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Malaria, one of the deadliest diseases in human history, still infects many people worldwide. Among the species of the genus
Plasmodium, P. vivax is commonly found in temperate-zone countries including South Korea. In this article, we first review the
history of malarial infection in Korea by means of studies on Joseon documents and the related scientific data on the evolutionary
history of P. vivax in Asia. According to the historical records, malarial infection was not unusual in pre-20th-century Korean
society. We also found that certain behaviors of the Joseon people might have affected the host-vector-pathogen relationship, which
could explain why malarial infection prevalence was so high in Korea at that time. In our review of genetic studies on P, vivax, we
identified substantial geographic differentiation among continents and even between neighboring countries. Based on these, we
were able to formulate a strategy for future analysis of ancient Plasmodium strains in Korea.

1. Introduction

Globally, malaria is the fifth deadliest disease, infecting
approximately 200 million people worldwide [1-3]. Malarial
infection is mediated by the arthropod vector Anopheles
mosquito. The Plasmodium parasite has a complex life-cycle
of sexual reproduction inside the mosquito vector and asex-
ual stage in the vertebrate host. In brief, malarial sporozoites
are inoculated into human hosts when a mosquito bites them
[4]. After a dormant phase, they differentiate into merozoites
for release into the bloodstream, upon which they invade
erythrocytes (the beginning of asexual multiplication). The
bursting of infected red blood cells (RBCs) by merozoite
multiplication is responsible for the typical malarial fever [4].
Some of the merozoites then develop into gametocytes, which
are taken up by a female mosquito [4]. Sexual reproduction in
the anopheline mosquito is followed by sporozoite migration
into the salivary gland, from which they are inoculated into a
vertebral host, thus beginning a new cycle of malarial infec-
tion [4].

In general, five species of genus Plasmodium are known
to cause malaria: P. falciparum, P. vivax, P. malariae, P. ovale,
and P. knowlesi [5]. Recent malaria outbreak in Brazil has
also been traced to new zoonotic transmission of P. simium
from monkey [6]. Among them, P. vivax and P. falciparum are
the most commonly detected causative pathogens of human
malaria. Clinical manifestations of uncomplicated malaria
are nonspecific: headache, fever, malaise, myalgia, nausea,
vomiting, and abdominal pain. Rare cases of malaria show
severe manifestations including anemia, thrombocytopenia,
pulmonary edema, renal failure, hepatic dysfunction, and
splenic rupture [7].

Although malarial species share typical signs and symp-
toms such as undulating intermittent fever, they also have dif-
ferent traits depending on each subtype. P. falciparum’s symp-
toms are serious enough to show the highest mortality rate
whereas P. vivax, P. malariae, and P. ovale exhibit generally
nonfatal clinical courses [5]. The geographical distribution of
each Plasmodia subtype differs as well. P. falciparum is more
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prevalent in tropical or subtropical zones including Sub-
Saharan areas but relatively absent in temperate countries [8].
Meanwhile, P. vivax generally infects human populations in
temperate and tropical zones but is not so prevalent in Sub-
Saharan Africa [1, 3, 9]. P. vivax malaria was endemic even
in some high latitude countries (Finland and Russia, etc.) at
certain points in history [4, 10, 11].

As malaria historically has been, and continues to be, one
of the most serious diseases, it has attracted the attention of
many paleopathologists. Studies on ancient malarial infection
have been conducted by various methods such as osteoar-
chaeological and biomedical approaches [12]. As chronic-
stage vivax malaria was generally known to induce anemia,
turther causing porotic hyperostosis (PO) or cribra orbitalia
(CO) in the cranium [10], anthropologists have searched for
the presence of PO or CO in skeletal remains as indirect
evidences of malarial infection [5, 12-15]. Nevertheless, PO
or CO has clear limitations with respect to its application to
the study of ancient malaria because Plasmodium infection is
not the only cause of them [12, 16]. Other pathologies such
as inherited hemolytic anemia, scurvy, or malignancies are
also known to induce the same skeletal changes of PO or CO
(5,12].

In recent years, the paleopathological study of malaria has
been revolutionized by successful applications of immuno-
logical and ancient DNA (aDNA) analyses to archaeological
specimens. To detect malaria-related proteins, researchers
performed the dipstick assay or new-generation immunoas-
says on ancient mummies[17-19] or skeletons [20, 21]. The
immunological assay became an effective screening method
to secure the evidence of ancient malarial infection [5]. Also,
Plasmodium aDNAs reportedly have been obtained from
Egyptian mummies [2, 22-24], an infant skeleton dating to
ancient Rome [25], 15th-to-19th-century infant of Bavaria
[26], and 1st-to-2nd-century adult skeletons of Italy [27].
As a paleopathological tool, aDNA analysis is useful for
confirming the presence of malarial genomes remnant in
archaeological specimens as well as for revealing the origin
and dispersal of the protozoan parasite in evolutionary
history [28].

