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Merozoite surface protein-1 (MSP-1) of Plasmodium falciparum is a strong malaria vaccine
candidate. However, MSP-1 exhibits extensive antigenic polymorphism, an issue which may
compromise the development of effective vaccine based on this molecule. Since polymor-
phic nature of MSP-1 has not been fully understood in endemic areas of malaria, variation of
the MSP-1 gene (Msp-I) must be studied in detail in natural parasite populations. Here, a
PCR-based method for determination of P. falciparum Ms p-1 haplotype is described, which
can detect up to 24 different haplotypes per infected person. The method can be applied to
various purposes of molecular epidemiology of not only Msp-1 haplotype but the genetic

structure of P. falciparum populations.
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INTRODUCTION

Merozoite surface protein-1 (MSP-1) of
Plasmodium falciparum is a strong malaria
vaccine candidate [10, 12, 18]. Immunization
with affinity-purified MSP-1 or recombinant
MSP-1 can protect monkeys from infection
of P. falciparum [25, 33] and antibodies
against MSP-1 inhibit the growth of the par-
asite in vitro [3-4, 7-8, 19, 30]. Importantly,
high levels of antibodies to MSP-1 are report-
ed to correlate with protection from clinical
malaria [14-15, 31-32]. However, the protein
exhibits extensive antigenic polymorphism
among parasite strains/isolates [26]. Since
antigenic polymorphism is one of key issues
in developing effective vaccines, the extent
and mode of polymorphism of the MSP-1
gene (Msp-1) and a mechanism for generat-
ing the genetic diversity of Msp-I must be
studied in detail. Limited studies with cul-
ture-adapted parasite strains have revealed a
general feature of the polymorphism dis-
played by Msp-1 [34]: variation in the gene is
not widely polymorphic but basically dimor-
phic in several variable blocks that are inter-

spersed with conserved or semiconserved
blocks. Intragenic recombination can
account for the major variability of Msp-1
[27, 34]. However, many questions regarding
allelic variation of Msp-1 in natural parasite
populations still remain to be answered; for
example, difference in the prevalence of
Msp-1 in different geographic areas, longitu-
dinal changes in frequency distribution of
Msp-1 in light of the host immune response,
and frequency of heterozygosity in oocysts,
in which meiotic recombination takes place.
To investigate these issues it seems necessary
to develop a method suitable for monitoring
allelic variation of Msp-1 in a large number
of field samples. For this purpose, we have
developed to a PCR-based method to detect
24 different Msp-1 haplotypes with particu-
lar reference on intragenic recombination.
Here, strategy of the method and its poten-
tial applications to molecular epidemiology
of P. falciparum will be described.

METHOD

1. Structure of P. falciparum Msp-1
Details of the method for determination
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Fig. 1 Structure of the P. falciparum merozoite surface protein-1 gene (Msp-1) and strategy for deter-
mination of Msp-1 haplotypes. Upper bar represents the structure of Msp-1 consisting of five
conserved blocks (open bar), in which sequences are conserved among parasite strains/iso-
lates, interspersed with seven variable (green bar) and five semi-conserved (hatched green
bar) blocks. Strategy for Msp-1 haplotype determination is illustrated below (see text for

details).

of Msp-1 haplotype have been described else-
where [22]. Here, strategy of the method will
be outlined with the guidance of the struc-
ture of Msp-1 (Fig. 1). There are several fea-
tures in the variation in Msp-I among para-
site strains/isolates [34]: first, Msp-1 consists
of five conserved blocks which are inter-
spersed with several semi-conserved or vari-
able blocks. Second, variation in variable
blocks is not widely polymorphic but basi-
cally dimorphic, represented by the two pro-
totype alleles, K1 allele and MAD20 allele.
Sequence variations within the same allelic
type is nearly identical but drastically differ
between the two major allelic types. The
exception is polymorphic block 2, in which
three major allelic types occur, depending
on the presence or absence of 9-bp repeats
and the number and type of the repeating
units [6, 24, 29]. Third, intragenic recombi-
nation between two parental alleles gener-
ates new alleles in the progeny, which has
been demonstrated by experimental cross
[23]. The potential recombinations sites are
confined to conserved blocks 3 and 5 and a
short conserved stretch in variable block 4,
which is therefore divided into subblocks 4a
and 4b [9, 21]. (Another potential recombi-
nation sites occur in conserved blocks 1 and
17. However, they are not considered here,

because recombination wherein does not cre-
ate re-shuffling of variable blocks.) No evi-
dence of recombination between blocks 6 to
16 has been reported to date [20, 29, 35].

