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Parasite drug resistance is partly conferred by single-nucleotide polymorphisms (SNPs), and monitor-
ing them has been proposed as an alternative to monitoring drug resistance. Therefore, techniques are
required to facilitate analyses of multiple SNPs on an epidemiological scale. We report a rapid and
affordable microarray technique for application in epidemiological studies of malaria drug resistance. We
have designed a multiwell microarray that is used in conjunction with PCR-amplified target genes
implicated in the drug resistance of malaria with subsequent one-tube minisequencing using two fluoro-
chromes. The drug-resistance-associated genes pfdhfr, pfdhps, pfert, pfmdrl, and pfATPase were amplified
and analyzed for cultured Plasmodium falciparum strains and from field samples. We obtained a specificity
of 94%, and comparison of field sample results to those of restriction fragment length polymorphism
(RFLP) typing resulted in an overall consistency of >90%, except for pfdhfr51, for which most discrep-
ancies were due to false determinations by RFLP of mixed infections. The system is sufficiently sensitive
to assay parasites in clinical malaria cases and in most asymptomatic cases, and it allows high throughput
with minimal hands-on time. The cost for the assay has been calculated as 0.27 euros/SNP (US$0.33),
which is below the cost incurred with other systems. Due to the simplicity of the approach, newly identified
SNPs can be incorporated rapidly. Such a monitoring system also makes it possible to identify the

reemergence of drug-susceptible parasites once a drug has been withdrawn.

Parasite resistance to antimalarial drugs has become a major
public health concern for areas in which malaria is endemic,
and it has become a threat to malaria control programs (16).
Therefore, the monitoring of antimalarial drug efficacy has
become an integral part of national health systems. The effi-
cacy of first-line antimalarial drugs currently is monitored pri-
marily by in vivo methods. Such investigations pose major
problems in terms of recruitment, costs, and adherence to
follow-up visits. In areas in which malaria is highly endemic,
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efficacy studies are confounded by new infections during the
follow-up period (23). In addition, such a monitoring system
does not allow the determination of the efficacy of drugs that
have been discontinued as a result of decreased efficacy and
the efficacy of which has been reported to reemerge once drug
selection pressure had ceased (14, 295).

Resistance of the malaria parasite Plasmodium falciparum to
antimalarial drugs often is conferred by single-nucleotide poly-
morphisms (SNPs) or gene duplications. Resistance to sulfa-
doxine-pyrimethamine is conferred by point mutations in the
dihydrofolate reductase (dhfr) gene at codons Al6V, N51I,
C59R, S108N/T, and 1164L. Resistance is further augmented
by mutations in the dihydropteroate synthase (dhps) gene
(436Phe, 437Gly, 540Glu, 581Gly, and 613Ser/Thr) (7). SNPs
in genes encoding putative transporter molecules, such as mul-
tidrug resistance gene 1 (mdrl) or the chloroquine resistance
transporter (crt), have been implicated in resistance to 4-ami-
noquinolines (4, 20) as well as in gene amplification of mdr!
(18, 21). Recently, mutations in the plasmodial ATPase6 gene
have been associated with decreased susceptibility to artemisi-
nins (11).

The monitoring of parasite drug resistance has the poten-
tial to become a tool for long-term surveillance and for
developing predictive models of malaria drug resistance (5,
17). For this purpose, a technique is required that facilitates
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parallel analysis of multiple SNPs that is affordable and
applicable on an epidemiological scale. A number of stan-
dard methods exist for SNP analysis, mostly based on PCR-
restriction fragment length polymorphism (RFLP) of
selected loci or on sequence-specific amplification or hybrid-
ization (19). Unfortunately, most of these techniques do not
allow the analysis of many SNPs on an epidemiological
scale, and consequently many previous studies have ana-
lyzed only a few SNPs deemed primary predictors of resis-
tance. Little attention has been paid to mutations that are
not directly associated with resistance but that are consid-
ered to have modulating or compensatory effects.

Here, we present a microarray-based system to determine
all known SNPs in drug-resistance-associated P. falciparum
genes. In relation to previously used techniques, costs are
significantly lower, and large numbers of samples can be
analyzed in a reasonably short period of time. We have
shown that this technique can be transferred and run in
laboratories with minimal infrastructure (J. Marfurt, unpub-
lished data, and K. Mugittu, unpublished data). The system
also is flexible and amenable to many other applications
requiring SNP analyses.

