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Introduction
The term malaria refers specifically to a disease of hu-

mans that is caused by an infection of red blood cells (eryth-
rocytes) and other cells by protozoan parasites in the ge-
nus Plasmodium and transmitted by mosquitoes in the genus 
Anopheles. The pathology of this disease results from 3 pri-
mary sources: 1) Episodic fevers that are caused by the cy-
clic rupturing of host erythrocytes; 2) anemia that follows 
from infection of host erythrocytes and their subsequent 
death; and 3) clogged capillaries from the combination of 
a loss of elasticity of infected erythrocytes as well as para-
sites triggering host erythrocytes to express surface proteins 
that make them likely to cling to one another. Nearly half a 
million people still die from malaria worldwide every year 
(Cibulskis et al., 2016; WHO, 2021), primarily in sub-Sa-
haran Africa and other tropical regions. No vaccine is yet 
available on a global scale, but an RTS,S vaccine against 
the most pathogenic species (Plasmodium falciparum) has 
recently been approved and is being deployed in Ghana 
(WHO, 2023). Several drugs have been used as prophylaxis 
or treatment, but the parasites have evolved resistance to 

these compounds in many regions of the world. The human 
parasites are only a tiny fraction of the very diverse clade 
Haemosporida (sometimes called Haemospororida) which 
contains over 600 described species of these protozoan par-
asites occurring in many different species of reptiles, birds, 
and other mammals. All haemosporidians use a vertebrate 
host and a biting dipteran (fly) vector during different stages 
of their life cycles. Non-human haemosporidians are some-
times colloquially referred to as the malaria parasites, due 
to their close relationships and similar life cycle to the par-
asites that cause this disease in humans.

History of Knowledge of Malaria
Symptoms of malaria, particularly its regularly spaced fe-

vers, have been described by writers in antiquity going back 
as far as 5,000 BCE in China and more than 3,000 years ago 
in India, Sumeria, and Egypt. The writings of ancient Greece 
describe characteristic symptoms of Plasmodium falciparum, 
P. vivax, and P. malariae and Alexander the Great is believed 
to have died from P. falciparum while attempting to travel 
to India in 323 BCE (Carter and Mendis, 2002). It is thought 
that both European colonists and the enslaved West Africans 
that they transported to the New World brought malaria par-
asites, and by the mid-19th century, malaria was a common 
and endemic disease throughout the tropical and temperate 
regions of North America and South America (Carter and 
Mendis, 2002).

Despite the ubiquity and severity of malaria, the root cause 
of this disease remained largely a mystery, with only the link 
between smelly, swampy regions and the resulting symptoms 
as a clue (the word malaria stems from the Italian words for 
bad air, namely, mal + aria). Eventually, in the late 1800s a 
series of scientists, most notably Charles Laveran, began to 
piece together that tiny specks in the blood of sick humans, 
later known to be the blood stages of the parasites, were as-
sociated with the characteristic fevers of the disease. How it 
could pass from one human to another was not known until 
1897, when Ronald Ross, a British Army doctor, showed that 
there were cells that could be found in the saliva of Anoph-
eles mosquitoes that had fed on birds that were somewhat 
similar to those that he observed in the blood of sick hu-
man patients. Ross was awarded the Nobel Prize in Physiol-
ogy or Medicine in 1902 for this major piece of the discov-
ery, but the other aspects of the malaria life cycle remained 
unknown for many decades to come, namely, where the spo-
rozoites went between the time they were injected into the 
host by the mosquito and when they appeared in the blood-
stream of the same host.
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Malaria Today
Today, malaria is still one of the largest public health bur-

dens in the world (Sachs and Malaney, 2002; WHO, 2021; 
2023) with as many as a quarter of a billion new cases aris-
ing each year. The number of cases and particularly the num-
ber of deaths has fallen recently due to improved prevention 
measures such as insecticide-infused bed nets, better diagnos-
tics, and improved treatments, however, there is still plenty 
of reason to be cautious. The drug artemisinin (and its deriv-
atives), which is the first line of treatment in all malaria en-
demic-countries, is now at risk of lower efficacy as resistance 
has evolved in several endemic regions and insecticide resis-
tance remains a looming and potential problem. 

General Life Cycle
All members of the order Haemosporida follow the 

same generalized life cycle, which is obligately heteroxe-
nous (multiple hosts), alternating between a vertebrate and 
a biting fly such as a mosquito, midge, louse fly, sand fly, 
or black fly (Figure 1). Take as an example the bite of an al-
ready infected insect (Figure 1, point 1). Several groups of 
flies use blood as a source of proteins and lipids with which 
to make their eggs. If a fly is infected with haemosporidians, 
when she feeds from the vertebrate, the stages of the para-
site known as sporozoites will be injected into the vertebrate 
bloodstream along with her saliva. Sporozoites will travel 
through the bloodstream until they come to the liver or other 