2. Rationale of looking at recombination in

Msp-1

Although limited variations occur in con-
served blocks and variable blocks within the
same allelic types (i.e., Kl-allelic type or
MAD20-allelic type) recombination in blocks
3, 4 and 5 can account for the major vari-
ability of Msp-1 if found among parasite
strains/isolates. Since Msp-1 is a single copy
gene, each parasite possesses only one allelic
type in each variable block. Therefore, it is
possible to detect major allelic variations of
Msp-1 by focusing on linkage of allelic types
in variable blocks 2, 4a, 4b and 6. Based on
this rationale, a PCR method has been devel-
oped, which determines allelic types in
blocks 2 and 6 at first by primary PCR and
then blocks 4a and 4b by nested PCR using
the primary PCR product. Linkage of allelic
type in each variable block is thus success-
fully determined. Therefore, up to 24 differ-
ent Msp-1 haplotypes can be distinguished
by focussing on recombination by this PCR
method.

Several polymorphic genes of P. falci-



parum, including Msp-1, Msp-2, Glurp (glu-
tamate-rich protein gene) and Csp (circum-
sporozoite protein gene) have been used as
markers to study the genetic structure of nat-
ural parasite populations [1-2, 16].
Differences in allelic types as well as the
number of repeat sequences in Msp-I and
Msp-2 can be detected by PCR, followed by
hybridization using allelic type-specific
oligonucleotides. Msp-1 block 2 and Msp-2
polymorphic block are typed in this way and
size difference of more than 15 bp can be
detected in 2-3% agarose gel. However, in
isolates, in which multiple parasite genotypes
infections are found, genotypes having the
same number of repeats cannot be distin-
guished by the method. Thus, determination
of a single polymorphic block has limita-
tions of detecting the number of alleles in
multiple infections. Indeed, it is common to
find different number of alleles for Msp-1
and Msp-2 in the same isolate. Size polymor-
phism is also used for Glurp and Csp. In the
case of Csp, extensive polymorphism concen-
trates primarily in the two major T-cell epi-
tope regions, Th2R and Th3R [11, 13], in
which variations are detected by sequencing.
However, sequencing is not only relatively
time-consuming for processing a large num-
ber of field samples but also has sometimes
a potential risk. The reason for it stems from
that direct sequencing of templates with
mixed parasite genotypes infections often
yields unclear sequences at positions of
nucleotide changes and that subcloning into
plasmid vector when employed prior to
sequencing often leads to artifact recombi-
nation in FE. coli between plasmids contain-
ing different alleles.

