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are linked, multiple comparisons at the same locus 
are correlated, and not all DNA markers are equally 
informative. Instead of a Bonferroni correction, we 
used an empirical permutation test. We created rep- 
licates of the observed sample, in which genotype 
and phenotype distributions were preserved, but any 
linkage between genotype and phenotype was re- 
moved by randomly reassigning the observed pheno- 
typic values. We then asked how often any replicates 
that conformed to the null hypothesis (the indepen- 
dence of genotype and phenotype) produced P values 
in excess of the P value observed for the real data. 
This test preserved both the observed marker infor- 
mativeness and the overall phenotype distribution. 
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The detection of single-nucleotide polymorphisms in pathogenic microorgan- 
isms has normally been carried out by trial and error. Here we show that DNA 
hybridization with high-density oligonucleotide arrays provides rapid and con- 
venient detection of single-nucleotide polymorphisms in Plasmodium falcipa- 
rum, despite its exceptionally high adenine-thymine (AT) content (82%). A 
disproportionate number of polymorphisms are found in genes encoding pro- 
teins associated with the cell membrane. These genes are targets for only 22% 
of the oligonucleotide probes but account for 69% of the polymorphisms. 
Genetic variation is also enriched in subtelomeric regions, which account for 
22% of the chromosome but 76% of the polymorphisms. 
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The complete genomic sequence of P. falci- 
parum has been determined and is in the final 
stages of assembly and annotation (1-3). The 
great challenge now is how best to use the 
genome sequence for public health and clin- 
ical applications. One approach is to identify 
single-nucleotide polymorphisms (SNPs) in 
order to pinpoint the origin and map the 
spread of contagious diseases, to identify and 
track new mutations that confer resistance to 
drugs or vaccine-induced immunity, and po- 
tentially to identify candidate genes for novel 
therapeutic or immunological intervention. 
Although SNP detection on a genome-wide 

'Department of Immunology and Infectious Diseases, 
Harvard School of Public Health, Boston, MA 02115, 
USA. 2Department of Organismic and Evolutionary 
Biology, Harvard University, Cambridge, MA 02138, 
USA. 3Department of Pharmacy, University of 
Tromso, Tromso N-9037, Norway. 4Genomics Insti- 
tute of the Novartis Research Foundation, San Diego, 
CA 92121, USA. 5Department of Cell Biology, The 
Scripps Research Institute, La Jolla, CA 92037, USA. 

*To whom correspondence should be addressed. E- 
mail: winzeler@gnf.org 

The complete genomic sequence of P. falci- 
parum has been determined and is in the final 
stages of assembly and annotation (1-3). The 
great challenge now is how best to use the 
genome sequence for public health and clin- 
ical applications. One approach is to identify 
single-nucleotide polymorphisms (SNPs) in 
order to pinpoint the origin and map the 
spread of contagious diseases, to identify and 
track new mutations that confer resistance to 
drugs or vaccine-induced immunity, and po- 
tentially to identify candidate genes for novel 
therapeutic or immunological intervention. 
Although SNP detection on a genome-wide 

'Department of Immunology and Infectious Diseases, 
Harvard School of Public Health, Boston, MA 02115, 
USA. 2Department of Organismic and Evolutionary 
Biology, Harvard University, Cambridge, MA 02138, 
USA. 3Department of Pharmacy, University of 
Tromso, Tromso N-9037, Norway. 4Genomics Insti- 
tute of the Novartis Research Foundation, San Diego, 
CA 92121, USA. 5Department of Cell Biology, The 
Scripps Research Institute, La Jolla, CA 92037, USA. 

*To whom correspondence should be addressed. E- 
mail: winzeler@gnf.org 

scale is technically difficult, we reasoned that 
it might be feasible to detect SNPs in P. 
falciparum by means of high-density oligo- 
nucleotide arrays, even though such arrays 
were originally developed for gene-expres- 
sion studies. 

Owing to the relatively short probe se- 
quences used for oligonucleotide arrays, the 
strength of hybridization between a probe and 
its target sequence depends largely on perfect 
complementarity between the probe and the 
target. An SNP or a small deletion or inser- 
tion in the target will reduce the hybridization 
signal (4). Because the exact genomic posi- 
tion of each probe is known, the location of 
variant sequences can be found by comparing 
the intensity of oligonucleotide hybridization 
between genomic DNA from an unknown 
strain and that from the 3D7 reference strain 
of P. falciparum, from whose genomic se- 
quence the oligonucleotides were designed 
(5). There are two major technical obstacles 
to the use of oligonucleotide arrays for P. 
falciparum. First, the AT content of the ge- 
nome is unusually high even in coding re- 
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gions, and in some genes the AT content of 
the third positions of codons is nearly as high 
as the genetic code allows. Second, prepara- 
tions of DNA from P. falciparum may also 
contain quantities of human DNA. 