MATERIALS AND METHODS

Our method is based on parallel PCR amplification of the target sequences,
followed by primer-extension-mediated minisequencing using fluorochrome-
labeled dideoxynucleoside triphosphates (ddNTPs). Subsequent base calling
occurs on a microarray upon sequence-specific hybridization. The flow chart
in Fig. 1 depicts schematically the principle of the parallel SNP analysis
system.

Analyzed material. To establish and evaluate the technique, cultured material
from strains 3D7 and K1 and samples collected during drug efficacy studies using
molecular analyses of drug resistance markers in Papua New Guinea have been
used. Ethical clearance has been granted for this study by the Papua New Guinea
Medical Research Council.

Blood samples and DNA preparation. Blood samples were collected either in
EDTA Microtainer tubes (BD Biosciences, Allschwil, Switzerland) or on
Isocode sticks (Schleicher and Schuell, Dassel, Germany). Plasma was sepa-
rated from blood samples in EDTA by centrifugation, and red blood cell
pellets were stored frozen until use. DNA from cultures and field samples was
extracted from 50- to 100-pl blood pellets using QIAamp DNA blood kits
(QIAGEN, Hombrechtikon, Switzerland) according to the manufacturer’s
instructions. DNA was eluted from Isocode sticks according to the manufac-
turer’s recommendations.

DNA amplification. We analyzed the following 36 polymorphisms in five genes
at 32 SNP sites: pfindrl codons N86Y, Y184F, S1034C, N1042D, and D1246Y;
pfert codons C72S, K76T, H97Q, T152A, S163R, A220S, Q271E, N326D/S,
1356L/T, and R371I; pfdhfr codons A16V, N51I, C59R, S108N/T, and 1164L;
pfdhps codons S436A, A437G, K540E, A581G, A613T/S, 1640F, and H645P; and
PpfATPase6 codons S538R, Q574P, A623E, N683K, and S769N. Oligonucleotides
for amplification, extension, and arraying are shown in Table S1 in the supple-
mental material. To cover all SNP sites, we performed 10 PCRs with the ampli-
fication primers listed in Table S1 in the supplemental material. The amplifica-
tion reaction mixture contained 1X PCR buffer with MgCl, in a final
concentration of 3 mM, 0.2 mM deoxynucleoside triphosphates, and 0.2 pM of
each primer. Reactions were carried out in 50 pl containing 2.5 pl DNA and 2.5
U Taq polymerase (Firepol; Solis BioDyne, Tartu, Estonia). Cycling conditions
were 96°C for 3 min followed by 20 cycles of 96°C for 30s, 52°C for 90 s, and 72°C
for 90 s.

As our aim also was to identify SNPs in asymptomatic samples from commu-
nity-based surveys, we performed nested PCR for the highest sensitivity. Nested
PCRs were carried out in 100 wl with 5 ul primary PCR product and 5 U Tagq
polymerase. The buffer and cycling conditions were identical to those described
above, but nested PCR primers were used (see Table S1 in the supplemental
material).

Primer extension. To eliminate nonincorporated nucleotides, all nested PCR
products of one blood sample were pooled, and 5 wl of a 1:10 dilution of the
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pooled PCR product was digested with 2 U shrimp alkaline phosphatase (SAP)
(Amersham Biosciences, Freiburg, Germany) in a reaction volume of 12 ul for
1 h at 37°C. SAP was inactivated by incubating samples for 15 min at 90°C.