Although immunological and molecular analyses have
become more reliable tools for the study of ancient malaria,
the data obtained to date are not sufficient in terms of
quantity and quality [16]. Moreover, since previous studies
have focused mainly on ancient Egyptian, Roman, and
Renaissance European remains thus far [5], such information
as has been obtained from malaria aDNA reflects a serious
geographical bias. Extensive geographic sampling is thus
necessary in order to understand the demographic history of
malaria much more comprehensively and clearly [4, 29-31].
Like the other continents, Asia is also a region where malaria
has historically been epidemic and endemic. In several Asian
countries, many people continue to have suffered from and
even died of Plasmodium infection. Nonetheless, most of the
requisite paleopathology still remains to be revealed in Asia
as few medical studies on the ancient malaria have been
reported in the area. Herein, then, we offer this historical
review as a fundamental basis for future research of ancient
malaria infection in Korea and other Asian countries.
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2. Origin and Dispersal of Vivax
Malaria Parasite

Parasitologists have speculated that human malaria might
have been transmitted from nonhuman primates by a host-
switch event [11]. Initially, they presumed that P. falciparum
was transmitted from chimpanzees and gorillas in Africa [18]
while P. vivax originated from another nonhuman primate,
possibly macaques, in Southeast Asia [4, 32, 33]. However,
this hypothesis is seriously challenged nowadays by the
genetic analysis of malaria worldwide. Alternatively, a recent
study revealed that both P. falciparum and P. vivax originated
in Africa and that P vivax transmission to human beings
might have occurred much earlier than P, falciparum did by a
host switch [34].

According to the estimated time to most recent common
ancestor (TMRCA), the ancestor of the extant P. vivax popu-
lations existed between 50 and 550 ka before the present [3].
In a demographic history inferred from the P. vivax genome
analysis, the global population size of vivax malaria might
have expanded slowly until about 60 ka BP, which is closely
consistent with the demographic history of mankind [3, 35].
Once the divergence of African and Eurasian P. vivax popu-
lations occurred at about 51 ka BP, the latter appears to have
undergone a rapid exponential increase in population size
[3,35]. Among Eurasian vivax malarias, the East Asian variety
might have experienced a distinct pattern of population
growth [3]. The population of East Asian variety might have
been relatively stable in its expansion until approximately
10,000 years BP [36, 37]. It then began to increase rapidly
once rice and millet started to be domesticated in the area
and sustained such increase, without tapering off, until the
present [3]. The inferred hypothesis is suggestive of the
detailed evolutionary history of vivax malaria in East Asia [3].

In the phylogenetic tree of P vivax worldwide, two
divergent groups were identified: a large star-like cluster
and a divergent cluster [3]. The latter was composed of two
subclades with different geographical distributions: “Asia a”
of Central China and “Asia b” of China, Korea, and Indonesia.
The divergent East Asian P. vivax lineage was connected to
the large star-like cluster by a group of haplotypes found in
Southeast Asia [3]. Based on the phylogenetic analysis, East
Asian P. vivax might have been split from all other vivax
malaria and developed a distinct demographic history for at
least 121ka [3]. Meanwhile, mutations of P. vivax-resistant
RBCs (Dufty-negative phenotype) occurred in Sub-Saharan
peoples [38]. Due to the mutations, vivax malaria disappeared
completely from the area until the reintroduction of P. vivax
to East Africa by sea-going traders from Asia [39].

3. History of Malaria Infection in Korea

The historical record is important for understanding the
pattern of malarial infection in ancient civilizations[27].
In the classical period of Greece, Hippocrates famously
described the typical undulating fever, a very suggestive sign
of malarial infection [5, 39]. Historians believed that malaria
became hyperendemic in Europe by its spread around the
Mediterranean area, next along the riverbanks of the Rhine,
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Danube, and Rhone and then further to Northern Europe,
while accommodating to colder climatic conditions in those
areas [40]. Historical studies have shown that malaria became
remarkably prevalent in the marshy areas of Northern Europe
in the Early Middle Ages [5, 40, 41]. By the Later Middle
to Early Modern Ages, except for Iceland, plenty of reports
on malaria were available from every corner of Europe
(including the North Sea, Germany, Anglo-Saxon England,
and even Scandinavian countries) [40, 42, 43]. In a sense,
malaria appears to have been a much more serious disease
than even the Plague [40, 44].

Malaria must have been endemic in East Asia from
ancient times as well, as descriptions about malaria-like
symptoms can be seen in Chinese historical records [45].
Although Korea had been in close interaction with China
from earliest times, in Korean history, the first recorded case
of malaria occurred only in the Goryeo Dynasty (918-1392
CE) [46]. In a 14th-century record, a Joseon Kings mother
(Joseon Dynasty: 1392-1910 CE) was seriously infected with
malaria and eventually died of it [47]. Over the following cen-
turies, a wealth of records on the typical signs and symptoms
of malarial infection (intermittent fever, repeated every third
day) can be found in the Korean historical literature [47]. As
most malarial infection in modern Korea has been revealed
to have been caused by P, vivax [48], the Joseon people might
have suffered from the same Plasmodium subtype. Notwith-
standing the benign traits of P. vivax, relapsed infection typ-
ically might have exhausted people, often eventually killing
them, as seen in similar clinical reports today [3, 49-53].

