1002224. 

Hale, V. L., Watermeyer, J. M., Hackett, F., Vizcay-Barrena, G., van Ooij, C., Thomas, J. A., Spink, M. 
C., Harkiolaki, M., Duke, E., Fleck, R. A., et al. (2017). Parasitophorous vacuole poration 
precedes its rupture and rapid host erythrocyte cytoskeleton collapse in Plasmodium 
falciparum egress. Proc. Natl. Acad. Sci. USA 114, 3439–3444. doi: 10.1073/pnas.1619441114. 



14 
 

Hanspal, M., Goel, V. K., Oh, S. S. and Chishti, A. H. (2002). Erythrocyte calpain is dispensable for 
malaria parasite invasion and growth. Mol. Biochem. Parasitol. 122, 227–229. doi: 
10.1016/s0166-6851(02)00104-4. 

Ishino, T., Boisson, B., Orito, Y., Lacroix, C., Bischoff, E., Loussert, C., Janse, C., Ménard, R., Yuda, M. 
and Baldacci, P. (2009). LISP1 is important for the egress of Plasmodium berghei parasites from 
liver cells. Cell. Microbiol. 11, 1329–1339. doi: 10.1111/j.1462-5822.2009.01333.x. 

Ishino, T., Tachibana, M., Baba, M., Iriko, H., Tsuboi, T. and Torii, M. (2020). Observation of 
morphological changes of female osmiophilic bodies prior to Plasmodium gametocyte egress 
from erythrocytes. Mol. Biochem. Parasitol. 236, 111261. doi: 
10.1016/j.molbiopara.2020.111261. 

Jiang, Y., Wei, J., Cui, H., Liu, C., Zhi, Y., Jiang, Z., Li, Z., Li, S., Yang, Z., Wang, X., et al. (2020). An 
intracellular membrane protein GEP1 regulates xanthurenic acid induced gametogenesis of 
malaria parasites. Nat. Commun. 11, 1764. doi: 10.1038/s41467-020-15479-3. 

Kafsack, B. F. C., Pena, J. D. O., Coppens, I., Ravindran, S., Boothroyd, J. C. and Carruthers, V. B. 
(2009). Rapid membrane disruption by a perforin-like protein facilitates parasite exit from host 
cells. Science 323, 530–533. doi: 10.1126/science.1165740. 

Kehrer, J., Singer, M., Lemgruber, L., Silva, P. A. G. C., Frischknecht, F. and Mair, G. R. (2016). A 
Putative Small Solute Transporter Is Responsible for the Secretion of G377 and TRAP-
Containing Secretory Vesicles during Plasmodium Gamete Egress and Sporozoite Motility. PLoS 
Pathog. 12, e1005734. doi: 10.1371/journal.ppat.1005734. 

Kim, J. J., Flueck, C., Franz, E., Sanabria-Figueroa, E., Thompson, E., Lorenz, R., Bertinetti, D., Baker, D. 
A., Herberg, F. W. and Kim, C. (2015). Crystal structures of the carboxyl cGMP binding domain 
of the Plasmodium falciparum cGMP-dependent protein kinase reveal a novel capping triad 
crucial for merozoite egress. PLoS Pathog. 11, e1004639. doi: 10.1371/journal.ppat.1004639. 

Klug, D. and Frischknecht, F. (2017). Motility precedes egress of malaria parasites from oocysts. Elife 
6, e19157. doi: 10.7554/eLife.19157. 

Koussis, K., Withers-Martinez, C., Yeoh, S., Child, M., Hackett, F., Knuepfer, E., Juliano, L., Woehlbier, 
U., Bujard, H. and Blackman, M. J. (2009). A multifunctional serine protease primes the malaria 
parasite for red blood cell invasion. EMBO J. 28, 725–735. doi: 10.1038/emboj.2009.22. 

Koussis, K., Withers-Martinez, C., Baker, D. A. and Blackman, M. J. (2020). Simultaneous multiple 
allelic replacement in the malaria parasite enables dissection of PKG function. Life Sci. Alliance 
3, e201900626. doi: 10.26508/lsa.201900626. 

Kuehn, A. and Pradel, G. (2010). The coming-out of malaria gametocytes. J. Biomed. Biotechnol. 
2010, 976827. doi: 10.1155/2010/976827. 

Lehmann, C., Tan, M. S. Y., de Vries, L. E., Russo, I., Sanchez, M. I., Goldberg, D. E. and Deu, E. (2018). 
Plasmodium falciparum dipeptidyl aminopeptidase 3 activity is important for efficient 
erythrocyte invasion by the malaria parasite. PLoS Pathog. 14, e1007031. doi: 
10.1371/journal.ppat.1007031. 