Since most microarray scanners support only dual-fluorescence measures
simultaneously, a strategy of two parallel reactions had to be applied. Two
primer extension reactions were carried out per sample. The reaction mixes
differed in their combinations of Cy3- and Cy5-labeled ddNTPs (Perkin
Elmer, Schwerzenbach, Switzerland), and extension primers were added as
shown in Table S2 in the supplemental material. Thus, it was possible to
detect all possible SNP permutations by using only two fluorochromes. All
primer extension reactions for one sample were carried out in two aliquots of
20 wl containing 1X Sequenase buffer, extension primer mix 1 or 2, ddNTP
mix 1 or 2 (see Table S2 in the supplemental material), and 2 U Thermo
Sequenase (Termipol; Solis). The concentration of ddNTPs in both mixes was
0.25 uM, and primers were diluted to a concentration of 6.25 nM each. The
extension reaction was cycled 35 times at 94°C for 30 s and at 50°C for 10 s,
with an initial cycle of 1 min at 94°C. After the extension reaction was
performed, both mixtures were pooled and 6 pl denaturing solution (3%
sodium dodecyl sulfate [SDS] in 40 mM EDTA, pH 8.0) was added. The
sample was denatured at 95°C for 60 s and subsequently was kept on ice until
hybridization onto the microarray.

Chip production. Microarrays carried short oligonucleotides (20 to 35 bp)
corresponding to the antisense DNA of the extension primers (see Table S1 in
the supplemental material). All oligonucleotides possessed a C,-aminolinker and
were spotted onto aldehyde-activated glass slides (Genetix, Munich, Germany).
Prior to the spotting of oligonucleotides, a mask with 12 circular wells (diameter,
8 mm) was applied to the surface of each slide (MaProline GmbH, Starrkirch-
Wil, Switzerland). Oligonucleotides were spotted in triplicate, and anchor oligo-
nucleotides prelabeled with Cy3 and Cy5 as well as four oligonucleotides with a
random sequence were added as positive and negative controls, respectively.

Slides were spotted using a VersArray ChipWriterPro system (Bio-Rad Lab-
oratories, Hercules, CA). Oligonucleotides were dissolved in 180 mM phosphate
buffer, pH 8.0, and 0.5 nl of a 50 uM solution was spotted onto the slides. Slides
were stored desiccated and in the dark until used for hybridization.

Chip hybridization. Twenty-three microliters of the pooled and denatured
primer extension reaction mixture was transferred to a well of a microarray glass
slide, and 6 wl 20X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
was added. Hybridization was carried out in a humid chamber at 50°C for 60 to
90 min. After hybridization, the slide was washed at room temperature in 2X
SSC plus 2% SDS for 20 min, followed by another wash with 2 SSC for 20 min,
and then a final wash with 2X SSC plus 2% cthanol for 2 min. The slides were
dried with compressed air and stored in the dark until scanned.

Data acquisition. Hybridized slides were scanned at 635 and 532 nm using an
Axon 4100A fluorescence scanner (Bucher Biotec AG, Basel, Switzerland). Cy3
and Cy5 images were acquired and analyzed using the Axon GenePix Pro (ver-
sion 6.0) software. This software generates data points using pixel intensity after
background subtraction. We developed software for further analysis of raw data
that produces an output determining whether an infection is wild type, mutant,
or mixed, and it also determines the dominant genotype in the latter case. Each
signal was classified either as wild type, mutant, or mixed based on the expression
intensities of the scanned image. The grouping was done according to the fol-
lowing algorithm: fluorescence intensities below 9,000 (Cy3) or 10,000 (Cy5) U
(mean intensities minus background) were regarded as negative. For measures
above these cutoff values, we considered the ratio of Cy5 intensity to Cy3
intensity to discriminate between wild-type, mutant, or mixed infection.

To determine an optimal algorithm to translate the output of the GenePix Pro
software into predictions about the genotypes present in analyzed samples, we
used two singly infected blood samples that previously were sequenced at 29 SNP
sites. Sequence data showed that the samples from 3 of 29 SNP sites differed
(C39R, S108N, and A437G). Either single or mixed samples were analyzed with
the chip in various proportions (1:2, 1:4, 1:8, and 1:16). With this approach, we
could empirically determine the following threshold values: for Cy5/Cy3 ratios
below 0.7, the sample was classified according to whether the wild type or mutant
was labeled with Cy3. Ratios between 0.7 and 2.4 were assigned to mixed
genotypes, and ratios above 2.4 were assigned to the Cy5-labeled genotype.