Before the first modern medical record on malaria in
Korea (1886), prevalences of malarial infection could not be
reliably calculated. In the First Annual Report of the Korean
Government Hospital, Seoul, Dr. Horace Newton Allen
described “endemic intermittent fever” (possibly malaria) as
the most commonly observed sign among Korean patients
who visited his hospital [54, 55]. According to him, in the late
19th century, hyperendemic malaria posed a serious threat
to Koreans throughout the entire Joseon Kingdom. How,
exactly, did malaria show such a high infection prevalence
in Joseon society? In general, wetlands such as scattered
swamps, bogs, and river valleys have been important habitats
for anopheline mosquito breeding. As wetlands were dis-
tributed widely in Korea at that time, they must have been
integral to the high malarial transmission rates [34, 40, 56—
63].

In malariology, however, the waxing and waning of
malarial infection in a specific area cannot be explained so
simply. In addition to wetlands, environmental alteration or
degradation due to human activity also has a great influence
on the density and activity of mosquito populations and,
further, on the prevalence of malaria itself[64-66]. Table 1
summarizes the anthropogenic causes of malaria currently
recognized by scholars. As is apparent, people’s efforts to
exploit environments often induce outbreaks of malaria [40,
60, 64, 67]. Indeed, agricultural development and malaria
are highly correlated in human history [60, 68-72]. The
expansion of irrigation facilities, the reclamation of wetlands,
economic specialization in agriculture, the simplification of
crop types, enlargements of rice paddies, high population

densities, deforestation, and still other malaria-inducing
factors have been commonly cited (Table 1).

We do not yet know whether the close relationship
between environmental change by agriculture and malarial
infection is a universal phenomenon beyond certain temporal
and spatial limits. In a recent cross-national analysis, how-
ever, correlations among anthropogenic activity, mosquito
population sizes, and malaria rates were seen to have been
common in many parts of the world [64]. The findings of
Table 1 can thus be applied to our conjecture about Joseon
society’s vulnerability to malarial infection. In our careful
examination of the Joseon records, we found many similar
malarial-infection-facilitating situations to those noted in
Table 1. The situations in Joseon society are summarized in
Table 2.

In brief, the 15th to 19th centuries in Korean history were
a turbulent and dynamic period during which the Joseon
people were highly motivated to be involved in agricultural
innovation, thereby eventually effecting major changes in
their sociocultural environment (Table 2). By infusion of
labor and capital investments into land development, the
state of the agricultural techniques was advanced. By clearing
every corner of wasteland and reclaiming wetlands, huge
areas of farmland in the Kingdom were newly opened up
[73-77]. Farmers cleared slash-and-burn fields even up to
the tops of mountains[63, 73, 76]. By the end of the Joseon
Dynasty, there was virtually no land remaining that had not
been utilized for farming purposes (Table 2).

On such lands, Joseon farmers planted crops. Rice was
very popular, becoming the most preferred crop by the late
Joseon Dynasty [73]. To meet growing market demand for
rice, farmers hastily turned their existing dry fields into
rice paddies [54, 63, 73-75, 78, 79]. To supply enough
water for rice cultivation, irrigation systems comprised of
reservoirs and dammed pools were newly constructed in
the Kingdom [54, 63, 74, 75, 78, 80]. Due to such increased
agricultural productivity during the 15th to 19th centuries,
the population of the Joseon Kingdom soared [73, 76]. All
of these changes meant that the Joseon people came to
live more and more in highly populated villages, towns,
and cities around which rice paddies, reservoirs, and dams
were scattered (Table 2). Certainly, as long as this new
situation continued, malarial prevalence was by no means
lowered. In a sense, intensive farming appears to have been
a necessary evil for the Joseon people, as, notwithstand-
ing the malaria-inductive environments thus created, the
increased food production potentiated and achieved thereby
was a great economic as well as social boon to the King-
dom.

From the late 19th century, the diagnosis and treatment
of malaria began to be performed by specialists in Western
medicine. In 1913, for example, an intermittent fever observed
among Korean patients was finally confirmed by a modern
microbiology technique to be Plasmodium infection [54, 81].
During the Japanese colonial period, however, significant
reduction of malarial incidence proved difficult, as the envi-
ronmental conditions associated with agriculture remained
the same. Since the end of World War II and subsequent
US army administration, malarial infection as well as its



BioMed Research International

[€€1-821 PTI]

“uoIssIuIsuer)
eLre[ew [Im dIysuonie[al pajooI-daap e sey UoneAnynd aoryg ‘satpped 2011 03 paridde aq 03 JnorgIp a1 sjuade
[onu05 03mbsolA “paai1q 03 soymbsour surppydouy pasnes satpped ao11 woay adeurerp radoxdwy Jo1U0d 101294 10]
9)1s Surduayreyo e saw023q os[e 3] ‘soyrnbsow errerew 1o sanrunyioddo Jurpaaiq yuepunqe apraoid sarpped 9011 Ay,

UOTIBATI[ND 0Ty

[£21-¥%T1 %9 ]

*(sdoxo aATyEUTOU UM UOTIRIaZ2A JO A)oLreA a3ny

J0 Juouraoe[dal e 0} anp AJISISAIPOIq oY) SudNPaI £Q) UOTIOJUT BLI[W SIONPUIT JOYIIN PUE ‘SSO[ 1S2I0J UO SIOUN[JUT
Arenur axmynotiSe ur uoryezi[erdads BLIB[EW JO YSLI UBWNY PIJBGI0EXd YIM Pajerdosse A[YSIYy ST UoeAryno

do1o Jo Ly1suaju] "S[eaIad SSI] YIIM SedTe UT UBY) BIIE UOTJRATI[NI-S[BII2D UT JOUSIY SIUIT) US) JNOQE ST BLIB[RW