3. PCR-based determination of Msp-1 hap-

lotype

Based on the above mentioned rationale,
PCR primers specific to allelic type
sequences as well as inter-allele conserved
primers were designed (Fig. 1) [22]: K1-allel-
ic type specific forward primer, K2F,
MAD20-allelic type specific forward primer,
M2F, and RO33-allelic type specific forward
primer, R2F, in block 2; inter-allele con-
served reverse primer, C3R, in block 3.
Likewise, allelic type specific primers in
blocks 4a (K4F and M4F), 4b (K4R and
M4R), and 6 (K6R and M6R), and a con-
served primer, C5HF, in block 5 were
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designed. Msp-1 haplotype is determined by
the following three steps: at the first step,
parasite DNA template is subjected to 5 dif-
ferent amplification reactions; that is, three
for determination of allelic type in blocks 2
using primers either of K2F, M2F or R2F
and C3R, and the remaining two for allelic
type in block 6 using primers either of K6R
or M6R and C5F. The PCR conditions have
been described elsewhere [22]. Positive sig-
nals at predicted sizes in agarose gel are pho-
tographed after electrophoresis. At the sec-
ond step, amplification of blocks 2 to 6 is
performed using relevant primers deter-
mined at the first step: for example, if an
isolate gave a positive signal for MAD20
allelic type in block 2 and for K1 allelic type
in block 6, primers M2F and K6R are used
to amplify blocks 2 to 6. If an isolates had
more than one allelic types in blocks 2
and/or 5, multiple amplification reactions
are performed in different microtubes using
respective primers. At the third step, ampli-
fied products are subjected to nested PCR:
the product is placed into four different
reactions having a set of primers K4F and
K4R, K4F and M4R, M4F and K4R, and
M4F and M4R. An association (i.e. linkage)
of allelic types in blocks 2, 4a, 4b and 6
(Msp-1 haplotype) is thus determined and
assigned into either of 24 possible Msp-1
haplotypes as shown in Fig. 2.

Instead of individual determinations of
allelic types in blocks 2 and 6, six different
reactions using either of K2F, M2F or R2F
and either of K6R or M6R can be directly
performed. The procedure for nested PCR to
determine allelic types in blocks 4a and 4b is
the same as described above. Msp-1 haplo-
type determination with this direct proce-
dure yielded results mostly identical ( > 90%)
to the individual typing procedure for a test
batch of isolates (not shown).

APPLICATION

The PCR method can be applied to study
various aspects of molecular epidemiology
of P. falciparum. Frequency distribution of
Msp-1 haplotype at different occasions sug-
gests the genetic structure of P. falciparum in
an endemic area. Difference in the frequen-
cy distribution among different geographic
areas would reveal a spatial difference of P.
falciparum populations. If such spatial differ-
ence occurs, then a question should arise
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concerning a mechanism(s) for genetic dif-
ferentiation of parasite populations in dif-
ferent areas. Since MSP-1 is a target of the
host immune response, it is of interest to see
if immunological pressures to the parasite
select particular Msp-1 haplotype at the pop-
ulation level. Both cross-sectional and longi-
tudinal surveys are required to discuss this
issue. Difference in the number and fre-
quency distribution of Msp-1 haplotype at
different age groups or individuals with or
without clinical malaria may suggest the
presence of such immune pressures.
Comparison between asymptomatic
(immune) and symptomatic (nonimmune)
individuals would be of particular interest.
In nonimmunes, the mean number of Msp-1
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haplotypes per person is expected to be high-
er than in immunes if Msp-1 haplotype-spe-
cific immunity is present. In southern
Vietnam, where malaria transmission is low,
stable pattern for frequency distribution of
Msp-1 haplotype has been observed [17].
This may suggest that changes in P. falci-
parum population would be slow, if any, in
the area. Apart from immunological selec-
tion, genetic drift can be considered as
another mechanism for differentiation of
the parasite population.

The mean number of Msp-1 haplotypes
per infected person reflects the intensity of
malaria transmission. In high transmission
areas the mean number would be higher
than in low transmission areas. This is

16 17

Fig. 2 Scheme for 24 different Msp-1 haplotypes determined by a PCR-
based method focussing on allelic recombination in the gene.



because inoculations of new Msp-1 haplo-
types would be brought by repeated mosqui-
to-bitings. In the case of analysis of 108
southern Vietnam filed isolates, we detected
the mean number of Msp-1 haplotypes of
1.8, and one isolate had as many as 7 differ-
ent haplotypes [22]. Since malaria prevalence
in southern Vietnam is mesoendemic, the
mean number would be higher in hyper- to
holo-endemic areas. Gene flow can be moni-
tored by analyzing the total number of dis-
tinct Msp-1 haplotyes out of 24 possible hap-
lotypes. Gene flow from other populations
would alter frequency distribution of Msp-1
haplotypes in a given population. In this
context, it is of interest to see the total num-
ber and frequency distribution in areas in
the rim of malaria prevalence or a malaria-
virgin area, where P. falciparum has been
introduced recently.

