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Themerozoite surface protein(l1SP-1)locus of Plasmodium falciparurmodes for a major asexual
blood-stage antigen currently proposed as a major malaria vaccine candidate. The protein, however,
shows extensive polymorphism, which may compromise its use in sub-unit vaccines. Here we compare
the patterns of allelic diversity at tiSP-1locus in wild isolates from three epidemiologically distinct
malaria-endemic areas: the hypoendemic southwestern Brazilian Amazon (n = 54), the mesoendemic
southern Vietnam (n = 238) and the holoendemic northern Tanzania (n = 79). Fragments of the variable
blocks 2, 4a, 4b and 6 or 10 of this single-copy gene were amplified by the polymerase chain reaction,
and 24MSP-1gene types were defined as unique combinations of allelic types in each variable block.
Ten differenMSP-1types were identified in Brazil, 23 in Vietnam and 13 in Tanzania. The proportion of
genetically mixed infections (isolates with parasites carrying more thamM&@#& 1 version) ranged
from 39% in Brazil to 44% in Vietnam and 60% in Tanzania. The vast majority (90%) of the typed
parasite populations from Brazil and Tanzania belonged to the same seven most gReigene
types. In contrast, these seven gene types corresponded to only 61% of the typed parasite population
from Vietham. Non-random associations were found between allelic types in blocks 4a and 6 among
Vietnamese isolates, the same pattern being observed in independent studies performed in 1994, 199
and 1996. These results suggest M&P-1is under selective pressure in the local parasite population.
Nevertheless, the finding that similstfSP-1type frequencies were found in 1994 and 1996 argues
against the prominence of short-term frequency-dependent immune selebt®R-apolymorphisms.
Non-random associations betwead®P-1allelic types, however, were not detected among isolates from
Brazil and Tanzania. A preliminary analysis of the distributiodM&P-1gene types per host among
isolates from Tanzania, but not among those from Brazil and Vietnam, shows significant deviation from
that expected under the null hypothesis of independent distribution of parasites carrying different gene
types in the human hosts. Some epidemiological consequences of these findings are discussed.
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these representative sequences at the 5' end of the TABLE |
gene, vv_|th|n blocks 3, 4 and 5. Minor d_|fferences Merozoite surface protein-1 (MSP-ggne types
also exist between homologous versions of theefined as unique combinations of allelic types in each

same variable block, and nucleotide substitutions variable block
(most of which are dimorphic) occur in semi-con- Variable block
served and conserved blocks (Tanabe et al. 1987).

Major MSP-1gene types may be defined a>ene typé 2 4a 4b 10
unique combinations of: (a) one of three versions K1 K1 K1 K1
of block 2 (MAD20, K1 or RO33), (b) one of four 2 MAD20 K1 K1 K1
possible versions of block 4, because recombin&- R033 K1 K1 K1
tion within this region generates MAD20/K1 and?4 K1 MAD20 K1 K1
K1/MAD20 hybrids in addition to the ‘pure’ al- 2 MAD20 ~ MAD20 K1 K1
lelic types MAD20 and K1 (Conway et al. 1991b° R}?f‘? 'V'Q',fzo v AKDlzo o
Kaneko et al. 1996), and (c) one of two version MAD20 K1 MAD20 K1
(MAD20 or K1) of the segment petween the varig RO33 K1 MAD20 K1
able blocks 6 and 16, that comprises about 60% @f K1 MAD20 MAD20 K1
the gene. Recombination events have not been dg- MAD20 MAD20 MAD20 K1
scribed in this portion of the gene (Tanabe et al.2 RO33 MAD20 MAD20 K1
1987, 1989, Peterson et al. 1988, Conway et &3 K1 K1 K1 MAD20
1991b, Jongwutiwes et al. 1991, Kaneko et al4 MAD20 K1 K1 MAD20
1996, 1997). Therefore, the BSP-1gene types 19 RO33 K1 K1 MAD20
shown in Table | may theoretically be observed i® KL =~ MAD20 K1~ MAD20