JO douapUI YT, "pare[ar A[YS1y oxe sdo1d payIsusjul puk UOISSTWUSULI) BLIE[EW JeY} pamoys Apnjs [eordooruraprdy

smynoride ur uonezifernads
SIWOU093 10 UOTeAND dOId PayISudju|

[ST1 921 ‘09 7]

"oys Surpaaiq Je armjeradway

91} JO UOTJBAQ[ 3} pue 12400 uorjeladaa paonpar £q uononpoidar oymbsour 193505 03 Sem UOTJEWRDAI PUE] O}

Jo11q U] "soymbsowr 10y 2315 SUTPI2Iq UOWTIOD JSOUT Y} OS[E dIOM PUE] [RINJ[NOLIGE PIWIe[d A[MIU UT SAYOIP dFeurer(]
"uoTORJUI eLIR[W puk sojmbsow Jo Surpaaiq oy sajowoxd uonewepar pue JuLmp spuepiom ay3 woiy snikded

JO UOTJRUTWIT Y} “9OUBISUT J0,] "BOLIJY JSeq] UT UdA0Id Sem UOTJOJUT BLIE[EW PUE UOIRWIL[DAI pure] Jo a3exqul] 3y,

21n)MoLIde 10 PUBTIOM JO UOTIRUIR[INY

[09 ]

"w)sAs uonedrir padoPadp A[Mau 9y} UT paiq 219Mm Jey) sojmbsowr pue s3uroq

UBWINY U29M)2q J0eIU0d Julsealour 4q eLre[ew Jo spIezey oy} 0 pasodxa A[Snor1as sem wnke,] "wa)s£s uornedru
JAISUDIX? JO 20udsaId oY) 03 pa[UI] APOIIPUL 10 A[30211p sem SUIPaaIq 103094 sajaydouy “WIISAS [eUED JO UOTJONIISUOD
pue uonjeWeAI pue| o[eds-a51e] Jo s3oaloxd pajeadar £q Areueid oy) swedaq eare wnke dwoy pue 3dA3T jusouy Uy

sanI[Ioe) uonjedru jo uorsuedxyg

[29-96 ‘0% ¥¢]

K1muad

38T 03 19T Surnp erreew 10y STwapuaIddAY A[[e1ouss o1om saysrew [e3seod o) A103s1y ueadoInyg U] "SAYSIEW JSEOD
pue[dug uoxes-o[Suy 1o eag YIION Jo sayap pue sjood jueude)s ur dn mo13 03 o[qe a1om seATe] 0Jmbsopy “eLre[ewn
Jo Surpeaxds a1y 105 Lem a1} pased saysrew [e)seod ot jo uonednooo ay) odoing a8y uoi] A[1es 0) 9ZUOIg 1R ) U]
"UOTJBUTWI[? eLIB[eT 10 Juejtodurr

ST SPUB[IOM JO [OIJUOD Y, "SISED UOI}IJUI BLIB[EW JO UOTINQLISIP [erjeds o1} yim pajerdosse A[Suons sem (spuepom
Jo) ssamam oryderdodoy pue ssdurems o) ur punoj Ajjuepunqe a1om deATe] suraydoue SILIIUNOD UBILIFY ) U]

UOTD9J Ul BLIB[RW JO 92IN0S 3[qIssod ay se
*030 ‘durems ‘eae [)SBOD ‘PUBTIOM ‘YSIBIA

$90UI9JoY

s

S.I1030eq

"UOTOUT eLIB[EW JO doudeAdrd Y3y yim are[a1 o) uasoid s10)0ef o7, ;] ILV],



BioMed Research International

[LPT-SFT 79 ‘OF]

“Juad1ad ¢ Jo 7Rl yIeap

® pamoys apIsAnunod urpunoirns ay) orym parp uonerndod ueqin a1 Jo Juadiad (1 ‘uaduruoIn) jo 1o [eAdTpaW UJ
"UOT}O9JUT BIIRTRT JO YSII Surouaradxa

Ia1)ang ‘soymbsout Jo syejqey [eInjeu o) 03 19SO[d 2AT[ 03 pud) osTe uonemdod [ernt SurmoIn) ‘uone)saIofIp

Jo sasned A3y a1} JO 2UO OS[e ST pOOM [onJ pure SuIp[ng 10j SI9qIT) 9y} Suls) "UOTIJUT BLIR[RW SUDUIN[JUT JoY}INJ
‘SS0[ 18910 3]} 2dNPUT UordNpoId pooj asearour o) spasu pue Yimoisd uonendod rerms ‘sarnunod urdofoasp uf

Ayisuap uonerndod ySrg

[FPI-FET ‘59 F9 ‘09]