Figure 1. Generalized life cycle for haemosporidian (malaria) parasites. 1) An infected dipteran takes a blood meal from a vertebrate and 
sporozoite stages are injected into the bloodstream along with its saliva. 2) The sporozoites travel through the blood until they reach spe-
cific cells in internal organs where they will undergo rounds of asexual division. In human malaria parasites and many others of mammals, 
this occurs in cells of the liver. 3) For Plasmodium parasites, there are additional rounds of asexual division in blood cells as well. This 
can occur in both anucleated red blood cells of mammals (bottom) and in nucleated blood cells of birds and squamates (top). 4) Eventu-
ally, a developmental switch triggers the development of gametocytes, or the transmission stages. These stages are either of future male 
function (microgametocytes) or female function (macrogametocytes). These stages are highly variable across the diversity of haemospo-
ridians. The illustration depicts gametocytes of Plasmodium falciparum (lower left), a lizard Plasmodium (second from left), a Leuco-
cytozoon (third from left), and a Haemoproteus (fourth from left). 5) If a dipteran vector feeds from an infected vertebrate host, she will 
pick up gametocytes as part of that blood meal. 6). Once inside the fly’s midgut, the gametes undergo exflagellation, forming the macro-
gamete (female) and multiple microgametes (male). 7) After fertilization, the zygote transforms into a motile stage known as the ookinete, 
which penetrates the wall of the fly’s midgut. 8) A cyst, known as the oocyst forms and meiosis occurs at this point. 9) Sporozoites rup-
ture from the oocyst and travel to the fly’s head, coming to reside in the salivary glands to await the next blood meal. Source: S. C. Ga-
len, 2019. License: CC BY-NC-SA 4.0.
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target tissues, where they will invade the host cell and be-
gin to asexually divide (Figure 1, point 2), often making 
thousands of daughter cells within just a few days. In some 
groups of haemosporidians, namely the genus Plasmodium, 
after this first round of tissue schizogony some of the para-
sites will leave the tissue stages and invade blood cells (typ-
ically red blood cells; Figure 1, point 3), where they transi-
tion into the asexual feeding stages known as trophozoites. 
During this point in the life cycle, the parasites digest the 
hemoglobin present in the hosts’ red blood cells, eventually 
forming a crystalline compound known as hemozoin. These 
cells will then undergo additional asexual division and burst 
from the host cell, going on to infect new blood cells. How-
ever, the majority of the genera in the order Haemosporida 
do not asexually replicate in the host’s blood cells, but in-
stead continue their cycle in other tissues such as the epithe-
lium of the lungs or spleen. All members of the order will at 
some point show the transmission stages, known as gameto-
cytes, in the host blood cells (Figure 1, point 4). These cells 
exist as different sexes; females are known as macrogameto-
cytes and males are known as microgametocytes. When an-
other biting fly comes to feed on this host, the gametocytes 
will be taken up as part of her blood meal (Figure 1, point 
5). Within the midgut of the fly, the gametocytes undergo a 
process called exflagellation, as the blood cells themselves 
begin to be digested. The microgametocytes split into sev-
eral smaller microgametes, each of which can fertilize an 
exposed macrogamete (Figure 1, point 6). Once fused, the 
parasite exists as a motile stage called an ookinete (Figure 
1, point 7). These cells push through the cells of the insect’s 
gut and encyst on the outer edge, in a structure called the 
oocyst (Figure 1, point 8). Thousands of sporozoites emerge 
from each oocyst and migrate to the insect’s salivary glands, 
where they wait until her next blood meal to infect a new 
vertebrate host (Figure 1, point 9).

 

Because the sexual component of the malaria parasite’s life 
cycle occurs within the insect, technically it is the insect that 
should be referred to as the definitive host, with the human or 
other vertebrate host referred to as the intermediate host. The 
dipteran insect is, however, often referred to as the vector of 
the malaria parasite as it does transmit the parasite between 
humans or other vertebrate hosts. The complete life cycle has 
been worked out in detail for only a few of the species of hae-
mosporidians that infect non-human hosts, with most assumed 
to follow the same stages as their close relatives in the same 
genus. Although the use of different insect host groups (Table 
1) is known for some of these parasites, the vast majority of 
haemosporidians are transmitted by unknown species of flies. 

Diversity of and Relationships within the Family 
Haemosporida

The species of Plasmodium that commonly infect humans 
are the best known and most intensively studied haemospo-
ridians, though they are of very minor importance in terms 
of the overall diversity of these parasites. Birds or their dino-
saur precursors are most likely the original vertebrate hosts 
of the malaria parasites and still harbor the greatest diver-
sity of the haemosporidians, both in terms of the number of 
described species that use birds as hosts, but also their geo-
graphic range (Valkiūnas, 2004). Numerous other vertebrate 
groups are hosts to species of haemosporidians, including 
monkeys, bats, lizards, and turtles. Haemosporidians are typi-
cally not capable of infecting hosts outside of their major host 
group, that is, bird malaria parasites cannot infect humans and 
vice versa. However, within their major host groups some 
malaria parasites (especially the avian malaria parasites) can 
infect many different species. For example, the cosmopoli-
tan avian malaria parasite P. relictum has been recorded to in-
fect over 300 different species of birds throughout the world 
(Valkiūnas et al., 2018). 

Table 1. Major groups of haemosporidians, with vertebrate and dipteran hosts used.

