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ABSTRACT

Background: Human malaria was always believed to be caused by any of four species of
Plasmodium namely; Plasmodium vivax, P. falciparum, P. ovale and P. malariae. However, a few
years ago, it was observed that Plasmodium knowlesi could naturally infect humans especially in
South East Asia. Can we have P. knowlesi infections in Africa? Are we prepared for a new human
malaria threat? African institutions might not be searching for this parasite. There is no documented
endemic transmission of this parasite in Africa despite many factors that could support its
occurrence probably due to clinical and laboratory challenges in the diagnosis of P. knowlesi
infections. A misdiagnosis may delay appropriate therapy leading to fatal consequences.
Methodology: This article reviewed in some details many issues surrounding P. knowlesi malaria
diagnosis and infection in other parts of the world and the many factors that could promote
transmission and occurrence of this infection in Africa through a database search (PubMed, Google
Scholar, Cab direct, and African Journals Online) using terms related to the intended review. This is
an area that has not been explored by authors in the past.

Conclusion: The possibility of transmission of P. knowlesi in tourist sites in Asia and spread
through international travel to Africa is a reality. The Zika and Ebola experiences are clear
examples of how international travel and interactions between man and vectors could lead to fatal
consequences. Subsequently, these consequences can be averted when the scientific and clinical
communities are primed to recognize and combat an emergence of P. knowlesi infections in non-

endemic regions.

Keywords: Plasmodium knowlesi infections; Africa; threat; preparedness.

1. INTRODUCTION

Plasmodium knowlesi, a common malaria
parasite of macaques which could naturally infect
humans is currently the sixth major human
malaria parasite following the division of
Plasmodium ovale into 2 different species [1,2].
It may cause severe malaria as indicated by its
asexual erythrocytic cycle about 24 hours, with
an associated fever that typically occurs daily [1,
3,4]. This parasite is transmitted by the bite of
Anopheles mosquitoes (Anopheles
Leucosphyrus and Anopheles latens) [1].
Plasmodiu knowlesi has health, social,
recreational and economic consequences in
regions where infection is common [4].

Although first reported as a natural cause of
human malaria in 2004, retrospective analysis of
molecular and epidemiological data indicate that
P. knowlesi is not a new parasite, but a
previously known animal parasite whose
zoonotic potential was not correctly identified by
earlier researchers [1,3,4]. P. knowlesi is a
species naturally found in long-tailed macaque
(Macaca fascicularis) and pig-tailed macaque
(Macaca nemestrina) monkeys and has recently
been shown to be capable of causing human
infection [1]. More than half of the world
population live in malaria risk areas. The annual
malaria associated mortality approaches 1 million
globally, with 2 children dying from the disease
every minute [5]. Malari is endemic in Africa.

Speciation of the different Plasmodium species
causing malaria is rarely carried ouas most
diagnosis is usually made clinically or
microscopically in the laboratories. P. knowlesi
infections are potentially fatal, but readily
treatable if detected early enough [6]. Despite the
availability of effective antimalarial agents, failure
to make the correct diagnosis has resulted in
inappropriate therapy leading to preventable
deaths [6,7].

Spread of P. knowlesi through international travel
has become a major public health concern, and
the possibility of P. knowlesi infection becoming
one of the major causes of malaria in Africa is
real. This article is aimed at reviewing the
parasite Plasmodium knowlesi as a potential
cause of human malaria infection in Africa, and
to identify the risk factors and likely diagnostic
challenges associated with this infection. We
also intend to highlight the impact of international
travel on P. Knowlesi malaria infections
especially as regards increased trade and
bilateral ties between Africa and South East Asia,
and to suggest possible ways of overcoming
these challenges.

2. METHOD OF REVIEW

We conducted a database search (PubMed,
GoogleScholar, Cabdirect, and African Journals
Online) using broad terms related to the intended
review such as Plasmodium knowlesi and
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diagnosis, Plasmodium knowlesi and Africa and
Plasmodium knowlesi and travelers. References
in the identified articles were also screened. A
total of 126 publications published in English
were found, of which 26 were unobtainable.
Articles found were screened for content and
relevance. Seventy-four (74) of the 100
publications reviewed are referenced herein.

3. REVIEW AND DISCUSSION
3.1 Historical Background

Plasmodium knowlesi was first identified by the
Italian scientist Giuseppe Franchiti in 1927 [8].
Dr. Robert Knowles and his assistant Das Gupta
in 1932 described the blood forms of the parasite
and demonstrated that the inoculation of infected
monkey blood was able to produce a human
infection [9,10]. This species was named P.
knowlesi in honor of Dr Robert Knowles [11,12].
The first report of a case of naturally occurring
infection of knowlesi malaria in humans was in
an American man returning from Malaysia in
1965 [1,3]. He was a 37 year old US Army
surveyor deployed for 5 days in the bush area of
Malaysia [1,3]. He developed chills and fever on
the way home to USA and was initially diagnosed
as a case of an upper respiratory infection [1,3].
His family physician made a blood smear and
saw ring forms similar to P. falciparum which he
sent to the Clinical Centre of National Institute of
Health (NIH) in Bethesda where a microscopic
diagnosis of P. malariae was made [3,12]. The
patient’'s blood sample was further sent to a
group of malariologists studying P. malariae at
the US penitentiary in Atlanta where it was finally
recognized as P. knowlesi, following blood
passage experiments into six human volunteers
and three rhesus monkeys [3,12,13]. Three of
the human volunteers required antimalarial
therapy to terminate the infection whereas all the
monkeys unfortunately died of overwhelming
malaria infection. A few years later in 1971, there
was another report of the natural infection of a
man in Malaysia with Plasmodium knowlesi
followed by the description of a large focus of
human infections in the Kapit Division of
Sarawak, Malaysian Borneo [7]. This was made
possible due to the development of molecular
detection techniques which could differentiate
between P. knowlesi and the morphologically
similar P. malariae [7,14]. Since 2004, there have
been an increasing number of reports of the
incidence of P. knowlesi among humans in
various countries in South East Asia [14].

