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Abstract. Genetic analysis of the number of Plasmodium falciparum genotypes per infected person in regions of
holoendemic and hyperendemic malaria suggest that in areas of lower transmission intensity, significantly fewer
parasite genotypes per infected person should be found. A predominance of single clone infections in the human
population could generate the controversial clonal population structure proposed for P. falciparum by Tibayrenc and
others. Characterization of P. falciparum from individuals on the Thai-Burmese border, an area of hypoendemic
transmission, revealed a higher number of genotypes per infected person than that predicted. Possible reasons for this
observation are discussed, with particular attention paid to human migration and multidrug resistance.

Plasmodium falciparum malaria exhibits great diversity in
both phenotypic and genotypic characteristics on a world-
wide scale.1, 2 Many cross-sectional studies have revealed the
extent of multiple infections of P. falciparum genotypes in
human hosts from regions of differing endemicity and trans-
mission characteristics.1–6 Molecular epidemiology studies in
Ifakara, Tanzania7 and Madang, Papua New Guinea8 have
recently drawn attention to the relationship between the
mean number of parasite genotypes in the infected popula-
tion, transmission intensity, and the genetic structure of P.
falciparum populations. The 10-fold lower levels of trans-
mission intensity in Papua New Guinea9 compared with Tan-
zania,10 as measured by the entomologic inoculation rate
(EIR), was associated with measurable differences, using the
same polymerase chain reaction (PCR) techniques, in cross-
sectional measures of the number of genotypes per infected
person and parasite mating patterns as determined by oocyst
heterozygosity. There was a lower number of genotypes in
infected humans from Papua New Guinea with significantly
higher levels of inbreeding in P. falciparum populations. As
is evident from these two studies, the genetic structure of P.
falciparum populations is neither clonal nor panmictic, but
a function of the transmission intensity. Such variability in
parasite mating patterns may have important consequences
for the global spread of multigenic phenotypes such as vec-
tor competence, parasite virulence, and anti-malarial drug
resistance. While the number of genotypes per infected per-
son appears to correlate with transmission intensity, the five-
fold difference in transmission between coastal and inland
regions of Papua New Guinea results in only a small differ-
ence in the number of genotypes per infected person,8 com-
pared with the much larger difference observed in Tanzania.
Such a discrepancy suggests that the relationship between
transmission intensity and number of genotypes per infected
person may be nonlinear.

Observations from Papua New Guinea and Tanzania pre-
dict that in areas of lower transmission intensity, signifi-
cantly fewer parasite genotypes per infected person would
be found with the concomitant effect on parasite mating pat-
terns in the vector. Indeed, a predominance of single clone
infections in the human population could generate the con-
troversial clonal population structure proposed for P. falcip-
arum by Tibayrenc and others.11, 12 This paper aims to con-

firm the relationship between transmission intensity and the
number of multiple infections per human host by detailing
the extent of P. falciparum diversity in the Shoklo camp on
the Thai-Burmese border, an area of very low transmission
intensity, where individuals are believed to receive less than
one infection per year13 and thus are expected to harbor only
one parasite genotype at one time. This is the first report of
parasite diversity in this region of Thailand, although char-
acterization of culture-adapted isolates taken from other
regions of Thailand have demonstrated a high degree of di-
versity in enzymes, antigens, and drug sensitivity14, 15 and
have shown clonal diversity even within a single isolate.16, 17

MATERIALS AND METHODS

Study site. The project was carried out in association with
the Shoklo Malaria Research Unit in the Shoklo camp for
displaced persons of the Karen ethnic minority, situated near
Mae Sod on the Thai-Burmese border. This camp has a pop-
ulation of approximately 5,000 inhabitants. Malaria is the
main health problem in the camp, with a coexistence of both
P. falciparum and P. vivax and very low levels of P. ma-
lariae. Plasmodium falciparum in this area is the most drug-
resistant in the world and even mefloquine sensitivity is de-
creasing.18 Malaria transmission is seasonal and unstable,
with two peaks in May–July and November–January.13, 19

The annual incidence of P. falciparum malaria is approxi-
mately 40%.13 Incidence rates increase with age to a peak in
individuals between the ages of 20 and 29 years, most prob-
ably because of their tendency to travel frequently in the
forests surrounding the camp where there appears to be a
higher risk of acquiring P. falciparum.13 The incidence of
severe malaria, however, decreases with age. Prevalence
rates rarely exceed 10%, even during peak transmission;13

84–93% of infections are symptomatic cases and attack rates
are estimated at about one per year even for the most in-
fected age group.13 The predominant mosquito vectors are
Anopheles maculatus and An. minimus, with relatively few
An. dirus. These mosquitoes are principally forest fringe
dwelling, and the summer peak of malaria transmission co-
incides with the expansion of the vector population during
the rainy season.