Martin, S. K., Jett, M. and Schneider, I. (1994). Correlation of phosphoinositide hydrolysis with 
exflagellation in the malaria microgametocyte. J. Parasitol. 80, 371–378. doi: 10.2307/3283406. 

Mastan, B. S., Narwal, S. K., Dey, S., Kumar, K. A. and Mishra, S. (2017). Plasmodium berghei 
plasmepsin VIII is essential for sporozoite gliding motility. Int. J. Parasitol. 47, 239–245. doi: 
10.1016/j.ijpara.2016.11.009. 



15 
 

McRobert, L., Taylor, C. J., Deng, W., Fivelman, Q. L., Cummings, R. M., Polley, S. D., Billker, O. and 
Baker, D. A. (2008). Gametogenesis in malaria parasites is mediated by the cGMP-dependent 
protein kinase. PLoS Biol. 6, e139. doi: 10.1371/journal.pbio.0060139. 

Ménard, R., Sultan, A. A., Cortes, C., Altszuler, R., van Dijk, M. R., Janse, C. J., Waters, A. P., 
Nussenzweig, R. S. and Nussenzweig, V. (1997). Circumsporozoite protein is required for 
development of malaria sporozoites in  mosquitoes. Nature 385, 336–340. doi: 
10.1038/385336a0. 

Millholland, M. G., Chandramohanadas, R., Pizzarro, A., Wehr, A., Shi, H., Darling, C., Lim, C. T. and 
Greenbaum, D. C. (2011). The malaria parasite progressively dismantles the host erythrocyte 
cytoskeleton for efficient egress. Mol. Cell. Proteomics 10, M111.010678. doi: 
10.1074/mcp.M111.010678. 

Millholland, M. G., Mishra, S., Dupont, C. D., Love, M. S., Patel, B., Shilling, D., Kazanietz, M. G., 
Foskett, J. K., Hunter, C. A., Sinnis, P., et al. (2013). A host GPCR signaling network required for 
the cytolysis of infected cells facilitates release of apicomplexan parasites. Cell Host Microbe 
13, 15–28. doi: 10.1016/j.chom.2012.12.001. 

Nasamu, A. S., Glushakova, S., Russo, I., Vaupel, B., Oksman, A., Kim, A. S., Fremont, D. H., Tolia, N., 
Beck, J. R., Meyers, M. J., et al. (2017). Plasmepsins IX and X are essential and druggable 
mediators of malaria parasite egress and invasion. Science 358, 518–522. doi: 
10.1126/science.aan1478. 

Nofal, S. D., Patel, A., Blackman, M. J., Flueck, C. and Baker, D. A. (2021). Plasmodium falciparum 
Guanylyl Cyclase-Alpha and the Activity of Its Appended P4-ATPase Domain Are Essential for 
cGMP Synthesis and Blood-Stage Egress. mBio 12, e02694-20. doi: 10.1128/mBio.02694-20. 

Obrova, K., Cyrklaff, M., Frank, R., Mair, G. R. and Mueller, A.-K. (2019). Transmission of the malaria 
parasite requires ferlin for gamete egress from the red blood cell. Cell. Microbiol. 21, e12999. 
doi: 10.1111/cmi.12999. 

Orfano, A. S., Nacif-Pimenta, R., Duarte, A. P. M., Villegas, L. M., Rodrigues, N. B., Pinto, L. C., 
Campos, K. M. M., Pinilla, Y. T., Chaves, B., Barbosa Guerra, M. G. V, et al. (2016). Species-
specific escape of Plasmodium sporozoites from oocysts of avian, rodent, and human malarial 
parasites. Malar. J. 15, 394. doi: 10.1186/s12936-016-1451-y. 

Pace, T., Grasso, F., Camarda, G., Suarez, C., Blackman, M. J., Ponzi, M. and Olivieri, A. (2019). The 
Plasmodium berghei serine protease PbSUB1 plays an important role in male gamete egress. 
Cell. Microbiol. 21, e13028. doi: 10.1111/cmi.13028. 

Paul, A. S., Miliu, A., Paulo, J. A., Goldberg, J. M., Bonilla, A. M., Berry, L., Seveno, M., Braun-Breton, 
C., Kosber, A. L., Elsworth, B., et al. (2020). Co-option of Plasmodium falciparum PP1 for egress 
from host erythrocytes. Nat. Commun. 11, 3532. doi: 10.1038/s41467-020-17306-1. 