There are at least two subspecies of P. knowlesi
known - P. knowlesi edesoni and P. knowlesi
knowlesi [15]. The subspecies P. knowlesi
edesoni was described by Garnham in 1963 [15].
It was named after the parasitologist J F B
Edeson [15]. Clinical differences between these
two subspecies are not yet known but
researchers are studying their roles in clinical
malaria infection.

3.2 Epidemiology of Plasmodium
knowlesi

3.2.1 Geographic distribution

P. knowlesi is usually considered a parasite of
macaques found in rainforest areas of parts of
Asia [14,16]. With increasing deforestation and
development efforts in South East Asia, many
macaques are now coming in close and direct
contact with humans [14]. Therefore, more and
more people who live in semiurban areas are
being found to be infected with knowlesi malaria.
[14-16]. This parasite is mostly found in South
East Asian countries particularly in Borneo,
Cambodia, Malaysia, Myanmar, Philippines,
Singapore, Thailand and neighboring countries,
and it appears to occur more in regions that are
reportedly free of the other four types of human
malaria [17-19]. Plasmodium knowlesi is said to
be absent in Africa for now as there are no
studies that have proof of endemic transmission.

3.2.2 Morbidity and mortality

According to World Health Organization (WHO),
malaria globally accounts for about 219 million
cases and an estimated 1 million deaths per
annum [5]. Children living in Africa are more
vulnerable where a child dies every minute from
malaria although of other plasmodium species
different from knowlesi. In certain areas of South
East Asia, P. knowlesi accounts for up to 70% of
all malaria cases [14]. At least one fifth of the
cases of malaria diagnosed in Sarawak and
Malaysian Borneo are due to P. knowlesi [2].
Data is still very scanty on the specific morbidity
and mortality of P. knowlesi infections in affected
regions. However, researchers believe that P.
Knowlesi contributes a large quota of morbidity
and mortality attributable to malaria in South East
Asia [14].

3.2.3 Vectors and modes of transmission

there are four modes of
from an infected monkey to

Theoretically
transmission:
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another monkey, from an infected monkey to a
human, from an infected human to another
human and from an infected human back to a
monkey [1,20,21]. The known vectors belong to
the genus Anopheles, subgenus Cellia, series
Neomyzomyia and group Leucosphyrus [1].
Mosquitoes of this group are typically found in
forest areas in South East Asia but with a greater
clearing of forest areas for farmland, humans are
increasingly becoming exposed to these vectors.
These vectors are also found in African rain
forest and savannah regions [20].

3.2.4 Risk factors for transmission

Plasmodium knowlesi infection is normally
considered a parasite of monkeys. Humans who
work at the forest fringe or enter the rainforest to
work are at risk of infection [1]. Following
massive deforestation and development efforts in
Asia in the past few decades, many macaques
are now coming in close contact with humans
who work close to them or keep them as pets.
Currently, massive infrastructure development
has also been embarked upon by many African
countries. In addition, hunting of apes for food is
still a common practice in some parts of Africa.
Taking a practical lesson from several Ebola
disease outbreaks in Africa which were results of
close interactions between humans and African
apes through hunting, consumption as bush
meat, keeping as pets or for market shows, one
can assume that a high risk of transmission
exists in Africa just as in Asia.

3.3 Pathogenesis and Life Cycle of
Plasmodium knowlesi

Plasmodium knowlesi replicates and completes
its blood stage cycle in humans within 24 hours
resulting in fairly high loads of parasite densities
in a very short period of time which makes it a
potentially severe disease if it remains untreated
in humans [1]. Incubation period for P. knowlesi
is 8 to 12 days [1,3]. This life cycle duration is the
shortest of all the known malarias that infect
humans and primates [1,21]. In man, the life
cycle begins with the exoerythrocytic stage in the
liver similar to the typical life cycle of other
Plasmodium species [21]. These stages of P.
knowlesi are microscopically indistinguishable
from P. malariae and the early trophozoites are
identical to those of P. falciparum [21]. This is
what accounts for the diagnostic inaccuracy by
microscopy [22]. In the mosquito vector, the
stages in the life cycle are also identical to those
of other species of Plasmodium [21].

3.4 Clinical Manifestations of Plasmodium
knowlesi Infection

Patients experimentally infected with P. knowlesi
either by intravenous or intramuscular injection of
infected blood, developed clinical manifestations
generally after an average of eight days (3-14
days) [3]. o Temperature rise presented a
quotidian behavior with the highest peak at 40 C
[3,7,22]. Many studies have shown that there are
no distinctive presenting symptoms or signs that
may help the clinician separate P. knowlesi
malaria from malaria caused by the other human
species [7,22-35]. Singh et al. [7] showed that
clinical symptoms in 94 patients with single
species P. knowlesi infection were fever, chills,
and rigor in 100% of patients, headache in 32%,
cough in 18%, vomiting in 16%, nausea in 6%,
and diarrhea in 4%. Respiratory distress, renal
failure, jaundice and hyperparasitemia were the
most frequently observed manifestations of
severe malaria in another study [25]. We may not
yet know if partial immunity from transmission of
other Plasmodium species can alter presentation
in sub-Saharan Africa.

3.5 Treatment

Uncomplicated P. knowlesi malaria seems to be
responsive to all schizonticidal antimalarial drugs
currently employed in clinical practice [1,7,23,
25,31,36,37]. Chloroquine at standard doses plus
primaquine (15 mg/base for 2 days) has been
shown to be effective in cohort studies [7,38].
The experience with the use of artemisinin
derivatives for the treatment of uncomplicated P.
knowlesi malaria is limited but shows a faster
parasite clearance [36]. It remains to be
determined what would be the best treatment to
be employed in case of severe P. knowlesi
malaria. In a non-randomized study, artesunate
was associated with faster parasite clearance
and a better outcome (17% case fatality rate
versus 31%) when compared to quinine [36]. P.
knowlesi infection can be treated using already
existing anti-malaria therapy [7,36,38].

