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SUMMARY

The study of malaria in the laboratory relies on either the iz vitro culture of human parasites, or the use of non-human
malaria parasites in laboratory animals. In this review, we address the use of non-human primate malaria parasite
species (NHPMPs) in laboratory research. We describe the features of the most commonly used NHPMPs, review

their contribution to our understanding of malaria to date, and discuss their potential contribution to future studies.
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EXPERIMENTAL MODELS FOR LABORATORY
MALARIA RESEARCH

The study of malaria parasites may be broadly
divided into two major disciplines; those that
involve observation of human malaria parasites in
their natural hosts in endemic areas, and those that
rely on experimental manipulation of living parasites
in the laboratory. The latter type of study involves
either the manipulation of human malaria parasites,
most commonly Plasmodium falciparum, in in vitro
cultures of human blood or (uncommonly) in a per-
missible animal host, or the use of non-human
malaria parasites in laboratory animals. Depending
on the scope and purpose of the experiments, there
will be advantages and disadvantages associated
with each particular approach. When the aim of
the laboratory scientist is to model most closely the
natural situation of the malaria parasite, it is appar-
ent that in vitro culture will often be far from satis-
factory, as the physiological conditions in the
blood of a living animal cannot be replicated accur-
ately in a culture flask. Indeed, as the intricate inter-
play and vital association between Plasmodium and
its host is fundamental to much of the biology of
the malaria parasite, so removing it from the
natural host will drastically alter its biology. That
is not to say, of course, that in wvitro studies are
without merit, as they have been hugely important
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in informing a great deal regarding the biology of
malaria parasites. But for certain types of studies,
such as those that rely on maintenance of the whole
life cycle of the parasites, and particularly those
studies concerned with host—parasite interactions,
there can be no satisfactory alternative to the use of
non-human parasites in experimental animals.

Animal malaria parasite studies are not without
their disadvantages and limitations. Some of the la-
boratory host—parasite combinations, such as the
rodent malaria parasites and their Mus musculus
hosts do not occur in nature, and so, as in the
culture flask, the parasites find themselves in an en-
vironment somewhat removed from that in which
they evolved. Furthermore, there are serious and
profound ethical questions to be taken into consider-
ation with the use of animals in any scientific re-
search. Finally, non-human malaria parasites,
although often sharing considerable biological and
genetic similarity to their human counterparts, do
differ from the human parasites in certain ways,
and care must be taken when extrapolating results
from one species to another.

The best animal models, from a purely scientific
standpoint, are those in which the genetic and pheno-
typic distance between the parasite itself and which-
ever of the human parasites one wishes to model is
small, along with a similarly close relationship
between the experimental host animal and man.
Ideally, the experimental host animal should also be
the natural host. For studies of malaria parasites, the
non-human primate parasites most closely fit this de-
scription. In this review, we will discuss solely malaria
in non-human primates. We will highlight particular
host—parasite pairings, and discuss their suitability
for studies on particular aspects of human malaria.
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THE PRIMATE MALARIAS

The discovery that man was not the only primate to
be infected with malaria parasites occurred early on
in the history of modern malariology. In 1899, at
around the same time that British and Italian parasi-
tologists were discovering the role of the mosquito in
vectoring malaria (Ross, 1897; 1898; Grassi et al.
1899), Alphonse Laveran described Plasmodium
kochi, a parasite of African monkeys (Laveran,
1899). Now known as Hepatocystis kochi, this para-
site, which has been found to predominantly infect
African green monkeys, Cercopithecus aethiops, is a
member of the genus Hepatocystis, a sister group
to the Plasmodium spp of mammalian malaria para-
sites that do not undergo erythrocytic schizogony,
maturing to gametocytes following initial invasion
of red blood cells (Garnham, 1948).

The first true malaria parasite (i.e. belonging to the
genus Plasmodium and undergoing erythrocytic schiz-
ogony) of non-human primates to be observed was
Plasmodium pitheci, again by Laveran, just after the
turn of the 20th Century (Laveran, 1905). This
species was found in the blood of an orangutan, and
is remarkable for being the first great ape parasite to
be described (Halberstadter and Von Prowazek,
1907). At this time the first reports of malaria parasites
infecting Southeast Asian macaques also appeared,
with descriptions of Plasmodium inui and Plasmodium
cynomolgi infecting Macaca fascicularis. Over the next
60 years, a further nine malaria parasite species infect-
ing non-human primates in Southeast Asia were
described, along with two parasites of New World
monkeys from South America, one parasite of
African green monkeys, and two parasites of lemurs
from Madagascar (Table 1).

The malaria parasites of the great apes have a more
convoluted history than those infecting monkeys.
Following the discovery of P. pitheci in 1905, it
was not until 1920 that malaria parasites of African
great apes were observed, firstly by Reichenow,
and then by Blacklock and Adler (Reichenow,
1920; Blacklock and Adler, 1922). Both these
reports detailed the observation that there existed
in chimpanzees three distinct species of malaria
parasite that were broadly comparable to the
human malaria parasites P. falciparum, Plasmodium
malariae and P. vivax. These were later termed
Plasmodium rveichenowi, Plasmodium rodhaini and
Plasmodium schwetzi, respectively (Table 1).

For the next 90 years, our understanding of the
great ape malaria parasites changed very little, with
the exception of the addition of a second parasite
of the orangutan, Plasmodium silvaticum in 1972
(Garnham et al. 1972). Then, in 2009 the field
once again opened up with a number of papers
reporting the discovery of a plethora of new
malaria parasite species (Ollomo et al. 2009; Rich
et al. 2009; Duval et al. 2010; Krief et al. 2010;
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Prugnolle et al. 2010) of apes in Africa. Following
a brief period of some confusion, a landmark paper
that proved that P. falciparum had become a
human parasite as a result of a host switch from gor-
illas consolidated our current understanding of the
diversity and host preferences of the malaria para-
sites of great apes (Liu et al. 2010).

These newly described species are closely related to
P. falciparum of humans, and belong to the subgenus
Laverania. Of these, three species, Plasmodium reich-
enowi, Plasmodium gaboni (also named Plasmodium
blillbrayi) and Plasmodium billcollinsi are found pre-
dominantly in chimpanzees, and three, Plasmodium
praefalciparum, Plasmodium adleri and Plasmodium
blacklocki in gorillas ('Table 1). There has also been
a ‘rediscovery’ in great apes of parasites closely
related to P. vivax and P. malariae (Krief et al.
2010; Liu et al. 2010, 2014). The former species has
now been formally named Plasmodium carteri (Loy
et al. 2016) in honour of Richard Carter, who has
long argued that P. vivax has had a longer association
with humans in Africa than it has in Southeast Asia
(Carter, 2003). A recent genome sequencing project
(Sundararaman et al. 2016) focused on P. reichenow:
and P. gaboni has highlighted their distinct nature
as separate species, as well as evolutionary develop-
ments that allowed P. falciparum to infect humans.

To date there are 27 Plasmodium malaria parasites
of non-human primates described in the literature.
It is likely that this number will increase with
further surveys of wild primate populations. Below
we consider these species in the context of their
utility as experimental models for human malaria,
and highlight the significant advances in malariology
achieved through their use.

NON-HUMAN MALARIA PARASITES IN THE
LABORATORY

The following sections focus on the use of non-
human primate malaria parasites (NHPMPs) in la-
boratory research.

Subgenus Laverania

The subgenus Laverania originally consisted of just
two species; P. falciparum and P. reichenowi, charac-
terized by their crescent shaped gametocytes. Since
2009, numerous additional members of this sub-
genus have been described. To date, these have
been described and classified based solely on sequen-
cing of DNA, and so remain poorly characterized at
the morphological and phenotypical level.

Plasmodium reichenowi

Plasmodium reichenowi was the second malaria para-
site species of chimpanzees to be described after
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Table 1. The non-human primate malaria parasites, their geographical origin and dates of first observation

Region Parasite Subgenus Date first observed Host Reference
Asia Plasmodium pithect Plasmodium 1905 Orangutan (Pongo pygmaeus) Halberstadter and von Prowazek (1907)
Plasmodium inui Plasmodium 1905 Macaque (Macaca fascicularis) Halberstadter and von Prowazek (1907)
Plasmodium cynomolgi Plasmodium 1905 Macaque (Macaca fascicularis) Mayer (1907)
Plasmodium eylesi Plasmodium 1965 Gibbon (Hylobates lar) Warren et al. (1965)
Plasmodium hylobati Plasmodium 1939 Gibbon (Hylobates lensciscus) Rodhain (1941)
Plasmodium jefferyi Plasmodium 1964 Gibbon (Hylobates lar) Warren et al. (1966)
Plasmodium youngi Plasmodium 1964 Gibbon (Symphalangus syndactylus) Eyles et al. (1964)
Plasmodium fieldi Plasmodium 1962 Macaque (Macaca nemestrina) Eyles et al. (1962a)
Plasmodium simiovale Plasmodium 1965 Macaque (Macaca sinica) Dissanaike et al. (1965a)
Plasmodium coatneyi Plasmodium 1965 Macaque (Macaca mulatta) Eyles et al. (1962b)
Plasmodium fragile Plasmodium 1965 Macaque (Macaca radiata) Dissanaike et al. (1965b)
Plasmodium knowlest Plasmodium 1932 Macaque (Macaca fascicularis) Sinton and Mulligan, (1932)
Plasmodium silvaticum Plasmodium 1972 Orangutan (Pongo pygmaeus) Garnham et al. (1972)
America Plasmodium brasilianum Plasmodium 1908 Cacajao (Cacajao calvus) Gonder and Von Berenberg-Gossler (1908)
Plasmodium simium Plasmodium 1951 Howler monkey (Alouatta fusca) da Fonseca (1951)
Africa Plasmodium gonderi Plasmodium 1908 Mangaby (Cercocebus atys) Sinton and Mulligan (1933)
Plasmodium schwetzi Plasmodium 1920 Chimpanzee (Pan troglodytes) Brumpt (1939)
Plasmodium rodhaini Plasmodium 1939 Chimpanzee (Pan troglodytes) Brumpt (1939)
Plasmodium cartert Plasmodium 2016 Chimpanzee (Pan troglodytes) Loy et al. (2016)
Plasmodium reichenowi Laverania 1922 Chimpanzee (Pan troglodytes) Sluiter et al. (1922)
Plasmodium gaboni Laverania 2009 Chimpanzee (Pan troglodytes) Ollomo et al. (2009)
Plasmodium billcollinsi Laverania 2010 Chimpanzee (Pan troglodytes) Krief et al. (2010)
Plasmodium praefalciparum Laverania 2011 Gorilla (Gorilla gorilla) Rayner et al. (2011)
Plasmodium adleri Laverania 2011 Gorilla (Gorilla gorilla) Rayner et al. (2011)
Plasmodium blacklocki Laverania 2011 Gorilla (Gorilla gorilla) Rayner et al. (2011)
Madagascar Plasmodium lemuris Vinckeia 1963 Lemur (Lemur collaris) Huff and Hoogstral (1963)
Plasmodium girardi Vinckeia 1952 Lemur (Lemur fulvus rufus) Biick et al. (1952)
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P. schwetzi. Morphologically similar to P. falcip-
arum, it shares the same length of erythrocytic
cycle as well as several other biological features
such as crescent-shaped gametocytes (Bray, 1956).
Its genome has been fully sequenced and reveals
strong synteny with P. falciparum, including con-
served organisation of the hypervariable var genes
involved in immune evasion (Otto et al. 2014). It
has also provided valuable insights into the recent
evolutionary rise of P. falciparum (Sundararaman
et al. 2016). The high degree of conservation
between the two species has also made P. reichenowi
a comparative model to study the evolution of P. fal-
ciparum and its adaptation to the human host, par-
ticularly at the antigenic level (Wanaguru et al.
2013; Zilversmit et al. 2013; Otto et al. 2014).

While P. reichenowi can readily infect a wide range
of anopheline vectors (Collins et al. 1986a), it is
restricted to chimpanzees as its vertebrate host
(Martin et al. 2005). Thus, in vitro culturing, using
protocols adapted from P. falciparum, plays an im-
portant role in the study of this parasite (Kocken
et al. 2000). Still, the use of a relatively fastidious
and ethically sensitive animal model limits the
scope of studies possible with P. reichenows.
Furthermore, the fact that chimp-adapted P. falcip-
arum can establish an infection not only in splenecto-
mized chimpanzes, but also in chimpanzees with
intact immune systems (Taylor et al. 1985) further
highlights the rather peripheral role played by
P. reichenowi as a human malaria model.

Other species of the Laverania subgenus

Six Laverania gorilla and chimpanzee parasites,
P. gaboni (referred to as P. billbrayi by Krief et al.
(2010)), P. billcollinsi, P. adleri, P. blacklocki,
P. praefalciparum have recently been described in
addition to P. reichenow: from the earlier literature
(‘Table 1). These species, whilst of potential use in
comparative genomics (Pacheco et al. 2013;
Boundenga et al. 2015; Larremore et al. 2015; Roy,
2015; Sundararaman et al. 2016), are not (to date) uti-
lized in laboratory studies due to important practical
limitations. Firstly, collection of blood samples from
Great Apes is difficult as they are protected species.
Secondly, maintaining parasites in laboratory condi-
tions would either involve the keeping of Great Apes
in captivity, a situation which is no longer deemed
ethically acceptable, or the adaptation of the parasites
to in vitro culture, preferentially in human blood.