To estimate the above-mentioned threshold parameters and to determine the
predictive accuracy of our method, we used three of four identical but indepen-
dently processed microarrays to estimate the threshold value to distinguish pos-
itive from negative signals so that the results would match the sequence data as
closely as possible. The fourth microarray then was used to apply this algorithm
to determine the predictive accuracy of the method. This procedure was repeated
four times in all possible combinations. Finally, we applied this algorithm to
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FIG. 1. Flow diagram of the analytical procedure, starting from blood samples collected in the field. DNA is prepared from blood samples and
is amplified by nested PCR; subsequently all amplicons are combined, and nucleotides are eliminated by SAP. Primer extension is performed in
two aliquots of 20 pl from each sample, and the mixtures are combined for hybridization on the microarray. After being washed, the array is air
dried, scanned in a microarray scanner, and subsequently analyzed using GenePix Pro and dedicated analysis software.

samples that were genotyped by sequencing and PCR-RFLP to determine the
sensitivity and specificity of our method.

Sequencing. PCR products were purified by size-selective polyethylene glycol
precipitation (12) and directly sequenced using one of the respective nested PCR
primers. Cycle sequencing (25 cycles of 96°C for 30 s, 50°C for 15 s, and 60°C for
4 min) was performed using the ABI PRISM Dye Terminator cycle sequencing
ready reaction kit (Perkin Elmer), and sequences were analyzed using an ABI
PRISM 310 genetic analyzer and the ABI PRISM software.

RESULTS

Amplification and sensitivity. Ten PCR fragments were re-
quired to cover all SNP locations. Amplicon sizes were 637 bp
for pfdhfr; 686 bp for pfdhps; 799 and 526 bp for pfmdrl; five
fragments of 630, 548, 476, 304, and 200 bp for pfcrt; and 798
bp for pfATPase6. To increase sensitivity, we applied a nested
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FIG. 2. Sensitivity curves for SNP analysis of parasite samples diluted in uninfected blood. All data represent the percentages of fluorescence
of the undiluted sample containing the genomic equivalent of 100,000 parasites per reaction. The upper panel represents values obtained for SNPs
within the dhfr and dhps loci. The lower panel represents the values for mdr and crt loci.

PCR protocol and reamplified all PCR products. For assay
validation, DNA was extracted from parasitized erythrocytes
added in tenfold dilutions to noninfected human blood. Thus,
the amount of template per PCR corresponded to the range of
1 to 100,000 parasites. All samples were subjected to a primer
extension reaction and were hybridized onto the microarray.
Figure 2 shows signals obtained from the dilution series at
selected SNP sites. Except for pfindrl codon 1246, we were
able to detect 1,000 parasites, which represents an approximate
parasitemia of 15 parasites/pl and is mostly sufficient for clin-
ical cases. Eight of 13 extension primers tested gave a signal
with 10 parasites per reaction, and six primers were positive for
1 parasite only.

Mixed infections. Since naturally occurring blood samples
often contain multiple P. falciparum strains, we tested whether
the presence of two different templates would decrease the
sensitivity of detection. We mixed 3D7 parasites and K1 par-
asites, which differ in their genetic profile in pfdhfr 59 and 108.
While one parasite strain was kept at 1% parasitemia, the
other strain was serially diluted from 4 to 0.00125%. When the
dilution of K1 was kept constant, 3D7 gave acceptable results

even at the lowest dilutions, except for pfdhfr 59, with an
endpoint at 0.0075%. When 3D7 was kept constant, similar
results were obtained with decreasing template concentrations
of K1. The exception was a loss of the K1 pfdhfr 59 signal at the
dilution of 0.06%. Figure 3 shows the signals for both strains at
both SNP positions. This experiment showed that the dynamic
range for quantification of signals is small.

Specificity. We have used 12 different culture strains from
which we directly sequenced the genes pfindrl, pfert, pfdhps,
and pfdhfr, comprising 16 different SNP sites. Of these 192
SNPs analyzed, we failed to detect 1 SNP in one strain. A
mixed signal was produced for four SNPs, and seven SNPs gave
discrepant results compared to those from sequencing, three of
which were at codon 86 of pfindrl. Based on the results for
these 16 SNPs, we estimated an overall specificity of 94%
compared to the gold standard of sequencing. After that, we
determined the precision of base calling for naturally infected
blood samples. We compared data for samples that were pre-
viously analyzed by RFLP and sequencing to data from mi-
croarray analyses. Thirty-six PCR-positive samples from field
studies in Papua New Guinea were analyzed by PCR-RFLP (7,
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FIG. 3. Detection of SNPs in mixed parasite infections. The upper panel depicts arbitrary fluorescence values obtained when strain K1 was
mixed with various dilutions of the 3D7 strain. K1 and 3D7 differ at codons 59 and 108 in the dhfr gene. The lower panel shows arbitrary

fluorescence values obtained when strain 3D7 was mixed with various dilutions of the K1 strain.