As stated before, allelic recombination can
account for the major variability of Msp-1.
Thus, estimation of the extent of recombina-
tion is of vital importance. Since our PCR
method has the rationale to detect allelic
recombination within Msp-1, it is potentially
useful for analyzing the extent of recombi-
nation in Msp-1. For recombination to occur,
heterologous gametes having different Msp-1
haplotypes must be ingested by an mosquito
upon feeding, because meiotic recombina-
tion takes place only at the oocyst stage. This
issue can be tested by analyzing heterozygos-
ity of Msp-1 haplotypes in oocysts from wild
caught mosquitoes [1, 28], although such
sampling of oocysts is extremely difficult.
The recombination rate can be assumed by
examining linkage disequilibrium between
polymorphic loci in Msp-1 at the blood stage
in natural populations. In an area of high
transmission intensity, linkage disequilibri-
um would not be expected to occur in non-
immune populations. If linkage disequilibri-
um was seen in immune populations, any
selection in favor of particular Msp-1 haplo-
types can be discussed. Cavanagh et al. have
[5] shown concordant appearance of anti-
bodies specific to allelic type in block 2 and
the presence of parasite genotypes showing
the same allelic type. If balancing selection
was operating, such allelic type-specific anti-
bodies might select particular Msp-1 haplo-
types.

The PCR method can also be applied to
monitor the prevalence of in vivo drug resis-
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tance of P. falciparum in local areas. Facing
the world-wide spread of chloroquine resis-
tance of P. falciparum, reliable method for
assessing drug resistance in vivo is urgently
needed. Re-appearance or continuous pres-
ence of parasite after drug administration
has been used as an index for the in vivo
resistance. However, in malaria fields it is
common to see that patients have multiple
parasite genotypes infections, in which some
parasite are resistant but others susceptible.
Therefore, clear distinction of parasite popu-
lations in terms of drug resistance would be
important to assess the prevalence of in vivo
drug resistance. Our PCR method can be
used for this purpose. Furthermore, new
infections may frequently occur in a high
transmission area and thus it may be diffi-
cult, without genotyping, to distinguish per-
sisting drug resistant parasites from those
introduced by mosquito bites after
chemotherapy.

ACKNOWLEDGMENTS

This work was supported by a Grand-in-Aid
for Scientific Research on Priority Area
08231104 & 08281105 from the Ministry of
Education, Science, Culture and Sports.

REFERENCES

1) Babiker HA, Ranford-Cartwright LC, Currie D,
Charlwood JD, Billingsley P, Teuscher T, Walliker
D: Random mating in a natural population of the
malaria parasite Plasmodium falciparum. Parasitol.
109: 413-421, 1994.

2) Babiker HA, Walliker D: Current views on the popu-
lation structure of Plasmodium falciparum: implica-
tions for control. Parasitol. Today 13: 262-267, 1997.

3) Blackman M], Heidrich HG, Donachie S, McBride
JS, Holder A: A single fragment of a malaria mero-
zoite surface protein remains on the parasite during
red cell invasion and is the target of invasion-inhibit-
ing antibodies. J.Exp. Med.172: 379-382, 1990.

4) Blackman M], Scott-Finnigan T], Shai S, Holder AA:
Antibodies inhibit the protease mediated processing
of a malaria merozoite surface protein. J. Exp. Med.
180: 389-393, 1994.

5) Cavanagh DR, Elhassan IM, Roper C, Robinson V],
Giha H, Holder AA, Hviid L, Theander TG, Arnot
DE, McBride JS: A longitudinal study of type-specif-
ic antibody responses to Plasmodium falciparum
merozoite surface protein-1 in an area of unstable
malaria in Sudan. J. Immunol. 161: 347-359, 1998.

6) Certa U, Rotmann D, Matile H, Reber-Liske R: A
naturally occurring gene encoding the major surface
antigen precursor pl90 of Plasmodium falciparum
lacks tripeptide repeats. EMBO ]J. 6: 4137-4142, 1987.

