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Introduction 

The malignant malaria parasite Plasmodium falciparum proliferates within cells of the 

human body, causing nearly 600,000 deaths each year and serious harm to millions more. 

Although there are effective treatments, 1.2 billion people remain at high risk of infection1, and 

malaria will continue causing deaths, morbidity and economic harm until transmission is 

effectively contained. During an infection, parasites first invade human liver cells, then move to 

the bloodstream where repeated asexual replication cycles within red blood cells allow a 

potentially massive population expansion. The asexual replication cycle is responsible for 

causing the serious symptoms of malaria, which can include fever, vomiting, anemia, metabolic 

acidosis, and the frequently fatal complications of cerebral malaria and respiratory distress. 

These asexual parasites are the chief intended target of all antimalarial drugs.  

Malaria does not spread directly from human to human but is vectored by a mosquito in 

the Anopheles genus. A series of specialized parasite stages is required for transmission to and 

development within the mosquito. The first of these stages is the gametocyte, which forms 

when asexual blood stages cease replicating and enter the sexual developmental pathway. 

Mature gametocytes are the only parasites able to infect mosquitoes, where they form 

gametes.  
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Because of gametocytes’ importance in spreading disease and their biological 

differences from asexual blood stages, drugs or vaccines that specifically block gametocyte 

formation or transmissibility would be a valuable addition to the antimalarial arsenal2. 

Additionally, a better understanding of how current interventions affect gametocyte formation 

and transmissibility, and thus the spread of disease, is required for optimal malaria control.  

A strong push against malaria has reduced global incidence by 30% since 2000. 

Strategies have included antimalarial drug deployment, use of insecticide-treated bed nets, 

vector control using insecticides, and surveillance1. The WHO recommends the use of 

artemisinin combination therapies (ACT) in which the fast-acting artemisinin derivatives are 

combined with drugs of different classes. However, the WHO estimates that between 56 and 69 

million children with malaria did not receive any ACT in 20131. In specific regions and for 

specific patient populations, other drugs are still in use, including quinine, chloroquine, 

sulfadoxine-pyrimethamine, atovaquone-proguanil, and mefloquine3. Many antimalarial drugs 

are effective against early gametocytes but have no or much lower activity against gametocytes 

of Stage III and later4, and none were developed specifically to kill gametocytes of any stage. 

Importantly, asexual trophozoites and schizonts adhere to vascular epithelium and sequester in 

various organs, while immature gametocytes develop in sequestration mainly in the bone 

marrow extravascular space5 and re-enter peripheral circulation when they reach maturity. This 

could potentially make gametocytes less accessible to drugs once they sequester.  

Several drug classes have been reported to stimulate the production of gametocytes in 

patients or in vitro. It is possible that this phenomenon could lead to fully or partially drug 

resistant parasites spreading preferentially from treated patients, as has been observed in 
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rodent infection experiments with the related Plasmodium chabaudi6. Also, as gametocytes are 

the sexually reproducing stage, these escapees from treatment could form gametes and allow 

several full or partial drug resistance markers to recombine. Multi-drug resistant P. falciparum 

parasites are now transmitting in regions of Southeast Asia1. These observations raise the 

specter of multi-drug resistant parasites spreading to additional regions, which could lead to 

increases in death rates as occurred when chloroquine resistance spread between the 1950s 

and the 1990s. For example, the rise of parasite chloroquine resistance and treatment failure in 

the late 1980s were probably responsible for the 2.5-fold to 11-fold increases in malaria deaths 

observed in Senegalese villages7. 

Local elimination and global eradication have once again been identified as goals by the 

public health and malaria research communities, and better strategies for controlling 

transmission and transmission stages may be key for meeting these goals8. To achieve this, 

researchers must make progress in understanding the biology of gametocytes and the 

influences on their formation, survival and transmissibility.  