Patients were enrolled into the study after they or their



196 PAUL AND OTHERS

FIGURE 1. Schematic diagram of the Merozoite surface protein-
1 gene after Ranford-Cartwright and others.23 (i) The gene can be
conveniently divided into blocks (1-17) according to the conserved
and repetitive nature of the sequence. The N and C terminal ends
of the gene are indicated. (ii) The conserved and repetitive nature
of the sequence depicted in (i). (iii) The region of amplification
surrounds block 2, which contains tandem repeats and is flanked by
a dimorphic sequence against which DNA probes will hybridize.
Two pairs of primers are used in consecutive rounds of polymerase
chain reaction amplification.

FIGURE 2. Schematic diagram of the merozoite surface protein-
2 gene after Ranford-Cartwright and others.23 (i) The gene can be
conveniently divided into blocks (1–4) according to the conserved
and repetitive nature of the sequence. The region of amplification
surrounds block 2, which contains tandem repeats and is flanked by
a dimorphic sequence against which DNA probes will hybridize.
Two pairs of primers are used in consecutive rounds of polymerase
chain reaction amplification. The N and C terminal ends of the gene
are indicated. (ii) The conserved and repetitive nature of the se-
quence depicted in (i).

accompanying relatives gave fully informed consent. The
project was approved by the ethical committees of the Fac-
ulty of Tropical Medicine, Mahidol University (Bangkok,
Thailand), and the Karen Refugee Committee (Mae Sod,
Thailand).

Parasite sampling. Previous studies in areas of more in-
tense transmission have shown that the number of P. falcip-
arum genotypes per infected person decreases with age,
which most probably reflects the development of immunity.6

The ratio of asymptomatic/symptomatic malaria in this area
has been reported as similar in all age groups.13 Samples
were taken from each age group to account for any such
age-dependent variability in the number of genotypes per
infected person. Because this study occurred during the re-
cent SPf66 vaccine trial,20 the majority of 2–15-year old in-
dividuals were receiving either SPf66 vaccine or a placebo
(hepatitis B vaccine). Even though the SPf66 vaccine had
no effect on the incidence of malaria, we analyzed the effect
of treatment (placebo or vaccine) on the number of geno-
types per infected person. Blood samples were spotted onto
Whatman (Maidstone, United Kingdom) paper from 56 P.
falciparum slide-positive persons attending health centers
during March–July 1994. The range of parasite densities (1–
2,000 infected red blood cells per 500 white blood cells were
comparable with those observed in Papua New Guinea (1–
500 infected red blood cells per 200 white blood cells),
where similar genotyping studies were conducted (Paul
REL, 1996, The Genetic Diversity of Plasmodium falcipa-

rum, Ph.D Thesis, Oxford University, Oxford, United King-
dom).

Extraction of DNA. Parasite DNA was extracted from
the blots using a modification of the Chelex extraction meth-
od.21, 22 The blood spot was soaked for 10–20 min in a 1.5-
ml Eppendorf (BDH Merk, Poole, United Kingdom) tube
containing 1 ml of phosphate buffer solution (8 g of NaCl,
0.2 g of KCl, 1.15 g of NaH2PO4, 0.24 g of K2HPO4 per
liter, pH 7.4)/1% saponin, which increases DNA yield by
aiding the release of hemoglobin from the paper. The tube
was centrifuged for 2 min at 13,000 rpm in a microcentrifuge
and the supernatant was discarded. One milliliter of 13
phosphate buffer solution was added to the tube, centrifuged
for 2 min at 13,000 rpm, and the supernatant was discarded.
One hundred fifty microliters of Molecular Biology Grade
water and 50 ml of a 20% suspension of Chelex 100 resin
(Bio-Rad, Hemel Hempstead, United Kingdom) was added.
The tube was placed in a boiling water bath for 8 min and
then centrifuged for 1 min at 13,000 rpm. The supernatant,
which contained the DNA, was carefully removed to avoid
transfer of the Chelex resin.