Genus	 Vertebrate hosts used	 Dipteran insect hosts used

Plasmodium	 Primates, rodents, bats, birds,* squamates,* ungulates*	 Anopheline and culicine mosquitoes	
Hepatocystis	 Primates, bats	 Culicoides midges, others?
Polychromophilus	 Bats	 Nycterbid flies
Nycteria	 Bats	 Unknown
Haemoproteus	 Birds	 Hippoboscid flies
Parahaemoproteus	 Birds	 Culicoides midges
Haemocystidium	 Squamates, turtles	 Tabanid flies, others?
Leucocytozoon	 Birds	 Simulids (black flies)
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Classification
The classification of the malaria parasites has been ex-

tremely fluid throughout history. For the bulk of this time, 
taxonomic groups including genera and families were primar-
ily structured around 2 primary characteristics of the parasite 
species: 1) If the parasite reproduced asexually in the host 
blood (known as erythrocytic schizogony) and 2) whether or 

not hemozoin pigment was visible in the blood stages of the 
parasite. These traits were considered to be the most impor-
tant in the separation of the parasites into genera and served 
as the basis for the creation of 4 families within the order 
(Levine, 1988).

The advent of using DNA sequences as characters 
with which to understand the evolutionary history and 

Figure 2. Phylogenetic relationships of the haemosporidian (malaria) parasites. An analysis of more than 20 genes (Galen et al., 2018) re-
sulted in this hypothesis of the evolutionary relationships of various clades of haemosporidians. This tree supports that birds were the orig-
inal hosts of these parasites with either a single introduction into mammalian hosts and a subsequent reinfection of birds and lizards by 
Plasmodium parasites, or that there were 2 invasions into mammals. This tree would make the genus Plasmodium polyphyletic as not all 
members share a common ancestor, however this would mean that significant taxonomic changes need to occur. Source: Galen et al., 2018. 
License: CC BY-NC-SA 4.0.

https://paperpile.com/c/mCOilt/n7YN
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relationships among organisms drastically changed the hy-
potheses of the relationships within Haemosporida. The first 
molecular systematic study of these parasites used the 18S 
ribosomal small-subunit gene and a small set of taxa includ-
ing the important human parasites, Plasmodium falciparum 
and P. vivax, as well as parasites found in rodents and 2 spe-
cies from birds (Waters et al., 1991). The resulting topology 
showed a close relationship between P. falciparum and P. 
gallinaceum, a parasite that infects chickens, and the authors 
naturally concluded that humans had acquired the virulent P. 
falciparum following a host switch after chickens were do-
mesticated. However, subsequent studies, particularly those 
using other genes, did not support the human/chicken con-
nection (Ayala et al., 1999; Perkins and Schall, 2002) and in-
stead showed that the human- and bird-infecting Plasmodium 
lineages are distantly related. These later studies also estab-
lished that the avian parasites in the genus Leucocytozoon 
were likely an early-diverging lineage (Perkins and Schall, 
2002). Recently, multiple genes from a large number of dif-
ferent haemosporidian parasites were sequenced and used to 
create the most comprehensive phylogeny to date (Figure 2) 
(Galen et al., 2018). These results highlighted the complex 
evolution of the Haemosporida and show that the original 
characters used to define clades have likely evolved more 
than once. This updated phylogeny also showed that the tax-
onomy of this group of parasites needed to be revised. For 
instance, most recent analyses have recovered parasites that 
have been classified as the distinct genus Hepatocystis as 
closely related to the human-infecting Plasmodium species 
(Perkins and Schall, 2002; Galen et al., 2018). Conversely, 
many parasites classified as Plasmodium because they show 
schizogony in blood cells and clear hemozoin pigment, have 
been shown not to be part of a monophyletic group that con-
tains the other Plasmodium species, including the type spe-
cies of the genus.

Malaria Parasites of Birds
Malaria parasites are practically ubiquitous in birds with a 

cosmpolitan distribution. Several hundred species have been 
described from the genera Plasmodium, Haemoproteus, Para-
haemoproteus, and Leucocytozoon (Table 1; Figure 2), mak-
ing the bird-infecting malaria parasites the most species rich 
group within the Haemosporida.

Avian malaria has been instrumental in studies of the dis-
ease ever since it was first discovered in the late 1800s. Ron-
ald Ross (Figure 3), who won the Nobel Prize for his dis-
covery that mosquitoes were responsible for transmitting 
the parasites from person to person, first did experiments 
on birds infected with Plasmodium parasites (Rivero and 
Gandon, 2018). Bird systems were also what allowed the 

discovery that the parasite first completes 1 or more exo-
erythrocytic stages before it begins to infect the blood cells 
of the host (Huff and Coulston, 1946). Also, experiments 
using avian malaria were useful for understanding immu-
nity to Plasmodium infection by testing the efficacy of early 
anti-malarial drugs (Tonkin and Hawking, 1947; Rivero and 
Gandon, 2018). The method of inoculating naive hosts with 
sporozoite stages that had been rendered inactive, one that 
is being tested in humans now (2019), was first developed 
in an avian malaria system (Rivero and Gandon, 2018). A 
large number of researchers continue to use avian malaria as 
a model system for studying parasite-host interactions and 
diversification. The attractiveness of avian malaria as a sys-
tem lies in the fact that it is relatively easy and cost-effec-
tive to sample large numbers of birds from a variety of spe-
cies in a given habitat via mist-netting and drawing a small 
blood sample. Haemosporidian-specific primers are available 
that allow the samples to be rapidly screened for the pres-
ence of parasites and identified to lineages by sequencing. 
Comprehensive and publicly accessible databases can then 
be assembled (Bensch et al., 2009) so that comparative stud-
ies of host use and diversification are possible. Through this 
type of molecular work on avian systems, over 3,000 differ-
ent lineages of malaria parasites have been reported from all 
over the world, with some authors estimating that the num-
ber of species of avian malaria parasites may be as high as 
10,000 (Bensch et al., 2004). One pattern that has emerged 
from this work is that avian malaria parasites can exhibit host 
generalism (with a broad host range), infecting large num-
bers of distantly related species of birds, or host specializa-
tion (with a narrow host range), infecting a small number 
of closely related host species (Martínez-de la Puente et al., 
2011; Svensson-Coelho et al., 2014; Ellis et al., 2015). The 
reasons for the higher abundance, diversity, and variation in 
host infection patterns exhibited by the avian malaria para-
sites relative to other malaria parasites are poorly understood 
and have led to an increased interest in avian haemosporid-
ian research in recent years (Bensch et al., 2009).