natural parasite populations (Kaneko et al. 1997 MAD20  MAD20 K1 MAD20

I LT 8 RO33 MAD20 K1 MAD20

The extent of allelic diversity in different ma- K1 K1 MAD20 MAD20
laria-endemic areas should be evaluated if the vagg MAD20 K1 MAD20 MAD20
able domains oMSP-] that are highly immuno- 51 RO33 K1 MAD20 MAD20
genic (Holder & Riley 1996), are to be included ip2 K1 MAD20 MAD20 MAD20
subunit malaria vaccines. A novel polymerase3s MAD20 MAD20 MAD20 MAD20
chain reaction (PCR)-based strategy was recenti RO33 MAD20 MAD20 MAD20

developed to group clinical isolatesofalciparum 5. each gene type is defined as a unique combination of
into the 24MSP-1gene types defined in Table | gjelic types detected in the variable blocks 2, 4a (5'
(Kaneko et al. 1997). This strategy has been sugegment of block 4), 4b (3' segment of block 4) and 6-
cessfully applied to type wild isolates from thel6 of theMSP-1gene. Since there is no recombination
mesoendemic southern Vietnam (Kaneko et a#it the central and C-terminal portions of this gene, the
1997, Ferreira et al. 1998b), the hypoendemic Brallelic type detected in block 10 is considered to be the
Zl“an Amazon (Ferrelra et al 1998a), and théame for the variable blocks 6, 8, 14 and 16. Allelic typeS
holoendemic Tanzania (Ferreira et al. 1998¢). Lére named after the reference isolates MAD20, K1 and
this communication we analyze available data re-—">""

garding completdVISP-1typing of isolates from

these three malaria-endemic areas.
Second step The gene fragments between the
MATERIALS AND METHODS conserved block 5 and the variable block 6 were
Table Il summarizes basic information regardamplified in two separate reactions with the com-
ing typedP. falciparumisolates in each malaria- mon forward primer C5F and the type-specific re-
endemic area. Genomic DNA was extracted diverse primers M6R or K6R. Alternatively, block
rectly from the blood oP. falciparuminfected 10 was typed with the semi-conserved forward
patients, without previoumm vitro cultivation of ~primer C9F and the type-specific reverse primers
parasites. Locations of the oligonucleotide primM10R and K10R. Since there is no recombination
ers are shown in Fig. 1. Primer sequences and P®Rtween blocks 6 and 16, the allelic type found in
protocols are given elsewhere (Kaneko et al. 1997)locks 6 or 10 is the same for variable blocks 8, 14
The basic PCR-based typing procedure developéfd 16.
by Kaneko et al. (1997) may be described as it fol-  Third step -Segments between blocks 2 and 6
lows: were amplified in three separate reactions with the
First step -Block 2 was typed in three separateype-specific forward primers M2F, K2F or R2F,
reactions with the allelic specific forward primersand the type-specific reverse primers M6R or K6R.
M2F, K2F and R2F and the common reverse primdhe PCR fragments amplified in this step were used
C3R. as template in the next step. As an alternative, this
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TABLE Il

Recent polymerase chain reaction-based studies involving complete typingredrimoite surface protein-1
gene in naturdPlasmodium falciparurpopulations

Malaria No. of typed
Area endemicity isolates Reference
Brazilian Amazon Low 54 Ferreira et al. 1998a
Southern Vietham Intermediate 136 Kaneko et al. 1997
Southern Vietham Intermediate 102 Ferreira et al. 1998b
Northern Tanzania High 79 Ferreira et al. 1998¢
a
Block 12 3 45 6 7 8 9 10 1142 13 14 15 16 17
b
MAD20-type
K1i-type
RO33-type

Fig. 1-a: structure of thmerozoite surface proteindene ofPlasmodium falciparumConserved, semi-conserved and variable
blocks of the gene are shown as open, hatched and closed boxes, respectively. Block numbers are after Tanabe et al. (1987);
locations and directions of the oligonucleotide primers used to type blocks 2, 4a, 4b, 6, and 10 are also indicated.d®edrawn fr
Kaneko et al. 1997.