Amplification by PCR and in situ hybridization of
three P. falciparum polymorphic loci. Three polymorphic
loci, merozoite surface proteins 1 and 2 (MSP-1 and MSP-
2) and the glutamate-rich protein (GLURP), were used for
the genetic analysis of the parasite population. Regions of
MSP-1 (Figure 1) and MSP-2 (Figure 2), which vary in re-
peat number and in adjacent sequence type, and a region of
GLURP (Figure 3), which varies only in repeat number,
were amplified using the PCR following the method of Ran-
ford-Cartwright and others23 and Paul and others.8 The PCR
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FIGURE 3. Schematic diagram of the glutamate-rich protein gene after Borre and others43 depicting the region of amplification around the
repetitive region R2. Also shown is R1, a region of repeats of varying lengths. The N and C terminal ends of the gene are indicated. Two
pairs of primers are used in consecutive rounds of polymerase chain reaction amplification. Primer details are provided in the report by Paul
and others.8

products were sized against standards of known molecular
weight (VI pBR328 Bgl I/Hinf; Boehringer, Lewes, United
Kingdom) on 1.8% agarose gels. The PCR products of MSP-
1 and MSP-2 were transferred by Southern transfer onto ny-
lon membranes (Boehringer) and probed with allele-specific
probes using the nonradioactive chemiluminescent detection
methods described in the studies of Babiker and others7 and
Paul and others.8 The PCR detection of parasite DNA ex-
tracted using this Chelex method has been shown to be
equally sensitive compared with other DNA extraction meth-
ods, requiring a minimum of 40 parasites or a parasite count
of one infected red blood cell per 200 white blood cells.

Genetic and statistical analysis. The potential number of
genotypes per infected person will depend on the amount of
polymorphism in the transmission population. Previous data
suggest that while the overall number of genotypes in the
transmission population relates to the transmission intensity,
it is not a limiting factor in the number of genotypes per
infected person, i.e., there are more alleles in any study pop-
ulation than that found within any individual. Allele fre-
quency distributions for all three loci are calculated for this
region of Thailand to ensure that there is sufficient poly-
morphism to allow a comparison of genotypes per infected
person with regions of higher transmission intensity. Fur-
thermore, to exclude any confounding effect of vaccine
treatment, age, and sex specific to Thailand, the association
of multiple genotype infections with these factors was ana-
lyzed with GLIM 37724 software.

Analysis of multilocus genotypes has often been used to
investigate parasite mating patterns11, 12 and provides infor-
mation on the structure of the parasite population, which can
vary regionally despite equivalent allelic diversity. The
GENEPOP25 (version 1.2) was used to analyze patterns of
linkage between loci.

RESULTS

Patterns of parasite diversity for MSP-1, MSP-2, and
GLURP were described for P. falciparum-positive cases of
clinical malaria from the Shoklo Camp. From the 56 sam-
ples, there was a 95% (n 5 53) PCR success rate with MSP-
2, 86% (n 5 48) with MSP-1, and 77% (n 5 43) with
GLURP. These rates are similar to those previously achieved
with field samples.7, 8 All PCR-positive samples probed suc-
cessfully for MSP-2 and 92% (n 5 44) probed successfully
for MSP-1.

Despite the very low transmission intensity in Shoklo, the
diversity of alleles of MSP-1 (nine alleles), MSP-2 (12 al-
leles), and GLURP (seven alleles) was comparable with that

previously described for Papua New Guinea (MSP-1: nine
alleles, MSP-2: 14 alleles, and GLURP: seven alleles),8 but
lower than that observed in Tanzania (MSP-1: 17 alleles,
MSP-2: 23 alleles)7 using the same genotyping methods and
a similar sample size (Figures 4–7). The allele frequencies
for MSP-1 and MSP-2 did not exceed 25% for any single
allele, although for GLURP, one allele (820–879 basepairs)
was particularly dominant (42%) (Figure 4).

The comparable nature of the parasite diversity, at least
to Papua New Guinea, and the allelic frequencies at these
three loci justified a comparison of the number of genotypes
per infected person. A high number of double infections
were observed for MSP-2 (57%) (Figure 5); 25% of the
infections were double (n 5 11) for MSP-1 (Figure 6) and
only 9% were double for GLURP (Figure 7). The mean 6
SE number of genotypes per infected person was found to
be 1.67 6 0.06), which is considerably larger than expected
with such low malaria transmission. A study from Senegal6

found a significant effect of age on the number of genotypes
per infected person and a recent epidemiologic study in
Shoklo suggests a peak incidence of P. falciparum in men
in their third decade.13 Using all three loci and taking the
conservative estimate of genotype number, 68% (28 of 41)
of those less than 15 years old compared with 77% (10 of
13) of those more than 15 years old had two parasite ge-
notypes. Statistical analysis revealed no clear association be-
tween the number of genotypes per infected person with age
or sex (GLIM Poisson, age x2