Subgenus Plasmodium

All other malaria parasites of prosimians, except
those infecting lemurs (which fall into the subgenus
Vinckeia), are subgenus
Plasmodium.

classified into the
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Plasmodium knowlesi

Plasmodium knowlesi is probably the most thorough-
ly characterized and widely used non-human
primate malaria parasite species. It is certainly the
species most utilized in experimental laboratory
studies of malaria, many of which have contributed
enormously to malariology. The contribution of
this species to our understanding of malaria parasite
biology is immense, and the literature pertaining to
it enormous. We will attempt to outline some of
the major advancements achieved using P. knowlesi,
but advise the reader that this is a selective and in no
way exhaustive treatment of the subject.

First described in 1932, laboratory investigations
of malaria parasite biology using this species were
underway by the close of the decade. Initial in vivo
work involved studies on immunity and drug
responses (Coggeshall, 1940; Coggeshall and
Kumm, 1938; Eaton and Coggeshall, 1939), and
this was shortly followed by investigations of para-
site cell biology (McKee et al. 1946; Shen et al.
1946; Morrison and Jeskey, 1947). A workable in
vitro culture system was established for P. knowlesi
during the mid 1960s (Polet, 1966), and this led to
its use in studies on malaria parasite cellular
biology (Polet and Barr, 1968; Polet and Conrad,
1969; Skelton et al. 1969). A major breakthrough
was achieved with the establishment of continuous
in wvitro cultivation of malaria parasites by Trager
and Jensen in 1976, was soon adapted to P. knowlesi
(Butcher, 1979), and huge advances in the under-
standing of the ultrastructure of parasite invasion
of erythrocytes were subsequently carried out
using P. knowlesi in vitro (Aikawa et al. 1978;
Haynes et al. 1988; Johnson et al. 1980; Miller
et al. 1988; Barnwell et al. 1989).

Antigenic variation, a major immune evasion
mechanism employed by malaria parasites, was
first described in P. knowlesi. Antigenic variation
involves a parasite strain expressing different alleles
of genes encoding antigenic proteins over the
course of an infection in order to escape antibody
mediated immune clearance. This phenomenon
was first described in P. knowlesi by Brown and
Brown (1965), using the schizont agglutination test
developed in this same species by Eaton (1938).
They showed that during a chronic P. knowlesi infec-
tion in a Rhesus macaque, successive waves of para-
sitaemia were composed of serologically distinct
parasites. They went on to further characterize this
phenomenon (Brown et al. 1968), work which even-
tually led to the identification of the variant antigen
proteins themselves (Howard et al. 1983).

Plasmodium knowlesi was has also been fundamen-
tal to malaria vaccine studies, in which protection
has been elicited against asexual blood forms
(Collins et al. 1977; Mitchell, 1977; Mitchell et al.
1977), gametocytes (Gwadz and Green, 1978;
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Gwadz and Koontz, 1984) and sporozoites (Gwadz
et al. 1979; Moser et al. 1978; Nardin et al. 1979).

Another landmark advancement in malariology
involving the use of P. knowlesi was the discovery,
in the laboratory of Professor Louis Miller at the
NIH in the USA, of the Dufly erythrocyte recep-
tor’s role in malaria parasite invasion. Miller and
colleagues first showed that Duffy negative erythro-
cytes were refractory to invasion by merozoites of P.
knowlest (Miller et al. 1975), an observation which
led to experiments that proved the absolute require-
ment of Duffy for erythrocyte invasion by the related
human malaria parasite P. vivax (Miller et al. 1976),
and explained the absence of this parasite from vast
swathes of western and central Africa where P.
vivax 1s almost totally absent (Culleton et al.
2008). This work led directly to the identification
of malaria parasite invasion ligands (Haynes et al.
1988; Miller et al. 1988; Adams et al. 1990; Fang
et al. 1991), a topic addressed in more detail in a pre-
vious review (Culleton and Kaneko, 2010).

Also noteworthy is the landmark paper by Dvorak
and colleagues in 1975, who captured the first
moving images of the invasion of erythrocytes by
merozoites using P. knowlesi (Dvorak et al. 1975).

Plasmodium knowlesi is not, however, a perfect
non-human primate malaria model for experimental
studies. It is, for example, difficult to transmit to
mosquitoes in the laboratory; sporozoites in the sal-
ivary glands of two of the most commonly used la-
boratory vector mosquitoes, Anopheles stephensi
and Anopheles gambiae, were observed too rarely to
support effective transmission (Murphy et al.
2014). Sporozoites were also completely unable to
colonise the salivary glands of Amnopheles freeborni
mosquitoes (Rosenberg, 1985). Indeed, only the sal-
ivary glands of mosquitoes of the Leucosphyrus
group of Anopheles appear to be suitable for colon-
ization by P. knowlesi sporozoites. Unfortunately,
one of the most effective vectors for transmitting
P. knowlesi, Anopheles dirus, can be particularly fas-
tidious to maintain in the laboratory, requiring con-
stant forced mating. However, alternative, less
fastidious vectors, such as Anopheles cracens have
been proposed (Murphy et al. 2014), and may offer
a route to genetic crossing and forward genetics
studies.

There are considerable biological differences
between P. knowlesi and the other human malaria
parasite species. Human malaria is usually classified
according of the amount of time required by the
parasite to undergo a complete shizogonic replica-
tion cycle in the blood. The four major species fall
into two categories: tertian (48—50 h cycle, including
P. falciparum, P. vivax and P. ovale) and quartan
(72 h cycle, P. malariae). Plasmodium knowlesi,
however, has a distinct 24 h cycle, which is one
factor that leads to its high virulence in man
(Mideo et al. 2013). Plasmodium knowlesi is an
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excellent resource for experimental studies on
malaria due to the wealth of literature dedicated to
it as well as the availability of a high quality
genome (Pain et al. 2008). other
NHPMPs may be more appropriate when studying
particular phenotypes, especially those of relevance

However,

to human malarial disease.

In 2004, a large outbreak of P. knowlesi in humans
in Borneo elevated this species from a useful model
for malaria to a pathogen of direct importance to

human health (Singh et al. 2004).

Quartan malaria parasites

Plasmodium brasilianum.  Plasmodium brasilianum
is the most closely related sister-species to the
human parasite Plasmodium malariae. Like P.
malariae it is a quartan parasite and undergoes its
full erythrocytic cycle in 72 h (Von Berenberg-
Gossler, 1909). It is found in tropical areas of
South America where its natural hosts include a
variety of New World Monkeys (Deane and de
Almeida, 1967; Marinkelle and Grose, 1968; Baerg,
1971; Collins et al. 1985; Wedderburn et al. 1985).
It can be transmitted by various laboratory mosquito
vectors, including both A. stephensi and A. gambiae
(Collins et al. 1985).

Recent evidence has indicated that P. brasilianum
can infect humans in the wild (Lalremruata et al.
2015) and this, coupled with the cross-reactivity of
P. malariae-specific monoclonal antibodies against
P. brasilianum (Cochrane et al. 1985), suggests a
close relationship between the two species. Indeed,
there is evidence to suggest that P. brasilianum is a
strain of P. malariae that has adapted to infect new
world monkeys relatively recently (Ayala et al. 1999;
Collins and Jeffery, 2007). This fact renders it some-
what obsolete as a model for P. malariae, as the
human parasite itself also readily infects new world
monkeys (Collins and Jeffery, 2007). However, the
P. brasilianum genome could offer valuable insights
on its origins and adaptations, and would be useful
for comparative genomics (Rayner, 2015).

Plasmodium inui.  Plasmodium inui is the only
major NHPMP other than P. brasilianum with a
quartan life cycle (Coatney et al. 1966). Initially
thought to be closely related to P. malariae and
used as a model for it, phylogenetic evidence has
revealed its inclusion in the clade of primate
malaria parasites that includes P. vivax (Mitsui
et al. 2010). Indeed, immunological evidence had
previously suggested its separate nature from the
P. malariae subgroup (Kamboj and Cochrane,
1988). Originally isolated from a Javan Macaca fas-
cularis, P. inui can infect a wide range of monkeys,
including the Platyrrhini of the New World
(Collins et al. 2009b) and can be transmitted by
several species of mosquito commonly kept in the
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laboratory (Collins et al. 2007). It is also infectious to
humans, which marks it as a potential zoonotic
disease of medical significance (Coatney et al.
1966). Unlike other
species, P. inui has been adapted to in vitro culture
(Nguyen-Dinh et al. 1980). Despite its closer phylo-
genetic relatedness to P. vivax than to P. malariae,
P. imui has recently been used to model human
quartan malaria nephrotic syndrome in monkeys

(Nimri and Lanners, 2014).

quartan malaria parasite

Plasmodium vivax clade malaria parasites

Plasmodium cynomolgi.  Plasmodium cynomolgi is,
after P. knowlesi, the most well characterized and
often used NHPMP in experimental malariology.
Like P. knowlesi, this species also has the capacity
to infect man in nature (Ta et al. 2014), although
there is currently little evidence to suggest that this
occurs frequently. It is closely related to the
human malaria parasite P. vivax and shares with it
some crucial features that make it well suited as a
malaria. Like P. oivax,
P. cynomolgi has a 48 h erythrocytic cell cycle
(Wolfson and Winter, 1946) and, crucially, it also
produces hypnozoites, the dormant liver stages that
can cause relapse (Krotoski et al. 1982a). It was, in

model for ovivax

fact, in P. cynomolgi that hypnozoites were first
described, a discovery that took place some 34
years after the same species was used for the first de-
scription of exoerythrocytic stages of a mammalian
malaria parasite (Shortt and Garnham, 1948). It
offers an ideal model to study both the biological
properties of the hypnozoite stages, and the testing
of potential treatments to remove them (Deye et al.
2012; Dembélé et al. 2014; Joyner et al. 2015).

Originally isolated from a Javan macaque, it can
also infect Platyrrhini monkeys (Collins et al. 1975,
1999), which are more tractable laboratory species.
Furthermore, P. cynomolgi blood stages (Nguyen-
Dinh et al. 1981), as well as liver stages (Millet
et al. 1987, 1988), can be routinely maintained in
vitro, making it a more appealing model when
ethical and financial considerations regarding the
use of monkeys as test animals are considered.

Plasmodium cynomolgi is less restricted than P.
knowlesi in terms of mosquito vector transmissibil-
ity. Beside the natural vectors A. cracens and A.
dirus (Cheong et al. 1965; Vythilingam et al. 2008),
it can also be transmitted by Amnopheles farauti
(Nace et al. 2004) and by species commonly main-
tained under laboratory conditions, such as A.
gambiae and A. stephensi (Collins et al. 2009a).

In addition to relapse, P. cynomolgi has been used
to study a wide variety of medically relevant pheno-
types and general malaria biology, for which there is
an extensive body of literature.

Several studies related to malaria immunity have
been carried out with P. cynomolgi. The activation
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of components of the immune system during infec-
tions have been studied (Praba-Egge et al. 2002; Li
et al. 2012), while the parasite has also been used
as a model for malaria-HIV co-infections (Koehler
et al. 2009). The genome of P. cynomolgi contains
orthologues of the wir-gene family, which in
P. wvivax are responsible for immune evasion
(Prajapati and Singh, 2014). Strain-specific immun-
ity, a trait found both in human and rodent malaria
(Ciuca et al. 1934; Jarra and Brown, 1985), has
been observed in P. cynomolgi (Wijayalath et al.
2008, 2012). Additionally, P. cynomolgi has also
been used to test the efficacy of potential vaccination
strategies (Millet et al. 1992, 1995; Barnwell et al.
1999; Bhardwaj et al. 2003; Dutta et al. 2005).

The species has been studied to understand the
interactions between Plasmodium and its vector.
Studies on refractoriness to infections and its
genetic basis in mosquitoes have been carried out
(Collins et al. 1986b; Zheng et al. 1997, 2003), as
well as experiments aimed at understanding factors
determining infectivity to mosquitoes (Naotunne
et al. 1990, 1991).

Plasmodium cynomolgi has also been regularly used
to test the activity of various novel anti-malarial
drugs (Puri and Dutta, 2003; Deye et al. 2012;
McNamara et al. 2013; Ohrt et al. 2014; Zeeman
et al. 2016).

Plasmodium cynomolgi has also been included in
several studies on malaria evolution and genetic di-
versity (Nishimoto et al. 2008; Cornejo et al. 2014,
Luo et al. 2015; Sutton et al. 2016), especially
since the publication of three assembled and anno-
tated draft reference genomes (Tachibana et al.
2012).

The existence of optimized protocols for transfec-
tion studies (Kocken et al. 1999; Voorberg-van der
Wel et al. 2013) further facilitates experimental
work with the species.