template may be prepared with the conserved fofdesoendemic Vietnam. Only gene type 11 was
ward primer C3F and the conserved reverse prim@Psent in that area at both occasions (Kaneko et
C5R. al. 1997, Ferreira et al. 1998b). This suggests that
Forth step -Block 4 was typed by nested pcRralmost all possible co_mbinatio_nsMSP—laIIeIic
in four separate reactions with the type-specifi§yPes may be found in parasites that are able to
forward primers M4F or K4F and type-specificlnfect human hosts. In antrast, Only 10 and 13
reverse primers M4R or K4R. As an alternativeMSP-1types were found in hypoendemic Brazil
the first step may be eliminated, and block 2 ma;,\nd ho!oendemlc Tanzania, respectively. Moreover,
be typed by detecting allelic-specific fragments igssentially the sanSP-1gene types were found
the second step (Ferreira et al. 1998b). to predominate in _both countries, and about 90%
The detection of PCR products in the expecte@f the typed parasite populations belonged to the
size ranges after 1.5-2% agarose gel electropho@ven most common gene types, namely the types
sis defined the presence of each allelic type i&3. 16, 17, 18, 22, 23 and 24 as defined in Table |
blocks 2, 6 or 10, 4a and 4b. MSP-1is a single- (Ferreira et al. 1998c). Nevertheless, these seven
copy gene in the haploid genome of blood-staggene types were found in only 61% of the typed
parasites, we consider that isolates harboring moR&rasite populations in Vietnam.
than one gene type have mixed infections with IS there any association between the extent of
genetically distincP. falciparumsubpopulations. MSP-1diversity and the intensity of malaria trans-
Each subpopulation may be separately typed bjission? -If we compare the proportions of ge-

this approach (Kaneko et al. 1997).
RESULTS AND DISCUSSION

Are all theoretically possibI®MSP-1gene types
found in naturalPlasmodium falciparurpopula-

netically mixed infections (that is, patients harbor-
ing more than on®ISP-1gene type) and the aver-
age number oMSP-1gene types found per pa-
tient, an apparent positive association is found be-
tween malaria endemicity adSP-1diversity

tions? -As shown in Fig. 2, all but one of the 24(Table IIl). However, if we compare the number
possibleMSP-1gene types were detected inof differentMSP-1gene types found in each en-
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demic area, no such association can be detected.
Therefore, despite the fact that most infected hosts
in Tanzania carry two or more parasite clones which
may be ingested by the vector and recombine dur-
ing meiosis, the resulting repertoire of MSkati-

ants seems to be relatively restricted in human
hosts, if compared with the situation found in Viet-
nam. Strong selective pressure related to the se-
guential use of several different antimalarials in a
few years, in the context of multi-drug resistance,
may have resulted in increased genetic diversity
of P. falciparumpopulations in Vietnam.

Are the patterns df1SP-1diversity temporally
stable in a given malaria-endemic areafig. 3
compares the distribution MSP-1gene types in
parasite populations sampled in the same commu-
nities in southern Vietnam at intervals of 12 months
(Fig. 3a) and 18-24 months (Fig. 3b). There is no
significant difference when both pairs of frequency
distributions are compared. The stability in the fre-
guencies oMSP-1gene types over periods of 12-
24 months does not imply that long-term changes
can be ruled out. Under the present conditions of
malaria transmission in southern Vietnam, just a
few infections with parasites carrying distinct ver-
sions of the MSP-1 antigen are expected per host
at a one-year or two-year interval. As a conse-
guence, natural acquisition of effective anti-MSP-
1 immunity may occur at a rather slow rate. We
have now examined this issue in relation to the
Brazilian Amazon by typinyISP-1variable blocks
in P. falciparumisolates collected over a period of
12 years (LA Silveira & MU Ferreira, unpublished
data).