Although important in early laboratory studies of malaria, 
the popularity of using birds as a model system waned sub-
stantially when the rodent malaria parasites were successfully 
cycled in laboratory mice. However, because the rodent ma-
laria system involves just a small set of closely related para-
site species that are used to infect an unnatural host species, 
there has been a recent resurgence in using birds as experi-
mental systems with which to study the biology of malaria 
parasites (Rivero and Gandon, 2018). These studies have 
been accelerated by the ability to sequence the first genomes 
of avian malaria parasites (Bensch et al., 2016; Lutz et al., 
2016a; Böhme et al., 2018) as well as transcriptome studies 
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that can be done quite easily in bird hosts (Videvall et al., 
2015; Weinberg et al., 2018).

Examples of some of the questions that are easily ad-
dressed using avian malaria parasites include studies on par-
asite virulence in relation to parasitemia in the host (Palinaus-
kas et al., 2018) and costs to the reproduction and survival of 
parasites in the mosquito vector (Pigeault et al., 2015; Yan et 
al., 2018; Vézilier et al., 2012). One of the most exciting re-
cent discoveries involving avian malaria parasites was that 
infected birds showed a marked shortening in their telomeres, 
the ends of chromosomes, which are thought to be related to 
life span in vertebrates in general (Asghar et al., 2016; Remot 
et al., 2022). This discovery prompted similar examination of 
telomere length in malaria-infected humans and showed that 

cell-death is induced by Plasmodium infection in our species 
as well (Asghar et al., 2017).

Avian malaria parasites have also been shown to have neg-
ative impacts on naïve host populations in at least one tragic 
case where the parasite was accidentally introduced to a re-
gion. In the early 1800s, Culex mosquitoes were accidentally 
introduced to the Hawaiian Islands and a few decades later, 
Plasmodium relictum was also brought there. An endemic 
transmission cycle was established, which quickly spilled into 
the native Hawaiian avifauna and likely contributed to their 
extinctions of some species (van Riper et al., 1986; Atkinson 
and Samuel, 2010; Samuel, et al., 2011).

Malaria Parasites of Squamate Reptiles (Class Reptilia: 
Order Squamata)

As with birds, the malaria parasites of reptiles are also 
geographically widespread (occurring on every continent ex-
cept for Antarctica) and diverse, with over 100 described spe-
cies (Telford, 2008). They infect a large number of squamates 
as hosts including over 10 different families of lizards and 3 
species in snakes.

In lizards, the pathology of haemosporidians has only been 
well studied in 2 different systems, with varying results. In 
western fence lizards (Sceloporus occidentalis) that are in-
fected with Plasmodium mexicanum, serious fitness conse-
quences from infection were observed (Schall, 1990). Male 
lizards with these parasites were less likely to be able to de-
fend a territory and infected female lizards laid fewer eggs 
per clutch. However, in another system, the Saban anole and 
its Plasmodium parasites in the Caribbean, these results were 
not found—infected and uninfected lizards showed similar 
reproductive success and survival (Schall and Staats, 2002).

The malaria parasites of lizards have been used as a model 
system to study a variety of host-parasite relationships, in-
cluding the role of these parasites on sexual selection (Schall, 
1983; Schall and Staats, 1997), the evolution of sex ratios for 
optimal transmission (Schall, 2000; 2009; Osgood and Schall, 
2004; Neal and Schall, 2010; 2014; Neal, 2011), and island 
biogeography and parasite diversification (Mahrt, 1987; Per-
kins, 2001; Falk et al., 2015).

Malaria Parasites of Rodents
The rodent malaria parasites represent an unusual case 

where the parasite was first discovered in the insect host as 
opposed to the vertebrate one. In the 1940s entomological 
surveys in what is now the Democratic Republic of the Congo 
discovered a new species of Anopheles mosquito and some 
of them were found to contain sporozoites in their salivary 
glands. Given that this was long before DNA sequencing 

Figure 3. Ronald Ross. Sir Ronald Ross (1857–1932) was a Brit-
ish medical doctor whose work in India on both avian and human 
malaria parasites resulted in the discovery that mosquitoes transmit 
infective stages between vertebrates. He won the Nobel Prize in 
Medicine in 1902. Photo source: United States National Library of 
Medicine Digital Collections, https://collections.nlm.nih.gov/cata-
log/nlm:nlmuid-101427700-img. Public domain.

https://paperpile.com/c/mCOilt/tqzP
https://paperpile.com/c/mCOilt/tqzP
https://collections.nlm.nih.gov/catalog/nlm:nlmuid-101427700-img
https://collections.nlm.nih.gov/catalog/nlm:nlmuid-101427700-img
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could be used to identify the hosts that they had fed on, as-
says that tested interactions with blood proteins were used, 
and rodents were identified as the likely source. A few years 
later, Grammomys surdaster (order Rodentia: family Muri-
dae), the African woodland thicket rat were found infected 
with the parasites and the Plasmodium was successfully in-
oculated into white laboratory mice—and the rodent-malaria 
model system was born (Killick-Kendrick and Peters, 1978).