Plasmodium coatneyi.  Plasmodium coatneyi is a
tertian malaria species closely related to P. knowlesi
and found primarily in macaques of SE Asia
(Fooden, 1994). It is transmitted by
Anopheline mosquitoes such as 4. dirus and A. free-

Asian

borni, although transmission through A. stephensi
and A. gambiae, while less efficient, has been demon-
strated (Collins et al. 2001). New world monkeys
appear to be susceptible to the liver stages of the para-
site, although evidence for successful establishment of
the erythrocytic cycle is lacking (Sullivan et al. 2005).
The liver stages of P. coatneyi have also been success-
fully cultured in vitro (Millet et al. 1990).
Plasmodium coatneyi displays phenotypes with
striking similarities to those associated with malig-
nant falciparum malaria in humans, such as the pres-
ence of knob protrusions on the surface of infected
erythrocytes, cytoadherence to the vascular endothe-
lium, rosetting and the induction of ‘cerebral
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malaria’ (Kilejian et al. 1977; Udomsangpetch et al.
1991; Kawai et al. 1993, 1995; Maeno et al. 1993;
Sein et al. 1993; Smith et al. 1996). It also provides
a valuable model to study the multisystemic dys-
function associated with severe malaria in monkeys
(Moreno et al. 2013) and has been used in studies in-
volving co-infections with schistosomiasis (Semenya
et al. 2012).

An non-annotated draft genome project is current-
ly available at the PlasmoDB website (http://www.
plasmodb.org/common/downloads/Current_Release/
PcoatneyiHackeri/) thus providing some framework
for genetic studies with this parasite species.

Plasmodium simium.  Plasmodium simium is the
most closely related NHPMP to P. vivax. Indeed,
there is now strong evidence that it may represent
an adaptation of P. vivax to transmission and
growth in New World monkeys following a host
switch (Ayala et al. 1999; Goldman et al. 1993; Mu
et al. 2005; Tazi and Ayala, 2011). As expected by
its phylogenetic location, P. simium shares many fea-
tures with its human counterpart, including the pres-
ence of an extensive repertoire of vir-genes involved
in immune evasion (Prajapati and Singh, 2014), the
expression of a Duffy binding protein that interacts
with a host Duffy antigen receptor for chemokines
(DARC) (Camargos Costa et al. 2015) and a tertian
erythrocytic cycle (Deane et al. 1966).

Its natural hosts are the Platyrrhine monkeys of
South America (Collins et al. 1973, 1987; Deane
et al. 1966) and it can be transmitted by a variety
of mosquito vectors, including the commonly used
laboratory stephensi (Collins et al.
1979b). Occasional cases of naturally acquired
human infections have been reported (Deane et al.
1966), although should be
viewed with caution due to the difficulty of distin-
guishing P. simium from P. vivax in the pre molecu-

species A.

such observations

lar biology era.

Due to its close relationship to P. vivax, P. simium
has been proposed as a model to study the efficacy of
vaccine candidates (Collins et al. 2005). No genome,
which could provide valuable information both on
its origins and on host adaptations, is currently
available.
Plasmodium fragile.  Plasmodium fragile is a tertian
NHPMP species originally isolated from monkeys of
the Indian subcontinent (Ramakrishman and Mohan,
1961; Dissanaike et al. 1965a). Laboratory induced
infections have demonstrated its capacity to establish
infections in New World Monkeys, but it appears
somewhat more restricted in vector infectivity and
its development has only been successfully observed
in A. divus (Collins et al. 1990, 1974, 2006).
However, other species from the Amnopheles leuco-
sphyrus group (to which A. dirus belongs) have been
observed to transmit P. fragile (Sallum et al. 2005).
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Two strains of the parasite are currently available
with one having lost the ability to produce infective
gametocytes in the host (Collins et al. 2006).
Additionally, a protocol to grow the parasite in
vitro exists (Chin et al. 1979).

Like P. falciparum and P. coatneyi, P. fragile
infected red blood cells adhere to blood vessels
(Fremount and Miller, 1975) and have been shown
to form rosettes; a phenomenon typically associated
with P. falciparum infections in humans (David
1988). Indeed, P. fragile infections in
monkeys have been used as a model for human cere-
bral malaria (Fujioka et al. 1994).

Plasmodium fragile has been adopted as a model to
study malaria vaccines (Collins et al. 1979a; Fujioka

et al.

et al. 1994), as well as major surface antigens
(Nguyen-Dinh et al. 1988; Peterson et al. 1990).
Like major human malaria species, P. fragile also
evades the immune system by undergoing antigenic
switching (Handunnetti et al. 1987). More recently,
various aspects of HIV and malaria co-infections
have been studied using P. fragile and the Simian
Immunodeficiency Virus as models (Trott et al.
2011, 2013; Frencher et al. 2013). Finally, P. fragile
has been used to test the activity of antimalarial
drugs (Tripathi et al. 1997; Puri and Dutta, 2003).

While less studied than P. knowlesi or P. cyno-
molgi, P. fragile displays several interesting pheno-
types that have made it a relatively popular model
for human malaria, despite the reliance on the rela-
tively fastidious A. dirus vector for transmission.
Its adaptation to in witro culture also makes it an
ideal parasite for future genome sequencing and
genome editing studies.

Other vivax-type NHPM Ps

There are several other species of monkey malaria
belonging to the P. vivax clade that have been less
studied than those described above. These include
Plasmodium simiovale, Plasmodium fieldi, Plasmodium
hylobati and Plasmodium gonderi. Plasmodium field:
and P. hylobati were originally detected in SE Asia,
whereas P. gonderi is of African origin (Mitsui et al.
2010).

Plasmodium simiovale, like P. vivax and P. cyno-
lomgi, produces hypnozoites (Cogswell et al. 1991)
and the full-life cycle can be maintained in Old
World monkeys using A. dirus and A. maculatus,
but not A. stephensi mosquito vectors (Collins and
Contacos, 1979). In witro cultures of the exo-
erythrocytic cycle are also possible (Millet et al.
1994), but no evidence of adaptation of the parasite
to growth in in oitro blood culture or in
Platyrrhine monkeys is available.

Plasmodium gonderi can be transmitted by various
Anopheline vectors, including A. stephensi, is infect-
ive to Old World monkeys (Collins and Contacos,
1980) and can be cultivated in wvitro (Guo et al.
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1983; Millet et al. 1990). Like P. simiovale it induces
relapse in infected monkeys (Collins and Contacos,
1971) and the exoerythrocytic stages have been cul-
tured in vitro (Millet et al. 1994). However, no com-
plete life-cycle infections could be maintained in
more tractable Platyrrhine monkeys (Sullivan et al.
2002).

Plasmodium hylobati has been generally neglected
and attempts at growing the parasite in Platyrrhine
monkeys failed (Collins et al. 1981).

USE OF NON-HUMAN PRIMATES INFECTED WITH
HUMAN MALARIA

Both major human malaria parasite species, P. falcip-
arum and Plasmodium vivax, can grow and replicate
in non-human primates (usually splenetcomized)
with varying degrees of success (Young et al. 1975).
Splenectomized chimpanzees have been used to
produce genetic crosses between P. falciparum
strains for genetic studies. An initial cross between
strains 3D7 and Hb3, produced by Walliker and col-
leagues (Walliker et al. 1987) led to the discovery of
mutations associated with pyrimethamine resistance
(Peterson et al. 1988). A second cross (between
strains Dd2 and Hb3) was performed to study the
basis of chloroquine resistance (Wellems et al.
1990), which later led to the discovery of mutations
in the chloroquine resistance transporter gene (crt)
and their association with drug resistance (Fidock
et al. 2000). The same cross was also used to
uncover the genetic basis of sulfadoxine resistance
(Wang et al. 1997). More recently, what is presumed
to be the last ever malaria cross to be produced in
chimpanzees, was conducted using an artemisinin-re-
sistant strain of P. falciparum (Miles et al. 2015).
Human malaria parasite infections in monkeys
have been used to discover parasite antigens. One of
the most prominent studies involved the discovery
of a new family of reticulocyte-specific ligands
expressed by P. vivax merozoites infecting splenecto-
mized squirrel monkeys (Galinski et al. 1992).
Homologues of these genes were found in other
malaria parasite species, including P. falciparum (P.
falciparum reticulocyte-binding protein homologues,
PfRh) and are essential for red blood cell invasion
(Cowman and Crabb, 2006). A more recently discov-
ered member of this family, PfRh5 (Baum et al.
2009), has recently been tested in a vaccine trial in
Aotus monkeys and showed strong, strain-transcend-
ing protective immunity (Douglas et al. 2015).
Indeed, Aotus monkey models represent a useful
model for testing the efficacy of putative malaria vac-
cines (Herrera et al. 2002; Curtidor et al. 2015).
Testing of novel antimalarial compounds also
relies heavily on the use of P. vivax- and P. falcip-
arum- infected monkeys (Powers and Jacobs, 1972;
Rossan et al. 1975; Bitonti et al. 1988; Nayar et al.
1997; Wengelnik et al. 2002; Ye et al. 2013).
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Indeed, many efforts have been undertaken to
adapt strains of human malaria to growth in
monkeys for the purpose of drug testing (Herrera
et al. 2002; Obaldia et al. 2009).

Relapse in P. vivax and other malaria parasite
species is caused by the hypnozoite stage. This
stage was originally discovered in rhesus macaques
infected with P. cynomolgi (Krotoski et al. 1982a)
and later demonstrated in chimpanzees infected
with P. wvivax sporozoites (Krotoski et al. 1982b).
Non-human primate hosts are still crucial to under-
stand both hypnozoite biology and genetics and also
to develop novel antimalarial treatments (Joyner

et al. 2015).

Concluding remarks

Plasmodium knowlesi and, to a lesser extent, P. cyno-
molg: are the two most commonly used NHPMP
species used in experimental laboratory research on
malaria. This is justified by their zoonotic potential
(particularly in the case of P. knowlesi, which may re-
present a fifth species of human malaria), their adap-
tation to in vitro culture and to growth in Platyrrhine
monkeys, the availability of reference genomes and
of established protocols for transfection studies.

However, while P. cynomolgi shares many features
with P. vivax, none of the other macaque species
share such a close phenotypic similarity to severe
P. falciparum, with the possible exception of
P. knowlesi in certain hosts (Cox-Singh and
Culleton, 2015). Unfortunately, the strict host spe-
cificity of most Laverania species severely constrains
their development as model organisms. However,
among the less studied NHPMP species, there are
alternative models for severe and cerebral malaria
that bear striking similarities with P. falciparum
infections, such as P. fragile and P. coatneyi. Both
species can be maintained in wvitro, while P. fragile
can also be maintained in Platyrrhine monkeys and
a draft genome exists for P. coatneyi. No genome
project is currently available for P. fragile, which is
rather surprising given the existence of a strain in-
capable of producing infective gametocytes, a
phenotype of prominent biological interest.

While P. cynomolgi represents the model most
suited to study P. vivax, P. simium, due to its close
relationship to and possible derivation from P.
vivax, could provide valuable insights into the evo-
lution of zoonosis and host adaptation.

Finally, P. brasilianum and P. inui represent po-
tential models for quartan malaria, though the cap-
acity of P. malariae to establish infection in
Platyrrhine monkeys makes their development less
essential. Nonetheless, P. brasilianum represents a
possible adaptation of P. malariae to Platyrrhine
monkeys and the assembly and annotation of its
genome could provide answers to the questions sur-
rounding its origin.
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To conclude, while the use of P. knowlesi as the
major malaria model in monkeys is justified by re-
source availability, ease of use and zoonotic threat,
other NHPMPs deserve attention for their capacity
to model various and diverse aspects of human
malaria. As with all scientific endeavour, picking
the right tools for a particular experiment is crucial
and, with the diversity of phenotypes provided by
the NHPMPs, we are blessed with a well-stocked
tool shed.

ACKNOWLEDGEMENTS

We thank Dr Janet Cox-Singh for commissioning this
review. We are grateful for comments on an earlier
version of this manuscript from Prof. Richard Carter,
and during the review process from Prof. Louis Miller
and an anonymous reviewer.

FINANCIAL SUPPORT

Richard Culleton was supported by grants from the
Japanese Society for the Promotion of Science, numbers
16K21233, 25870525 and 24255009. Axel Martinelli
would like to thank the GI-CoRE initiative at Hokkaido
University for financial support.

REFERENCES

Adams, J. H., Hudson, D. E., Torii, M., Ward, G.E., Wellems, T.E.,
Aikawa, M. and Miller, L. H. (1990). The Duffy receptor family of
Plasmodium knowlesi is located within the micronemes of invasive malaria
merozoites. Cell 63, 141-153.

Aikawa, M., Miller, L.H., Johnson, J. and Rabbage, J. (1978).
Erythrocyte entry of malaria parasites. A moving junction between
erythrocyte and parasite. Journal of Cell Biology 77, 72-82.

Ayala, F.]J., Escalante, A.A. and Rich, S.M. (1999). Evolution of
Plasmodium and the recent origin of the world populations of
Plasmodium falciparum. Parassitologia 41, 55—68.