Fig. 2-a: frequency distribution of teerozoite surface pro- L
tein-1 (MSP-1)gene types in 5@lasmodium falciparuniso- Are there non-random associations between

lates collected in July 1995 in the city of Porto Velho, State dMSP-1variable blocks in natural parasite popu-
Rondonia, southwestern Brazilian Amazon (Ferreira et alations?- If intragenic recombination occurs fre-
1998a); b: frequency distribution of thd&SP-1gene types in quently at theMSP-1locus in the absence of ma-
79 P. falciparumisolates collected between July and Septem- . . T
ber 1996 in the city of Tanga and the nearby village of Pangadpr selective constraints, the .dIStrlbutIOIj TASP-

in northern Tanzania (Ferreira et al. 1998c); c: frequency distril gene types would be described by a simple prob-
bution of theMSP-1gene types in 23B. falciparumisolates  ability model analogous to those used in popula-

collected between July 1994 and July 1996 from malaria pgion genetics to estimate expected frequencies of
tients belonging to the ethnic majority Kinh and the minority

K’ho living in the towns of Bao Loc and Phu Rieng and nearbﬁ'umple'IOCUS genotypes (Tibayrenc 1995). For
areas in southern Vietnam (Kaneko et al. 1997, Ferreira et a1Stance, th? eXpeCted fr?quency of gene type 1
1998b). The 2MSP-1gene types are numbered as in Table 1{(as defined in Table I) is given by multiplying the

TABLE llI

The extent of allelic diversity at threerozoite surface protein-1 (MSP{bus in naturaPlasmodium falciparum
populations from areas with different levels of malaria endemicity

No. of MSP-1 Proportion (%) Average no. of
Malaria gene types of isolates with MSP-1types
Area endemicity detected by PCR MISP-1type per patient
Brazil Low 10 39 1.42
Vietnam Intermediate 23 44 1.76

Tanzania High 13 60 2.37
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K”ho people 1994-95 lies (either MAD20 or K1) in blocks 4a and 6 or
10 were found more frequently than expected
(Kaneko et al. 1997, Ferreira et al. 1998b). The
reasons why similar results were not found in
holoendemic Tanzania and hypoendemic Brazil
remain to be elucidated.

Non-random associations between allelic types
may result from: (a) geographic isolation leading
to random genetic drift, (b) limited chances for in-
tragenic recombination during meiosis in the mos-
quito vector due to the presence of few different
MSP-1versions and the low prevalence of mixed

% infections in human hosts, and (c) biological con-
S strains which bias for particular associations. As
S
e Kinh people 1994-96
&
30r (b) Brazil 1995
25 35
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Fig. 3-a: frequency distribution aiherozoite surface protein- B
1(MSP-1)gene types in isolates from K’ho people living in hill 5
areas surrounding Bao Loc, southern Vietnam, collected bgs
tween July-August 1994 (= 34) (closed bars) and in August S

1995 (1= 28) (striped bars) (redrawn from Kaneko et al. 1997);0 Tanzania 1996
b: frequency distribution dfISP-1gene types in isolates from &~
Kinh people living in the town of Bao Loc, southern Vietnam, 30
collected between July-August 19%%=44) (closed bars) and ( b )
between January-July 1996 95) (striped bars) (redrawn from 25k
Ferreira et al. 1998b). j
20 \
15
. . . 10} \
observed frequencies of the allelic type K1 in \
blocks 2, 4a, 4b and 6-16 in a given population. 5k h \ ﬁ
Fig. 4 shows expected frequenciest8P-1gene I TPEPEE [\ ) D0 ool
types under the null hypothesis of random asso- TNMTbo~eaomNnTne R INn Y

ciation of allelic types (MAD20, K1 or RO33) in
each variable block in Brazil and Tanzania. No sig-
nificant difference between expected and observety. 4-a: expected (closed bars) and observed (striped bars) fre-
frequencies was detected by tifetest for good- quencies ofmerozoite surface protein-1 (MSPggne types in
ness of fit in both cases (Ferreira et al. 1998a d’jorto Velho, southwestern Brazilian Amazor 64) (data from
A . ’ Ferreira et al. 1998a); b: expected (closed bars) and observed
In contrast, Slgnlflcant dlﬁeren.ces between ex(striped bars) frequencies BfSP-1gene types in Tanga and
pected and Obser_Ved frequenc'QMP'lgene_ Pangani, northern Tanzania% 79) (data from Ferreira et al.
types were found in two surveys in southern Viett998c). Expected frequencies were computed under the null
nam (Fig. 5). Non-random associations were founiypothesis of random associations of allelic types in variable
to occur. in both cases. between blocks 4a and @gcks of the gene (see the text for details). There is no signifi-

) ! . . cant difference between expected and observed frequencies by
16:MSP-1gene types with concordant allelic fami-¢2 st of goodness of fit.

