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If parasite genotype influences the clinical course of malaria, we expect that isolates from patients with
similar pathology would be more closely related than would be expected by chance. To explore this prediction,
we typed nine microsatellite markers in sympatric Plasmodium falciparum isolates from cerebral and uncom-
plicated malaria patients from Vietnam. Temporal structure and linkage disequilibrium were also examined

in this data set.

Most inhabitants in malarious areas sooner or later become
infected with Plasmodium falciparum, but few of them experi-
ence life-threatening complications (9). Despite our increasing
knowledge of the molecular basis of severe malaria (6), deter-
minants of outcome of individual infections remain unknown.
Both host and parasite genetics clearly play a role. Host ge-
netics accounted for 7 to 10% of the variation in frequency and
clinical outcome of P. falciparum infections in a pedigreed
human population in Sri Lanka (18), and parasite genotype
was shown to influence the course of induced P. falciparum
infections in humans (14, 15) and squirrel monkeys (7).

The role of parasite genetics in malaria pathogenesis is
harder to evaluate in natural infections. Mathematical model-
ing has been used to argue that cerebral malaria is caused by a
minority of virulent parasite strains (10). The reported space-
time clustering of severe malaria in Kenya (23) and the asso-
ciation between two P. falciparum surface antigen variants in
isolates from severe malaria in French Guyana (4) are consis-
tent with this hypothesis. If parasite genetics plays a major role
in pathogenesis, we would expect closely related parasites to be
associated with similar disease expression. Here, we assessed
genetic the relatedness of isolates from cerebral and uncom-
plicated malaria patients to explore this prediction.

Between January 1996 and January 1997, we prospectively
studied 101 patients, aged 3 to 77 years, presenting at Lam
Dong Provincial Hospital No. 2 in the town of Bao Loc, Viet-
nam, with microscopically confirmed P. falciparum infection.
Clinical details were recorded, and parasite isolates were
stored for DNA extraction (8). Bao Loc is situated 150 km
northeast of Ho Chi Minh City, in an area of mesoendemicity
on the southern highlands of Vietnam (8). The population
served by the hospital (140,000 people) includes ethnic Viet-
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namese and ethnic minorities who inhabit remote hill areas
(13). Eight patients, aged 11 to 35 years, were admitted to the
intensive care unit with strictly defined cerebral malaria (25);
the remainder were outpatients with uncomplicated P. falcipa-
rum infection. We excluded patients with complications other
than cerebral malaria, since they are unlikely to be associated
with common P. falciparum virulence factors (17). All patients
or guardians provided informed consent, and the research pro-
tocol was approved by the relevant ethical committees at all
institutions involved in this study.

Nine single-copy microsatellite markers were typed (chro-
mosome location in parentheses): Polya (4), TA8I (5), TAI
and TA87 (6), 2490 (10), ARAII (11), PfG377 and PfPK2 (12),
and TA60 (13). Alleles were amplified by seminested PCR by
using primers corresponding to conserved regions flanking the
microsatellites. Primer sequences and PCR conditions were
exactly as described elsewhere (3). One of the internal primers
used in the second round of amplification was end labeled with
either of four different fluorescent markers, so that reactions
could be multiplexed and allele length and peak heights could
be measured in an automated sequencer. Length variation of
PCR products was measured on an ABI3100 DNA analyzer
(Applied Biosystems, Foster City, Calif.). We scored multiple
alleles at a given locus if minor peaks were more than one-third
the height of the predominant peak; infections were consid-
ered to contain multiple clones if one or more loci showed
more than one allele (2). Samples were randomized on micro-
titer plates for amplification, to avoid systematic bias. Repeat-
ability was assessed by reamplifying and rescoring the nine loci
from 27 randomly selected isolates. Identical results were ob-
tained for 96% of replicates; eight of nine discrepancies oc-
curred in infections with multiple alleles.

Multiple alleles were found in 40 (39.6%) isolates, with a
maximum of three alleles/isolate. Levels of P. falciparum ge-
netic diversity in southern Vietnam (Table 1) were intermedi-
ate between those in South America and Africa (2). Diversity
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TABLE 1. Number of different alleles and expected heterozygosity
at nine microsatellite loci and standardized indices of association of
alleles in haplotypes in isolates of P. falciparum from
southern Vietnam“

Locus No. of alleles Expected heterozygosity
Polya 18 0.91
TAS8I 9 0.77
TAI 9 0.69
TAS87 9 0.76
2490 2 0.47
ARAIl 9 0.82
PfG377 4 0.48
PfPK2 8 0.80
TA60 7 0.60
Mean 83 0.70

“ Expected heterozygosity, a measure of genetic diversity, was calculated as
[n/(n — D][1 — =p;*], where n is the number of isolates sampled and p; is the
frequency of each allele at a given locus (2). Allele frequencies were measured
using only the predominant alleles present at each locus (i.e., that giving the
highest peak) in cases of multiple-clone infection. The standardized index of
association was calculated as Vp/(V, — 1)(r — 1), where V), is the observed
variance, V, is the expected variance under the hypothesis of random association
of alleles in haplotypes, and r is the number of loci analyzed (11). Values were
0.021 (P < 0.0001), 0.033 (P < 0.0001), and 0.001 (P = 0.3930) for all infections,
single-clone infections, and unique haplotypes, respectively. Single-clone infec-
tions (n = 61) were analyzed separately to detect possible biases due to equivocal
assignment of haplotypes in multiple-clone infections. Unique haplotypes (n =
85) were analyzed separately to distinguish between clonal and “epidemic” pop-
ulation structure of parasites (19).