In a short span of time, 4 main species of rodent malaria 
were described and established as culture systems in labora-
tory mice. This model system played major roles in the early 
laboratory studies and characterization of malaria parasites, 
including early cell biology as well as genetic and immuno-
logical studies. The system was so important that the genome 
of a rodent malaria parasite, Plasmodium yoelii, was the very 
next to be sequenced following the publication of the P. fal-
ciparum genome (Carlton et al., 2002).

Malaria Parasites of Other Mammals
There are several other groups of mammals that are natu-

ral hosts for malaria parasites, including other primates, bats, 
and ungulates. However, generally these malaria parasites of 
other mammal groups have been less intensively studied than 
the model malaria parasites of humans and rodents.

Bats played an important role in the discovery of malaria 
parasites as it was Dionisi who first observed the cells in their 
blood as far back as 1898 (Perkins and Schaer, 2016). Given 
the dispersed nature of bats as hosts in the phylogeny of hae-
mosporidians (Figure 2), they are also likely to be important 
transition hosts between bird hosts and other mammal hosts 
(Lutz et al., 2016b; Perkins and Schaer, 2016). Four primary 
genera have been found in various groups of bats worldwide. 
These include Plasmodium in Africa, Hepatocystis in Africa 
and Asia, Nycteria in Africa, and Polychromophilus from Af-
rica, Europe, Central America, and South America. Several 
other monotypic genera (that is, a genus with a single spe-
cies) have also been described from bat hosts, but their sta-
tus will remain uncertain until genetic data can be collected. 
What was most interesting about the first molecular system-
atic studies of bat malaria is that they showed a very close re-
lationship with the rodent malaria parasites that are so pop-
ular now as laboratory models (Schaer et al., 2013). The bat 
hosts of these parasites roost in trees that likely overlap eco-
logically with the arboreal thicket rats that serve as the natu-
ral hosts for the rodent-infecting Plasmodium species.

Several species of Plasmodium have been described from 
various ungulates including buffalo, goats, and small ante-
lope. Plasmodium was also identified in a single white-tailed 
deer that had had its spleen removed in the southern United 

States (Garnham and Kuttler, 1980). Although deer are abun-
dant in the eastern United States, the parasites in deer were 
not observed again until just recently, when several animals in 
Washington, DC, and other sites were shown to be infected by 
this parasite, now named P. odocoilei (Martinsen et al., 2016). 
Around the same time, other researchers also reported ma-
laria parasites in hooved hosts ranging from goats in Africa 
to water buffalo in Thailand (Templeton et al., 2016). Phylo-
genetic analyses show that all ungulate malaria parasites dis-
covered thus far are part of the same clade, but also that this 
clade is not truly part of the genus Plasmodium, but rather 
likely a distinct genus (Galen et al., 2018). The pathology of 
the white-tailed deer parasites and their tendency to infect and 
be virulent in very young animals is of interest to biomedical 
researchers, however, as although they are distantly related, 
this life history may mean that these parasites could serve as 
a model for P. falciparum infection in humans (Guggisberg 
et al., 2018; Perkins, 2018).

Malaria parasites have also been reported in 2 other groups 
of mammals: The colugos of Africa and elephant shrews of 
Malaysia (Perkins and Schaer, 2016). In both of these cases, 
there are many other species of haemosporidians known 
from the region, however, suggesting expanded host range. 
Nonetheless, the distribution of malaria parasites in mam-
mals worldwide presents a puzzling pattern. There are no 
known haemosporidians from major groups of mammals such 
as carnivores or lagomorphs, and relatively few malaria para-
site species have been described from the 2 largest orders of 
mammals (rodents and bats) and those that are known from 
these mammals have restricted geographic distributions.

Malaria Parasites of Humans
There are several species of Plasmodium that use humans 

as their hosts. In the past decade, many closely related lin-
eages of parasites have been discovered to infect wild apes 
or other primates with a potential to also infect humans. The 
genetic divergences and host specificity among these novel 
ape malaria parasites are subjects of much study, thus it is 
likely imprudent to give an exact number of the taxa that do 
or could infect humans (McFadden, 2019). The 5 most com-
mon species that are found in humans are discussed below.

Plasmodium falciparum
Plasmodium falciparum, sometimes referred to as malig-

nant tertian malaria, is the most virulent of the human-in-
fecting species (the term tertian stems from the fact that the 
fevers from this infection become synchronized to every 2 
days, and the Romans who first classified it as such did not 
use the concept of zero). It is widely distributed throughout 
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the tropics, but is primarily concentrated in sub-Saharan Af-
rica, Southeast Asia, and Oceania with known foci in South 
America. The reasons for the high virulence of this species 
are 2-fold. First, P. falciparum will invade any type of red 
blood cells and so can reach higher parasitemia than the other 
human parasites. Second, cells infected with P. falciparum 
become what might be thought of as sticky due to proteins 
expressed onto their surface as well as rigid and unable to 
bend, making it highly likely that they accumulate in cap-
illaries causing a phenomenon known as sequestration. Se-
questration in the brain or other vital tissues can cause death. 