7) Chang SP, Gibson HL, Lee-Ng CT, Barr PJ, Hui
GSN: A carboxyl fragment of Plasmodium falciparum



380 — K. TANABE et al.

gpl95 expressed by a recombinant baculovirus
induces antibodies that completely inhibit parasite
growth. J. Immunol. 149: 548-555, 1992.

8) Chappel JA, Holder AA: Monoclonal antibodies that
inhibit Plasmodium falciparum invasion in vitro rec-
ognize the first growth factor-like domain of mero-
zoite surface protein-1. Mol. Biochem.
Parasitol.60:303-312, 1993.

9) Conway DJ, Rosario V, Oduola AM], Salako LA,
Greenwood BM, McBride JS: Plasmodium falciparum:
intragenic recombination and nonrandom associa-
tions between polymorphic domains of the precursor
to the ma jor merozoite surface antigens. Exp. Parasit.
73: 469-480, 1991.

10) Cooper JA: Merozoite surface antigen-1 of
Plasmodium. Parasitol. Today 9: 50-54, 1993.

11) De la Cruz VF, Lal AA, McCutchan F: Sequence vari-
ation in putative functional domains of the circum-
sporozoite protein of Plasmodium falciparum. ]. Biol
Chem. 262: 11935-11939, 1987.

12) Diggs CL, Ballou WR, Miller LH: The major mero-

zoite surface protein as malaria vaccine target.

Parasitol. Today 8: 300-302, 1993.

Doolan DL, Saul AJ, Good MF: Geographically

restricted heterogeneity of the Plasmodium falciparum

circumsporozoite protein: relevance for vaccine

development. Inf. Immun. 60: 675-682, 1992.

Egan AF, Chappel JA, Burghaus PA, Morris ]S,

McBride ]S, Holder AA, Kaslow DC, Riley EM:

Serum antibodies from malaria-exposed people rec-

ognize conserved epitopes formed by the two epider-

mal growth factor motifs of MSP1,,, the carboxy-ter-
minal fragment of the major merozoite surface pro-

tein of Plasmodium falciparum. Inf. Immun. 63: 456-

466, 1995.

15) Egan AF, Morris ], Barnish G, Allen S, Greenwood
BM, Kaslow DC, Holder AA, Riley, EM: Clinical
immunity to Plasmodium falciparum malaria is asso-
ciated with serum antibodies to the 19-kDa C-termi-

13

=

14

=

nal fragment of the merozoite surface antigen,

PfMSP-1. J. Infect. Dis. 173: 765-769, 1996.

Farnert A, Snounou G, Rooth I, Bjorkman A: Daily

dynamics of Plasmodium falciparum subpopulations

in asymptomatic children in a holoendemic area.

Am. J. Trop. Med. Hyg. 56: 538-547, 1997.

Ferreira MU, Liu Q, Zhou M, Kimura M, Kaneko O,

Thien HV, Isomura S, Tanabe K, Kawamoto F:

Stable patterns of allelic diversity at the merozoite

surface protein-1 locus of Plasmodium falciparum in

clinical isolates from southern Vietnam. ]. Euk.

Microbiol. 45: 131-136, 1998.

18) Holder AA, Riley EM: Human immune response to
MSP-1. Parasitol. Today 12:173-174, 1996.

19) Hui GSN, Siddiqui WA: Serum from Pf195 protect-
ed Aotus monkeys inhibit Plasmodium falciparum
growth in vitro. Exp. Parasitol. 64: 519-522, 1987.

20) Jongwutiwes S, Tanabe K, Kanbara H: Sequence
conservation in the Cterminal part of the precursor
to the major merozoite surface proteins (MSP1) of
Plasmodium falciparum from field isolates. Mol.
Biochem. Parasitol. 59: 95-100, 1993.