Baerg, D. C. (1971). A naturally acquired infection of Plasmodium brasilia-
num in the marmoset, Saguinus geoffroyi. Journal of Parasitology 57, 8.
Barnwell, J. W., Nichols, M. E. and Rubinstein, P. (1989). In vitro
evaluation of the role of the Duffy blood group in erythrocyte invasion
by Plasmodium vivax. Journal of Experimental Medicine 169, 1795-1802.
Barnwell, J. W., Galinski, M. R., DeSimone, S.G., Perler, F. and
Ingravallo, P. (1999). Plasmodium vivax, P. cynomolgi, and P. knowlesi:
identification of homologue proteins associated with the surface of mero-
zoites. Experimental Parasitology 91, 238-249.

Baum, J., Chen, L., Healer, J., Lopaticki, S., Boyle, M., Triglia, T.,
Ehlgen, F., Ralph, S.A., Beeson, J.G. and Cowman, A.F. (2009).
Reticulocyte-binding protein homologue 5 - an essential adhesin involved
in invasion of human erythrocytes by Plasmodium falciparum. International
Fournal of Parasitology 39, 371-380.

Bhardwaj, D., Kushwaha, A., Puri, S. K., Herrera, A., Singh, N. and
Chauhan, V.S. (2003). DNA prime-protein boost immunization in
monkeys: efficacy of a novel construct containing functional domains of
Plasmodium cynomolgi CS and TRAP. FEMS Immunology & Medical
Microbiology 39, 241-250.

Bitonti, A.]J., Sjoerdsma, A., McCann, P.P., Kyle, D. E., Oduola, A.
M., Rossan, R.N., Milhous, W. K. and Davidson, D.E., Jr. (1988).
Reversal of chloroquine resistance in malaria parasite Plasmodium falcip-
arum by desipramine. Science 242, 1301-1303.

Blacklock, B. and Adler, S. (1922). A parasite resembling Plasmodium
falciparum in a chimpanzee. Annals of Tropical Medicine and Parasitology
16, 99-106.

Boundenga, L., Ollomo, B., Rougeron, V., Mouele, L.Y., Mve-
Ondo, B., Delicat-Loembet, L. M., Moukodoum, N. D., Okouga, A.
P., Arnathau, C., Elguero, E., Durand, P., Liegeois, F., Boue, V.,
Motsch, P., Le Flohic, G., Ndoungouet, A., Paupy, C., Ba, C.T.,
Renaud, F. and Prugnolle, F. (2015). Diversity of malaria parasites in
great apes in Gabon. Malaria Journal 14, 111.

https://doi.org/10.1017/50031182016001335 Published online by Cambridge University Press

49

Bray, R. S. (1956). Studies on malaria in chimpanzees. 1. The erythrocytic
forms of Plasmodium reichenowi. Journal of Parasitology 42, 588-592.
Brown, K. N.and Brown, I. N. (1965). Immunity to malaria: antigenic vari-
ation in chronic infections of Plasmodium knowlesi. Nature 208, 1286—1288.
Brown, I.N., Brown, K.N. and Hills, L. A. (1968). Immunity to
malaria: the antibody response to antigenic variation by Plasmodium know-
lesi. Immunology 14, 127-138.

Brumpt, E. (1939). Les parasites due paludisme des chimpanzes. C. R. Soc.
Bioi. 130, 837-840.

Biick, G., Codurier, J. and Quesnel, J. J. (1952). Sur deux nouveaux
plasmodium observés chez un lémurien de Madagascar splénectomisé.
Arch. Institut. Pasteur d’Algerie 30, 240-243.

Butcher, G. A. (1979). Factors affecting the in vitro culture of Plasmodium
falciparum and Plasmodium knowlesi. Bulletin of the World Health
Organization 57(Suppl. 1), 17-26.

Camargos Costa, D., Pereira de Assis, G. M., de Souza Silva, F. A,
Araujo, F.C., de Souza Junior, J.C., Braga Hirano, Z. M., Satiko
Kano, F., Nobrega de Sousa, T., Carvalho, L.H. and Ferreira
Alves de Brito, C. (2015). Plasmodium simium, a Plasmodium vivax-
related malaria parasite: genetic variability of Duffy binding protein II
and the Dufly antigen/receptor for chemokines. PLoS ONE 10, e0131339.
Carter, R. (2003). Speculations of the origins of Plasmodium vivax malaria.
Trends in Parasitology 19, 214-219.

Cheong, W. H., Warren, M., Omar, A. H. and Mahadevan, S. (1965).
Anopheles balabacensis balabacensis identified as vector of simian malaria in
Malaysia. Science 150, 1314-1315.

Chin, W., Moss, D. and Collins, W. E. (1979). The continuous cultiva-
tion of Plasmodium fragile by the method of Trager-Jensen. American
FJournal of Tropical Medicine and Hygiene 28, 591-592.

Ciuca, M., Ballif, L. and Chelarescu-Vieru, M. (1934). Immunity in
malaria. Transactions of the Royal Society of Tropical Medicine and
Hygiene 27, 619-622.

Coatney, G.R., Chin, W., Contacos, P.G. and King, H. K. (1966).
Plasmodium inui, a quartan-type malaria parasite of Old World monkeys
transmissible to man. Journal of Parasitology 52, 660—663.

Cochrane, A. H., Barnwell,]J. W., Collins, W. E. and Nussenzweig, R.
S. (1985). Monoclonal antibodies produced against sporozoites of the human
parasite Plasmodium malariae abolish infectivity of sporozoites of the simian
parasite Plasmodium brasilianum. Infection and Immumnity 50, 58-61.
Coggeshall, L. T. (1940). The selective action of sulfanilamide on the
parasites of experimental malaria in monkeys in vivo and in vitro. Journal
of Experimental Medicine 71, 13-20.

Coggeshall, L. T. and Kumm, H. W. (1938). Effect of repeated super-
infection upon the potency of immune serum of monkeys harboring
chronic infections of Plasmodium knowlesi. Fournal of Experimental
Medicine 68, 17-27.

Cogswell, F. B., Collins, W. E., Krotoski, W. A. and Lowrie, R.C., Jr.
(1991). Hypnozoites of Plasmodium simiovale. American Journal of Tropical
Medicine and Hygiene 45, 211-213.

Collins, W. E. and Contacos, P. G. (1971). Observations on the relapse
activity of Plasmodium fieldi in the rhesus monkey. Journal of
Parasitology 57, 29-32.

Collins, W. E. and Contacos, P. G. (1979). Infection and transmission
studies with Plasmodium simiovale in the Macaca mulatta monkey.
FJournal of Parasitology 65, 609—612.

Collins, W. E. and Contacos, P. G. (1980). Infection and transmission
studies with Plasmodium gonderi in the Macaca mulatta monkey. Journal
of Parasitology 66, 998—1002.

Collins, W. E. and Jeffery, G. M. (2007). Plasmodium malariae: parasite
and disease. Clinical Microbiology Review 20, 579-592.

Collins, W. E., Contacos, P. G., Guinn, E. G. and Skinner, J. C. (1973).
Plasmodium simium in the Aotus trivirgatus monkey. Journal of Parasitology
59, 49-51.

Collins, W.E., Stanfill, P.G., Richardson, B.B. and Smith, C.S.
(1974). Transmission of Plasmodium fragile to Aotus trivirgatus monkeys.
FJournal of Parasitology 60, 719-720.

Collins, W.E., Skinner, J.C., Richardson, B.B. and Stanfill, P.S.
(1975). Transmission of Plasmodium cynomolgi to Aotus trivirgatus
monkeys. Journal of Parasitology 61, 146—148.

Collins, W.E., Contacos, P.G., Harrison, A.]., Stanfill, P.S. and
Skinner, J.C. (1977). Attempts to immunize monkeys against
Plasmodium knowlesi by using heat-stable, serum-soluble antigens.
American Journal of Tropical Medicine and Hygiene 26, 373-376.

Collins, W. E., Chin, W. and Skinner, J. C. (1979a). Plasmodium fragile
and Macaca mulatta monkeys as a model system for the study of malaria
vaccines. American Journal of Tropical Medicine and Hygiene 28, 948-954.
Collins, W.E., Warren, M., Contacos, P.G., Skinner, J.C. and
Richardson, B.B. (19796). Infectivity of Plasmodium simium to Aotus


https://doi.org/10.1017/S0031182016001335

Axel Martinelli and Richard Culleton

trivirgatus monkeys and different anophelines. Journal of Parasitology 65,
870-874.

Collins, W.E., Contacos, P.G., Skinner, J.C., Stanfill, P.S. and
Richardson, B. B. (1981). Susceptibility of Peruvian Aotus monkeys to in-
fection with different species of Plasmodium. American Journal of Tropical
Medicine and Hygiene 30, 26-30.

Collins, W.E., Skinner, J.C., Huong, A.Y., Broderson, J.R.,
Sutton, B.B. and Mehaffey, P. (1985). Studies on a newly isolated
strain of Plasmodium brasilianum in Aotus and Saimiri monkeys and
different anophelines. Journal of Parasitology 71, 767-770.

Collins, W. E., Skinner, J. C., Pappaioanou, M., Broderson, J.R. and
Mehaffey, P. (1986a). The sporogonic cycle of Plasmodium reichenowi.
Journal of Parasitology 72, 292-298.

Collins, F. H., Sakai, R. K., Vernick, K. D., Parkewitz, S., Seeley, D.
C., Miller, L. H., Collins, W. E., Campbell, C. C. and Gwadz, R. W.
(1986b). Genetic selection of a Plasmodium-refractory strain of the
malaria vector Anopheles gambiae. Science 234, 607-610.

Collins, W.E., Skinner, J.C., Pappaioanou, M., Broderson, J.R.,
Ma, N.S., Stanfill, P.S. and Filipski, V. (1987). Transmission of
Plasmodium simium to Aotus nancymai, A. vociferans, A. azarae boliviensis,
and Saimiri sciureus boliviensis monkeys. Journal of Parasitology 73, 653—
655.

Collins, W.E., Skinner, J.C., Filipski, V.K., Broderson, J.R.,
Stanfill, P.S. and Morris, C.L. (1990). Transmission of Plasmodium
fragile to Saimiri monkeys. Journal of Parasitology 76, 730-732.

Collins, W. E., Warren, M. and Galland, G. G. (1999). Studies on infec-
tions with the Berok strain of Plasmodium cynomolgi in monkeys and mos-
quitoes. Journal of Parasitology 85, 268-272.

Collins, W. E., Warren, M., Sullivan, J. S. and Galland, G. G. (2001).
Plasmodium coatneyi: observations on periodicity, mosquito infection,
and transmission to Macaca mulatta monkeys. American Fournal of
Tropical Medicine and Hygiene 64, 101-110.

Collins, W. E,, Sullivan, J. S., Galland, G. G., Williams, A., Nace, D.,
Williams, T. and Barnwell, J. W. (2005). Plasmodium simium and Saimiri
boliviensis as a model system for testing candidate vaccines against
Plasmodium vivax. American Fournal of Tropical Medicine and Hygiene
73, 644-648.

Collins, W.E., Warren, M., Sullivan, J].S., Galland, G.G.,,
Strobert, E., Nace, D., Williams, A., Williams, T. and Barnwell, J.
W. (2006). Studies on sporozoite-induced and chronic infections with
Plasmodium fragile in Macaca mulatta and New World monkeys. Journal
of Parasitology 92, 1019-1026.

Collins, W. E,, Sullivan, J. S., Galland, G. G., Nace, D., Williams, A.,
Williams, T. and Barnwell, J. W. (2007). Isolates of Plasmodium inui
adapted to Macaca mulatta monkeys and laboratory-reared anopheline
mosquitoes for experimental study. Journal of Parasitology 93, 1061-1069.
Collins, W. E., Sullivan, J.S., Nace, D., Williams, T., Williams, A.
and Barnwell, J.W. (2009a). Transmission of different strains of
Plasmodium cynomolgi to Aotus nancymaae monkeys and relapse. Journal
of Parasitology 95, 349-352.

Collins, W. E., Warren, M., Sullivan, J. S. and Barnwell, J. W. (20095).
Plasmodium inui shortii: studies in old world and new world monkeys.
American Journal of Tropical Medicine Hygiene 80, 160—164.

Cornejo, O. E., Fisher, D., and Escalante, A. A. (2014). Genome-wide
patterns of genetic polymorphism and signatures of selection in
Plasmodium vivax. Genome Biology and Evolution 7, 106—-109.

Cowman, A.F. and Crabb, B.S. (2006). Invasion of red blood cells by
malaria parasites. Cell 124, 755-766.

Cox-Singh, J. and Culleton, R. (2015). Plasmodium knowlesi: from severe
zoonosis to animal model. Trends in Parasitology 31, 232-238.

Culleton, R. and Kaneko, O. (2010). Erythrocyte binding ligands in
malaria parasites: intracellular trafficking and parasite virulence. Acta
Tropica 114, 131-137.