 

Malaria transmission biology 

Like most members of the exclusively parasitic Apicomplexan phylum, P. falciparum 

possesses a complex life cycle. This parasite makes dramatic changes to its morphology, gene 

expression and physiology in order to adapt to the multiple cell types and microenvironments it 

inhabits within the bodies of two species. Progression through the life cycle is generally very 

regimented in P. falciparum and is controlled by transcriptional cascades which are shepherded 

along by the ApiAP2 family of transcription factors9. Each life cycle transition is predetermined 
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or 100% triggered by a transition between species, except for the transition from asexual blood 

stage cycling to sexual development. In every intraerythrocytic round, parasites may decide to 

1. continue proliferating asexually within erythrocytes or 2. irreversibly stop replicating and 

enter the 8- to 12-day sexual development pathway. The latter is termed sexual conversion.  

Most malaria researchers believe that the sexual conversion decision in P. falciparum 

occurs during the previous blood stage asexual cycle, leading to sexually committed schizonts 

which reinvade to form young gametocytes10. In the malaria intraerythrocytic cycle, asexual 

cells (ring and trophozoite stages) increase in size while remodeling their host erythrocyte and 

consuming its contents; they also consume nutrients imported from the bloodstream. Multiple 

rounds of DNA replication in the trophozoite lead to a multinucleate cell called a schizont, 

which delays cytokinesis until approximately 48 hours post invasion when up to 32 invasive 

merozoites separate and burst from the host RBC. In this model, at some point before 

formation of late schizonts, each cell decides whether to form sexual or asexual merozoite 

offspring. A schizont destined to produce sexual offspring already shows transcriptional 

signatures of its decision11 and is referred to as a committed schizont.  

Up until five years ago, no mechanistic component of this sexual conversion process had 

been identified. Potential environmental and drug triggers of the switch had been reported, 

and genetic defects leading to the loss of gametocyte development or the death of most early 

gametocytes had been described, but how these act within cells to trigger or block conversion 

remained unknown.   

Evolution of sexual development in the Apicomplexa.  
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 An evolutionary perspective can help us make predictions about how the asexual-to-

sexual transition could be regulated in P. falciparum. Malaria parasites are members of the 

Apicomplexa, a eukaryotic phylum consisting of exclusively parasitic single-celled microbes. 

Most Apicomplexans possess a complex, multi-stage life cycle in which only one stage is sexual 

and the rest are asexual stages specialized for different environments within their hosts and/or 

vectors.  

Compared to its relatives, P. falciparum shows especially low gametocyte production 

per round together with a potentially massive expansion of the asexual population during blood 

cycling (Figure 1). Other Plasmodium species, including parasites infecting lizards and birds, 

show much higher sexual conversion per round and limited asexual expansion. For example, a 

study of Plasmodium mexicanum infections of wild lizards showed that the ratio of gametocytes 

to asexual parasites increased rapidly after initial transmission until it dominated each 

infection, and in stable infections, gametocytes accounted for between 50% and 100% of visible 

parasites in all lizards sampled12. 

 In many Apicomplexans, there is no similar expansion of the life cycle stage immediately 

preceding the gametocyte; instead, gametocytes are produced after just one or a small, 

predetermined number of asexual replication rounds (Figure 1). Parasites of Hemoproteus and 

Hepatocystis, both members of the Hemospororina suborder along with Plasmodium, 

transform into gametocytes immediately after their first erythrocytic cycle (reviewed in Smith 

et al.13). Eimeria tenella, a parasite of domestic chickens belonging to the coccidian subclass of 

Apicomplexans, undergoes two or three distinct rounds of asexual replication and reinvasion in 

the host gut cells. All cells from either the second or third round of schizogony then form 
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gamonts (the precursor to gametes), depending on the strain (reviewed in Smith et al.13). 

Another coccidian, Cryptosporidium parvum, proceeds through one or a few Type I merogony 

cycles and a single Type II merogony cycle before forming gamonts14.  
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Figure 1. Sexual development behavior across the Hemospororida, an Apicomplexan group. 