3.6 Prevention and Control

Public health control may be challenging in areas
where zoonotic human malaria is endemic.
Insecticide treated nets (ITNs), indoor residual
spraying, and intermittent preventive treatment in
the reservoir population are likely to be less
effective than for typical forms of human malaria
because of its outdoor transmission potentials
[39]. Current indoor control measures for malaria
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do not prevent zoonotic transmission of malaria
by vectors that mainly feed in the forest [14,33].
Zoonotic P. knowlesi infection can continue to be
a problem for malaria control, and also poses a
significant threat to the renewed efforts aimed at
fully eradicating malaria [39]. Individuals at risk
and travelers to endemic areas are encouraged
to imbibe mosquito bite protection measures and
chemoprophylaxis as practiced for other types of
human malaria. Immediate diagnosis and
treatment if a fever develops within 3 months of
departure from a risk area may help in control
efforts.

3.7 Challenges in the
Plasmodium knowlesi

Diagnosis of
Infections

There are both clinical and laboratory challenges
in the diagnosis of P. knowlesi infections
especially in resource-limited settings in Africa.

Similar to other human malaria, P. knowlesi
infection presents with fever accompanied by
constitutional symptoms such as headache,
rigors, malaise, myalgia, abdominal pain and
breathlessness [22]. This poses a major
challenge to clinicians who are unable to
differentiate knowlesi malaria infection from other
human malaria on clinical grounds alone. This is
aside several other common causes of febrile
illnesses such as typhoid fever and viral
infections. However, cerebral involvement which
occurs in complicated falciparum malaria and
occasionally in severe vivax malaria has not yet

been reported in knowlesi malaria [25].
Moreover, just as in vivax and falciparum
malaria, knowlesi malaria also causes

thrombocytopenia [25,40,41].

Microscopic examination of thick and thin blood
smears in the laboratory fails to correctly identify
P. knowlesi because its early trophozoites
resemble the ring forms of P. falciparum, and its
later stages mimic those of P. malariae (Fig. 1)
[22]. This explains why P. knowlesi infection is
usually misidentified as P. falciparum and/or P.
malariae infection [22,42,43]. Microscopy is
considered as the gold standard malaria
investigation and can establish the diagnosis in
parasitemia of >50 parasites/yl. However,
researchers have now established that
microscopy alone cannot reliably distinguish P.
knowlesi from P. falciparum, P. malariae and P.
vivax [44,45]. The early trophozoites of P.
knowlesi have features such as double chromatin
dots, multiply-infected erythrocytes and appliqué
forms which are also found in that of P.

falciparum [44,46]. Late and mature trophozoites,
schizonts and mature gametocytes of P.
knowlesiare generally indistinguishable from
those of P. malariae. “Band form trophozoites,” a
characteristic feature of P. malariae is also seen
in P. knowlesi infection [44].

Rapid diagnostic immunochromatographic tests
(RDTs) detecting malarial antigens has become
widely used in most countries as an alternative to
microscopic differentiation of the Plasmodium
species [42]. Due to the predominance of vivax
and falciparum malaria, almost all of these RDTs
are designed to detect either or both of these

antigens in a single kit [42]. RDTs with
monoclonal antibodies against the P. vivax
specific  lactate  dehydrogenase  (pvLDH)

exclusively identify P. vivax while those against
histidine rich protein-2 or P. falciparum specific
lactate dehydrogenase (pfLDH) specifically
detect P. falciparum [42]. In addition to this,
certain RDTs also detect but not differentiate the
antigens of other Plasmodiumspecies using
monoclonal antibodies against pan-malarial
markers such as the pan-Plasmodium lactate
dehydrogenase (pLDH) or Plasmodium aldolase
(pALD) [42].

Introduction of RDTs have revolutionized the
diagnosis of human malaria. The advantages
range from being rapid, user friendly to its cost
effectiveness [47]. The RDTs have the capability
to detect parasitemia of >100 parasites/pl of the
four well-known Plasmodium species [47].
However, P. knowlesi specific RDTs are not
commercially available and the existing formats
of RDTs are found to perform suboptimally when
used in P. knowlesi endemic regions [48]. The
sensitivity of the pan malarial marker pALD, has
been found to be the lowest while detecting P.
knowlesi antigens when compared with the
detection of P. falciparum and P. vivax antigens.
The overall sensitivity of pALD for detecting P.
knowlesi is reported to be as low as 23%
[48,49,50]. P. knowlesi infections also pose a
hindrance in the specific diagnosis of P. vivax
and P. falciparum using RDTs. The protein
expression and characterization of the P.
knowlesi lactate dehydrogenase (pkLDH) has
demonstrated 96.8% homology to pvLDH and
over 90% homology to pfLDH [50]. This antigenic
similarity is held responsible for the cross
reactions observed in the P. vivax and P.
falciparum specific RDTs designed to detect the
parasite specific LDH [48,49]. This takes us back
to ’status quo’ with microscopy and the
challenges of diagnosing P. knowlesi infections
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Fig. 1. Morphologic forms of different types of Plasmodium with similar features as seen
during microscopic examination
This is an example of the challenge in species identification using microscopy. On the left are photos from thin
smears from a patient with a Plasmodium knowlesi infection after a visit to Malaysia. In the middle are thin
smears from patients with Plasmodium falciparum infection, and on the right are thin smears from patients with
Plasmodium malariae infection (Giemsa or May-Griinwald-Giemsa-staining; original magnification, x1000).
Adapted from Kantele et al. [22]

as different from the other known human

plasmodia infections.