Plasmodium falciparum is transmitted among people pri-
marily by the mosquito Anopheles gambiae, though many 
other species of Anopheles, such as A. arabiensis (Figure 4; 
see also Figure 5), are capable of transmission, depending 
on the geographic region (Molina-Cruz et al., 2016). In in-
fected people the early trophozoite stages, which are called 
ring stages, are sometimes observed on thin blood smears but 
the mature stages are typically not observed due to the ten-
dency of this species to sequester. Plasmodium falciparum 
is unusual amongst most mammal-infecting haemosporid-
ians in that its gametocytes are crescent-shaped, rather than 
rounded (Figure 6A). 

Virtually all human deaths attributed to malaria are caused 
by Plasmodium falciparum. It is currently present on all con-
tinents except for Europe (and Antarctica), but the largest pro-
portion of fatalities is in children under 5 years-old who are 
living in sub-Saharan Africa. Because of its enormous global 
health importance, P. falciparum was the first malaria par-
asite—and one of the first organisms—to have its genome 
completely sequenced (Gardner et al., 2002).

Figure 5. Mosquito morphology (female). Source: United States 
Centers for Disease Control and Prevention. Public domain.

Figure 6. Stages of the 4 most common human malaria parasites. A) 
Gametocyte of Plasmodium falciparum. B) Ring stage of P. vivax. 
C) Trophozoite of P. malariae. D) Schizont of P. ovale. Source of 
photos: United States Centers for Disease Control and Prevention 
Public Health Image Library (A, image 4905; M. Melvin, 1966; C, 
image 5838; S. Glenn, 1979; D, image 5846; S. Glenn, 1979). Pub-
lic domain.

Figure 4. Anopheles arabiensis, one of the primary insect hosts of 
Plasmodium falciparum. Source: United States Centers for Disease 
Control and Prevention Public Health Image Library, image 18749; 
J. Gathany, 2014. Public domain.
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Plasmodium vivax
Plasmodium vivax, also known as benign tertian malaria, 

is also globally distributed and in the not-so-distant past, 
was even present in eastern cities of the United States such 
as Washington, DC, Philadelphia, and New York City. Be-
cause it is so geographically widespread, the economic bur-
den of this parasite is very large—almost 3 billion people 
worldwide live in areas where P. vivax is present (Battle et 
al., 2012).

Although Plasmodium vivax is colloquially referred to as 
benign, it also has major health effects on its hosts, similar to 
those of P. falciparum, including anemia, jaundice, and even 
cerebral malaria (Bourgard et al., 2018). However, from an 
evolutionary standpoint P. vivax is more closely related to 
what are typically referred to as the macaque malarias, in-
cluding P. cynomolgi and P. knowlesi (Galen et al., 2018). 
Unlike P. falciparum which is flexible in the blood cells it in-
fects, P. vivax has a strong preference for using the reticulo-
cytes of the host (Galinski and Barnwell, 1996; Galen et al., 
2018) and so has a much lower parasitemia with only ring 
stages typically present in circulating blood (Figure 6B). It 
also produces the gametocyte stages much earlier in the ver-
tebrate host, as early as 4 days even before clinical symp-
toms might present, a factor that could promote its trans-
mission to new mosquitoes (Bourgard et al., 2018). What is 
perhaps most notable about P. vivax’s life cycle, however, is 
its presence of stages that remain viable in the liver called 
hypnozoites (Markus, 1980) that can later trigger a relapse 
in the disease.

Unlike Plasmodium falciparum, it has not been possible to 
culture P. vivax parasites in vitro in the laboratory, therefore 
it has been more challenging to work on this species. How-
ever, because of its great importance, the complete genome 
of P. vivax was one of the first malaria parasite genomes to be 
sequenced and was completed in 2008 (Carlton et al., 2008; 
Bourgard et al., 2018), opening up many new approaches to 
studying the biology of the parasite for its control.

Plasmodium malariae
Plasmodium malariae (Figure 4C), or benign quartan ma-

laria has a 3-day periodicity (again, remember the lack of zero 
when it was given this name by the Romans). Recognized 
by the ancient Greeks, it was not until the late 19th century 
that Golgi made careful note that there seemed to be 2 par-
asites infecting people—1 with fevers every 48 hours (that 
is, tertian malaria) and 1 that had a slightly different period-
icity, which he correlated with slight differences in the para-
sites that he observed in the patients’ blood (Garnham, 1966). 
Plasmodium malariae occurs throughout the world as well, 
but is most common in sub-Saharan Africa and the southwest 

Pacific though it can be very challenging to detect with just 
examination of blood films and thus molecular techniques 
such as PCR (polymerase chain reaction) are important to 
use (Garnham, 1966; Mueller et al., 2007).