Left: A partial phylogeny of the Hemospororida with vectors and hosts. Image reprinted with 

permission from Martinsen et al. (2008)15. Right: Progression to sexual development in the 

pictured clades. Hemoproteus parasites and most other members of the Hemospororida begin 

sexual development immediately upon invading erythrocytes. Plasmodium species, in contrast, 

undergo an indefinite number of schizogonic rounds in human RBCs, with a small (P. 

falciparum) or large (many avian and reptilian Plasmodium parasites) proportion of cells exiting 

the cycle after each round to develop sexually. Smith et al. (2002)13 argue based on 

phylogenetic evidence that proceeding directly to sexual development is likely the ancestral 

state in Apicomplexans and that the asexual population expansion of schizogony evolved later.  
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Figure 1. (Continued) 
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Smith et al. (2002)13 argue that the likely ancestral state in Apicomplexans was to 

proceed immediately to gametocyte development after a single round of the previous asexual 

stage. For blood parasites, that correlates to gametocyte development in the first erythrocytic 

invasion, while asexual schizogony in erythrocytes would be a derived state that arose later13. 

This suggests that repressive mechanisms may have evolved in species that use erythrocytic 

schizogony to delay sexual development that would otherwise occur as a default. 

 Based on this likely evolutionary history, negative regulatory mechanisms may be in 

place to prevent gametocyte conversion and allow asexual cycling. Thus, in investigating the 

mechanisms of gametocyte conversion, it could be productive to look for genetic changes that 

can increase gametocyte production in addition to those that can ablate it. Interestingly, 

genetically stable Eimeria tenella mutants (known as “precocious” mutants) have been found 

that form gamonts directly from first stage schizonts, instead of from second and third stage 

schizonts as normal strains do16. These strains could potentially have a defect in a regulatory 

mechanism that represses gamont development during first and second stage schizogony. 

Precocious Eimeria lines never produce the pathogenic asexual population expansion that 

normal strains do, and they are therefore in use as live attenuated vaccines to prevent E. 

tenella infection in poultry17.  

The above also highlights the idea that a faster switch to sexual development can 

restrain the pathogenicity of an infection. Conversely, it is likely that the especially large 

expansion in P. falciparum asexual schizogony is one cause of the high pathogenicity of P. 

falciparum infection; this is partially due to the lower sexual conversion rate in this species 

compared with many of its relatives.  
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Recently described molecular regulators of malaria transmission 

The conversion rate, or the proportion of parasites undergoing sexual conversion in 

each cell cycle, has been reported to vary according to the parasite’s environment, genetic 

background, and epigenetic status. There is additionally a stochastic aspect to the conversion 

decision, evidenced by the fact that a small but nonzero proportion of a clonal parasite 

population typically convert during each round. Thus, parasites with the same genetics, 

exposed to the same environmental factors, and existing in the same population still differ in 

their conversion outcome.  

Recent discoveries demonstrate that genes controlling early gametocyte development 

are under epigenetic repression in most cells, preventing sexual conversion and allowing 

expansion of the asexual population. Two teams showed that the gene Pfl1085w 

(Pf3D7_1222600), and the corresponding gene PBANKA_143750, are essential for gametocyte 

production in both P. falciparum18 and the rodent malaria parasite P. berghei19 respectively. 

These genes encode a member of the ApiAP2 family of transcription factors which regulate 

progression through the malaria life cycle by controlling transcriptional cascades9. The protein, 

renamed AP2-G, acts as a transcriptional master switch for sexual stage activation in both 

species. In P. falciparum, AP2-G binds to a motif in the promoters of early gametocyte genes 

including Pf14_0744 (Pf3D7_1477300), which is expressed as early as the committed schizont 

stage. AP2-G can also activate its own transcription in a positive feedback loop18. 