Using recombinant deoxyribonucleic acid (DNA)
technology, researchers have developed a 34
kDa pkLDH and have proposed that it has a role
in RDTs for the specific diagnosis of P. knowlesi
[51]. However, due to the cross reactivity
exhibited among the LDH antigens of the
different Plasmodia, its potential use is also
guestionable. Subsequently, novel antigenic
targets with increased specificity in species
discrimination are being evaluated. Some of the
targets studied include the P. knowlesi merozoite
surface protein  (pkMSP1-[33]), P. knowlesi
merozoite surface protein-142 (pkMSP-142), P.
knowlesi 1Cys peroxiredoxin and the P. knowlesi
surface  protein  containing an  altered
thrombospondin repeat  domain [52-55].
However, these molecules too are not devoid of
inter-species cross reactivity and an ideal
antigenic target is yet to be identified [55].

Considering the unprecedented challenges in
microscopy and antigen detection tests,
molecular methods are currently the only reliable
option for the definitive diagnosis of P. knowlesi
malaria infections [7]. In fact, the very discovery
of human knowlesi malaria was made possible
only due to molecular techniques [7]. The 18S
small-subunit rRNA (ssu-rRNA), the
circumsporozoite surface protein gene, a nuclear
gene encoding a cysteine protease and the
cytochrome b gene are some of the targets
currently studied [14]. Among the
aforementioned targets, the genetic variations in
the 18S ssu-rRNA are the most studied and
widely used for the species discrimination of the
different Plasmodia [56-58].

Unfortunately, PCR techniques used for the
diagnosis of malaria that is not specifically
designed for detection of P. knowlesi fail to
detect it [37,59]. This parasite has been detected
only with P. knowlesi— specific PCR assays that
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use nested PCR [60], real-time PCR [61], or PCR
combined with sequencing [23]. The initial
molecular test deployed for the detection of P.
knowlesi was the conventional nested multiplex
PCR targeting the 18 S ssu-rRNA gene
developed by Singh et al. [7]. Although, nested
PCR is considered the “molecular gold standard”
in the diagnosis of malaria, it has various
drawbacks. As the technique involves five to six
separate  PCR reactions to detect the five
Plasmodium species, it requires a large number
of reagents and consumables and also involves
more handling and possible cross contamination.
Moreover, the assay is capital intensive,
cumbersome, time consuming, labor intensive
and not available in most African institutions [57].

Another consideration is the real time multiplex
PCR which have the advantages of rapidity,
direct quantification without post amplification
analysis and minimal cross contamination over
the conventional ones [62]. Currently, real time
PCR is one of the most advanced molecular
tests available for the combined detection of P.
knowlesi along with the other human Plasmodia
[62]. It can be introduced in any of the existing
platforms in previously equipped molecular
laboratories [62]. However, expensive reagents
and high installation costs are the major
drawbacks facing the introduction of these tests
in many laboratories [57]. These factors are even
more important in most parts of South East Asia
and Africa where resources are highly limited
[57]. Considering the limitations of conventional
nested PCR and the real time PCR techniques,
some researchers have developed a
straightforward single-step hexaplex PCR system
targeting the 18S ssu-rRNA of the five human
Plasmodia [56]. The procedure eliminates the
need of time consuming multiple rounds of
amplification as in nested multiplex PCR and the
necessity of expensive equipment and reagents
as with real time PCR [63].

Another molecular method that has been
considered for P. knowlesi diagnosis is the Loop
mediated isothermal amplification (LAMP)
[64,65]. This molecular method rapidly amplifies
nucleic acids at a constant temperature [64,65].
The technique has certain advantages over the
PCR such as rapidity, minimal user training and
lower installation cost as it does not require a
thermal cycler [64]. These assaysare capable of
detecting extremely low level parasitemia, can be
performed directly on the blood sample and are
claimed to be 10-100 times more sensitive than
the currently available PCR formats [65].

Because P. knowlesi malaria is life threatening
and difficult to diagnose in the laboratory, this
parasite should always be suspected in cases in
which microscopic examination suggests P.
malariae or a recent history of woods/forest
visitation or travel to South East Asia.

3.8 Plasmodium knowlesi as Cause of
Human Malaria in Africa

As of the time of this review, P. knowlesi
infections have been reported only from
Indonesia, Thailand, @ Myanmar, Malaysia
(peninsular and Borneo), Singapore, Cambodia,
Vietnam, Brunei, the Palawan Island in the
Philippines and the Nicobar and Andaman
Islands [1,3,17-19,22-24]. There have been
imported cases from South East Asia to many
other countries [25,26]. There are no known
cases of P. knowlesi in Africa. This may be
because there are no long-tailed and pig-tailed
macaques (the reservoir hosts of P. knowlesi) in
Africa or that it is possibly being misdiagnosed as
other forms of malaria or other febrile illnesses.
In the light of these uncertainties, the question is:
Is Africa really devoid of P. knowlesi?

Interestingly, similar to P. vivax, P. knowlesi uses
the Duffy blood group antigen as a receptor to
invade human erythrocytes as they both share
close phylogenetic relationships [66-68]. Many
West Africans lack the Duffy antigen - a protein
on the surface of the red blood cell [69].
However, the paradigm that erythrocytes of Duffy
negative individuals are always refractory to P.
vivax infection has been recently challenged by
reports from East and Central Africa [69,70] and
the Brazilian Amazon [71]. Therefore, it is
presently unknown if P. knowlesi may have
started exploiting alternative invasion
mechanisms. It has been previously shown that
P. knowlesi merozoites are able to interact with
Duffy negative human erythrocytes and that
apical orientation take place normally but
invasion is aborted since a junction does not
develop [72]. In 1975, Miller and his colleagues
showed that P. knowlesi merozoites would not
invade Duffy negative human erythrocytes as
they did successfully in Duffy positive cells. In
1976, these  researchers proved the
refractoriness of P. vivax in Duffy negative black
patients [73,74]. More studies are required to
evaluate the possibilities of P. knowlesi invading
Duffy negative erythrocytes. The Duffy antigen
absence is only amongst blacks of West African
descent. It does not explain the absence of P.
knowlesi infection amongst other Africans who
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possess the Duffy antigen nor does it explain the
absence of infections in Northern Africa where
we have individuals of Arabian descent or in
Southern Africa where we have numerous
Caucasians and Asians.