“1oy81y doudyeaard uonooyur eLrerew o) Sunjew

‘uonjerdjrjoxd oymbsour 10y 19400 Aysnq oy apraoid [[ns syuerd oy ‘spuejdord mou £q paoedar st 310§ oY) USYA
‘Juawdoraadp

oeATe] 5370y doUYy 0} ATIONPUOD AIOW PUE JIPIdE $SI A[[ed1dA) ST YOTYM Tojem 210)s 0) A[ONI[ 910U pUe I2)Je]y
Surwosaq puef oy} ‘urersa) Surresapd 1ayye 1ojem Surpue)s Oeare] 10024 errefew jo uorjednd ayy 1oj [eapr arnjeradwoy
Sururrem qunoure JySipuns Y3 ux dseaIdOUT :swstueydaw ddnnur £q ousfeaard errerewr syoedwr vone)saIoj
“eLIR[RUT JO 20UA[eAdId UOTDaJUT IoYSIY pUE SSO[ 10A0D 15210 JO a8eIUa01ad oY) UdaM]aq PaAIISqo

sem drysuorje[ar Jueoyrudig A[PAISU2)Xa parpnis usaq dAey (sajer errefews [enjoe pue ‘suonendod oymbsow vearef
JO S[oAd] pasearour) uonelajijold yejiqey oymbsowr pue (woneisaoyep) sJueyd wWays£s029 Jo syoadse [esrSojorwraprdy
‘spueySIH] Ue Uy UI)SIA\ UT UMOYS OS[e sem sojmbsowr

101094 BLIE[RW JO UONONPOIdaT a1} pUe J9A0D Pue] U2aMIdq dIYSUOTIE[aI Y, "UONOUT BLIB[EU JO YSII PISLaIOUT

31} 0} PI[ $921} INOYIIM PUE[ Y} UT SUIAT] ‘SILJUNOD UeILYRSG-qNS U] "90Ud[eAd1d BLIR[RW PUE SIJBI UOIIR)SIIOJOP
U20M}2q PAATISQO Sem UoneOosse danIsod ‘suonjeu (Surdo[aasp) £9 ssoroe [opour uorjenbs [ean)onis e uf

‘uor3ax uozewry ur uaaoid Apuopias sem Surpaaiq oymbsows sajaydouy pue uruirey o[eds-rews e

Aq pasned uorje)sarojop usamiaq drysuorie[ay ‘soynbsour errefew 10y Jejrqey oY) SAOUINFUI Jeyy) 103oef £ € s1 wrojyed
IOA0D PUET "SBAIE PAJSITIOJOP WIOT] Pa3oa[[od sapdures atpy ur 35y 31y 1) sem oymbsow sajaydouy jo ayer uonednd oy,

uonejsaIojoJ

$9OUIY

sl

SI10}08]

"panunuoy) : A19V],



BioMed Research International

(9 ‘cL]

[¢/]

"awry ey} Je emsuruad uearod|

ur uogeAnynd 3011 jo Ly1anonpoid ySiy oY) 03 anp usaq aaey o3 sreadde adess sty
je uonerndod ur asea1dur YT, "UOI[[IW G payoear ensuruad uesroy ur uonemndog
emsuruad ueazoy ur sydoad uorrur o1 03 6

Amyuad yigy 238

AIm3ua0 Y9I-pIA

Sursearour uoryendog

[¥¢]

[92 ‘€L ‘€9]

"2a10) poriad [eruo[od UT eLIR[eW Paonpur aaey o) sieadde uorjesarojoq

*SPOO]j PUE SIPI[SPUE|

juanbaiy paonpur Uore}saroja(J ‘sem pue[dord ou a1aym 0e[d OU Sem aIdT]) ‘Sem
eare ureyunow oY) doap MoT] 1a)jew ou ‘AInJuad y)/[-PIW U] ‘BaIe UTRJUNOUI )

ur uopye}saroyop Sursned ‘Gururre) wing-pue-yseys £q paredaid sem wopSury uoasof
ur puedoxd a1 Jo Juaorad 05-(F Appyewurxoxdde 9Seys sty 1y *(Uo AmMyuad YI£]
10)je) SuTULIR) UING-pUE-Yse[s 4q pasned os[e sem a3e)s STy} J& UOTIe)SII0JOP SNOLIAG
*$3onpoid 1$210J J0J PUBTIAP PISLIIOUT 0) PI] £12100s W0aso[ UT YImoI1s uonendog

porzad [eruojo)

Amyuao yj/1 20UIg

uorje)saIoja(J

[22-€L]

“AImuad y)/[-prur 1aye A11unod o) noysnory) pareaddesip

1sowure sdoIpypeq SuTurrejuou 9YJ, "PUL[WIE] OJUT PAUIN] OSTE 3TIM SPUR]ST
P2JL[OST pUE YDUEI SNOIAAIJ *(AINJU2D )] 90UIS) BIIE SNOUTEIUNOUT UT PISBAIOUT
wInq pue yse[s (AInJuad [I/1 03 YIST) SUISEq UILII)S JO IOATI Je seare SUIA[-mo]
pUE ‘eISLOD ‘pUB[}oM ‘pUR] pauopueqe ur 2oe[d Junye) sem uorjewe[daI o[eds-a31e]

A1myuad YigT 03 YIST

BAJR UTRJUNOW UT UINQ pUe YSE[S
‘pue[ 9] JO UOTJRWUER[DAI pue FULIRd[D)

[€£]

‘papuedxa Apeard
U99q Sty UOHRANND [e2130 Ul 2011 Jo uonrodoid ayy Lpuamoiys yonw spuewrap
josrew oy puodsar pue Sururrey 9o11 Jo Lyanonpoid 1oySiy woiy sygauaq o,