0.05, 2 5 0.21; sex x2
0.05, 1 5

0.11), although the sample size was small and biased toward
those less than 15 years old as a result of the nature of self-
presentations to health centers. There was no effect of vac-
cine treatment on genotype number (x2

1, 0.05 5 0.875).
Linkage analyses, which examine nonrandom associations

between alleles from different loci, provide information on
the genetic structure of the parasite population. Despite the
unexpectedly high number of genotypes per infected person
in Shoklo and the consequent potential for recombination,
linkage analysis can still provide an insight into the mating
structure of the parasite population. Because of the high de-
gree of multiple infections detected with MSP-2, it was not
possible to perform linkage analysis between all three loci.
Linkage analysis was carried out for MSP-1 and GLURP
using MSP-1 sequence categories (K1, MAD20, and RO33)
and the seven alleles of GLURP. No linkage was detected
(GENEPOP, Fisher exact P 5 0.17, SE 5 0.007, n 5 31).
The absence of linkage disequilibrium found between the
above loci in the Shoklo parasite population is consistent
with observations made in Papua New Guinea and Tanzania
where out-crossing has been demonstrated, although as
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FIGURE 4. Allele frequency distribution of three Plasmodium falciparum polymorphic loci (merozoite surface protein-2 [MSP-2], MSP-1,
and glutamate-rich protein [GLURP]) in 56 humans from Thailand. Alleles of MSP-1 and MSP-2 are characterized by fragment size and by
sequence type, using digoxigenin DNA in situ hybridization. The GLURP alleles are characterized by fragment size only. n refers to the total
number of alleles of each locus found.

pointed out by Tibayrenc and Lal,26 the sample size is too
small to prove significantly the occurrence of linkage equi-
librium. Of the multiple infections with MSP-2 genotypes,
three genotype pairs (480 IC/FC, 520 IC/FC, and 560 IC/FC)
accounted for 83% (n 5 25) of all MSP-2 double infections
(n 5 30). The MSP-1 alleles associated with these MSP-2
double genotypes suggest that they are not the same para-
sites.

DISCUSSION

The hypothesis tested in this study was that there was a
predictable relationship between transmission intensity and
the mean number of genotypes per infected person as mea-
sured at a point in time. Comparison of relevant cross-sec-
tional data from the literature4–8, 27, 28 suggests that such a
relationship between transmission intensity and the mean
number of genotypes per infected person does exist, but that

it appears to be nonlinear. The 10-fold higher EIRs in Sen-
egal6 or Tanzania10 compared with Papua New Guinea9 are
associated with a concomitant increase in the mean number
of genotypes per infected person, but the much lower, albeit
seasonal, EIR in The Gambia27 results in a similar mean
genotype number to that in Papua New Guinea.5, 8, 28 This
study examined an area of very low transmission that is a
focus of multidrug resistance and found that overall diversity
in the parasite population was less than that in regions of
higher transmission intensity. There was a greater number of
genotypes per infected person than predicted on the basis of
the EIR. Although this result contradicts the proposed rela-
tionship, the deviation from the prediction may be the result
of particular demographic or parasitologic features of the
region.

In Shoklo, a region of hypoendemic malaria, the number
of infective bites received per year was estimated from the
number of independent symptomatic attacks received; i.e.,
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FIGURE 5. Polymerase chain reaction (PCR) typing of merozoite surface protein 2 (MSP-2) (repeats) alleles in a sample of self-presentations
in the Shoklo camp on the Thai-Burmese border during July 1994. A, analysis of the PCR products by ethidium bromide staining of the
agarose gel. B, results of hybridization with family-specific probes (ICI and FC27). C, schematic representation of the alleles detected in the
various blood samples; codes for each family are as indicated. Numbers represent patient code numbers. bp 5 basepairs.
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FIGURE 7. Polymerase chain reaction (PCR) typing of glutamate-rich protein (repeats) alleles in a sample of self-presentations in the Shoklo
camp on the Thai-Burmese border during July 1994. Analysis of the PCR products by ethidium bromide staining of the agarose gel. Numbers
represent patient code numbers. Values on the left are in basepairs.