The presence and adaptability of the macaque
reservoir is another factor to be considered in the
absence of P. knowlesi in Africa. The absence of
the reservoir Macaque monkeys in Africa may be
a plausible explanation for this phenomenon.
This only means that we still have tremendous
risk of knowlesi malaria infection in Africa when
these monkeys migrate to Africa or are imported
into Africa as pets or as zoo animals. The Zika
and Ebola experiences which started as a result
of close proximity of man and vectors in certain
environments only means that the possibility of
cross transmission of knowlesi malaria infection
is real. Studies already show that the Anopheles
vectors of P. knowlesi are present in our
environment [19]. Therefore, we must all be on
the lookout with a high index of suspicion as the
African environment can support the existence
and transmission of the malaria parasite P.
knowlesi.

3.9Impact of International Travel on
Plasmodium knowlesi Infection

International travel has made the world a global
vilage. One can hop on an airplane from
Malaysia at dusk and be in Nigeria at dawn. The
first reported case of P. knowlesi infection was in
a traveler from Malaysia in 1965 [3]. The next
case was reported years later in a Finnish man
who was infected during a four week visit to
Peninsular Malaysia, where he stayed in a jungle
area for 5 days [23]. Many more cases of P.
knowlesi have been reported as a result of the
increased frequency of international travel. The
Finnish traveller did not take any malaria
prophylaxis, and his illness was initially
misdiagnosed by microscopy as co-infection due
to P. falciparum and P. malariae [23]. This and
the other cases were only confirmed using PCR
and genetic sequencing.

Two cases have been reported from non-
endemic countries in Asia (Japan and Taiwan) in
people with a history of travel to Malaysia and
the Philippines [23]. As of the time of this review,
twelve cases were imported to their home
countries by travelers from other continents: two
cases reported from the USA [22], two from the
Netherlands, two from Germany, and one each
from Spain, France, Sweden, Finland, Australia,

and New Zealand. In most cases, the infection
was associated with a trip to or near forested
areas. The common symptoms exhibited by the
patients who imported these cases were fever
(n=12), headache (n=6), chills (n=6), nausea
(n=4), myalgia (n=3) and back pain (n=3). All
these are symptoms of almost any febrile illness
and these patients were initially misdiagnosed as
having any other febrile illness but knowlesi
malaria infection.

P. knowlesi appears to be a threat not only to the
local population in Malaysia, but also to the
estimated 25 million annual tourists [73],
students and occupational travelers to Malaysia,
especially those who visit rural, forested areas of
the country many of whom are from Africa.
Therefore, the P. knowlesi risk is not limited to
Malaysia. Travelers from South East Asia
presenting with any febrile illness should be
considered for a diagnostic work-up that includes
P. knowlesi. This includes both foreigners and
Africans returning from South East Asia.

4. CONCLUSION

Currently, human P. knowlesi infections have so
far been limited to South East Asian countries
except for a few cases imported into other
countries by travelers. As knowlesi malaria has a
greater risk in development of complications than
falciparum malaria, an accurate and timely
diagnosis can be lifesaving. Consequently,
Africans need to be educated that there may be
a fifth human malaria parasite and there is a
need to challenge our scientists, researchers and
clinicians to search for this parasite and study its
infectivity. The possibility of transmission of P.
knowlesi in tourist sites is well documented and
can easily spread through international travel. In
Africa, clinicians may have to consider this
diagnosis in patients who had visited and stayed
in forested areas of Southeast Asia. A confirmed
diagnosis of P. knowlesi malaria requires the use
of specific molecular facilities which are lacking
in many African institutions. In the light of the
above conclusions, screening of African captive
or forest monkeys for the presence of P.
knowlesi should be looked into, equally, an
experimental demonstration of knowlesi malaria
in African monkey species should be considered.
We also propose a review of malaria diagnostic
protocols to include knowlesi malaria. In addition,
adequate training of clinicians and laboratory
workers on case identification, diagnostic
microscopy and specific P. knowlesi PCR
technigues should henceforth take priority.



Onyedibe et al.; IJTDH, 19(4): 1-12, 2016; Article no.lIJTDH.29180

ACKNOWLEDGEMENT

We acknowledge with thanks the contributions of
Professors CSS Bello, El Ikeh and EB Banwat in
the preparation of this manuscript.

CONSENT

It is not applicable.
ETHICAL APPROVAL

It is not applicable.
COMPETING INTERESTS

Authors have declared that no competing
interests exist.

REFERENCES

1. Cox-Singh J, Davis TM, Lee KS, Shamsul
SS, Matusop A, Ratham S, et al
Plasmodium knowlesi malaria in humans is
widely distributed and potentially life-
threatening. Clin. Infect. Dis. 2008;46(2):
165-171.

2. Sutherland CJ, Tanomsing N, Nolder D,
Oguike M, Jennison C, Pukrittayakamee S,
Dolecek C, Hien TT, Do Rosério VE, Arez
AP, Pinto J. Two nonrecombining
sympatric forms of the human malaria
parasite Plasmodium ovale occur globally.
Journal of Infectious Diseases. 2010;
201(10):1544-50.

3. Chin W, Contacos PG, Coatney RG,
Kimbal HR. A naturally acquired quotidian-
type malaria in man transferable to
monkeys. Science. 1965;149(3686):865.

4. Jongwutiwes S, Putaporntip C, lwasaki T,
Sata T, Kanbara H. Naturally acquired
Plasmodium knowlesi malaria in human,
Thailand. Emerg. Infect. Dis. 2004;
10:2211-2213.