Amyuad )81 20uIg

sad£y doio yo uoneoyrdurg

[82¢sL
YL €9 V<]

-porrad [eruojod assuede( ur UsAd paureIUTRW

Krmyuad 6T A[red o) ut yead ay) PaydEaT SITOAIISII PUE SWEP JO UOTIONIISUOD YT,
"BIIOY UI 096G SB AUBW SB PIYDBAI SWIEP IO SIIOAIISII JO IdQUINU 3y} Injuad yig]
Aprea ayy ug *(£1m3usd qI97) apISA1UN0d Ul SLIJUag 10 JudwuIdA08 £q paurarod sem
wo)sAs UOT)ESLIIT JO SOUBUIJUIEW PUE UOTIONIISUOD YT, “UOHRATI[ND 3011 10§ satpped
3Y) OJUI pauTeIp 9q P[NOD SWEP Y} UI I9JEM YT, "BIIOY UI J[INq A[9AT}OB d1oM

SUIEp pUe SIIOAISII S YOoNs Wd)sAs UoneSLLIT oy} ‘U0 A1NJuad YIGT 93] oY) WOL]

Amyuad Yi6T 03 ST

SUIep IO SIIOAIIS2I JO TOTONIISUOD)

(6]

[6£ ¥S]

(6L 8L SL
-€/]

[€2 “€9]

“IoJeM

oy urexp o3 sxopng Sunjewr £q sjods uonjededod oymbsowr yons jo prr 303 03 ukiy,
'saoerd a3 UT HOWWI0D AI9A SN} SEM UOTIOUT BLIB[RIA] "SAIpped 2011 Jo 1ajem
jueudess oy ur sajeSedoad Afensn “ea10y] U eLIR[RW JO O}IMbsow 103094 3Y) ‘sisuaUIS
sajaydouyy "ea1oy] [eIUO[0d UT panunuod [[is sarpped 011 03 pey L1p oy Surduey)
‘porrad 1) Je pajeaId sem wopSury uoasof jo sarpped 9011 Jo pIryI-ouQ

“(T061 UT %989 03 651 Ul %6°CF) satpped 2011 53 03 spay A1p pajeanno Surduey)
Kyseudq

Uu09s0( Jo 21My[noLISe 9} UI JURUTWIOP SWEIIQ UOTIBAT}[ND 3OTI AINJUD YIQT O3

U3/T 938 oY} 1V "SPoy Apped 2011 03uT SpUB}om UIN) 0) SWEp IO SII0AIdsaI dn Sur[ig

uoTjeI}STUTWpe AIBII[IW S

potrad reruojoo asauede(

Amyuad YT 03 ST

A1myuad yigT 03 YIST

Ppue[ PajeAI[Nd [£30)
01 sarpped 2011 Jo oTjex ) UT 95BIIOU]

$90UI9JoY

S[rejop [eOLI0)STH

aeq

£10ys1y U1 safueyD

(391005 U0ISO( UT SYLIIGINO BLIB[ET 1) 0} paje[ax A[qrssod suTpuIy [eOLIOISIH] :7 TV,



BioMed Research International

management underwent a revolutionary change in Korea.
The US army, which had experienced many deaths from
malaria in the course of the war with Japan, was able to estab-
lish an effective means of controlling the Plasmodium infec-
tion in Asia [79]. Whereas the Japanese during the period of
their colonial rule of Korea preferred a strategy entailing cur-
ing of malaria patients by quinine treatment at the onset of the
disease, the US military administration adopted a far more
aggressive and highly effective policy of controlling malaria
through the use of insecticides [79].

However, we must also consider the possibility that
malarial prevalence in the country was not reduced by
antimalarial medications or insecticides alone. This idea is
supported by instances in European history. In the 18th to
19th centuries, malaria was still prevalent in Europe, though
it rapidly declined thereafter, finally disappearing from most
regions by the 1930s [82]. The retreat of malaria from Europe
was not the result of medical or chemical innovations, as
no such deliberate countermeasures (entailing use of quinine
or insecticide, etc.) had been pursued at that time [83].
Rather, another factor has been proposed to explain the
decline of malaria in Europe: socioeconomic progress [84].
Many studies in fact have shown a positive correlation
between malaria and poverty [85, 86]. Furthermore, it has
been established that malaria was active for much longer
periods of time in regions where modernization was delayed
[40]. In Finland, long-term social changes such as land
consolidation, decreasing household size, fewer interactions
between families, and the transition from extended family
to nuclear family have been posited as causes of malaria’s
decline during the past 200 years [83]. In fact, the combined
effects of social innovations and improved standards of
living were decisive in controlling and eventually eradicating
malaria in Europe [40, 60]. Arguably, this explanation is
applicable to the decline of malaria in South Korea as well.
In that country, malaria was eradicated in the 1970s by
the cooperative efforts of the World Health Organization
(WHO) and Koreas National Malaria Eradication Program
[48, 87]. Significantly, this corresponded to the period of
rapid industrialization by which the living standards of
the Korean people were remarkably improved. In short,
socioeconomic development in South Korea might have
made a great contribution to the eradication of malaria in that
country.