was also higher than those observed on the Thai-Burmese
border: seven of nine loci showed higher expected heterozy-
gosity (2). To avoid biases due to equivocal assignment of
haplotypes in multiple-clone infections, we analyzed single-
clone infections separately and obtained similar heterozygosity
values (mean, 0.69). Proportions of alleles shared between
haplotypes, a measure of genetic relatedness, were used to
construct a neighbor-joining tree (22) using the PHYLIP, ver-
sion 3.5¢, package, distributed by its author (J. Felsenstein) at
http://evolution.genetics.washington.edu. Nine of the 85 differ-
ent haplotypes were recovered from more than one patient,
and one haplotype was found in six isolates sampled in the first,
second, and fourth trimesters of the study (Fig. 1).

Visual inspection of Fig. 1 revealed no apparent temporal
clustering of haplotypes. We found a weak correlation between
genetic distance and time (i.e., interval between dates of col-
lection) by using a Mantel nonparametric test (19) (r = 0.038,
P = 0.07). The weak evidence for temporal clustering in Viet-
nam contrasts dramatically with that observed in Venezuela
(24), probably due to differences in levels of malaria transmis-
sion and effective parasite population sizes in these two re-
gions.

The population structure of local isolates was assessed as
described previously (2). LIAN 3.1 (11) was used to compute
the proportion of alleles shared in pairwise comparisons, to
measure its variance and to compare this value with the vari-
ance expected under the hypothesis of random assortment of
alleles in haplotypes. The strength of multilocus linkage dis-
equilibrium was estimated with a standardized index of asso-
ciation (12). The highly significant deviation from random as-
sociation between alleles disappeared when each haplotype
was treated as an individual (20) (Table 1). These results pro-
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vided evidence for an “epidemic” population structure, as de-
fined by Maynard Smith and colleagues (20), characterized by
linkage disequilibrium resulting from the propagation of a few
haplotypes in an otherwise panmictic population. Similar re-
sults have been obtained for parasites from South America,
Thailand, and Papua New Guinea (2).

Haplotypes from cerebral malaria patients did not cluster
together in the neighbor-joining tree, and two pairs of identical
haplotypes were recovered from patients with discordant clin-
ical outcomes, either cerebral or uncomplicated malaria (Fig.
1). Mean genetic distances (1 — proportion of shared alleles)
were compared between haplotypes recovered from cerebral
malaria patients (0.754; 28 pairwise comparisons), between
haplotypes from uncomplicated malaria patients (0.716; 4,278
pairwise comparisons), and between haplotypes from both
groups of patients (0.698; 744 pairwise comparisons). Parasites
from cerebral malaria cases therefore shared fewer alleles and
were less closely related than parasites from uncomplicated
malaria cases, in contrast to our expectations. However, ran-
domization tests indicated that these differences were not sig-
nificant. In conclusion, we found no evidence suggesting that
cerebral malaria is caused by a subset of genetically related
parasites in this population of patients. Interestingly, recent
comparisons of antibody recognition of variant surface anti-
gens (VSA) expressed by P. falciparum isolates from African
children with severe and uncomplicated malaria also argue
against the notion that more intense morbidity is associated
with infections with relatively rare and virulent parasite vari-
ants, since common VSA (i.e., frequently recognized by anti-
bodies of malaria-exposed people living in the same area) were
predominantly expressed by parasites found in severe disease
(5).

We used a set of nine putatively neutral microsatellite
markers, instead of surface antigen genes under strong se-
lection pressure (1, 4, 16, 21), to compare the genetic back-
grounds of sympatric isolates from patients with cerebral
and uncomplicated malaria. We tested the hypothesis that
parasites causing cerebral malaria were more genetically
related than expected by chance, instead of looking for
associations between particular genotypes or antigenic vari-
ants and morbidity. Why did we find no evidence that par-
asite genotype influences malaria pathology in this data set?
We suggest three possible reasons. (i) This and previous
studies are underpowered due to the small number of iso-
lates analyzed and limited resolution of parasite haplotypes.
(ii) Interactions between host and parasite genotypes, rather
than parasite genes on their own, may be critical in deter-
mining disease expression. (iii) If many of the parasites
sampled are unrelated, this reduces the power of our ap-
proach. Frequent recombination breaks down associations
between loci, and the relatedness between parasites is ob-
scured. We note that a strong association between two sur-
face antigen markers and pathology was recently found in a
parasite population with much lower levels of recombina-
tion than those seen in Vietnam (4). Such parasite popula-
tions, in which cross-fertilization is extremely rare, may be
optimal for disclosing associations between disease patho-
genesis and parasite genotype. In contrast, no association
between expression of particular (and relatively rare) VSA
and severe malaria could be detected in an area of intense
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FIG. 1. Neighbor-joining tree showing the relationships between microsatellite haplotypes of 101 P. falciparum isolates from southern Vietnam.
The predominant allele at each locus was used to define nine-locus parasite haplotypes in multiple-clone infections. Dates of collection of isolates
are indicated as follows: double underlining (n = 22), January to April 1996; italics (n = 37), May to July 1996; single underlining (n = 8), August
to October 1996; and normal type (n = 34), November 1996 to January 1997. Terminal branches of zero length mark identical haplotypes. Isolates
from cerebral malaria patients (n = 8) are boxed.

1856



VoL. 40, 2002

malaria transmission in Kenya, where recombination is very
frequent (5).
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