The feasibility of the approach was tested 
with the complete sequence of chromosome 
2, which contains 210 annotated genes (6). 
Using an oligonucleotide selector algorithm, 
we chose a unique 25-nucleotide (nt) se- 
quence to match protein-coding sequences at 
intervals of -200 nucleotides (yielding be- 
tween 2 and 117 probes per gene, depending 
on size). The probes were designed to have 
similar melting temperatures and to avoid 
runs of As and Ts but otherwise to be as 
different from each other as possible. A total 
of 4167 single-stranded probes were designed 
(7), manufactured by means of photosensi- 
tive DNA synthesis technology (8), and po- 
sitioned by Affymetrix onto a prototype array 
that also included 395,833 probes for 
-80,000 different cDNAs from human 
tissues. 

To evaluate the robustness and specificity 
of the P. falciparum probes and to rule out 
artifacts due to contaminating human DNA, 
we prepared genomic DNA from different 
parasite isolates that had been cultured in 
human erythrocytes, then labeled the DNA 
and hybridized it to the oligonucleotide array. 
After hybridization, the integrated intensity 
(an estimate of the copy number) was deter- 
mined for each of the 210 P. falciparum 
genes probed on the array (Fig. 1). The mean 
of the integrated 3D7 intensity for probes at 
the chromosome ends was higher than for 
probes within the central region of the chro- 
mosome, presumably because of duplication 
of some of these probe sequences. Even 
though oligonucleotide probes are thought to 
differ substantially in their hybridization 
properties, the integrated signals were gener- 
ally consistent, varying by not much more 
than a factor of 2 (fig. S 1). In contrast, for the 
W2 isolate, the integrated intensity across a 
region on the left arm of the chromosome was 
30- to 50-fold lower than the mean integrated 
intensity for genes in the central region of the 
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chromosome (fig. SI). This finding is consis- 
tent with the observation that W2 carries a 
deletion in the region around the PfEMP3 
gene (9), and our hybridization data define 
the extent of the deletion as including genes 
PFB0070w through PFBO100c. We found 
virtually no cross-hybridization to the human 
oligonucleotides with P. falciparum DNA ex- 
tracted from erythrocyte cultures. Nor was 
there significant cross-hybridization to the P. 
falciparum oligonucleotides with human 
DNA from individuals not infected with the 
parasite (fig. S1). 

Using oligonucleotide hybridization as an 
SNP detector, we tested four isolates of P. 
falciparum from the geographically diverse 
areas of Honduras (HB3), Southeast Asia 
(W2), Sierra Leone (D6), and Brazil (7G8). 
(The reference strain 3D7 was isolated in the 
Netherlands.) DNA was isolated from each 
parasite culture and hybridized to the array in 
three independent experiments. Probes de- 
tecting putative SNPs are expected to vary in 
strength of the hybridization signal across 
isolates. Our criterion for a candidate SNP 
was the finding that all three hybridizations 
with DNA from a given isolate showed sig- 
nificantly reduced signal intensity as com- 
pared with three control hybridizations with 
DNA from the reference strain 3D7. Relative 
to 3D7, 320 putative SNPs were identified in 
W2, 107 in D6, 230 in 7G8, and 324 in HB3. 
Altogether, 585 of the 4167 probes showed a 
difference in at least one isolate. 

To validate the SNP detection, we deter- 
mined the genomic sequence for each of 17 
variable, nonsubtelomeric probes in each of 
the isolates (table S1). In all 17 cases, an SNP 
or small deletion was identified within the 
25-nt probe sequence. These differences can 
account for the reduction in hybridization 
signal intensity on the array. Around a vari- 
able probe in each of five genes, flanking 
sequences averaging -400 base pairs (bp) 
were also determined in each of five to seven 
additional isolates; four of these flanking re- 
gions contained additional SNPs (fig. S2). 
We also determined genomic sequences 
across a set of nonvariable probes that, as 
expected, failed to reveal SNPs. Neverthe- 
less, oligonucleotide hybridization is more 
prone to false-negatives than to false-posi- 
tives, because SNPs near the extreme ends of 
the oligonucleotide may remain undetected. 

The distribution of variable probes by 
gene function is highly nonrandom (Fig. 2). 
The greatest variation was found in proteins 
associated with the cell membrane, which 
accounted for 22% of all probes but 69% of 
all variable probes (P - 0). Among these 
membrane-associated proteins are several 
well-characterized vaccine targets, including 
the transmission-blocking target antigen 
PfS230, several PfEMPI-related molecules 

surface proteins 2 and 4 (MSP2 and MSP4), 
and the ring-infected erythrocyte surface an- 
tigen RESA-H3. Proteins associated with 
general cellular processes were also signifi- 
cantly more variable than expected, account- 
ing for 1.8% of all probes but 5.5% of 
variable probes (P - 10-6). However, in 
this category the variability was found pre- 
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dominantly in two open reading frames 
(PFB0085c and PFB0090c), both of which 
show similarity to the bacterial chaperone 
DnaJ and also to P. falciparum RESA anti- 
gens. Hence, the most variable proteins are 
molecules with a high likelihood of interact- 
ing with the host immune system. About 20% 
of the variable probes are in coding sequenc- 
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PFB0015c rifin 
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PFB0035c rifin 
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PFB005c rifin pseudogene 
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PFB0095c erythrocyte membrane protein PfEMP3 
PFBO1O0c knob-associated His-rich protein 