←

FIGURE 6. Polymerase chain reaction (PCR) typing of merozoite surface protein 1 (MSP-1) (block 2) alleles in a sample of self-presentations
in the Shoklo camp on the Thai-Burmese border during July 1994. A, analysis of the PCR products by ethidium bromide staining of the
agarose gel. B, results of hybridization with family-specific probes (K1, MAD20, and RO33). C, schematic representation of the alleles detected
in the various blood samples; codes for each family are as indicated. Numbers represent patient code numbers. bp 5 basepairs.

because immunity is acquired so slowly in such areas of
low transmission, almost every infective bite (90% for all
age groups) is believed to cause a symptomatic response.13

If an individual receives less than one infective bite a year,
to be infected with multiple parasite genotypes there are
two possibilities: 1) individuals infected with multiple ge-
notypes in another region of more intense transmission gen-
erate multiple parasite genotypes in mosquitoes that then
inject a single inoculum containing multiple genotypes; 2)
the duration of a single infection must exceed one year and
so overlap with new infections. The low incidence levels
suggest that the generation of a multiple genotype inoculum
as a result of an interrupted mosquito feed is of negligible
importance. Thus, the observed high numbers of multiple
genotype infections either reflect patterns of migration or
result from factors influencing the duration of infection.

The intensity of transmission is known to vary substan-
tially over short geographic distances in much of Southeast
Asia.29, 30 The elevated numbers of genotypes per infected
person may result from migration between areas of more
intense transmission, for example, the surrounding forests
and even Burma, and the study area.13, 19 This would arti-
ficially increase the number of genotypes per infected per-
son in Shoklo and even produce a transmission cycle of
multiple genotype inoculations, resulting in multiply in-
fected nonimmigrants. The demographic nature of Shoklo,
which is a Karen refugee camp, ensures some immigration
of individuals exposed to malaria from outside the camp.
Although the risk of malaria in this area is increased with
travel and being a young adult male,13 less than 14% of
clinical cases of malaria are attributable to migration out-
side the camp.13 Despite this and from the limited analysis
performed here, the absence of any discernible increase in
mean parasite genotype number associated with age, young
adult males could provide the reservoir of multiple geno-
type inocula.

Information concerning the duration of infection is dif-
ficult to obtain in endemic areas because of the occurrence
of sequential infections, the difficulties of repeated sam-
pling, and the need to treat symptomatic infections with
antimalarial drugs. In this region, since virtually every case

is symptomatic, drug treatment precludes study of the du-
ration of infection. Induced infection experiments in neu-
rosyphilitic patients produced infections that lasted a year.31

It has been recently reported that P. falciparum can last for
more than two years in a semi-immune individual.32 Wheth-
er such persistence of asymptomatic subpatent infections
occurs in Shoklo is unclear. Approximately 90% of the in-
fections become symptomatic, but with no detectable dif-
ferences across age groups,13 suggesting that unlike regions
of higher transmission, adults are not a particular reservoir
of asymptomatic patent infections. Pregnant women tend to
suffer from more severe disease and parasites are known
to sequester in the placenta from where they recrudesce.33, 34

Such individuals offer another potential source for extend-
ed duration of infection and thus more are prone to multiple
infections.

The higher than expected number of genotypes per in-
fected person in Shoklo could be therefore explained by
speculating that infections persist at subpatent levels lon-
ger in areas of low compared to high transmission inten-
sity to maximize gametocyte transmission success. Clear-
ly, in areas of marked seasonality such as Sudan, parasites
must persist in individuals in the asymptomatic state for
periods up to 10 months to allow continued transmission
at the start of the next wet season.35 If the observations in
Shoklo are explained in terms of long duration of infec-
tion, the question then arises as to why there are compar-
atively few infections (1–5) detected at a point in time in
young children experiencing 300 infective bites per year
in, for example, Senegal6 or Tanzania.7 Presumably, high
rates of infection will lead to the development of both
nonspecific immunity and cross-strain immunity that will
shorten the duration of infection and thus the number of
overlapping genotypes detected at a point in time. Super-
infection data from induced P. falciparum infections in
humans and Saimiri monkeys have shown that immunity
is predominantly strain-specific and weakly cross-strain
specific.36, 37 Induced infection experiments in rodent mod-
els also support this conclusion.38–40 Such an explanation
is highly speculative and further data on both the duration
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of infection and gametocyte rates across transmission in-
tensities are required.

Another explanation for the Shoklo parasite diversity
patterns within humans concerns the influence that anti-
malarial drug resistance may have on the parasite popula-
tion dynamics within a human host. Multidrug resistance,
a feature of the region, could induce a carrier state in hu-
mans by effectively increasing the duration of infection.
Infections are often suppressed and not cleared by drugs
and eventually recrudesce as asymptomatic infections. Re-
crudescence of parasites has been shown to occur up to 42
days41 and is believed to occur up to 63 days following
treatment.42 Extension of the duration of a single infection
as a result of treatment and subsequent recrudescence will
increase the probability of coinfection with a second par-
asite genotype.