5. Imported malaria cases, Deaths, United
Kingdom: 1990-2009. Vol 2010: Health
Protection Agency; 2010.
Available:http://www.hpa.org.uk/Topics/Inf
ectiousDiseases/InfectionsAZ/Malaria/Epid
emiologicalData/
malaEpil0CasesandDeaths/

(Accessed 16 March 2015).

6. Fong YL, Cadigan FC, Coatney GR. A
presumptive case of naturally occurring
Plasmodium knowlesi malaria in man in

10.

11.

12.

13.

14,

15.

16.

17.

Malaysia. Trans. R. Soc. Trop. Med. Hyg.
1971;65:839-840.

Singh B, Sung LK, Matusop A,
Radhakrishnan A, Shamsul SS, Cox-Singh
J, et al. A large focus of naturally acquired
Plasmodium knowlesi infections in human
beings. Lancet. 2004;363:1017-1024.

Franchini G. Su di un plasmodio
pigmentato di una scimmia. Archivio
Italiano di Scienze Mediche Coloniali.
1927;8:187-190.

Lee KS, Cox-Singh J, Brooke G, Matusop
A, Singh B. Plasmodium knowlesi from
archival blood films: further evidence that
human infections are widely distributed
and not newly emergent in Malaysian
Borneo. Int. J. Parasitol. 2009;39:1125—-
1128.

Knowles R, Das Gupta BM. A study of
monkey-malaria and its experimental
transmission to man. Indian Med. Gaz.
1932;67:301-320.

Sinton JA, Mulligan HW. A critical review
of the literature relating to the identification
of the malaria parasites recorded from
monkeys of the families Cercopithecidae
and Colobidae. Rec. Mal. Surv. India.
1933;111:381-443.

Napier IE, Campbell HGM. Observations
on a Plasmodium infection which causes
haemoglobinuria in certain species of
monkey. Indian Med. Gaz. 1932;67:151—
160.

Chin W, Contacos PG, Collins WE, Jeter
MH, Alpert E. Experimental mosquito-
transmission of Plasmodium knowlesi to
man and monkey. Am. J. Trop. Med. Hyg.
1968;17:355-358.

Vythilingam |, Noorazian YM, Huat TC,
Jiram Al, Yusri YM, Azahari AH, et al.
Plasmodium knowlesi in humans,
macaques and mosquitoes in peninsular
Malaysia. Parasit. Vectors. 2008;1(1):26.
DOI: 10.1186/1756-3305-1-26

Garnham PCC. A new sub-species of
Plasmodium knowlesi in the long-tailed
macaque. J. Trop. Med. Hyg. 1963;
66:156-158.

Ng OT, Ooi EE, Lee CC, Lee PJ, Ng LC,
Pei SW, et al. Naturally acquired human
Plasmodium knowlesi infection, Singapore.
Emerg. Infect. Dis. 2008;14(5):814-816.

Jeslyn WP, Huat TC, Vernon L, Irene LM,
Sung LK, Jarrod LP, et al. Molecular
epidemiological investigation of



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Onyedibe et al.; IJTDH, 19(4): 1-12, 2016; Article no.lIJTDH.29180

Plasmodium knowlesi in humans and
macaques in Singapore. Vector-Borne and
Zoonotic Dis. 2011;11:131-135.

Khim N, Siv S, Kim S, Mueller T,
Fleischmann E, Singh B, et al
Plasmodium knowlesi infection in Humans,
Cambodia, 2007-2010. Emerg. Infect. Dis.
2011;17:1900-1902.

Jongwutiwes S, Buppan P, Kosuvin R,
Seethamchai S, Pattanawong U,
Sirichaisinthop J, et al. Plasmodium
knowlesi malaria in humans and
macaques, Thailand. Emerg. Infect. Dis.
2011;17(10):1799-1806.

Onyido AE, Ozumba NA, Ezike VI,
Chukwuekezie OC, Nwosu EO. Mosquito
fauna of a tropical museum and zoological
garden complex. Animal Res. Int. 2008;
5(2):852-858.

Jeremiah S, Janagond AB, Parija SC.
Challenges in diagnosis of Plasmodium
knowlesi infections. Trop. Parasitol. 2014;
4(1):25-30.

DOI: 10.4103/2229-5070.129156

Kantele A, Jokiranta TS. Review of cases
with the emerging fifth human malaria
parasite, Plasmodium knowlesi. Clin.
Infect. Dis. 2011;52:1356-1362.

Kantele A, Marti H, Felger |, Muller D,
Jokiranta S. Monkey malaria in a
European traveler returning from Malaysia.
Emerg. Infect. Dis. 2008;14:1434-1436.
Centers for Disease Control and
Prevention. Simian malaria in a US.
traveler—New York, 2008. MMWR Morb.
Mortal. Wkly. Rep. 2009;58:229-232.
Daneshwar C, Davis TME, Cox-Singh J,
Rafa’ee M, Zakaria S, Divis P, et al.
Clinical and laboratory features of human
Plasmodium knowlesi infection. Clin.
Infect. Dis. 2009;49:852—-860.

Van Hellemond JJ, Rutten M, Koelewijn R,
Zeeman AM, Verweij JJ, Wissman PJ, et
al. Human Plasmodium knowlesi infection
detected by rapid diagnostic tests for
malaria. Emerg. Infect. Dis. 2009;
15:1478-1480.

Bronner U, Divis PCS, Farnert A, Singh B.
Swedish  traveller with  Plasmodium
knowlesi after visiting Malaysian Borneo: A
case report. Malar. J. 2009;8:15.

DOI: 10.1186/1475-2875-8-15

Ong CWM, Lee SY, Koh WH, Ooi EE,
Tambyah PA. Monkey malaria in humans:
A diagnostic dilemma with conflicting

10

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

laboratory data. Am. J. Trop. Med. Hyg.
2009;80:927-928.