Unfortunately, the reemergence of malaria after long-
term eradication is not a rare phenomenon in the world[3,
88]. In 1993, after more than two decades of malaria-free
status, a new Korean malaria patient was reported among
soldiers who had served near the Demilitarized Zone (DMZ.)
in South Korea [48, 89]. At the time, as North Korea was suf-
fering malarial infection, the new patient was thought to have
been infected by an Anopheles mosquito migrating from the
north [87, 90]. In fact, this cannot explain everything about
the reemergence of malaria in South Korea, as, nowadays at
least, foreign travelers and workers from malaria-endemic
regions are commonplace [87]. Today, malaria is once again
an endemic disease and a source of public concern in South
Korea, as cases of malarial infection have continued to be
reported [87, 90, 91].

4. Genetic Diversity of Modern Korean
P. vivax Isolates

Malarial infection in history often cannot be fully evidenced
by the examination of historical documents. This is due to
difficulty in accurate diagnosis of ancient malaria cases in
history. Actually, the signs and symptoms of ancient malaria
patients were often vaguely described in historical literatures
by modern clinical medicine standards. In addition, diagno-
sis of ancient malaria (solely) by the examination of archaeo-
logically obtained skeletal remains is also highly problematic
as malaria leaves little traces on bones. In this regard, we note
that DNA-based study could be useful for acquiring scientific
evidences of specific diseases prevalent in history[27].

DNA analysis of P. vivax is generally targeted on the
protozoan parasites’ surface proteins by which the erythro-
cyte invasion of the vivax-malarial parasite can be triggered
[92, 93]. One such surface protein is the P. vivax merozoite
surface protein (PvMSP), which is abundantly expressed on
the merozoites of vivax malaria [94]. Duffy-binding protein
(PvDBP) is another membrane protein that is also present
on the P vivax merozoites and that plays a crucial role in
RBC invasion of parasites [92, 93, 95, 96]. As antibodies
against these proteins effectively block the invasion of P. vivax
into human RBCI[91], PvMSP and PvDBP are regarded as
leading candidates for use in the development of malaria
vaccines[91, 97-99] though great genetic diversity among
those surface proteins still represent a major obstacle to the
vaccine research [4, 91, 97, 100-103].

Since the reemergence of P. vivax in South Korea [48, 87],
Korean researchers also have aimed to study the genetic traits
of vivax malarias PvMSP, PvDBP, circumsprozoite protein
(PvCSP), apical membrane antigen-1 (AMA-1), microsatel-
lites sequences, and 18S ribosomal RNA genes [87, 90, 91,103-
108]. Those scientists are indeed eager to analyze the genetic
diversity, population structure, and operation of natural
selection among Korean P. vivax isolates, as the outcomes
would doubtlessly be useful for understanding the nature
of the P vivax population in South Korea [90, 91, 97]. In
general, the genetic diversity of P. vivax is higher than that of
P. falciparum, suggesting that the former has a long, complex,
but successful evolutionary history of adaptation [4, 109-
112]. However, when P, vivax reemerged in South Korea, the
isolates of the years 1993 to 2000 were genetically closely
related, meaning that its genetic diversity was very low at
the initial stage of its reintroduction [113]. Since 2001, the
reemergent malaria population in South Korea has become
more heterogeneous, showing increased genetic diversity and
a more complex population structure [87, 89, 97, 108]. The
results clearly indicate that some genotypes that were not
found before 2000 eventually migrated into South Korea at
a much later date, as accompanied by outbreeding between
different genotypes [90].

Ju et al. [91] also reported that a phylogenetic analysis
based on PvDBPII sequences showed 3 different clusters (SK-
1, SK-2, and SK-3) in Korean P. vivax isolates. Among them,
SK-3 was a new clade that had not been identified at the
early phase of reemergence in the same Korean isolates [106]
but later became a more prevalent group than either SK-1 or
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FIGURE 1: Maximum Likelihood (ML) tree of Plasmodium vivax MSP-1,, gene sequences reflecting the genetic traits of South Korean isolates
(blue dots) since the reemergence of P. vivax in 1993. We inferred the ML tree by MEGAG6 program [114], based on the research result of
Kang et al. [97]. Tree building also used additional MSP-1,, gene sequences (n = 18) collected from GenBank: South Korea (GU476517.1;
HQI71935.1; HQ171937.1), Bangladesh (AF435619.1), Brazil (AF435625.1; AF435627.1; AF435630.1), Cambodia (JX461288.1; JX461321.1), China
(JX993755.1), Mexico (KP759879.1; KP759884.1), Myanmar (JX490149.1), Nicaragua (KR871998.1; KR872016.1), Rio Meta (DQ907671.1), and
Thailand (AF435599.1; AF435605.1). Bootstrap values were made for ML tree [115]; the number in the branches indicates bootstrap proportions
(1,000 replicates). Scale is in substitutions per variable site. Support values were calculated using Hasegawa-Kishino-Yano model. In this tree,
MSP-1,, taxa (n = 86) could be classified into the five separate clades. South Korean P, vivax taxa (n = 15) belong to four different clades
among them. Half of them were essentially similar to the Belem type; the others were recombinant forms between Sal-1 and Belem.