MSP-1 gene type
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Vietnam 1994-95 discussed elsewhere, the first two possible expla-
nations do not match available data from Vietnam,
and speculations regarding the third hypothesis are
limited by the fact that the function MSP-1re-
mains unknown (Ferreira et al. 1998b).

Are parasite populations carrying different
MSP-1gene types independently distributed in the
host population? A basic assumption of recent
mathematical models of malaria transmission is that
infections by different ‘strains’ are independent.
This means that, in genetically mixed infections, a
patient infected by a parasite carrying a givesP-

1 gene type (for instance type 1) is as likely to be
co-infected with a given second type (for instance
type 2) as someone infected with any oti&P-1
Vietnam 1996 type. This does not take into account the possibili-
30 ties of: (a) frequent multiple-clone infections by
( b) vectors carrying two or more gene types including
2 recombinant gene types resulting from the union
2ol of two different clones from one previous host (Hill
; & Babiker 1995), and (b) either facilitation or com-
15 | petition between parasites carrying different ver-
i sions of a polymorphic antigen which co-infect the
\ same host (Gilbert et al. 1998). We applied here a
s \ simple statistical analysis to test this assumption.
! The expected distribution MSP-1gene types
22s  per host under the hypothesis of independent dis-
tribution of MSP-1gene types may be described
MSP-1 gene type as the sum dfl independent binomial distributions,
whereN is the number of differefISP-1gene
types observed in host population. The variance
of this summed binomial distribution, or expected
Fig. 5-a: expected (closed bars) and observed (striped bars) fRPariancesz, was calculated and Compared to the
quencies ofmerozoite surface protein-1 (MSPggne typesin  qhserved variance? using ac2 test as described
isolates from Bao Loc, Vietham, collected between July-Au- .
gust 1994 from both Kinh and K’ho people £ 108) (data (Lotz & Font 1991). The d'f_ference between ,the
from Kaneko et al. 1997); b: expected (closed bars) and oXpected and observed variances was statistically
served (striped bars) frequenciesMBP-1gene types in iso- ~ significant in Tanzania (Table IV), suggesting that
lates from Bao Loc, Vietnam, collected between January-Julpjhe MSP-1gene types are not independently dis-

1996 from both K’ho and Kinh peopla € 102) (data from : : :
Ferreira et al. 1998b). Expected frequencies were comput buted in the host population. Therefore, we tested

under the null hypothesis of random associations of allelic typedl POSSible pairwise associations between gene
in variable blocks of the gene (see the text for details). In bottypes in Z 2 contingency tables using either stan-
cases significant differences between expected and observdeirdc2 or Fisher’s exact tests when appropriate,
frequencies were detected &¥tests of goodness of fit. with the significance level adjusted for multiple

Proportion (%)

TABLE IV

Statistical comparison of expectex®) and observedsf) variances of the distribution aherozoite surface
protein-1 (MSP-1pene types among human hosts living in areas with different levels of malaria endemicity

Malaria Expected Observed c?
Area endemicity variances ) variance € (d. f.2 P
Brazil Low 1.04 0.32 16.45 (53) > 0.05
Vietnam Intermediate 1.35 1.42 105.65 (101) > 0.05
Tanzania High 1.59 2.10 103.08 (78) <0.05