Perrin, A. J., Collins, C. R., Russell, M. R. G., Collinson, L. M., Baker, D. A. and Blackman, M. J. (2018). 
The Actinomyosin Motor Drives Malaria Parasite Red Blood Cell Invasion but Not  Egress. mBio 
9, doi: 10.1128/mBio.00905-18. 

Perrin, A. J., Bisson, C., Faull, P. A., Renshaw, M. J., Lees, R. A., Fleck, R. A., Saibil, H. R., Snijders, A. P., 
Baker, D. A. and Blackman, M. J. (2021). Malaria Parasite Schizont Egress Antigen-1 Plays an 
Essential Role in Nuclear Segregation during Schizogony. mBio 12, e03377-20. doi: 
10.1128/mBio.03377-20. 

Pino, P., Caldelari, R., Mukherjee, B., Vahokoski, J., Klages, N., Maco, B., Collins, C. R., Blackman, M. 
J., Kursula, I., Heussler, V., et al. (2017). A multistage antimalarial targets the plasmepsins IX 



16 
 

and X essential for invasion and egress. Science 358, 522–528. doi: 10.1126/science.aaf8675. 

Ponzi, M., Sidén-Kiamos, I., Bertuccini, L., Currà, C., Kroeze, H., Camarda, G., Pace, T., Franke-Fayard, 
B., Laurentino, E. C., Louis, C., et al. (2009). Egress of Plasmodium berghei gametes from their 
host erythrocyte is mediated by the MDV-1/PEG3 protein. Cell. Microbiol. 11, 1272–1288. doi: 
10.1111/j.1462-5822.2009.01331.x. 

Putrianti, E. D., Schmidt-Christensen, A., Heussler, V., Matuschewski, K. and Ingmundson, A. (2020). 
A Plasmodium cysteine protease required for efficient transition from the liver infection stage. 
PLoS Pathog. 16, e1008891. doi: 10.1371/journal.ppat.1008891. 

Raj, D. K., Nixon, C. P., Nixon, C. E., Dvorin, J. D., DiPetrillo, C. G., Pond-Tor, S., Wu, H.-W., Jolly, G., 
Pischel, L., Lu, A., et al. (2014). Antibodies to PfSEA-1 block parasite egress from RBCs and 
protect against malaria infection. Science 344, 871–877. doi: 10.1126/science.1254417. 

Ressurreição, M., Thomas, J. A., Nofal, S. D., Flueck, C., Moon, R. W., Baker, D. A. and van Ooij, C. 
(2020). Use of a highly specific kinase inhibitor for rapid, simple and precise synchronization of 
Plasmodium falciparum and Plasmodium knowlesi asexual blood-stage parasites. PLoS ONE 15, 
e0235798. doi: 10.1371/journal.pone.0235798. 

Ruecker, A., Shea, M., Hackett, F., Suarez, C., Hirst, E. M. A., Milutinovic, K., Withers-Martinez, C. and 
Blackman, M. J. (2012). Proteolytic activation of the essential parasitophorous vacuole cysteine 
protease SERA6 accompanies malaria parasite egress from its host erythrocyte. J. Biol. Chem. 
287, 37949–37963. doi: 10.1074/jbc.M112.400820. 

Schmidt-Christensen, A., Sturm, A., Horstmann, S. and Heussler, V. T. (2008). Expression and 
processing of Plasmodium berghei SERA3 during liver stages. Cell. Microbiol. 10, 1723–1734. 
doi: 10.1111/j.1462-5822.2008.01162.x. 

Seeber, F. and Steinfelder, S. (2016). Recent advances in understanding apicomplexan parasites. 5, 
F1000 Faculty Rev-1369. doi: 10.12688/f1000research.7924.1. 

Siden-Kiamos, I., Pace, T., Klonizakis, A., Nardini, M., Garcia, C. R. S. and Currà, C. (2018). 
Identification of Plasmodium berghei Oocyst Rupture Protein 2 (ORP2) domains involved in 
sporozoite egress from the oocyst. Int. J. Parasitol. 48, 1127–1136. doi: 
10.1016/j.ijpara.2018.09.004. 

Siden-Kiamos, I., Spanos, L. and Currà, C. (2020). A method for purification of Plasmodium oocysts 
from mosquito midguts. Sci. Rep. 10, 7262. doi: 10.1038/s41598-020-64121-1. 

Sinden, R. E. and Strong, K. (1978). An ultrastructural study of the sporogonic development of 
Plasmodium falciparum in Anopheles gambiae. Trans. R. Soc. Trop. Med. Hyg. 72, 477–491. doi: 
10.1016/0035-9203(78)90167-0. 