21) Kaneko O, Jongwutiwes S, Kimura M, Kanbara H,
Ishii A, Tanabe K: Plasmodium falciparum: variation

16

=

17

-

in block 4 of merozoite surface protein 1 (MSP1) in
natural populations. Exp. Parasit. 84: 92-95, 1996.
Kaneko O, Kimura M, Kawamoto F, Ferreira M,
Tanabe K: Plasmodium falciparum : allelic variation
in the merozoite surface protein 1 gene in wild iso-
lates from southern Vietnam. Exp. Parasit. 86: 45-57,
1997.

Kerr PJ, Ranford-Cartwright LC, Walliker D: Proof
of intragenic recombination in Plasmodium falci-
parum. Mol. Biochem. Parasitol. 66: 241-248, 1994.
Kimura E, Mattei D, di Santi SM, Scherf A: Genetic
diversity in the major merozoite surface antigen of
Plasmodium falciparum: high prevalence of a third
polymorphic form detected in strain derived from
malaria patients. Gene 91: 57-92, 1990.

Kumar S, Yadava A, Keister DB, Tian JH, Ohl M,
Perdue-Greenfield KA, Miller LH, Kaslow DC:
Immunogenicity and in vivo efficacy of recombinant
Plasmodium falciparum merozoite surface protein-1 in
Aotus monkeys. Mol. Med. 1: 325-33, 1995.

McBride ]S, Newbold CI, Anand R: Polymorphism
of a high molecular weight schizont antigen of the
human malaria parasite Plasmodium falciparum. ]J.
Exp. Med. 161: 160-180, 1985.

Miller LH, Roberts T, Shahabuddin M, McCutchan
TF: Analysis of sequence diversity in the Plasmodium
falciparum merozoite surface protein-1 (MSP-1). Mol.
Biochem. Parasitol. 59: 1-14, 1993.

Paul REL, Packer MJ, Walmsley M, Lagog M,
Ranford-Cartwright LC, Paru R, Day KP: Mating pat-
terns in malaria parasite populations of Papua New
Guinea Science 269: 1709-1711, 1995.

Peterson MG, Coppel RL, Moloney MB, Kemp D:
Third form of the precursor to the major merozoite
surface antigens of Plasmodium falciparum. Mol. Cell.
Biol. 8: 2664-2667, 1988.

Pirson PJ, Perkins ME: Characterization with mono-
clonal antibodies of a surface antigen of Plasmodium
falciparum merozoites. J. Immunol. 134: 1946-1951,
1985.

Riley EM, Allen SJ, Wheeler ]G, Blackman M],
Bennett S, Takacs B, Schonfeeld H-]J, Holder AA,
Greenwood BM: Naturally acquired cellular and

22

-

23

=

24

=

25

=

26

=

27

-

28

N

29

=

30

=

31

—

humoral immune responses to the major merozoite
surface antigen (Pf MSP1) of Plasmodium falciparum
are associated with reduced malaria morbidity.
Parasite Immunol. 14: 321-337, 1992.

32) Shi YP, Sayed U, Qari SH, Roberts JM,

Udhayakumar V, Oloo AJ, Hawley WA, Kaslow DC,

Nahlen BL, Lal AA: Natural immune response to the

Crterminal 19- kilodalton domain of Plasmodium fal-

ciparum merozoite surface protein 1. Inf. Immun. 64:

2716-2723, 1996.

Siddiqui WA, Tam LQ, Kramer K], Hui GS, Case

SE, Yamaga KM, Chang SP, Chan EBT, Kan S-C:

Merozoite surface coat precursor protein completely

protects Aotus monkeys against Plasmodium falci-

parum malaria. Proc. Natl. Acad. Sci. USA 84: 3014-

3018, 1987.

34) Tanabe K, Mackay M, Goman N, Scaife J: Allelic
dimorphism in a surface antigen antigen gene of the
malaria parasite Plasmodium faciparum. J. Mol. Biol.
195: 273-287, 1987.

33

=



Molecular epidemiology of Msp-1 — 381

35) Tolle R, Bujard H, Cooper JA: Plasmodium falci-
parum: Variations within the C-terminal region of
merozoite surface antigen-1. Exp. Parasitol. 81: 47-54,
1995.