10, 15) for pfindrl 86; pfcrt 76; pfdhfr 51, 59, and 108; and
pfdhps 437, 540, and 581. The mean multiplicity of infection for
these samples, determined by genotyping the polymorphic
msp2 (merozoite surface protein 2) locus (8), was 1.56 (range,
1 to 4; 95% confidence interval, 1.29 to 1.84). Only 10 of these
samples were positive by microscopy, and densities were be-
tween 80 and 9,440 asexual parasites per wl blood, with a
geometric mean density of 1,731/ul. Table 1 summarizes the
concordance between microarray and PCR-RFLP analyses.

In addition, 12 of these samples harboring a single clone
infection were sequenced. There was excellent agreement be-
tween the microarray data and sequencing results (data not
shown).

Costs. Because we developed this microarray system to mon-
itor parasite drug resistance to antimalarial drugs in resource-
constrained countries, it was essential to keep costs as low as

possible so that the system can be used routinely for drug
resistance monitoring. The cost calculation included plastic
material for DNA preparation, PCRs, primer extension with
fluorochromes, and microarray production. However, it does
not take into account acquisition, maintenance, and amortiza-
tion of equipment, nor does it take into account labor costs.
We calculated a price of 0.27 euros (US$0.33) per SNP for
determining 32 SNP sites per sample and simultaneously ana-
lyzing 12 samples on one slide.

DISCUSSION

Monitoring parasite resistance to antimalarial drugs has be-
come an essential part of the malaria control programs in
countries in which malaria is endemic. Common standards
have been in vivo efficacy trials at health facilities (26), which
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TABLE 1. SNP analysis of 36 field samples from Papua New Guinea and agreement between data obtained by microarray and
PCR-RFLP methods”

No. of No. of Outcome
samples with  samples with c s Simale RELP/simal o A
Locus and Total no. undetermined undetermined oncordan . . . . ingle single o Agreement
codon of samples results by results by (86.8% Mlx:r(:llral;(FéPé;ngle Mﬁ?}‘;&rg/;l;gle RI§LP alternati\%e (x test;i = 288 nt)

RFLP microarray agreement agreement ['25 gm]) agreement ['8 not]) nt¢ (1.7%

(n=1) (n=0) [250 nt]) agreement [5 nt])
mdrl 86 36 0 0 36 0 0 0 100
crt 76 35 1 0 28 6 0 1 80
dhfr 51 36 0 0 23 13 0 0 63.9
dhfr 59 36 0 0 29 4 2 1 80.6
dhfr 108 36 0 0 29 0 6 1 80.6
dhps 437 36 0 0 34 1 0 1 94.4
dhps 540 36 0 0 35 0 0 1 97.2
dhps 581 36 0 0 36 0 0 0 100

“ nt, nucleotides.

> Samples were considered concordant if both the RFLP and microarray gave identical results.
¢ Samples showing a single infection on the microarray but multiple infections by RFLP. Note that the determination of single infections by RFLP requires complete

restriction digestion.

4 Samples showing multiple infections on the microarray but only a single infection by RFLP.
¢ Samples showing single infections both in microarrays and by RFLP, but the called base was different.

are time-consuming and labor-intensive. These studies are
hampered, particularly in areas in which malaria is highly en-
demic, by the frequent reoccurrence of parasites from new
inoculations. This leads to an underestimation of drug efficacy
(23).

In order to circumvent these problems, systematic molecular
monitoring of parasite-resistance-associated SNPs has been
widely promoted and used to complement in vivo efficacy stud-
ies (3, 24). While current systems work well with small sample
sets, unfortunately they are limited in the number of samples
and SNPs that can be analyzed simultaneously. Furthermore,
for epidemiological monitoring they become expensive, both in
terms of equipment and running costs.