Culleton, R.L., Mita, T., Ndounga, M., Unger, H., Cravo, P. V.,
Paganotti, G. M., Takahashi, N., Kaneko, A., Eto, H., Tinto, H.,
Karema, C., D’Alessandro, U., do Rosario, V., Kobayakawa, T.,
Ntoumi, F., Carter, R. and Tanabe, K. (2008). Failure to detect
Plasmodium vivax in West and Central Africa by PCR species typing.
Malaria Journal 7, 174.

Curtidor, H., Patarroyo, M. E. and Patarroyo, M. A. (2015). Recent
advances in the development of a chemically synthesised anti-malarial
vaccine. Expert Opinion on Biological Therapy 15, 1567-1581.

da Fonseca, F. (1951). Plasmodio de primata do Brasil. Memorias do
Instituto Oswalso Cruz. 49, 543-551.

David, P.H., Handunnetti, S. M., Leech, J.H., Gamage, P. and
Mendis, K.N. (1988). Rosetting: a new cytoadherence property of
malaria-infected erythrocytes. American Journal of Tropical Medicine and

Hygiene 38, 289-297.

https://doi.org/10.1017/50031182016001335 Published online by Cambridge University Press

50

Deane, L. M. and de Almeida, F.B. (1967). Natural infection of red
Howler-monkeys, Alouatta seniculus straminea, with Plasmodium brasilia-
num, in the State of Amazonas, Brazil. Revista do Instituto de Medicina
Tropical de Sdo Paulo 9, 359-360.

Deane, L. M., Deane, M. P. and Ferreira Neto, J. (1966). Studies on
transmission of simian malaria and on a natural infection of man with
Plasmodium simium in Brazil. Bulletin of World Health Organization 35,
805-808.

Dembélé, L., Franetich, J.F., Lorthiois, A., Gego, A., Zeeman, A.
M., Kocken, C.H., Le Grand, R., Dereuddre-Bosquet, N., van
Gemert, G.]., Sauerwein, R., Vaillant, J.C., Hannoun, L.,
Fuchter, M.]J.,, Diagana, T.T., Malmquist, N.A., Scherf, A,
Snounou, G. and Mazier, D. (2014). Persistence and activation of
malaria hypnozoites in long-term primary hepatocyte cultures. Nature
Medicine 20, 307-312.

Deye, G.A., Gettayacamin, M., Hansukjariya, P., Im-erbsin, R.,
Sattabongkot, J., Rothstein, Y., Macareo, L., Fracisco, S.,
Bennett, K., Magill, A.]J. and Ohrt, C. (2012). Use of a rhesus
Plasmodium cynomolgi model to screen for anti-hypnozoite activity of
pharmaceutical substances. American Fournal of Tropical Medicine and
Hygiene 86, 931-935.

Dissanaike, A.S., Nelson, P., and Garnham, P.C.C. (1965q).
Plasmodium simiovale sp. nov., a new simian malaria parasite from
Ceylon. Ceylon Journal of Medical Science 14, 27-32.

Dissanaike, A. A., Nelson, P. and Garnham, P. C. C. (1965b). T'wo new
malaria parasites, Plasmodium cynomolgi ceylonensis subsp. nov. and
Plasmodium fragile sp. nov., from monkeys in Ceylon. Ceylon Journal of
Medical Research 7, 717-721.

Douglas, A. D., Baldeviano, G. C., Lucas, C. M., Lugo-Roman, L. A.,
Crosnier, C., Bartholdson, S. J., Diouf, A., Miura, K., Lambert, L. E.,
Ventocilla, J.A., Leiva, K.P., Milne, K.H., Illingworth, J.J.,
Spencer, A.]., Hjerrild, K.A., Alanine, D.G., Turner, A.V.,
Moorhead, J.T., Edgel, K. A.,, Wu, Y., Long, C.A., Wright, G.]J.,
Lescano, A. G. and Draper, S.J. (2015). A PfRH5-based vaccine is effica-
cious against heterologous strain blood-stage Plasmodium falciparum infec-
tion in Aotus monkeys. Cell Host & Microbe 17, 130-139.

Dutta, S., Kaushal, D.C., Ware, L. A., Puri, S.K., Kaushal, N. A,
Narula, A., Upadhyaya, D.S., and Lanar, D.E. (2005). Merozoite
surface protein 1 of Plasmodium vivax induces a protective response
against Plasmodium cynomolgi challenge in rhesus monkeys. Infection and
Immunity 73, 5936-5944.

Duval, L., Fourment, M., Nerrienet, E., Rousset, D., Sadeuh, S.A.,
Goodman, S. M., Andriaholinirina, N. V., Randrianarivelojosia, M.,
Paul, R.E,, Robert, V., Ayala, F.]J. and Ariey, F. (2010). African apes
as reservoirs of Plasmodium falciparum and the origin and diversification of
the Laverania subgenus. Proceedings of the National Academy of Sciences of
the Unites States of America 107, 10561-10566.

Dvorak, J. A., Miller, L. H., Whitehouse, W. C. and Shiroishi, T. (1975).
Invasion of erythrocytes by malaria merozoites. Science 187, 748-750.
Eaton, M.D. (1938). The agglutination of Plasmodium knowlesi by
immune serum. Journal of Experimental Medicine 67, 857-870.

Eaton, M.D. and Coggeshall, L.T. (1939). Complement fixation in
human malaria with an antigen prepared from the monkey parasite
Plasmodium knowlesi. Fournal of Experimental Medicine 69, 379-398.
Eyles, D. E., Laing, A. B. G., and Fong, Y. L. (1962a). Plasmodium fieldi
sp. nov., a new species of malaria parasite from the pig-tailed macaque in
Malaya. Annals of Tropical Medicine and Parasitology 56, 242-247.
Eyles, D.E., Fong, Y.L., Warren, McW., Guinn, E., Sandosham, A.
A., and Wharton, R. H. (1962b). Plasmodium coatneyi, a new species of
primate malaria from Malaya. American Journal of Tropical Medicine &
Hygiene 11, 597-604.

Eyles, D.E., Fong, Y.L., Dunn, F.L., Guinn, E., Warren, McW. and
Sandosham, A.A. (1964). Plasmodium youngi n. sp., a malaria parasite
of the Malayan gibbon, Hylobates lar lar. American Journal of Tropical
Medicine & Hygiene 13, 248-255.

Fang, X.D., Kaslow, D.C., Adams, J. H. and Miller, L. H. (1991).
Cloning of the Plasmodium vivax Dufly receptor. Molecular and
Biochemical Parasitology 44, 125-132.

Fidock, D.A., Nomura, T. Talley, A.K., Cooper, R.A.
Dzekunov, S.M., Ferdig, M.T., Ursos, L.M., Sidhu, A.B.,
Naudé, B., Deitsch, K. W., Su, X.Z., Wootton, J.C., Roepe, P.D.
and Wellems, T.E. (2000). Mutations in the P. falciparum digestive
vacuole transmembrane protein PfCR'T and evidence for their role in
chloroquine resistance. Molecular Cell 6, 861-871.

Fooden, J. (1994). Malaria in macaques. International Fournal of
Primatology 15, 573-596.

Fremount, H. N. and Miller, L. H. (1975). Deep vascular schizogony in
Plasmodium fragile: organ distribution and ultrastructure of erythrocytes


https://doi.org/10.1017/S0031182016001335

Non-human Primate Malaria Parasites

adherent to vascular endothelium. American Journal of Tropical Medicine
and Hygiene 24, 1-8.

Frencher, ]J.T., Ryan-Pasyeur, B.K., Huang, D., Wang, R.C,,
McMullen, P.D., Letvin, N.L., Collins, W.E., Freitag, N.E.,
Malkovsky, M., Chen, C.Y., Shen, L. and Chen, Z. W. (2013). SHIV
antigen immunization alters patterns of immune responses to SHIV/
malaria coinfection and protects against life-threatening SHIV-related
malaria. Journal of Infectious Diseases 208, 260-270.

Fujioka, H., Millet, P., Maeno, Y., Nakazawa, S., Ito, Y., Howard, R.
J., Collins, W. E. and Aikawa, M. (1994). A nonhuman primate model
for human cerebral malaria: rhesus monkeys experimentally infected with
Plasmodium fragile. Experimental Parasitology 78, 371-376.

Galinski, M. R., Medina, C.C., Ingravallo, P. and Barnwell, J. W.
(1992). A reticulocyte-binding protein complex of Plasmodium vivax mer-
ozoites. Cell 69, 1213-1226.

Garnham, P.C. (1948). The developmental cycle of Hepatocystes
(Plasmodium) kochi in the monkey host. Transactions of the Royal
Society of Tropical Medicine Hygiene 41, 601-616.

Garnham, P. C., Rajapaksa, N., Peters, W. and Killick-Kendrick, R.
(1972). Malaria parasites of the orang-utan (Pongo pygmaeus). Annals of
Tropical Medicine and Parasitology 66, 287-294.

Goldman, L. F., Qari, S. H., Millet, P. G., Collins, W. E. and Lal, A. A.
(1993). Circumsporozoite protein gene of Plasmodium simium, a
Plasmodium  vivax-like monkey malaria parasite. Molecular and
Biochemical Parasitology 57, 177-180.

Gonder, R. and Von Berenberg-Gossler, H. V. (1908). Untersuchungen
ueber Malaria-Plasmodien der Affen. Malaria-Intern. Arch. Leipzig1, 47-56.
Grassi, B., Bignami, A. and Bastianelli, G. (1899). Ulteriori ricerche sul
ciclo dei parassiti malarici umani nel corpo del zanzarone. Atti. Reale accad.
dei Lincei, Ser. 5, 21-28.

Guo, S. C., Chin, W. and Collins, W. E. (1983). The in vitro cultivation of
Plasmodium gonderi. American Journal of Tropical Medicine and Hygiene 32,
473-474.

Gwadz, R. W. and Green, 1. (1978). Malaria immunization in Rhesus
monkeys. A vaccine effective against both the sexual and asexual stages of
Plasmodium knowlesi. Journal of Experimental Medicine 148, 1311-1323.
Gwadz, R. W. and Koontz, L. C. (1984). Plasmodium knowlesi: persist-
ence of transmission blocking immunity in monkeys immunized with
gamete antigens. Infection and Immunity 44, 137-140.

Gwadz,R. W., Cochrane, A. H., Nussenzweig, V.and Nussenzweig, R.
S.(1979). Preliminary studies on vaccination of rhesus monkeys with irradiated
sporozoites of Plasmodium knowlesi and characterization of surface antigens
of these parasites. Bulletin of World Health Organization 57(Suppl. 1),165-173.
Halberstadter, L. and Von Prowazek, S. (1907). Untersuchungen ueber
die Malariaparasiten der Affen. Arb. K. Gesundh. -Amte (Berl.) 26, 37—
43.

Handunnetti, S. M., Mendis, K. N. and David, P. H. (1987). Antigenic
variation of cloned Plasmodium fragile in its natural host Macaca sinica.
Sequential appearance of successive variant antigenic types. Journal of
Experimental Medicine 165, 1269—1283.

Haynes, J.D., Dalton, J.P., Klotz, F.W., McGinniss, M.H.,
Hadley, T.J., Hudson, D.E. and Miller, L. H. (1988). Receptor-like
specificity of a Plasmodium knowlesi malarial protein that binds to Duffy
antigen ligands on erythrocytes. Journal of Experimental Medicine 167,
1873-1881.

Herrera, S., Perlaza, B.L., Bonelo, A. and Arévalo-Herrera, M.
(2002). Aotus monkeys: their great value for anti-malaria vaccines and
drug testing. International Journal of Parasitology 32, 1625-1635.
Howard, R.]J., Barnwell, J. W. and Kao, V. (1983). Antigenic variation
of Plasmodium knowlesi malaria: identification of the variant antigen on
infected erythrocytes. Proceedings of the National Academy of Sciences of
the United States of America 80, 4129—4133.

Huff, C. G. and Hoogstraal, H. (1963). Plasmodium lemuris n. sp. from
Lemur collaris. The Fournal of Infectious Diseases 112, 233-236.

Jarra, W. and Brown, K.N. (1985). Protective immunity to malaria:
studies with cloned lines of Plasmodium chabaudi and P. berghei in CBA/
Ca mice. I. The effectiveness and inter- and intra-species specificity of im-
munity induced by infection. Parasite Immunology 7, 595-606.

Johnson, J. G., Epstein, N., Shiroishi, T. and Miller, L. H. (1980).
Factors affecting the ability of isolated Plasmodium knowlesi merozoites to
attach to and invade erythrocytes. Parasitology 80, 539-550.

Joyner, C., Barnwell, J. W. and Galinski, M. R. (2015). No more mon-
keying around: primate malaria model systems are key to understanding
Plasmodium wvivax liver-stage biology, hypnozoites, and relapses.
Frontiers in Microbiology 6, 145.

Kamboj, K. K. and Cochrane, A. H. (1988). Immunological relationship
of Plasmodium inui with two other quartan malaria parasites, P. malariae

and P. brasilianum. Journal of Parasitology 74, 727-729.

https://doi.org/10.1017/50031182016001335 Published online by Cambridge University Press

51

Kawai, S., Aikawa, M., Kano, S. and Suzuki, M. (1993). A primate
model for severe human malaria with cerebral involvement: Plasmodium
coatneyi-infected Macaca fuscata. American Journal of Tropical Medicine
and Hygiene 48, 630—-636.