Irrespective of the actual origin of multiple genotype in-
fections, such a high proportion of polyclonal infections
could easily be maintained by the simultaneous transmission
and inoculation of multiple genotypes within a single blood
feed. Recycling of paired genotypes assumes no within host
competition and equal growth and gametocyte production
rates. The variety of possible causes for the unexpectedly
large number of genotypes per infected person demonstrates
the difficulties of interpreting the relationship between trans-
mission intensity and the genetic structure of the parasite
population. Our results highlight the limitations of extrapo-
lating conclusions about the population genetics of P. fal-
ciparum from one region to another based on global malaria
paradigms that so often emerge, particularly in limited
regions of Africa, with limited knowledge of local epide-
miologic conditions. We have made the generalization that
the genetic structure of P. falciparum populations is a func-
tion of transmission intensity in a given endemic area but
this relationship may be nonlinear. The observed unexpect-
edly high number of genotypes per infected person in the
human population in this area of low endemicity precludes
the use of transmission intensity alone as a predictor of par-
asite mating patterns. Understanding the causes of such un-
expected results is essential for the development of a robust
relationship from which predictions on control measures and
parasite behavior can be made and so warrants further study.

Acknowledgments: We thank the staff of the Shoklo Malaria Re-
search Unit for assistance in this study and especially the inhabitants
of the Shoklo camp for displaced persons. We also thank Tim An-
derson for comments on earlier drafts of this manuscript. We are
very grateful for the constructive comments by the referees.

Financial support: This work was part of the Wellcome–Mahidol
University–Oxford Tropical Medicine Research Program. The work
was supported in part by The Wellcome Trust to K. P. Day and N.
J. White, the Wellcome Unit, Bangkok, and by an Oxford University
Pump-Priming grant to K. P. Day.

Authors’ addresses: R. E. L. Paul, Unite Biochimie et Biologie Mo-
leculaire des Insects, Department d’Ecologie, Institut Pasteur, 28 Rue
du Dr. Roux, 75724 Paris, France. I. Hackford, C. Muller-Graf, and
K. P. Day, The Wellcome Trust Centre for the Epidemiology of
Infectious Disease, Department of Zoology, Oxford University,
South Parks Road, Oxford OX1 3PS, United Kingdom. A. Brock-
man, R. Price, C. Luxemburger, and F. Nosten, Shoklo Malaria Re-
search Unit, Mae Sod, Thailand. N. J. White, Faculty of Tropical
Medicine, Mahidol University, Bangkok, Thailand.

Reprint requests: K. P. Day, The Wellcome Trust Centre for the

Epidemiology of Infectious Disease, Department of Zoology, Oxford
University, South Parks Road, Oxford OX1 3PS, United Kingdom.

REFERENCES

1. Creasey A, Fenton B, Walker A, Thaithong S, Oliveira S, Mu-
tambu S, Walliker D, 1990. Genetic diversity of Plasmodium
falciparum shows geographical variation. Am J Trop Med
Hyg 42: 403–413.

2. Kemp DJ, Cowman AF, Walliker D, 1990. Genetic diversity in
Plasmodium falciparum. Adv Parasitol 29: 75–149.

3. Carter R, Voller A, 1975. The distribution of enzyme variation
in populations of Plasmodium falciparum in Africa. Trans R
Soc Trop Med Hyg 61: 311–376.

4. Babiker HA, Creasey AM, Fenton B, Bayoumi RAL, Arnot DE,
Walliker D, 1991. Genetic diversity of Plasmodium falcipa-
rum in a village in eastern Sudan. 1. Diversity of enzymes,
2D-PAGE proteins and antigens. Trans R Soc Trop Med Hyg
85: 512–511.

5. Conway DJ, McBride JS, 1991. Population genetics of Plas-
modium falciparum within a malaria hyperendemic area. Par-
asitology 109: 7–16.

6. Ntoumi F, Contamin H, Rogier C, Bonnefoy S, Trape JF, Mer-
cereau-Puijalon O, 1995. Age-dependent carriage of multiple
Plasmodium falciparum merozoite surface antigen-2 alleles in
asymptomatic malaria infections. Am J Trop Med Hyg 52:
81–88.

7. Babiker HA, Ranford-Cartwright LC, Currie D, Charlwood JD,
Billingsley P, Teuscher T, Walliker D, 1994. Random mating
in a natural population of the malaria parasite Plasmodium
falciparum. Parasitology 101: 413–421.

8. Paul REL, Packer MJ, Walmsley M, Lagog M, Ranford-Cart-
wright LC, Paru R, Day KP, 1995. Mating patterns in malaria
parasite populations of Papua New Guinea. Science 269:
1709–1711.