a: degrees of freedom.
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comparisons with the Bonferroni's correction (LordConway DJ, Greenwood BM, McBride JS 1991a. The
et al. 1997). At least 1 pair 81SP-1gene types ~ epidemiology of multiple-clonélasmodium
(18 and 24) was fzound to be positively associated Ia:CIparluorglgfgctlonS in Gambian patientBarasi-
(P = 0.0008 byc? test). With the Bonferroni's ology 199:1-0.
correction applied to these data, an association (i:?”v‘\'lvggfjéEOSI"\"/I”COBY}Sg”;'Sa ’i‘gﬂgiﬁglgkso n’?(')‘aﬁrr?]e”'
_srtﬁl_tlstlcally S'?r?'ft'(i[?]m at thetS‘anllleVQHfT 0'?024' 18 falciparum_inyragenic recombination a_md nonran-
IS means that theé genetically similar types dom associations between polymorphic domains of
and 24, that differ only in the block 4b allelic type  the precursor to the major surface antigewp
(Table 1), tend to co-occur more frequently than parasitol 73:469-480.
expected under the null hypotheses that they aFerreira MU, Liu Q, Kaneko O, Kimura M, Tanabe K,
independently transmitted. Nevertheless, depar- Kimura EAS, Katzin AM, Isomura S, Kawamoto F
tures from the null hypothesis of independent trans- 1998a. Allelic diversity at theerozoite surface pro-
mission were not detected in areas of lower ende- t€in-1locus ofPlasmodium falciparunm clinical
micity such as Brazil and Vietnam (Table IV). isolates from the squthwestern Brazilian Amazon.
Mathematical models have recently regardegerAm J Trop Med Hygn press,

malaria as a heterogeneous disease caused by se reira MU, Liu Q, Zhou M, Kaneko O, Kimura M,
! 9 usd u Y S€Vhien HV, Isomura S, Tanabe K, Kawamoto F

eral independently transmitted and antigenically 199gh. stable patterns of allelic diversity at the mero-
distinct parasite subpopulations or ‘strains’ that zojte surface protein-1 locus dflasmodium

do not interact within the human hosts and are able faiciparumin clinical isolates from southern Viet-
to elicit ‘strain’-specific protective immunity. These  nam.J Euk Microbiol 45:131-136.

models estimate the basic reproduction nurffger Ferreira MU, Liu Q, Kimura M, Ndawi BT, Tanabe K,
of malaria, defined as the average number of sec- Kawamoto F 1998c. Allelic diversity in the mero-
ondary infections generated by one primary infec- Zoite surface protein-1 and epidemiology of multiple-
tion in a fully susceptible population, as a weighted ¢loneé Plasmodium falciparuninfections in north-
average oR, values for each ‘strain’. This esti- .. ™ Tanzanial Parasitol.in press.

. . . Gilbert SC, Plebanski M, Gupta S, Morris J, Cox M,
mate is substantially lower th&g values obtained Aidoo M, Kwiatkowski D, Greenwood BM, Whittle

by cc_mv_enti(_)nal r_nethods, Squ_eSting Fhat malaria HC, Hill ASV 1998. Association of malaria parasite
eradication in Africa may be quite feasible (Gupta population structure, HLA, and immunological an-
et al. 1994). Nevertheless, the finding that geneti- tagonism Science 2791173-1177.
cally and antigenically distinct parasite populationSupta S, Trenholme K, Anderson RM, Day KP 1994,
are not independently distributed in the human Antigenic diversity and transmission dynamics of
hosts in areas of high endemicity, such as northern Plasmodium falciparum. Science 26%1-963.
Tanzania (Ferreira et al. 1998c) and the Gambldill WG, Babiker HA 1995. Estimation of numbers of
; ; i malaria clones in blood sampléoc R Soc Lon-

(Conway et al. 1991a), |mpl|efx‘b values con§|d don B 262249.257.
erably higher than those provided by the WEIghteH . o )

older AA 1996. Preventing merozoite invasion of eryth-
average approach (Lord et al. 1997).

USi hi - | f rocytes, p. 77-104n SL Hoffman,Malaria Vac-
In conclusion, this study provides examples of  jne pevelopment. A Multi-immune Response Ap-

the use of simple molecular and statistical ap- proach ASM Press, Washington D.C.

proaches to investigate the extent of antigenic diolder AA, Riley EM 1996. Human immune response
versity in malaria parasites and to test hypotheses to MSP-1 Parasitol Today 12173-174.
regarding the patterns of transmission and interagengwutiwes S, Tanabe K, Nakazawa S, Uemura H,
tion of genetically distinct parasite subpopulations Kanbara H 1991. Coexistence of gp195 alleles of

in endemic areas. Plasmodium falciparurim a small endemic aream
J Trop Med Hyg 44299-305.
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