Kawai, S., Kano, S. and Suzuki, M. (1995). Rosette formation by
Plasmodium coatneyi-infected erythrocytes of the Japanese macaque
(Macaca fuscata). American Journal of Tropical Medicine and Hygiene 53,
295-299.

Kilejian, A., Abati, A. and Trager, W. (1977). Plasmodium falciparum
and Plasmodium coatneyi: immunogenicity of “knob-like protrusions” on
infected erythrocyte membranes. Experimental Parasitology 42, 157-164.
Kocken, C. H.,,Dubbeld, M. A.,Van Der Wel, A., Pronk,J. T., Waters, A.
P.,Langermans, J. A. and Thomas, A. W. (1999). High-level expression of
Plasmodium vivax apical membrane antigen 1 (AMA-1) in Pichia pastoris:
strong immunogenicity in Macaca mulatta immunized with P. vivax
AMA-1 and adjuvant SBAS2. Infection and Immunity 67, 43—49.

Kocken, C.H., Narum, D.L., Massougbodji, A., Ayivi, B.,
Dubbeld, M. A., van der Wel, A., Conway, D.]J., Sanni, A. and
Thomas, A. W. (2000). Molecular characterisation of Plasmodium reiche-
nowi apical membrane antigen-1 (AMA-1), comparison with P. falciparum
AMA-1, and antibody-mediated inhibition of red cell invasion. Molecular
and Biochemical Parasitology 109, 147-156.

Koehler, J. W., Bolton, M., Rollins, A., Snook, K., deHaro, E.,
Henson, E., Rogers, L., Martin, L. N., Krogstad, D.J., James, M. A.,
Rice, J., Davison, B., Veazey, R.S., Prabhu, R., Amedee, A. M.,
Garry, R.F. and Cogswell, F.B. (2009). Altered immune responses in
rhesus macaques co-infected with SIV and Plasmodium cynomolgi: an
animal model for coincident AIDS and relapsing malaria. PLoS ONE 4,
e7139.

Krief, S., Escalante, A. A., Pacheco, M. A., Mugisha, L., Andre, C.,
Halbwax, M., Fischer, A., Krief, J.M., Kasenene, J.M.,
Crandfield, M., Cornejo, O.E., Chavatte, J.M., Lin, C,,
Letourneur, F., Gruner, A.C., McCutchan, T.F., Renia, L. and
Snounou, G. (2010). On the diversity of malaria parasites in African
apes and the origin of Plasmodium falciparum from Bonobos. PLoS
Pathogens 6, e1000765.

Krotoski, W. A., Garnham, P. C., Bray, R. S., Krotoski, D. M., Killick-
Kendrick, R., Draper, C., Targett, G. A. and Guy, M. W. (1982q).
Observations on early and late post sporozoite tissue stages in primate
malaria I. Discovery of a new latent form of Plasmodium cynomolgi (the hyp-
nozoite) and failure to detect hepatic forms within the first 24 hours after in-
fection. American Fournal of Tropical Medicine and Hygiene 31, 24-35.
Krotoski, W.A., Collins, W.E.,, Bray, R.S., Garnham, P.C.,
Cogswell, F.B., Gwadz, R.W., Killick-Kendrick, R., Wolf, R.,
Sinden, R., Koontz, L. C. and Stanfill, P. S. (1982b). Demonstration of
hypnozoites in sporozoite-transmitted Plasmodium vivax infection.
American Journal of Tropical Medicine and Hygiene 31, 1291-1293.
Lalremruata, A., Magris, M., Vivas-Martinez, S., Koehler, M.,
Esen, M., Kempaiah, P., Jeyaraj, S., Perkins, D.J., Mordmuller, B.
and Metzger, W. G. (2015). Natural infection of Plasmodium brasilianum
in humans: man and monkey share quartan malaria parasites in the
Venezuelan Amazon. EBioMedicine 2, 1186-1192.

Larremore, D.B., Sundararaman, S.A., Liu, W., Proto, W.R.,
Clauset, A., Loy, D.E., Speede, S., Plenderleith, L.]J., Sharp, P. M.,
Hahn, B.H., Rayner, J.C. and Buckee, C.O. (2015). Ape parasite
origins of human malaria virulence genes. Nature Communications 6, 8368.
Laveran, A. (1899). Les hématozoaires endoglobulaires (Haemocytozoa).
Cinquantenaire Soc. Biol 51, 124-133.

Laveran, A. (1905). Haemacytozoa. Essai de classification. Bull. Inst.
Pasteur (Paris) 3, 809-817.

Li, Q., Ruan, Z., Zhang, H., Peng, N., Zhao, S., Qin, L. and Chen, X.
(2012). Characterization of peripheral blood T lymphocyte subsets in
Chinese rhesus macaques with repeated or long-term infection with
Plasmodium cynomolgi. Parasitology Research 110, 961-969.

Liu, W., Li, Y., Learn, G.H., Rudicell, R.S., Robertson, J.D.,
Keele, B.F., Ndjango, J.B., Sanz, C.M., Morgan, D.B.,
Locatelli, S., Gonder, M.K., Kranzusch, P.J., Walsh, P.D.,
Delaporte, E., Mpoudi-Ngole, E., Georgiev, A.V., Muller, M. N.,
Shaw, G. M., Peeters, M., Sharp, P. M., Rayner, J.C. and Hahn, B.
H. (2010). Origin of the human malaria parasite Plasmodium falciparum
in gorillas. Nature 467, 420-425.

Liu, W., Li, Y., Shaw, K.S., Learn, G.H., Plenderleith, L.J.,
Malenke, J. A., Sundararaman, S.A., Ramirez, M. A., Crystal, P.
A., Smith, A.G., Bibollet-Ruche, F., Ayouba, A., Locatelli, S.,
Esteban, A., Mouacha, F., Guichet, E., Butel, C., Ahuka-
Mundeke, S., Inogwabini, B. 1., Ndjango, J.B., Speede, S., Sanz, C.
M., Morgan, D.B., Gonder, M. K., Kranzusch, P.J., Walsh, P.D.,
Georgiev, A.V., Muller, M.N., Piel, A.K., Stewart, F.A. et al.


https://doi.org/10.1017/S0031182016001335

Axel Martinelli and Richard Culleton

(2014). African origin of the malaria parasite Plasmodium vivax. Nature
Communications 5, 3346.

Loy, D.E., Liu, W., Li, Y., Learn, G.H., Plenderleith, L.]J.,
Sundararaman, S. A., Sharp, P. M. and Hahn, B.H. (2016). Out of
Africa: origins and evolution of the human malaria parasites Plasmodium
falciparum and Plasmodium vivax. International Journal For Parasitology
16, 30122-30129.

Luo, Z., Sullivan, S.A. and Carlton, J. M. (2015). The biology of
Plasmodium vivax explored through genomics. Annals of the New York
Academy of Sciences 1342, 53-61.

Maeno, Y., Brown, A.E., Smith, C.D., Tegoshi, T., Toyoshima, T.,
Ockenhouse, C.F., Corcoran, K.D., Ngampochjana, M., Kyle, D.
E., Webster, H.K. and Aikawa, M. (1993). A nonhuman primate
model for human cerebral malaria: effects of artesunate (qinghaosu deriva-
tive) on rhesus monkeys experimentally infected with Plasmodium coatneyi.
American Fournal of Tropical Medicine and Hygiene 49, 726—734.
Marinkelle, C.J. and Grose, E.S. (1968). Plasmodium brasilianum in
Colombian monkeys. Tropical and Geographical Medicine 20, 276-280.
Martin, M.]J., Rayner, J.C., Gagneux, P., Barnwell, J.W. and
Varki, A. (2005). Evolution of human-chimpanzee differences in malaria
susceptibility: relationship to human genetic loss of N-glycolylneuraminic
acid. Proceedings of the National Academy of Sciences of the United States of
America 102, 12819-12824.

Mayer, M. (1907). Ueber Malaria beim Affen. Med. Klin, Berl. 3, 579-580.
McKee, R. W., Ormsbee, R. A., Anfinsen, C. B., Geiman, Q. M. and
Ball, E. G. (1946). Studies on malarial parasites: VI. The chemistry and
metabolism of normal and parasitized (P. knowlesi) monkey blood.
FJournal of Experimental Medicine 84, 569-582.

McNamara, C. W., Lee, M.C., Lim, C.S., Lim, S.H., Roland, J.,
Nagle, A., Simon, O., Yeung, B.K. Chatterjee, A.K.,
McCormack, S.L., Manary, M. J., Zeeman, A. M., Dechering, K.]J.,
Kumar, T.R., Henrich, P.P., Gagaring, K., Ibanez, M., Kato, N.,
Kuhen, K.L., Fischliy C., Rottmann, M., Plouffe, D.M.,
Bursulaya, B., Meister, S., Rameh, L., Trappe, J., Haasen, D.,
Timmerman, M., Sauerwein, R. W., Suwanarusk, R. et al. (2013).
Targeting Plasmodium PI(4)K to eliminate malaria. Nature 504, 248-253.
Mideo, N., Reece, S.E., Smith, A.L. and Metcalf, C.J. (2013). The
Cinderella syndrome: why do malaria-infected cells burst at midnight?
Trends in Parasitology 29, 10-16.

Miles, A., Igbal, Z., Vauterin, P., Pearson, P., Campino, S.,
Theron, M., Gould, K., Mead, D., Drury, E.; O’Brien, J., Ruano
Rubio, V., Maclnnis, B., Mwangi, J., Samarakoon, U., Ranford-
Cartwright, L., Ferdig, M., Hayton, K., Su, X., Wellems, T.,
Rayner, J., McVean, G. and Kwiatkowski, D. (2015). Genome variation
and meiotic recombination in Plasmodium falciparum: insights from deep
sequencing of genetic crosses. doi: http://dx.doi.org/10.1101/024182.
Miller, L.H., Mason, S.]J., Dvorak, J.A., McGinniss, M. H. and
Rothman, I. K. (1975). Erythrocyte receptors for (Plasmodium knowlesi)
malaria: Duffy blood group determinants. Science 189, 561-563.

Miller, L. H., Mason, S.J., Clyde, D. F. and McGinniss, M. H. (1976).
The resistance factor to Plasmodium wvivax in blacks. The Duffy-blood-
group genotype, FyFy. New England Journal of Medicine 295, 302-304.
Miller, L. H., Hudson, D. and Haynes, J.D. (1988). Identification of
Plasmodium knowlesi erythrocyte binding proteins. Molecular and
Biochemical Parasitology 31, 217-222.

Millet, P., Jiang, J.B., Lun, Z.R., Bray, R.S., Canning, E.U. and
Landau, I. (1987). In vitro cultivation of Plasmodium cynomolgi bastia-
nelli in hepatocytes of the Macaca rhesus. Ann Parasitol Hum Comp 62,
5-7.

Millet, P., Fisk, T.L., Collins, W. E., Broderson, J.R. and Nguyen-
Dinh, P. (1988). Cultivation of exoerythrocytic stages of Plasmodium cyno-
molgi, P. knowlesi, P. coatneyi, and P. inui in Macaca mulatta hepatocytes.
American Journal of Tropical Medicine Hygiene 39, 529-534.

Millet, P., Collins, W. E., Aikawa, M., Cochrane, A. H. and Nguyen-
Dinh, P. (1990). Use of non-human primate hepatocytes for in vitro study
of the pre-erythrocytic stages of malaria parasites. Bulletin of World Health
Organization 68(Suppl.), 60-65.

Millet, P., Kalish, M. L., Collins, W. E. and Hunter, R. L. (1992). Effect
of adjuvant formulations on the selection of B-cell epitopes expressed by a
malaria peptide vaccine. Vaccine 10, 547-550.

Millet, P., Anderson, P. and Collins, W. E. (1994). In vitro cultivation of
exoerythrocytic stages of the simian malaria parasites Plasmodium fieldi and
Plasmodium simiovale in rhesus monkey hepatocytes. Fournal of
Parasitology 80, 384-388.

Millet, P., Grady, K. K., Olsen, M., Galland, G.G., Sullivan, J.S.,
Morris, C.L., Richardson, B.B., Collins, W.E. and Hunter, R.L.
(1995). Use of the rhesus monkey as an experimental model to test the
degree of efficacy of an anti-sporozoite peptide malaria vaccine candidate

https://doi.org/10.1017/50031182016001335 Published online by Cambridge University Press

52

combined with copolymer-based adjuvants. American Journal of Tropical
Medicine and Hygiene 52, 328-335.

Mitchell, G.H. (1977). A review of metozoite vaccination against
Plasmodium knowlesi malaria. Transactions of the Royal Society of
Tropical Medicine and Hygiene 71, 281-282.

Mitchell, G. H., Butcher, G. A., Langhorne, J. and Cohen, S. (1977). A
freeze-dried merozoite vaccine effective against Plasmodium knowlesi
malaria. Clinical & Experimental Immunology 28, 276-279.