In the early 1900s, a circus monkey was subjected to stud-
ies of its blood and a malaria parasite, similar in morphology 
to Plasmodium malariae, which was discovered and subse-
quently described as P. brasilianum (Garnham, 1966). These 
parasites were later observed in many wild monkeys in Cen-
tral America and South America and for over a century were 
considered to be close relatives of—but not the same as—
the human parasite. However, recent genetic results showed 
that these parasites were extremely similar (Fandeur et al., 
2000), and in 2015, parasites that were genetically identical 
to P. brasilianum in wild howler monkeys were isolated from 
Indigenous Yanomami people living in Venezuela (Garnham, 
1966; Lalremruata et al., 2015). When the complete genomes 
were sequenced, P. malariae and P. brasilianum were found 
to be the same species. A separate parasite, termed P. malar-
iae-like, which was isolated from chimpanzees has since been 
found to be distinct (Rutledge et al., 2017).

Although Plasmodium malariae is typically considered 
a more benign form of malaria, it should not be dismissed 
as a public health concern. Because it can be difficult to di-
agnose with microscopy alone, it often goes undetected and 
may result in a fatal kidney disease (Eiam-Ong, 2003; Rut-
ledge et al., 2017).

Plasmodium ovale
Until recently, Plasmodium ovale (Figure 6D) was gener-

ally considered to be the rarest form of the malaria parasites 
infecting humans. Plasmodium ovale has a rather scattered 
geographic distribution that primarily consists of western Af-
rica, eastern Indonesia and New Guinea, and the Philippines, 
though of course due to the high mobility of humans, these 
parasites have also been reported in many other parts of the 
world (Mueller et al., 2007). Like P. malariae, P. ovale has 
also had a somewhat tumultuous taxonomic history. It was 
originally considered to be a variant of P. vivax, but was 
eventually described as a distinct species and named for the 
oval shape that some infected erythrocytes assume (Collins 
and Jeffery, 2005). Recently it was further split into 2 nom-
inal subspecies on the basis of genetic data, P. o. wallikeri, 
and P. o. curtisi (see Sutherland et al., 2010).

Plasmodium knowlesi
In 2004, after a large number of malaria cases in Ma-

laysian Borneo that were thought to have been Plasmo-
dium malariae failed to amplify with species-specific prim-
ers, additional genetic testing confirmed that they were, in 
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fact, naturally acquired infections of P. knowlesi, a parasite 
thought to be confined to macaques (Singh et al., 2004). 
Plasmodium knowlesi was later reported from mainland Ma-
laysia as well as in isolated cases in Thailand and in China, 
though likely the latter was acquired in Myanmar (Singh 
et al., 2004; Cox-Singh et al., 2008). It has the shortest of 
periodicities of the human parasites, completing a cycle in 
just 24 hours and can reach extremely high, even fatal, hu-
man parasitemias and so proper diagnosis of this species and 
distinguishing it from P. malariae is very important (Cox-
Singh et al., 2008).

Malaria Parasites in Apes
In the early part of the 20th century, parasitologists work-

ing in western Africa discovered 3 species of Plasmodium in-
fecting both wild chimpanzees and gorillas. Although there 
were similarities to the species known to infect humans, dis-
tinct names were given to these taxa nonetheless. In 1 of these 
cases, P. reichenowi, genetic material was available as the 
parasite was isolated and cultured from a chimpanzee that 
had been imported into the United States. When molecular 
systematic analyses using parasite DNA were first attempted, 
the resulting phylogenetic trees supported the idea that P. 
reichenowi was closely related to P. falciparum, but none-
theless was a distinct species (Escalante et al., 1998; Perkins 
and Schall, 2001). However, the larger picture of malaria par-
asites in apes was largely unknown until around 2010. Under-
standing of malaria parasites in apes began to change during 
this period, as new samples were collected, first from captive 
apes and then via the screening of a large number of non-in-
vasively collected ape fecal samples. These results showed 
that there were many genetically divergent malaria parasite 
lineages present in African chimpanzees and in western go-
rillas (though interestingly, never in bonobos nor eastern go-
rillas even though these host species were very well sampled; 
Liu et al., 2010). A total of 4 species of ape malaria parasite 
have now been named that appear to be close relatives. The 
phylogenetic relationships amongst the 6 species of Plasmo-
dium (Laverania) suggest that these parasites have shifted 
among human, gorilla, and chimpanzee hosts several times, 
although previous transferal experiments had suggested that 
they were largely host specific. The possibility that wild ape 
malaria parasites might be able to jump into human hosts as 
zoonoses is worrisome not only to public health officials, who 
see the apes as a large host population that is not treatable and 
may represent a reservoir of the parasites, but also to conser-
vation biologists, who are concerned that parasites that have 
undergone selective pressure in humans might be more viru-
lent in the wild ape hosts.

Impact on Human Genetics
Because of the enormous impact on human health, it is not 

at all surprising that malaria has served as an important se-
lective force throughout our history and in fact, the disease is 
thought to have been the strongest source of natural selection 
on human evolution at least in recent times (Kwiatkowski, 
2005). Two prominent examples are often discussed, sickle 
cell anemia and Duffy coat receptors.