Singh, P., Alaganan, A., More, K. R., Lorthiois, A., Thiberge, S., Gorgette, O., Guillotte Blisnick, M., 
Guglielmini, J., Aguilera, S. S., Touqui, L., et al. (2019). Role of a patatin-like phospholipase in 
Plasmodium falciparum gametogenesis and malaria transmission. Proc. Natl. Acad. Sci. USA 
116, 17498–17508. doi: 10.1073/pnas.1900266116. 

Sologub, L., Kuehn, A., Kern, S., Przyborski, J., Schillig, R. and Pradel, G. (2011). Malaria proteases 
mediate inside-out egress of gametocytes from red blood cells following parasite transmission 
to the mosquito. Cell. Microbiol. 13, 897–912. doi: 10.1111/j.1462-5822.2011.01588.x. 

Stallmach, R., Kavishwar, M., Withers-Martinez, C., Hackett, F., Collins, C. R., Howell, S. A., Yeoh, S., 
Knuepfer, E., Atid, A. J., Holder, A. A., et al. (2015). Plasmodium falciparum SERA5 plays a non-
enzymatic role in the malarial asexual blood-stage lifecycle. Mol. Microbiol. 96, 368–387. doi: 
10.1111/mmi.12941. 



17 
 

Sturm, A., Amino, R., van de Sand, C., Regen, T., Retzlaff, S., Rennenberg, A., Krueger, A., Pollok, J.-
M., Menard, R. and Heussler, V. T. (2006). Manipulation of Host Hepatocytes by the Malaria 
Parasite for Delivery into Liver Sinusoids. Science 313, 1287–1290. doi: 
10.1126/science.1129720. 

Sturm, A., Graewe, S., Franke-Fayard, B., Retzlaff, S., Bolte, S., Roppenser, B., Aepfelbacher, M., 
Janse, C. and Heussler, V. (2009). Alteration of the Parasite Plasma Membrane and the 
Parasitophorous Vacuole Membrane during Exo-Erythrocytic Development of Malaria 
Parasites. Protist 160, 51–63. doi: 10.1016/j.protis.2008.08.002. 

Suárez-Cortés, P., Sharma, V., Bertuccini, L., Costa, G., Bannerman, N.-L., Sannella, A. R., Williamson, 
K., Klemba, M., Levashina, E. A., Lasonder, E., et al. (2016). Comparative Proteomics and 
Functional Analysis Reveal a Role of Plasmodium falciparum Osmiophilic Bodies in Malaria 
Parasite Transmission. Mol. Cell. Proteomics 15, 3243–3255. doi: 10.1074/mcp.M116.060681. 

Suarez, C., Volkmann, K., Gomes, A. R., Billker, O. and Blackman, M. J. (2013). The Malarial Serine 
Protease SUB1 Plays an Essential Role in Parasite Liver Stage Development. PLoS Pathog. 9, 
e1003811. doi: 10.1371/journal.ppat.1003811. 

Talman, A. M., Lacroix, C., Marques, S. R., Blagborough, A. M., Carzaniga, R., Ménard, R. and Sinden, 
R. E. (2011). PbGEST mediates malaria transmission to both mosquito and vertebrate host. Mol. 
Microbiol. 82, 462–474. doi: 10.1111/j.1365-2958.2011.07823.x. 

Tarun, A. S., Baer, K., Dumpit, R. F., Gray, S., Lejarcegui, N., Frevert, U. and Kappe, S. H. I. (2006). 
Quantitative isolation and in vivo imaging of malaria parasite liver stages. Int. J. Parasitol. 36, 
1283–1293. doi: 10.1016/j.ijpara.2006.06.009. 

Tawk, L., Lacroix, C., Gueirard, P., Kent, R., Gorgette, O., Thiberge, S., Mercereau-Puijalon, O., 
Ménard, R. and Barale, J.-C. (2013). A key role for Plasmodium subtilisin-like SUB1 protease in 
egress of malaria parasites from host hepatocytes. J. Biol. Chem. 288, 33336–33346. doi: 
10.1074/jbc.M113.513234. 

Taylor, H. M., McRobert, L., Grainger, M., Sicard, A., Dluzewski, A. R., Hopp, C. S., Holder, A. A. and 
Baker, D. A. (2010). The malaria parasite cyclic GMP-dependent protein kinase plays a central 
role in blood-stage schizogony. Eukaryot. Cell 9, 37–45. doi: 10.1128/EC.00186-09. 

Thathy, V., Fujioka, H., Gantt, S., Nussenzweig, R., Nussenzweig, V. and Ménard, R. (2002). Levels of 
circumsporozoite protein in the Plasmodium oocyst determine sporozoite morphology. EMBO 
J. 21, 1586–1596. doi: 10.1093/emboj/21.7.1586. 