Mitsui, H., Arisue, N., Sakihama, N., Inagaki, Y., Horii, T.,
Hasegawa, M., Tanabe, K. and Hashimoto, T. (2010). Phylogeny of
Asian primate malaria parasites inferred from apicoplast genome-encoded
genes with special emphasis on the positions of Plasmodium vivax and P.
fragile. Gene 450, 32-38.

Moreno, A., Cabrera-Mora, M., Garcia, A., Orkin, J., Strobert, E.,
Barnwell, J.W. and Galinski, M. R. (2013). Plasmodium coatneyi in
rhesus macaques replicates the multisystemic dysfunction of severe
malaria in humans. Infection and Immunity 81, 1889-1904.

Morrison, D. B. and Jeskey, H. A. (1947). The pigment, lipids and pro-
teins of the malaria parasite (P. knowlesi). Federation Proceedings 6, 279.
Moser, G., Brohn, F.H., Danforth, H.D. and Nussenzweig, R.S.
(1978). Sporozoites of rodent and simian malaria, purified by anion exchan-
gers, retain their immunogenicity and infectivity. Journal of Protozoology
25, 119-124.

Mu, J., Joy, D.A., Duan, J., Huang, Y., Carlton, J., Walker, J.,
Barnwell, J., Beerli, P., Charleston, M. A., Pybus, O. G. and Su, X.
Z. (2005). Host switch leads to emergence of Plasmodium vivax malaria
in humans. Molecular Biology and Evolution 22, 1686-1693.

Murphy, J. R., Weiss, W. R., Fryauff, D., Dowler, M., Savransky, T.,
Stoyanov, C., Muratova, O., Lambert, L., Orr-Gonzalez, S.,
Zeleski, K.L., Hinderer, J., Fay, M.P., Joshi, G.,, Gwadz, R. W.,
Richie, T.L., Villasante, E.F., Richardson, J. H., Duffy, P.E. and
Chen, J. (2014). Using infective mosquitoes to challenge monkeys with
Plasmodium knowlesi in malaria vaccine studies. Malaria Journal 13, 215.
Nace, D., Williams, T., Sullivan, J., Williams, A., Galland, G. G. and
Collins, W. E. (2004). Susceptibility of Anopheles farauti to infection with
different species of Plasmodium. Journal of the American Mosquito Control
Association 20, 272-276.

Naotunne, T., Karunaweera, N.D., Rathnayake, K.D.L.,
Jayasinghe, A., Carter, R. and Mendis, K. N. (1990). Plasmodium cyno-
molgi: serum mediated blocking and enhancement of infectivity to mosqui-
toes during infections in the natural host, Macaca sinica. Experimental
Parasitology 71, 305-313.

Naotunne, T., Karunaweera, N. D., Del Giudice, G., Kularatane, M.
V., Grau, G.E., Carter, R. and Mendis, K. N. (1991). Cytokines kill
malaria parasites during infection crisis: extracellular complementary
factors are essential. Journal of Experimental Medicine 173, 523-529.
Nardin, E., Gwadz, R.W. and Nussenzweig, R.S. (1979).
Characterization of sporozoite surface antigens by indirect immunofluores-
cence: detection of stage- and species-specific antimalarial antibodies.
Bulletin of World Health Organization 57(Suppl. 1), 211-217.

Nayar, J. K., Baker, R. H., Knight, J. W., Sullivan, J. S., Morris, C. L.,
Richardson, B. B., Galland, G. G. and Collins, W. E. (1997). Studies on
a primaquine-tolerant strain of Plasmodium vivax from Brazil in Aotus and
Saimiri monkeys. Journal of Parasitology 83, 739-745.

Nguyen-Dinh, P., Campbell, C.C. and Collins, W.E. (1980).
Cultivation in vitro of the quartan malaria parasite Plasmodium inui.
Science 209, 1249-1251.

Nguyen-Dinh, P., Gardner, A. L., Campbell, C. C., Skinner, J. C. and
Collins, W. E. (1981). Cultivation in vitro of the vivax-type malaria para-
site Plasmodium cynomolgi. Science 212, 1146-1148.

Nguyen-Dinh, P., Deloron, P.L., Barber, A. M. and Collins, W.E.
(1988). Plasmodium fragile: detection of a ring-infected erythrocyte
surface antigen (RESA). Experimental Parasitology 65, 119-124.

Nimri, L.F. and Lanners, H. N. (2014). Glomerulonephropathies in
Plasmodium inui-infected rhesus monkey: a primate model and possible
applications for human quartan malaria. Parasitology 141, 1-8.
Nishimoto, Y., Arisue, N., Kawai, S., Escalante, A. A., Horii, T.,
Tanabe, K. and Hashimoto, T. (2008). Evolution and phylogeny of
the heterogeneous cytosolic SSU rRNA genes in the genus Plasmodium.
Molecular Phylogenetics and Evolution 47, 45-53.

Ohrt, C., Li, Q., Obaldia, N., Im-Erbsin, R., Xie, L. and Berman, J.
(2014). Efficacy of intravenous methylene blue, intravenous artesunate,
and their combination in preclinical models of malaria. Malaria Journal
13, 415.

Obaldia, N., III, Milhous, W. and Kyle, D. (2009). Adaptation of a Thai
multidrug-resistant C2Aclone of Plasmodium falciparum to Aotus monkeys
and its preliminary in vivo antimalarial drug eflicacy-resistance profile.

American Journal of Tropical Medicine and Hygiene 81, 587-594.


http://dx.doi.org/10.1101/024182
http://dx.doi.org/10.1101/024182
https://doi.org/10.1017/S0031182016001335

Non-human Primate Malaria Parasites

Ollomo, B., Durand, P., Prugnolle, F., Douzery, E., Arnathau, C.,
Nkoghe, D., Leroy, E. and Renaud, F. (2009). A new malaria agent in
African hominids. PLoS Pathogens 5, ¢1000446.

Otto, T.D., Rayner, J.C., Bohme, U., Pain, A., Spottiswoode, N.,
Sanders, M., Quail, M., Ollomo, B., Renaud, F., Thomas, A.W.,
Prugnolle, F., Conway, D.J., Newbold, C. and Berriman, M.
(2014). Genome sequencing of chimpanzee malaria parasites reveals pos-
sible pathways of adaptation to human hosts. Nature Communications 5,
4754.

Pacheco, M. A., Cranfield, M., Cameron, K. and Escalante, A. A.
(2013). Malarial parasite diversity in chimpanzees: the value of comparative
approaches to ascertain the evolution of Plasmodium falciparum antigens.
Malaria Journal 12, 328.

Pain, A., Bohme, U., Berry, A.E., Mungall, K., Finn, R.D.,
Jackson, A.P., Mourier, T., Mistry, J., Pasini, E. M., Aslett, M. A,
Balasubrammaniam, S., Borgwardt, K., Brooks, K., Carret, C.,
Carver, T.J., Cherevach, I, Chillingworth, T., Clark, T.G.,
Galinski, M.R., Hall, N., Harper, D., Harris, D., Hauser, H.,
Ivens, A., Janssen, C.S., Keane, T., Larke, N., Lapp, S., Marti, M.,
Moule, S. et al. (2008). The genome of the simian and human malaria para-
site Plasmodium knowlesi. Nature 455, 799-803.

Peterson, D. S., Walliker, D. and Wellems, T. E. (1988). Evidence that
a point mutation in dihydrofolate reductase-thymidylate synthase confers re-
sistance to pyrimethamine in falciparum malaria. Proceedings of the National
Academy of Sciences of the United States of America 85, 9114-9118.
Peterson, M. G., Nguyen-Dinh, P., Marshall, V.M., Elliott, J.F.,
Collins, W. E., Anders, R.F. and Kemp, D.J. (1990). Apical membrane
antigen of Plasmodium fragile. Molecular and Biochemical Parasitology 39,
279-283.

Polet, H. (1966). In witro cultivation of erythrocytic forms of Plasmodium
knowlesi and Plasmodium berghei. Military Medicine 131(Suppl.), 1026-1031.
Polet, H. and Barr, C.F. (1968). DNA, RNA, and protein synthesis in
erythrocytic forms of Plasmodium knowlesi. American Journal of Tropical
Medicine and Hygiene 17, 672—679.

Polet, H. and Conrad, M. E. (1969). In vitro studies on the amino acid
metabolism of Plasmodium knowlesi and the antiplasmodial effect of the iso-
leucine antagonists. Military Medicine 134, 939-944.

Praba-Egge, A.D., Montenegro, S., Cogswell, F.B., Hopper, T. and
James, M.A. (2002). Cytokine responses during acute simian
Plasmodium cynomolgi and Plasmodium knowlesi infections. American
FJournal of Tropical Medicine and Hygiene 67, 586-596.

Prajapati, S. K. and Singh, O.P. (2014). Identification of a vir-ortholo-
gous immune evasion gene family from primate malaria parasites.
Parasitology 141, 641-645.

Prugnolle, F., Durand, P., Neel, C., Ollomo, B., Ayala, F.]J.,
Arnathau, C., Etienne, L., Mpoudi-Ngole, E., Nkoghe, D.,
Leroy, E., Delaporte, E., Peeters, M. and Renaud, F. (2010). African
great apes are natural hosts of multiple related malaria species, including
Plasmodium falciparum. Proceedings of the National Academy of Sciences
of the United States of America 107, 1458-1463.

Powers, K. G. and Jacobs, R. L. (1972). Activity of two chlorinated lin-
comycin analogues against chloroquine-resistant falciparum malaria in
owl monkeys. Antimicrobial Agents Chemotherapy 1, 49-53.

Puri, S. K. and Dutta, G. P. (2003). Blood schizontocidal activity of WR
238605 (Tafenoquine) against Plasmodium cynomolgi and Plasmodium
fragile infections in rhesus monkeys. Acta Tropica 86, 35-40.
Ramakrishman, S.P. and Mohan, B. N. (1961). Simian malaria in the
Nilgiris, Madras State, India. Bulletin of the National Society of India for
Malaria and Other Mosquito-borne Diseases 9, 139.

Rayner, J. C. (2015). Plasmodium malariae Malaria: from monkey to man?
EBioMedicine 2, 1023-1024.

Rayner, J. C., Liu, W., Peeters, M., Sharp, P. M. and Hahn, B. H.
(2011). A plethora of Plasmodium species in wild apes: a source of
human infection? T'rends in Parasitology 27, 222-229.

Reichenow, E. (1920). Ueber das Vorkommen der Malariaparasiten des
Menschen bei den afrikanischen Menschenaften. Centralbl. f. Bakt. I. Abt.
Orig. 85, 207-216.

Rodhain, J. (1941). Sur un Plasmodium du gibbon Hylobates lensciscus
Geofl. Acta. Bioi. Beige 1, 118-123.

Rich, S.M., Leendertz, F. H., Xu, G., LeBreton, M., Djoko, C.F.,
Aminake, M.N., Takang, E.E., Diffo, J.L., Pike, B.L.,
Rosenthal, B.M., Formenty, P., Boesch, C., Ayala, F.]J. and
Wolfe, N.D. (2009). The origin of malignant malaria. Proceedings of the
National Academy of Sciences of the United States of America 106, 14902—
14907.

Rosenberg, R. (1985). Inability of Plasmodium knowlesi sporozoites to
invade Anopheles freeborni salivary glands. American Journal of Tropical

Medicine and Hygiene 34, 687—691.

https://doi.org/10.1017/50031182016001335 Published online by Cambridge University Press

53

Ross, R. (1897). On some peculiar pigmented cells found in two mosqui-
toes fed on malarial blood. British Medical Journal 2, 1786—1788.

Ross, R. (1898). Report on the Cultivation of Proteosoma, Labbe, in Grey
Mosquitoes. Government Press, Calcutta.

Rossan, R. N., Young, M. D. and Baerg, D. C. (1975). Chemotherapy of
Plasmodium vivax in Saimiri and Aotus models. American Fournal of
Tropical Medicine and Hygiene 24, 168—173.

Roy, S. W. (2015). The Plasmodium gaboni genome illuminates allelic di-
morphism of immunologically important surface antigens in P. falciparum.
Infection Genetics and Evolution 36, 441—449.

Sallum, M. A., Peyton, E.L. and Wilkerson, R.C. (2005). Six new
species of the Anopheles leucosphyrus group, reinterpretation of An.
elegans and vector implications. Medical and Veterinary Entomology 19,
158-199.

Sein, K. K., Brown, A.E., Maeno, Y., Smith, C. D., Corcoran, K.D.,
Hansukjariya, P., Webster, H.K. and Aikawa, M. (1993).
Sequestration pattern of parasitized erythrocytes in cerebrum, mid-brain,
and cerebellum of Plasmodium coatneyi-infected rhesus monkeys (Macaca
mulatta). American Journal of Tropical Medicine and Hygiene 49, 513-519.
Semenya, A.A., Sullivan, J.S., Barnwell, J. W. and Secor, W.E.
(2012). Schistosoma mansoni infection impairs antimalaria treatment and
immune responses of rhesus macaques infected with mosquito-borne
Plasmodium coatneyi. Infection and Immunity 80, 3821-3827.