Sickle Cell Anemia
The primary molecule inside red blood cells—and in fact, 

the only significant protein inside mammalian red blood 
cells—is hemoglobin. This molecule is made up of 4 chains 
of amino acids with an iron group in the center. Hemoglobin 
is adept at binding to the 2 key molecules of aerobic respira-
tion, oxygen and carbon dioxide, and serves as the transporter 
of these gases throughout the bloodstream of vertebrates. Mu-
tations in the hemoglobin molecule have been identified that 
alter its function. One of these, known as HbS, can disrupt 
the structure of the red blood cell, making it fragile and likely 
to collapse into a sort of sickle shape as opposed to the nor-
mal round shape if the tension of the respiratory gases is ab-
normal. If a person has 2 copies of the hemoglobin gene with 
this mutation, they will suffer from sickle cell anemia, a pain-
ful, largely untreatable, and sometimes fatal condition. One 
would predict, therefore, that natural selection would have re-
moved these alleles from the human genome. And yet, they 
persist to this day. The reason is that people who are hetero-
zygous for the variant hemoglobin gene have about a 10-fold 
higher protection from the forms of malaria infection most 
likely to cause death (Allison, 1954; Ackerman et al., 2005). 
If a red blood cell of a person who is heterozygous for sickle 
cell is infected with P. falciparum, the S type hemoglobin po-
lymerizes, which then stalls the growth of the parasites (Ar-
cher et al., 2018).

Duffy coat Receptors
In human populations native to sub-Saharan Africa, there 

has been an almost complete fixation of a mutation that 
causes red blood cells to not express a protein that is neces-
sary for the merozoite stage of Plasmodium vivax parasites 
to invade them (Kwiatkowski, 2005). This is known as the 
Duffy blood group-negative phenotype and makes those who 
have it essentially immune from P. vivax and P. knowlesi-
caused forms of malaria.

Fighting Malaria as a Disease: Nets and Drugs
When Jesuit priests returned from missions in South 

America in the early 17th century, they brought bark from 
trees that indigenous Americans chewed to prevent shivering 
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and other ailments, hypothesizing that it might also be help-
ful with the shivering that accompanied the fevers of ma-
laria (Meshnick and Dobson, 2001). It did have some suc-
cess in treating malaria patients (remember that at this point, 
they still did not know exactly how the disease was transmit-
ted from person to person) and became widely known in Eu-
rope as the fever tree, Jesuits’ bark, or Peruvian bark. Around 
1820, French chemists successfully extracted the main chem-
ical component of the bark—quinine. Explorers searched the 
New World for trees that produced the highest concentrations 
of quinine and eventually seeds of Cinchona ledgeriana were 
used to start large plantations in Indonesia by the Dutch, and 
they controlled most of the world’s production of quinine. 
(An interesting side note is that because of its bitterness, it 
was often mixed with spirits to make it more palatable—this 
may have inspired the gin and tonic cocktail!)

Synthetic antimalarial drugs, particularly the drug chloro-
quine, became widely used especially in World War II. Chlo-
roquine was very effective; it worked by disrupting the para-
site’s ability to break down hemoglobin in the host cell and it 
was so widely used that in fact at one point it was sometimes 
mixed with table salt for mass distribution in malaria-endemic 
parts of the world. However, by the early 1960s Plasmodium 
falciparum parasites evolved resistance to chloroquine and 
the resistance quickly swept throughout most of the world. 
Mefloquine, sometimes known as Lariam®, and atovoqui-
none, often referred to as Malarone®, are 2 commonly used 
drugs that travelers to malarious parts of the world might be 
prescribed, though they are not safe to take for long periods 
of time (thus not usable for those people that live in malaria-
endemic regions) and the parasites have evolved resistance 
to these compounds as well. In fact, there is not an anti-ma-
larial drug that has been found or synthesized that the para-
sites have not evolved resistance to (Haldar et al., 2018). A 
compound known as qinghaosu or artemisinin (and its de-
rivatives) that was used for centuries in China is now being 
produced and marketed, particularly in regions of Asia where 
parasites have evolved resistance to most of the other com-
mon anti-malarial compounds. It is a very effective drug and 
can even help patients in which the parasites have begun to 
sequester in capillaries. In most uses, it is administered along 
with other antimalarial drugs that have longer half lives in the 
body in an approach known as artemisin-combination ther-
apy (White, 2008). 

The other side of the malaria control coin is preventing 
people from acquiring the parasites in the first place, by stop-
ping them from getting bitten by the mosquito vectors. This 
has been attempted through 3 main tactics: 1) Spraying insec-
ticides, 2) poisoning the water sources where mosquito larvae 
are found, and 3) encouraging people, particularly children, 

to sleep under bed nets (Figure 7). All of these have had chal-
lenges or risks. In the 1950s there was a massive campaign to 
spray the insecticide DDT as a means of controlling mosqui-
toes and other insects. Although it worked very well to de-
crease mosquito populations, scientists quickly learned that 
this chemical exhibited bioaccumulation, or increased con-
centration as it moved up the food chain, ultimately being 
banned as a substance in the United States because of its se-
vere environmental consequences. And, like the antimalar-
ial drugs, the mosquitoes often quickly evolve resistance to 
these insecticides, causing them to lose their effectiveness 
(Hemingway et al., 2016). It is clear that combinations of 
methods and coordinated public health programs are going 
to have to be employed if malaria cases are going to be con-
trolled, let alone if there is any hope of eradication of the 
disease. Some have argued that in order to be successful, 
evolutionary theory will need to be deployed into models 
of malaria control because these rapidly reproducing insects 
can more readily adapt to human-made chemicals than can be 
discovered and brought market (Read et al., 2009; Heming-
way et al., 2016).
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