Cox-Singh J, Hiu J, Lucas SB, Divis PC,
Zulkarnaen M, Chandran P, et al. Severe
malaria-a case of fatal Plasmodium
knowlesi infection with  post-mortem
findings: A case report. Malar. J. 2010;
9(1):10.

Tang T-HT, Salas A, Ali-Tammam M,
Martinez MC, Lanza M, Arroyo E, et al.
First case of detection of Plasmodium
knowlesi in Spain by real time PCR in a
traveller from Southeast Asia. Malar. J.
2010;9:219.

DOI: 10.1186/1475-2875-9-219

Hoosen A, Shaw MTM. Plasmodium
knowlesi in a traveller returning to New
Zealand. Travel Med. Infect. Dis. 2011;
9:144-148.

Link L, Bart A, Verhaar N, van Gool T,
Pronk M, Scharnhorst V, et al. Molecular
Detection of Plasmodium knowlesi in a
Dutch Traveler by rest-time PCR. J. Clin.
Microbiol. 2012;50:2523-2524.

Cox-Singh J, Singh B. Knowlesi malaria:
Newly emergent and of public health
importance? Trends Parasitol. 2008;
24:406-410.

Galinski MR, Barnwell JW. Monkey malaria
kills four humans. Trends Parasitol. 2009;
25:200-204.

Van den Eede P, Van HN, Van Overmeir
C, Vythilingam I, Duc TN, Hung LX, et al.
Human Plasmodium knowlesi infections in
young children in central Vietham. Malar.
J. 2009;8:249.

DOI: 10.1186/1475-2875-8-249

William T, Menon J, Rajahram G, Chan L,
Ma G, Donaldson S, et al. Severe
Plasmodium knowlesi malaria in a tertiary
care hospital, Sabah, Malaysia. Emerg.
Infect. Dis. 2011;17:1248-1255.

Figtree M, Lee R, Bain L, Kennedy T,
Mackertich S, Urban M, et al. Plasmodium
knowlesi in human, Indonesian Borneo.
Emerg. Infect. Dis. 2010;16:672—-674.
Daneshwar C, Davis TME, Cox-Singh J,
Rafa’'ee M, Zakaria S, Divis PC, et al.
Clinical and parasitological response to
oral chloroquine and primaquine in
uncomplicated human Plasmodium
knowlesi infections. Malar. J. 2010;9:238.
Lee KS, Divis PC, Zakaria SK, Matusop A,
Julin RA, Conway DJ, et al. Plasmodium
knowlesi: Reservoir hosts and tracking the
emergence in humans and macaques. In



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Onyedibe et al.; IJTDH, 19(4): 1-12, 2016; Article no.lIJTDH.29180

Kazura, James W. PLoS Pathog. 2011;
7(4):1002015.

DOI: 10.1371/journal.ppat.1002015
Lacerda MV, Mourdao MP, Coelho HC,
Santos JB. Thrombocytopenia in malaria:
Who cares? Memoirs Inst Oswaldo Cruz.
2011;106(1):52-63.

Mohapatra S, Samantaray JC, Arulselvi S,
Ghosh A. Disseminated intravascular
coagulation following malaria due to
Plasmodium vivax: A
thromboelastography-based study. Malar.
J. 2013;12:336.

Wilson ML. Malaria rapid diagnostic tests.
Clin. Infect. Dis. 2012;54:1637-1641.
Singh B, Daneshwar C. Human infections
and detection of Plasmodium knowlesi.
Clin. Microbiol. Rev. 2013;26:165—-184.

Lee KS, Cox-Singh J, Singh B.
Morphological features and differential
counts of Plasmodium knowlesi parasites
in naturally acquired human infections.
Malar. J. 2009;8:73.

DOI: 10.1186/1475-2875-8-73

Barber BE, William T, Grigg MJ, Yeo TW,
Anstey NM. Limitations of microscopy to
differentiate Plasmodium species in a
region co-endemic for  Plasmodium
falciparum, Plasmodium vivax and
Plasmodium knowlesi. Malar. J. 2013;
12:18.

Coatney GR, Collins WE, Warren M,
Contacos PG. Plasmodium knowlesi. In:
Coatney, G.R., Collins, W.E., Warren, M.,
Contacos, P.G. (Eds.), The primate
malaria. US Government Printing Office,
Washington, DC, 1971;317-331.

Moody A. Rapid diagnostic tests for
malaria parasites. Clin. Microbiol. Rev.
2002;15:66-78.

Kawai S, Hirai M, Haruki K, Tanabe K,
Chigusa Y. Cross-reactivity in rapid
diagnostic tests between human malaria
and zoonotic simian malaria parasite
Plasmodium knowlesi infections. Parasitol.
Int. 2009;58:300-302.

Barber BE, William T, Grigg MJ, Piera K,
Yeo TW, Anstey NM, et al. Evaluation of
the sensitivity of a pLDH-based and an
aldolase-based rapid diagnostic test for
diagnosis of uncomplicated and severe
malaria caused by PCR-confirmed
Plasmodium knowlesi, Plasmodium
falciparum, and Plasmodium vivax. J. Clin.
Microbiol. 2013;51:1118-1123.

Kim JY, Kim HH, Shin HL, Sohn Y, Kim H,
Lee SW, et al. Genetic variation of

11

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

aldolase from Korean isolates of
Plasmodium vivax and its usefulness in
serodiagnosis. Malar. J. 2012;11:159.
Singh V, Kaushal DC, Rathaur S, Kumar
N, Kaushal NA. Cloning, over-expression,
purification and  characterization  of
Plasmodium knowlesi lactate
dehydrogenase. Protein Expression and
Purification. 2012;84:195-203.

Cheong FW, Fong MY, Lau YL, Mahmud
R. Immunogenicity of bacterial-expressed
recombinant Plasmodium knowlesi
merozoite surface protein-142 (MSP-142)
Malar. J. 2013;12:454.