Shen, S.C., Fleming, E.M. and Castle, W.B. (1946). Osmotic and
mechanical fragilities of erythrocytes of monkeys infected with P. knowlesi
malaria. Proceedings of the Society for Experimental Biology and Medicne 63,
419-422.

Shortt, H. E. and Garnham, P. C. (1948). The exoerythrocytic parasite of
Plasmodium cynomolgi. Transactions of the Royal Society of Tropical
Medicine and Hygiene 41, 705-716.

Sinton, J. A. and Mulligan, H. W. (1932). A critical review of the litera-
ture relating to the identification of the malarial parasites recorded from
monkeys of the families Cercopithecidae and Colobidae. Record of the
Malaria Survey of India III, 357-380.

Sinton, J. A. and Mulligan, H. W. (1933). A critical review of the litera-
ture relating to the identification of the malarial parasites recorded from
monkeys of the families Cercopithecidae and Colobidae. Records of the
Malaria Survey of India III, 381-444.

Singh, B., Kim Sung, L., Matusop, A., Radhakrishnan, A.,
Shamsul, S. S., Cox-Singh, J., Thomas, A. and Conway, D.J. (2004).
A large focus of naturally acquired Plasmodium knowlesi infections in
human beings. Lancet 363, 1017-1024.

Skelton, F. S., Lunan, K. D., Folkers, K., Schnell, J. V., Siddiqui, W.
A. and Geiman, Q. M. (1969). Biosynthesis of ubiquinones by malarial
parasites. I. Isolation of [14C] ubiquinones from cultures of rhesus monkey
blood infected with Plasmodium knowlesi. Biochemistry 8, 1284—1287.
Sluiter, C., Swellengrebel, N. and Ihle, J. (1922). De Dierlijke
Parasieten van den mensch en van onze huisdieren. Scheltema and
Holkema’s Boekhandel, Amsterdam, p. 121.

Smith, C.D., Brown, A.E., Nakazawa, S., Fujioka, H. and
Aikawa, M. (1996). Multi-organ erythrocyte sequestration and ligand ex-
pression in rhesus monkeys infected with Plasmodium coatneyi malaria.
American Journal of Tropical Medicine and Hygiene 55, 379-383.
Sullivan, J. S., Jennings, V. M., Guarner, J., Noland, G. S., Kendall, J.
and Collins, W. E. (2002). Infection of Aotus and Saimiri monkeys with
Plasmodium gonderi. Journal of Parasitology 88, 422—425.

Sullivan, J.S., Bounngaseng, A., Stewart, A., Sullivan, J.J.,
Galland, G. G., Fleetwood, H. and William, E. C. (2005). Infection of
Saimiri  boliviensis monkeys with Plasmodium coatneyi. Fournal of
Parasitology 91, 479-481.

Sundararaman, S.A., Plenderleith, L.J., Liu, W.; Loy, D.E.,
Learn, G.H., Li, Y., Shaw, K.S., Ayouba, A., Peeters, M.,
Speede, S., Shaw, G. M., Bushman, F.D., Brisson, D., Rayner, J.C.,
Sharp, P. M. and Hahn, B. H. (2016). Genomes of cryptic chimpanzee
Plasmodium species reveal key evolutionary events leading to human
malaria. Nature and Communications 7, 11078.

Sutton, P.L., Luo, Z., Divis, P.C., Friedrich, V.K., Conway, D.]J.,
Singh, B., Barnwell, J. W., Carlton, J. M. and Sullivan, S. A. (2016).
Characterizing the genetic diversity of the monkey malaria parasite
Plasmodium cynomolgi. Infection, Genetics and Evolution 40, 243-252.

Ta, T. H., Hisam, S., Lanza, M., Jiram, A. L., Ismail, N. and Rubio, J.
M. (2014). First case of a naturally acquired human infection with
Plasmodium cynomolgi. Malaria Journal 13, 68.

Tachibana, S., Sullivan, S. A., Kawali, S., Nakamura, S., Kim, H.R.,
Goto, N., Arisue, N., Palacpac, N.M., Honma, H., Yagi, M.,
Tougan, T., Katakai, Y., Kaneko, O., Mita, T., Kita, K,
Yasutomi, Y., Sutton, P.L., Shakhbatyan, R., Horii, T.,
Yasunaga, T., Barnwell, J. W., Escalante, A. A., Carlton, J. M. and


https://doi.org/10.1017/S0031182016001335

Axel Martinelli and Richard Culleton

Tanabe, K. (2012). Plasmodium cynomolgi genome sequences provide
insight into Plasmodium vivax and the monkey malaria clade. Nature
Genetics 44, 1051-1055.

Taylor, D. W., Wells, R. A., Vernes, A., Rosenberg, Y.]., Vogel, S.
and Diggs, C. L. (1985). Parasitologic and immunologic studies of experi-
mental Plasmodium falciparum infection in nonsplenectomized chimpanzees
(Pan troglodytes). American Journal of Tropical Medicine and Hygiene 34, 36—44.
Tazi, L. and Ayala, F.J. (2011). Unresolved direction of host transfer of
Plasmodium vivax v. P. simium and P. malariae v. P. brasilianum. Infection,
Genetics and Evolution 11, 209-221.

Trager, W. and Jensen, J. B. (1976). Human malaria parasites in continu-
ous culture. Science 193, 673-675.

Tripathi, R., Vishwakarma, R. A. and Dutta, G. P. (1997). Plasmodium
fragile: efficacy of arteether (alpha/beta) against cerebral malaria model.
Experimental Parasitology 87, 290-292.

Trott, K. A., Chau, J.Y., Hudgens, M. G., Fine, J., Mfalila, C.K.,
Tarara, R.P., Collins, W. E., Sullivan, J., Luckhart, S. and Abel, K.
(2011). Evidence for an increased risk of transmission of simian immuno-
deficiency virus and malaria in a rhesus macaque coinfection model.
Fournal of Virology 85, 11655-11663.

Trott, K. A., Richardson, A., Hudgens, M. A. and Abel, K. (2013).
Immune activation and regulation in simian immunodeficiency virus-
Plasmodium fragile-coinfected rhesus macaques. Journal of Virology 87,
9523-9537.

Udomsangpetch, R., Brown, A. E., Smith, C.D. and Webster, H. K.
(1991). Rosette formation by Plasmodium coatneyi-infected red blood
cells. American Fournal of Tropical Medicine and Hygiene 44, 399—401.
Von Berenberg-Gossler, H. V. (1909). Beitriige zur naturgeschichte der
Malariaplasmodien. Arch. f. Protist. 16, 245-280.

Voorberg-van der Wel, A., Zeeman, A. M., van Amsterdam, S. M.,
van den Berg, A., Klooster, E.]J., Iwanaga, S., Janse, C.]J., van
Gemert, G.]., Sauerwein, R., Beenhakker, N., Koopman, G.,
Thomas, A.W. and Kocken, C.H. (2013). Transgenic fluorescent
Plasmodium cynomolgi liver stages enable live imaging and purification of
Malaria hypnozoite-forms. PLoS ONE 8, e54888.

Vythilingam, I., Noorazian, Y. M., Huat, T. C., Jiram, A. L, Yusri, Y. M.,
Azahari, A.H., Norparina, 1., Noorrain, A. and Lokmanhakim, S.
(2008). Plasmodium knowlesi in humans, macaques and mosquitoes in peninsu-
lar Malaysia. Parasites & Vectors 1, 26.

Walliker, D., Quakyi, I.A., Wellems, T.E., McCutchan, T.F.,
Szarfman, A., London, W.T., Corcoran, L. M., Burkot, T.R. and
Carter, R. (1987). Genetic analysis of the human malaria parasite
Plasmodium falciparum. Science 236, 1661-1666.

Warren, McW., Bennett, G.F., and Sandosham, A. A. (1965). A new
malaria parasite from the white-handed gibbon, Hylobates lar lar in
Malaya. Singapore Medical Journal 6, 50.

Warren, McW., Coatney, G.R., and Skinner, J.C. (1966). Plasmodium
Jefferyi sp. n. from Hylobates lar in Malaya. Journal of Parasitology. 52, 9—13.
Wanaguru, M., Liu, W., Hahn, B. H., Rayner, J. C. and Wright, G.]J.
(2013). RH5-Basigin interaction plays a major role in the host tropism of

https://doi.org/10.1017/50031182016001335 Published online by Cambridge University Press

54

Plasmodium falciparum. Proceedings of the National Academy of Sciences
of the United States of America 110, 20735-20740.

Wang, P., Read, M., Sims, P.F. and Hyde, J. E. (1997). Sulfadoxine re-
sistance in the human malaria parasite Plasmodium falciparum is determined
by mutations in dihydropteroate synthetase and an additional factor asso-
ciated with folate utilization. Molecular Microbiology 23, 979-986.
Wedderburn, N., Mitchell, G.H. and Davies, D.R. (1985).
Plasmodium brasilianum in the common marmoset Callithrix jacchus.
Parasitology 90(Pt 3), 573-578.

Wengelnik, K., Vidal, V. and Ancelin, M. L. (2002). A class of potent
antimalarials and their specific accumulation in infected erythrocytes.
Science 295, 1311-1314.

Wellems, T.E., Panton, L.J., Gluzman, 1.Y., do Rosario, V.E.,
Gwadz, R.W., Walker-Jonah, A. and Krogstad, D.]J. (1990).
Chloroquine resistance not linked to mdr-like genes in a Plasmodium falcip-
arum cross. Nature 345, 253-255.

Wijayalath, W. A., Cheesman, S., Rajakaruna, J., Handunnetti, S.
M., Carter, R. and Pathirana, P.P. (2008). Evidence for strain-specific
protective immunity against blood-stage parasites of Plasmodium cynomolgi
in toque monkey. Parasite Immunology 30, 630—636.

Wijayalath, W., Cheesman, S., Tanabe, K., Handunnetti, S.,
Carter, R. and Pathirana, S. (2012). Strain-specific protective effect of
the immunity induced by live malarial sporozoites under chloroquine
cover. PLoS ONE 7, e45861.

Wolfson, F. and Winter, M. W. (1946). Studies of Plasmodium cynomolgi
in the rhesus monkey, Macaca mulatta. American Journal of Hygiene 44,
273-300.

Ye, Z., Van Dyke, K. and Rossan, R. N. (2013). Effective treatment with
a tetrandrine/chloroquine combination for chloroquine-resistant falcip-
arum malaria in Aotus monkeys. Malaria Journal 12, 117.

Young, M. D., Baerg, D.C. and Rossan, R.N. (1975). Parasitological
review. Experimental monkey hosts for human plasmodia. Experimental
Parasitology 38, 136-152.

Zeeman, A.M., Lakshminarayana, S.B., van der Werff, N.,
Klooster, E.J., Voorberg-van der Wel, A., Kondreddi, R.R.,
Bodenreider, C., Simon, O., Sauerwein, R., Yeung, B.K.,
Diagana, T. T. and Kocken, C. H. (2016). P14 Kinase is a prophylactic
but not radical curative target in Plasmodium vivax-type malaria parasites.
Antimicrobial Agents and Chemotherapy 60, 2858-2863.

Zheng, L., Cornel, A.J., Wang, R., Erfle, H., Voss, H., Ansorge, W.,
Kafatos, F. C. and Collins, F. H. (1997). Quantitative trait loci for refrac-
toriness of Anopheles gambiae to Plasmodium cynomolgi B. Science 276,
425-428.

Zheng, L., Wang, S., Romans, P., Zhao, H., Luna, C. and
Benedict, M. Q. (2003). Quantitative trait loci in Anopheles gambiae con-
trolling the encapsulation response against Plasmodium cynomolgi Ceylon.
BMC Genetics 4, 16.

Zilversmit, M. M., Chase, E. K., Chen, D. S., Awadalla, P., Day, K. P.
and McVean, G. (2013). Hypervariable antigen genes in malaria have
ancient roots. BMC Evolutionary Biology 13, 110.


https://doi.org/10.1017/S0031182016001335

	Non-human primate malaria parasites: out of the forest and into the laboratory
	EXPERIMENTAL MODELS FOR LABORATORY MALARIA RESEARCH
	THE PRIMATE MALARIAS
	NON-HUMAN MALARIA PARASITES IN THE LABORATORY
	Subgenus Laverania
	Plasmodium reichenowi
	Other species of the Laverania subgenus
	Subgenus Plasmodium
	Plasmodium knowlesi
	Quartan malaria parasites
	Plasmodium brasilianum
	Plasmodium inui

	Plasmodium vivax clade malaria parasites
	Plasmodium cynomolgi
	Plasmodium coatneyi
	Plasmodium simium
	Plasmodium fragile

	Other vivax-type NHPMPs

	USE OF NON-HUMAN PRIMATES INFECTED WITH HUMAN MALARIA
	Concluding remarks

	ACKNOWLEDGEMENTS
	FINANCIAL SUPPORT
	REFERENCES