'EO~~~~~~ - Fig. 1. Comparison of W2 and D6 isolates. Each colored 
0 square represents the hybridization signal from a single 

25-bp probe to the P. falciparum genome sequence, and 
each horizontal line corresponds to a gene (80 of the 210 
genes shown) identified in the annotation of chromosome 

Probe number 2 (6). The intensity of the color indicates hybridization 
efficiency. Yellow indicates equal hybridization to both W2 and D6 signal, red indicates hybridiza- 
tion to D6 but not to W2, and green indicates hybridization to W2 but not to D6. 
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es for hypothetical proteins, some of which 
may also be associated with the cell mem- 
brane. The remaining categories of protein 
are much less variable (Fig. 2), accounting 
for 33% of all probes but only 6% of the 
variable probes (P - 0). 

The spatial distribution of genetic varia- 
tion across chromosome 2 is also highly non- 
random (Fig. 3). The 700 kb in the central 
region of the chromosome is the least vari- 
able. Across this region there are 170 genes 
queried by 3383 probes, of which 142 probes 
in 69 genes were variable. Some genes are 
exceptionally polymorphic-for example, the 
MSP2 gene, in which 10 of 17 probes were 
variable. On the other hand, the central region 
of the chromosome also included 101 genes 
with no variable probes. Most of the variation 
was located in the subtelomeric regions with- 
in 100 kb of the chromosome ends, account- 
ing for only 22% of the total chromosome 
length; these regions contained 443 of the 
585 variable probes (76%). 

If we assume that hybridization with 25-nt 
oligomers can reliably detect SNPs anywhere 
within the middle 15 nucleotides, then the 3383 
probes assay 50,745 bp of coding sequence and 
detect 142 SNPs. The frequency of SNPs is 
therefore about one in 350 bp, which is signif- 
icantly greater than the 1 in 1400 observed in 
introns (P = 0.007) (10). Assuming that about 
30% of these are synonymous (11), the estimat- 
ed frequency of synonymous SNPs across chro- 
mosome 2 is -1 per 1.2 kb. This estimate is 
comparable to that reported for coding sequenc- 
es in chromosome 3 when the latter is corrected 
for SNPs in regions of DNA with low sequence 
complexity (11). 

The SNPs in chromosome 2 are not ran- 
domly distributed, but instead cluster in 19 
highly polymorphic genes in which the pro- 
portion of variable probes in each gene ex- 
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ceeds 10%. These 19 genes encode known 
antigens, predicted membrane-associated 
proteins, or hypothetical proteins and account 
for 36% of all the SNPs detected on chromo- 
some 2. It seems likely that the high level of 
polymorphism in many of these genes is 
maintained by some form of selection. Esti- 
mates of the age of the most recent common 
ancestor of P. falciparum that include the 
most highly polymorphic genes may there- 
fore be biased toward a more ancient com- 
mon ancestry (11, 12), because the theoretical 
basis of the estimation assumes that the SNPs 
are selectively neutral. 

The proportion of variable probes in the 
remaining 151 genes in the central region 
of chromosome 2 is less than 0.2% and not 
significantly different from that observed in 
introns (P = 0.09). We find no evidence for 
extensive regions of exceptionally high 
polymorphism or of exceptionally low 
polymorphism, which might be expected if 
the chromosome had recently experienced 
one or more selective sweeps that reduced 
genetic variation locally. 

The oligonucleotide-hybridization ap- 
proach, validated here for chromosome 2, 
provides an experimental platform for sys- 
tematic genomewide studies of reference iso- 
lates. Assessing the nature and extent of 
genetic variation across the genome of P. 
falciparum has potential implications for con- 
trol strategies including the identification of 
new targets for drug or vaccine development 
(13). In chromosome 2, most of the variation 
is concentrated in the subtelomeric 100 kb at 
each end, regions that are known to be rich in 
repetitive sequences and prone to gene con- 
version and unequal crossing-over (14, 15). 
In the central region of the chromosome, 
genetic variation is much reduced compared 
with the subtelomeric regions. The functional 
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Fig. 3. The distribution of all the variation on chromosome 2, with each position bin representing 
10 kb of sequence. 

categories of polymorphic genes are highly 
nonrandom, with the most frequent polymor- 
phisms being in known antigenic determi- 
nants and proteins associated with the cell 
membrane. Discounting hypothetical proteins 
and those of unknown function, membrane- 
associated proteins are queried by less than 
40% of all probes but account for more than 
85% of all detected polymorphisms. A num- 
ber of hypothetical proteins are also highly 
polymorphic, suggesting that these genes 
may be under genetic selection pressures sim- 
ilar to those experienced by antigenic and 
membrane-protein genes. These could repre- 
sent genes that have important functions in 
parasite viability or virulence and that war- 
rant further functional characterization. 
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