SK-2 [91]. They agreed that the polymorphic nature of
the PvDBPII of recent malarial isolates is distinct from
those isolated at the early phase of malaria’s reemergence in
South Korea. The value in the rate of nonsynonymous and
synonymous mutations (dN-dS) also implied that PvMSP in
Korean P, vivax isolates has been under the strong influence
of positive natural selection [97] (Figure 1).

5. Paleopathological Approach to
Ancient Malaria Infection in Korea

The recent studies on genetic diversity, gene flow, and popula-
tion structure are also very significant to the development of
strategic control measures against vivax malaria after its ree-
mergence in South Korea [90, 112, 116]. Despite all the
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TABLE 3: Archaeological information on mummy samples with liver obtained during autopsy.

Date of excavation

Number Mummy Estimated Date Sex (YYYY.MM)
1 Cheongdo 1642° Male 2014.10.

2 Andong 18C° Male 2013.01.
3 Dalsung 16C-17C* Female 2014.05.

4 Hwasung 18C° Male 2012.12.

5 Gangneung 1622° Male 2007.11.

6 Hadong?2 Late 16-early 17C* Female 2009.06

7 Kunkook Joseon period* Female Unknown
8 Mungyeong 1647¢ Female 2010.04.

%Historical documentation. ®Carbon dating. “Archaeological evidence. ITree ring.

benefits, however, the overall genetic trends of vivax malaria,
especially concerning its evolutionary history, have not yet
been revealed by the simple genomic assay of modern
isolates. In fact, the investigation of P. vivax using present-
day DNA extracts from modern Korean isolates often leads
to confusion as to vivax malaria’s origin and dispersal [28]. To
overcome this drawback, we must conduct aDNA analyses on
various human samples obtained from archaeological sites in
Korea to analyze the genetic origin and phylogenetic history
of malaria more accurately and comprehensively.

The significance of aDNA analysis to any derived under-
standing of the evolutionary history of malaria recently has
been demonstrated by Gelabert et al. [28]. By way of aDNA
analysis on 70-year-old microscopic slides of blood from
malaria-infected people in Spain, they were able to success-
tully reconstruct the mtDNA sequence of the now-eradicated
European P. vivax malaria. Moreover, as it was proven to
be related to the most common present-day American P.
vivax haplotype, the authors were able to confirm that vivax
malaria entered the Americas by post-Columbian contact
with Europeans [28]. In this way, aDNA assay of ancient
human remains can be used for finding the missing links in
the origin and spread of ancient malaria.

In aDNA analysis, the types of specimens to choose are
very crucial to the research’s success. To select the speci-
mens ideal for aDNA assay purposes, the life-cycle of the
vivax-malarial parasite must be considered. In brief, when
malarial sporozoites are inoculated into human hosts, some
of them migrate to the liver wherein they invade the hepatic
parenchymal cells [4]. While some sporozoites can maintain
the dormant state there, they can be further differentiated into
merozoites and released into the bloodstream [4]. As seen
in vivax malaria’s life-cycle, the liver is the place where the
final preerythrocytic phase takes place [45]. In this regard,
Joseon Dynasty (1392-1910 CE) mummy’s livers might be
significant to our project. For the past 10 years, scientists and
archaeologists in South Korea have been involved in inter-
disciplinary work on well-preserved mummies discovered in
Joseon Dynasty tombs [117-123]. The livers that could be used
for aDNA analysis were obtained from mummies by en bloc
resection during autopsy (Table 3) [117].

Nevertheless, as the number of malaria sporozoites at
liver stage might be actually very small, we should also
consider alternate specimens for our aDNA analysis. In this
regard, we note that a small amount (less than 1g) of spongy
bones inside vertebrae (possibly containing hemopoietic cell
remains) was chosen commonly as specimens for aDNA
analysis of malaria; and in another case, first or second molars
have been selected for Plasmodium aDNA analysis [27]. Many
future studies on ancient malarial genomes will proceed with
these specimens of Korean mummies or skeletons.

6. Conclusion

With respect to human samples obtained from archaeological
sites, scientific techniques can be done to reveal whether the
individual had suffered from malaria in his lifetime or to
obtain phylogenetic information of its ancient genome. As
the previous studies on ancient malaria have focused mainly
on specimens from Egypt and Europe, however, the current
information so far obtained carries a serious geographical
bias. More extensive geographic samplings and assays are
thus needed in order to obtain a more comprehensive
demographic evolutionary history of malaria.

Like the other continents, Asia is a region wherein malar-
ial infection has been epidemic in history. Nonetheless, very
little has been done in the way of relevant paleopathological
studies on ancient malaria. We thus reviewed the history of
malaria in Korea and attempted to derive scientific clues to
the evolution of P. vivax there and elsewhere in Asia. To
those ends, we first examined the historical-documentary
evidence of ancient malarial outbreaks in Joseon society and
found that malarial epidemics were in fact not unusual in
pre-20th-century Korea. We detected changes in the host-
vector-pathogen relationship, which probably affected the
proliferation of the mosquito vector and indeed the preva-
lence of ancient malaria in Joseon society. We also noted,
in our review of genomic studies on P vivax, substantial
geographic differentiation of vivax-malarial DNA between
different continents and even neighboring countries. Many
scientific studies on the history of malaria will be done with
ancient specimens in Korea and Asia, pending the permission
of the relevant medical-ethics review boards.
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