Therefore, large studies analyzing multiple SNPs of multiple
genes in parallel have never been performed because of high
costs and labor intensiveness. Here, we report a novel method
that permits the simultaneous analysis of many SNPs in hun-
dreds of samples in a very short time period (approximately
15 h for four 96-well plates) with significantly reduced costs.
The microarray system was shown to be fast and accurate. In
particular, the low detection limit of 10 to 100 parasites and the
suitability for samples containing multiple infections represent
added advantages over many competing systems. The signifi-
cantly reduced cost per SNP compares favorably to the costs of
other systems. In resource-restricted countries such as the Sub-
Saharan countries in which parasite resistance to antimalarial
drugs is a major concern (2), only a low-cost system permits
molecular monitoring of drug resistance.

The most critical factors influencing this technique seem to
be the quality of DNA and the need for a large enough amount
of template for low-density cases. Although only small
amounts are needed (less than 50 wl of blood), it is crucial that
the material is of good quality; otherwise, some PCRs might
fail.

In contrast to the analysis of diploid organisms, the analysis
of P. falciparum infections poses an additional challenge be-
cause multiple infections commonly are found, leading to a
highly skewed distribution of different templates within a blood
sample (9). In addition, PCR amplification might favor the

dominant templates. Therefore, it was important to ensure that
minor template populations can be detected. We therefore
designed an elaborate algorithm to determine the detection
threshold for genotype calling. Evidently, however, some low-
density infections may be missed for some individuals, what-
ever the threshold used. Whether this is important in the ep-
idemiological assessments of resistance remains to be seen,
because it is not clear to what degree these low-density infec-
tions contribute to disease and transmission.

It has been shown that a synergistic action of transmem-
brane transporters is involved in parasite resistance to antima-
larial drugs. In addition to pfcrt, another transporter involved
in chloroquine resistance (pfindrl), the homologue to the hu-
man P-glycoprotein, seems to contribute to resistance against
chloroquine, the most commonly used drug against malaria
(13). pfimdrl also has been shown to modulate resistance to
mefloquine and related drugs (22). To date, however, no clear
association has been shown between individual SNPs and par-
asitological failure of a given drug. Hence, it is possible that the
parallel analysis of all SNPs in several genes might identify
certain haplotypes suspected to be involved in drug resistance.
With the prospect of analyzing all known drug-resistance-as-
sociated SNPs at once, elucidation of the genetic background
of drug failure becomes feasible. This underscores the need for
linking individual SNPs to haplotypes, because interactions
between SNPs from different loci are likely to account for the
phenotypic effect. However, current algorithms and techniques
are not yet able to generate true haplotypes of unlinked loci in
samples containing multiple infections of P. falciparum. In
Tanzania, for instance, the mean multiplicity of infection for
children is five concurrent infections per child (1), considerably
complicating or preventing the determination of haplotypes of
individual P. falciparum clones. Although we use a nested PCR
strategy, in most cases we were able to determine the most
dominant haplotype with our array in a semiquantitative man-
ner. Since parasite density is a correlate of malaria symptoms,
the most dominant haplotype within a multiple-clone infection
is likely to represent the clone actually causing clinical malaria.

We have now used our microarray system successfully for
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drug resistance monitoring in several sites for more than 3
years in Tanzania (K. Mugittu, unpublished), Papua New
Guinea (J. Marfurt, unpublished), and the Solomon Islands (B.
Genton, unpublished data). This demonstrates that standard-
ized and comparable data can be produced at an affordable
price. The flexibility of the system facilitates prompt inclusion
of newly identified point mutations associated with parasite
resistance. However, it needs to be emphasized that this tech-
nique allows only the analysis of already validated SNP, as does
any other technology. The development of compatible assays
for the detection of gene duplication or amplification on mi-
croarrays is necessary, as it has been shown that amplification
of pfmdr might play an important role in modulating resistance
against chloroquine and probably also against artemisinin de-
rivatives (6, 21).

In conclusion, this method offers an unmatched capacity to
provide evidence-based data on the dynamics of parasite re-
sistance to antimalarial drugs in a cost-effective way. This plat-
form also can be widely applied and adapted with ease to other
genotyping tasks requiring highly parallel multiple-SNP anal-
yses.
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