Cheong FW, Lau YL, Fong MY, Mahmud
R. Evaluation of recombinant Plasmodium
knowlesi merozoite surface protein-1 (33)
for detection of human malaria. Am. J.
Trop. Med. Hyg. 2013;88:835-840.

Hakimi H, Nguyen TT, Suganuma K,
Masuda-Suganuma H, Angeles JM, Inoue
N, et al. Development of monoclonal
antibodies that target 1-Cys peroxiredoxin
and differentiate Plasmodium falciparum
from P. vivax and P. knowlesi. Trop. Med
Health. 2013;41:55-59.

Palaeya V, Lau YL, Mahmud R, Chen Y,
Fong MY. Cloning, expression, and
immunocharacterization of surface protein
containing an altered thrombospondin
repeat domain (SPATR) from Plasmodium
knowlesi. Malar. J. 2013;12:182.

Lucchi NW, Oberstaller J, Kissinger JC,
Udhayakumar V. Malaria diagnostics and
surveillance in the post-genomic era. Pub,
Health Genomics. 2013;16:37-43.

Chew CH, Lim YA, Lee PC, Mahmud R,
Chua KH. Hexaplex PCR detection system
for identification of five human Plasmodium
species with an internal control. J. Clin.
Microbiol. 2012;50:4012-4019.

Calderaro A, Piccolo G, Gorrini C, Rossi S,
Montecchini S, DellAnna ML, et al
Accurate identification of the six human
Plasmodium  spp. causing imported
malaria, including Plasmodium ovale
wallikeri and Plasmodium knowlesi. Malar.
J. 2013;12:321.

Tang T-HT, Salas A, Ali-Tammam M. First
case of detection of Plasmodium knowlesi
in Spain by real time PCR in a traveller
from Southeast Asia. Malar. J. 2010;
9:2109.

Putaporntip C, Hongsrimuang T,
Seethamchai S, Kobasa T, Limkittikul K.
Cui L, et al. Differential prevalence of
Plasmodium infections and  cryptic



61.

62.

63.

64.

65.

66.

67.

68.

Onyedibe et al.; IJTDH, 19(4): 1-12, 2016; Article no.lIJTDH.29180

Plasmodium knowlesi malaria in humans in
Thailand. J. Infect. Dis. 2009;199:1143-
1150.

Babady NE, Sloan LM, Rosenblatt JE, Pritt
BS. Detection of Plasmodium knowlesi by
real-time polymerase chain reaction. Am.
J. Trop. Med. Hyg. 2009;81:516-518.

Divis PCS, Shokoples SE, Singh B, Yanow
SK. A TagMan real-time PCR assay for the
detection and quantitation of Plasmodium
knowlesi. Malar. J. 2010;9:344.

Goh XT, Lim YA, Vythilingam |, Chew CH,
Lee PC, Ngui R, et al. Increased detection
of Plasmodium knowlesi in Sandakan
division, Sabah as revealed by
PlasmoNex™. Malar. J. 2013;12:264.
Abdul-Ghani R., Al-Mekhlafi AM, Karanis
P. Loop-mediated isothermal amplification
(LAMP) for malarial parasites of humans:
Would it come to clinical reality as a point-
of-care test? Acta Tropica. 2012;122:233—
240.

Lau YL, Fong MY, Mahmud R, Chang PY,
Palaeya V, Cheong FW, et al. Specific,
sensitive and rapid detection of human
Plasmodium knowlesi infection by loop-
mediated isothermal amplification (LAMP)
in blood samples. Malar. J. 2011;10:197.
White NJ. Plasmodium knowlesi: The fifth
human malaria parasite. Clin. Infect. Dis.
2008;46:172-173.

Singh AP, Ozwara H, Kocken CHM, Puri
SK, Thomas AW, Chitnis CE, et al
Targeted deletion of Plasmodium knowlesi
Duffy binding protein confirms its role in
junction formation during invasion. Mol.
Microbiol. 2005;55:1925-1934.

Singh SK, Singh AP, Pandey S, Yazdani
SS, Chitnis CE, Sharma A, et al. Definition

69.

70.

71.

72.

73.

74.

of structural elements in Plasmodium vivax
and P. knowlesi Duffy-binding domains
necessary for erythrocyte invasion.
Biochem. J. 2003;374:193-198.

Ryan JR, Stoute JA, Amon J, Dunton RF,
Mtalib R, Koros J, et al. Evidence for
transmission of Plasmodium vivax among
a Duffy antigen negative population in
Western Kenya. Am. J. Trop. Med. Hyg.
2006;75(4):575-581.

Ngassa Mbenda HG, Das A. Molecular
Evidence of Plasmodium vivax Mono and
Mixed Malaria Parasite Infections in Duffy-
Negative Native Cameroonians. PL0S
ONE, 2014;9(8):€103262.

DOI: 10.1371/journal.pone.0103262
Cavasini CE, Mattos LC, Couto AA,
Bonini-Domingos CR, Valencia SH, Neiras
WC, et al. Plasmodium vivax infection
among Duffy antigen-negative individuals
from the Brazilian Amazon region: An
exception? Trans. R. Soc. Trop. Med. Hyg.
2007; 101:1042-1044.

Miller RH, Mason SJ, Clyde DF, McGinnis
MH. The resistance factor to Plasmodium
vivax in blacks: Duffy blood group
genotype, FyFy. N. Engl. J. Med. 1976;
295:302-304.

Miller RH, Mason SJ, Dvorak JA, McGinnis
MH, Rothman IK. Erythrocyte receptors for
Plasmodium knowlesi malaria: The Duffy
blood group determinants. Science. 1975;
1:55-63.

Annual reports for tourism in Malaysia,;
2014,

Available:www.tourism.gov.my

(Accessed online on 25" August 2016.
Last updated 01 July 2016).

© 2016 Onyedibe et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://sciencedomain.org/review-history/16558

12