 Another recently described regulator of malaria sexual conversion is PfHDA2, a class 2 

histone deacetylase which is part of the histone code writing system of epigenetic regulators20. 



© Ilana Goldowitz Jimenez, 2015 
 

Deficiency of HDA2 in a knockdown strain of P. falciparum led to increased sexual conversion 

and increased gametocytemia in cultured gametocyte experiments20. PfHDA2 helps recruit 

heterochromatin protein 1 (PfHP1) to specific target regions of DNA by removing acetyl marks 

from histones, which leads to silencing of genes in the targeted regions20; these regions include 

genes involved in early gametocyte development. In another recent study21, heterochromatin 

protein 1 (HP1), a phylogenetically widespread and conserved protein, was shown to promote 

heterochromatin formation and silence large regions of the P. falciparum genome when it binds 

non-acetylated, methylated histones (specifically H3K9Me3). Removal of HP1 in knockdown 

parasites was shown to greatly increase gametocyte production and block asexual cycling21.  

The gene encoding AP2-G lies in one of the regions marked by HP1, as does the 

committed schizont marker Pf14_0744. Thus, HDA2 and HP1 are both negative regulators of 

sexual conversion which cooperate to impose epigenetic silencing on gametocyte genes in most 

cells in a population. HDA2 and HP1 were additionally found to silence non-dominant var 

genes, members of a polymorphic family involved in parasite sequestration and immune 

evasion of which only one member is expressed at a time20,21. 

 

Conclusion 

Sexual conversion is a critical step in the natural life cycle of Plasmodium falciparum. 

The timing and level of gametocyte production may have a great impact on the parasite’s ability 

to escape a human host, infect a mosquito and later disperse to additional hosts. Sexual 

conversion is also intertwined with parasite proliferation and virulence, both because asexual 
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cycling and sexual development are mutually exclusive choices and because of shared 

regulatory mechanisms with parasite var genes20.   

Recent discoveries related to sexual conversion raise many questions, including the 

adaptive role of this life cycle transition in parasite strategy. Why is sexual conversion an 

inducible phenotype instead of pre-programmed as are the other P. falciparum life cycle 

transitions? Why might it be subject to variation and regulation by the environment instead of 

always occurring at a fixed rate within a population? 

Increasing sexual conversion rates in P. falciparum clearly serves to provide transmission 

stages for mosquito uptake, but it could also serve as a way to restrain asexual expansion when 

high parasitemia is dangerous to the parasite population or the host by redirecting parasites to 

a nonreplicating developmental stage. Its regulatory mechanisms could thus respond to signals 

indicating adverse environments or dangerously high parasitemia. Other possibilities include a 

parasite strategy of switching to a more durable, longer-lived form when conditions indicate 

asexual parasites would be unlikely to survive; and co-evolution with epigenetic mechanisms 

controlling antigenic variation which could serve to alternately shield asexual parasites and 

gametocytes from immune responses20. Meanwhile, maintenance of low conversion rates 

under non-inducing conditions could allow parasites to outcompete other clones in an infection 

via rapid blood-stage cycling, or it could increase the asexual population with the goal of 

increasing the numbers of gametocytes produced for transmission later in the infection. Thus, 

flexible and environmentally responsive cell fate switching could be key for parasite survival 

and success in the wild. 
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With so many discoveries in recent years, it may be possible soon to make sense of the 

entire gametocyte conversion pathway at a molecular level. Researchers may be able to 

identify the interaction partners and cellular targets of the known and hypothesized 

participants in the conversion pathway in order to link the pathway together from start to 

finish. Major questions remain, including how best to use these findings to prevent 

transmission and the possibilities for modifying the conversion pathway with drugs. In vitro and 

molecular findings will need to be linked to findings from real human infections and to the 

behavior of parasites within their microenvironments in their hosts. A full understanding of this 

critical life cycle decision can lead to the development of strategies and interventions for 

reducing malaria transmission and disease burden. 
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