Thomas, J. A., Tan, M. S. Y., Bisson, C., Borg, A., Umrekar, T. R., Hackett, F., Hale, V. L., Vizcay-
Barrena, G., Fleck, R. A., Snijders, A. P., et al. (2018). A protease cascade regulates release of 
the human malaria parasite Plasmodium falciparum from host red blood cells. Nat. Microbiol. 
3, 447. doi: 10.1038/s41564-018-0111-0. 

Trager, W. and McGhee, R. B. (1956). The intracellular position of malarial parasites. Trans. R. Soc. 
Trop. Med. Hyg. 50, 419–420. doi: 10.1016/0035-9203(56)90050-5. 

Vanaerschot, M., Murithi, J. M., Pasaje, C. F. A., Ghidelli-Disse, S., Dwomoh, L., Bird, M., 
Spottiswoode, N., Mittal, N., Arendse, L. B., Owen, E. S., et al. (2020). Inhibition of Resistance-
Refractory P. falciparum Kinase PKG Delivers Prophylactic, Blood Stage, and Transmission-
Blocking Antiplasmodial Activity. Cell Chem. Biol. 27, 806-816.e8. doi: 
10.1016/j.chembiol.2020.04.001. 

Wang, Q., Fujioka, H. and Nussenzweig, V. (2005a). Exit of Plasmodium sporozoites from oocysts is 
an active process that involves the circumsporozoite protein. PLoS Pathog. 1, e9. doi: 



18 
 

10.1371/journal.ppat.0010009. 

Wang, Q., Fujioka, H. and Nussenzweig, V. (2005b). Mutational analysis of the GPI-anchor addition 
sequence from the circumsporozoite protein of Plasmodium. Cell. Microbiol. 7, 1616–1626. doi: 
10.1111/j.1462-5822.2005.00579.x. 

Wickham, M. E., Culvenor, J. G. and Cowman, A. F. (2003). Selective inhibition of a two-step egress of 
malaria parasites from the host erythrocyte. J. Biol. Chem. 278, 37658–37663. doi: 
10.1074/jbc.M305252200. 

Wirth, C. C. and Pradel, G. (2012). Molecular mechanisms of host cell egress by malaria parasites. Int. 
J. Med. Microbiol. 302, 172–178. doi: 10.1016/j.ijmm.2012.07.003. 

Wirth, C. C., Glushakova, S., Scheuermayer, M., Repnik, U., Garg, S., Schaack, D., Kachman, M. M., 
Weißbach, T., Zimmerberg, J., Dandekar, T., et al. (2014). Perforin-like protein PPLP2 
permeabilizes the red blood cell membrane during egress of Plasmodium falciparum 
gametocytes. Cell. Microbiol. 16, 709–733. doi: 10.1111/cmi.12288. 

Withers-Martinez, C., Strath, M., Hackett, F., Haire, L. F., Howell, S. A., Walker, P. A., Evangelos, C., 
Dodson, G. G. and Blackman, M. J. (2014). The malaria parasite egress protease SUB1 is a 
calcium-dependent redox switch subtilisin. Nat. Commun. 5, 3726. doi: 10.1038/ncomms4726. 

World Health Organization (2020). World malaria report 2020: 20 years of global progress and 
challenges. Geneva: World Health Organization. 

Yahata, K., Treeck, M., Culleton, R., Gilberger, T.-W. and Kaneko, O. (2012). Time-lapse imaging of 
red blood cell invasion by the rodent malaria parasite Plasmodium yoelii. PLoS ONE 7, e50780. 
doi: 10.1371/journal.pone.0050780. 

Yang, A. S. P., O’Neill, M. T., Jennison, C., Lopaticki, S., Allison, C. C., Armistead, J. S., Erickson, S. M., 
Rogers, K. L., Ellisdon, A. M., Whisstock, J. C., et al. (2017). Cell Traversal Activity Is Important 
for Plasmodium falciparum Liver Infection in Humanized Mice. Cell Rep. 18, 3105–3116. doi: 
10.1016/j.celrep.2017.03.017. 

Yeoh, S., O’Donnell, R. A., Koussis, K., Dluzewski, A. R., Ansell, K. H., Osborne, S. A., Hackett, F., 
Withers-Martinez, C., Mitchell, G. H., Bannister, L. H., et al. (2007). Subcellular discharge of a 
serine protease mediates release of invasive malaria parasites from host erythrocytes. Cell 131, 
1072–1083. doi: 10.1016/j.cell.2007.10.049. 

 