9. Burkot TR, Graves PM, Paru R, Wirtz RA, Heywood PF, 1988.
Human malaria transmission studies in the Anopheles punc-
tulatus complex in Papua New Guinea: sporozoite rates, in-
oculation rates and sporozoite densities. Am J Trop Med Hyg
39: 135–144.

10. Lyimo EO, Koelia JC, 1992. Relationship between body size
of adult Anopheles gambiae s.l. and infection with the malaria
parasite Plasmodium falciparum. Parasitology 104: 233–237.

11. Tibayrenc M, Kjellberg F, Ayala FJ, 1990. A clonal theory of
parasitic protozoa: the population structures of Entamoeba,
Giardia, Leishmania, Naegleria, Plasmodium, Trichomonas
and Trypanosoma and their medical and taxonomical conse-
quences. Proc Natl Acad Sci USA 87: 2414–2418.

12. Tibayrenc M, Ayala FJ, 1991. Towards a population genetics
of micro-organisms: the clonal theory of parasitic protozoa.
Parasitol Today 7: 228–232.

13. Luxemburger C, Thwai KL, White NJ, Webster HK, Kyle DE,
Maelankirri L, Chongsuphajaisiddhi T, Nosten F, 1996. The
epidemiology of malaria in a Karen population on the western
border of Thailand. Trans R Soc Trop Med Hyg 90: 105–
111.

14. Thaithong S, Sueblinwong T, Beale GH, 1981. Enzyme typing
of some isolates of Plasmodium falciparum from Thailand.
Trans R Soc Trop Med Hyg 75: 268–270.

15. Thaithong S, 1983. Clones of different sensitivities in drug-
resistant isolates of Plasmodium falciparum. Bull World
Health Organ 61: 709–712.

16. Thaithong S, Beale GH, Fenton B, McBride J, Rosario V, Walk-
er A, Walliker D, 1984. Clonal diversity in a single isolate
of the malaria parasite Plasmodium falciparum. Trans R Soc
Trop Med Hyg 78: 242–245.

17. Daubersies P, Sallenave-Sales S, Trape JF, Raharimalala L, Ro-
gier C, Contamin H, Fandeur T, Daniel-Ribeiro CT, Mercer-
eau-Puijalon O, Druilhe P, 1994. PCR characterization of iso-
lates from various endemic areas: diversity and turn over of
Plasmodium falciparum populations are correlated with trans-
mission. Mem Inst Oswaldo Cruz 89 (suppl 2): 9–12.

18. Nosten F, ter Kuile F, Chongsuphajaisiddhi T, Luxemburger C,



203MULTIPLE PARASITE GENOTYPES IN AN AREA OF LOW MALARIA TRANSMISSION

Webster HK, Edstein M, Phaipun L, Thew KL, White NJ,
1991. Mefloqoine-resistant falciparum malaria on the Thai-
Burmese border. Lancet 337: 1140–1143.

19. Nosten F, Imvithaya S, Vincenti M, Delmas G, Lebihan G,
Hausler B, White NJ, 1987. Malaria on the Thai-Burmese
border: treatment of 5,192 patients with mefloquine-sulfadox-
ine-pyrimethamine. Bull World Health Organ 65: 891–896.

20. Nosten F, Luxemburger C, Kyle DE, Ballou WR, Wittes J, Wah
E, Chongsuphajaisiddhi T, Gordon DM, White NJ, Sadoff JC,
Heppner DJ, and the Shoklo SPf66 Malaria Vaccine Trial
Group, 1996. Randomized double-blind placebo-controlled
trial of SPf66 malaria vaccine in children in northwestern
Thailand. Lancet 348: 701–707.

21. Kain KC, Lanar DE, 1991. Determination of genetic variation
within Plasmodium falciparum by using enzymatically am-
plified DNA from filter paper disks impregnated with whole
blood. J Clin Microbiol 29: 1171–1174.

22. Kyes S, Craig AG, Marsh K, Newbold CI, 1993. Plasmodium
falciparum: a method for the amplification of S antigens and
its application to laboratory and field samples. Exp Parasitol
77: 473–483.

23. Ranford-Cartwright LC, Baife P, Carter R, Walliker D, 1993.
Frequency of cross-fertilisation in the human malaria parasite
Plasmodium falciparum. Parasitology 107: 11–18.

24. Crawley MJ, 1993. GLIM for Ecologists. Oxford: Blackwell
Scientific Publications.

25. Raymond M, Ronsset F, 1995. GENEPOP (ver. 1.2), a popu-
lation genetics software for exact tests and ecumenicism. J
Hered 86: 248–249.

26. Tibayrenc M, Lal A, 1996. Self-fertilization, linkage disequilib-
rium and strains in Plasmodium falciparum. Science 271:
1300–1301.

27. Thomson MC, D’Alessandro U, Bennett S, Connor SJ, Langer-
ock P, Jawara M, Todd J, Greenwood EM, 1994. Malaria
prevalence is inversely related to vector density in The Gam-
bia, West Africa. Trans R Soc Trop Med Hyg 88: 638–643.

28. Carter R, McGregor IA, 1973. Enzyme variation in Plasmodium
falciparum in The Gambia. Trans R Soc Trop Med Hyg 67:
830–837.

29. Segal HE, Wilkinson RN, Thiemanun W, Gresso WE, Gould
DJ, 1974. Longitudinal malaria studied in rural north-east
Thailand: demographic and temporal variables of infection.
Bull World Health Organ 50: 505–512.

30. Rosenberg R, Andre RG, Ngampatom S, Harz C, Burge R,
1990. A stable oligosymptomatic malaria focus in Thailand.
Trans R Soc Trop Med Hyg 84: 14–21.

31. Jeffery GM, Eyles DE, 1955. Infectivity to mosquitoes of Plas-

modium falciparum as related to gametocyte density and du-
ration of infection. Am J Trop Med Hyg 4: 781–789.

32. Krajden S, Pnisko DM, Tobe B, Yang J, Keystone JS, 1991.
Prolonged infection with Plasmodium falciparum in a semi-
immune patient. Trans R Soc Trop Med Hyg 85: 731–732.

33. Nosten F, ter Kuile F, Maelankirri L, Decludt B, White NJ, 1991.
Malaria during pregnancy in an area of unstable endemicity.
Trans R Soc Trop Med Hyg 85: 424–429.

34. Fried M, Duffy PE, 1996. Adherence of Plasmodium falcipa-
rum to chondroitin sulfate A in the human placenta. Science
272: 1502–1504.

35. Babiker HA, Satti G, Walliker D, 1995. Genetic changes in the
population of Plasmodium falciparum in a Sudanese village
over a three-year period. Am J Trop Med Hyg 53: 7–15.

36. Jeffery GM, 1966. Epidemiological significance of repeated in-
fections with homologous and heterologous strains and spe-
cies of Plasmodium. Bull World Health Organ 35: 873–882.

37. Fandeur T, Gysin J, Mercereau-Puijalon O, 1992. Protection of
squirrel monkeys against virulent Plasmodium falciparum in-
fections by use of attenuated parasites. Infect Immun 60:
1390–1396.

38. Brown, KN, 1971. Protective immunity to malaria provides a
model for the survival of cells in an immunologically hostile
environment. Nature 230: 163–167.

39. Jarra W, Brown KN, 1985. Protective immunity to malaria:
studies with cloned lines of Plasmodium chabaudi and P.
berghei in CBA/Ca mice. I. The effectiveness and inter- and
intra-species specificity of immunity induced by infection.
Parasite Immunol 7: 595–606.

40. Snounou G, Bourne T, Jana W, Viriyakosol S, Wood JC, Brown
KN, 1992. Assessment of parasite population dynamics in
mixed infections of rodent plasmodia. Parasitology 105:
363–374.

41. Fontanet AL, Walker AM, 1993. Predictors of treatment failure
in multiple drug-resistant falciparum malaria: results from a
42-day follow-up of 224 patients in eastern Thailand. Am J
Trop Med Hyg 49: 465–472.

42. Harinasatu T, Bunnag D, Wernsdorfer WH, 1983. A phase II
clinical trial of mefloquine in patients with chloroquine-resis-
tant falciparum malaria in Thailand. Bull World Health Or-
gan 61: 299–305.

43. Borre MB, Dziegiel M, Hogh B, Petersen E, Rieneck K, Riley
E, Meis JF, Aikawa M, Nakamura K, Harada M, Wind A,
Jakobsen PH, Cowland J, Jepsen S, Axelsen NH, Vuust J,
1991. Primary structure and localization of a conserved im-
munogenic Plasmodium falciparum glutamate rich protein
(GLURP) expressed in both the preerythrocytic and erythro-
cytic stages of the vertebrate life cycle. Mol Biochem Par-
asitol 49: 119–132.


	Main Menu
	Help
	Vol. 58 Table of Contents
	Issue 2 Table of Contents
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	REFERENCES

