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Optimization of a Ligase Detection Reaction-Fluorescent Microsphere
Assay for Characterization of Resistance-Mediating Polymorphisms in
African Samples of Plasmodium falciparum

Norbert P. LeClair,a Melissa D. Conrad,a Frederick N. Baliraine,a* Christian Nsanzabana,a* Samuel L. Nsobya,b Philip J. Rosenthala

Department of Medicine, University of California, San Francisco, California, USAa; Department of Medicine, Makerere University, Kampala, Ugandab

Genetic polymorphisms in the malaria parasite Plasmodium falciparum mediate alterations in sensitivity to important antima-
larial drugs. Surveillance for these polymorphisms is helpful in assessing the prevalence of drug resistance and designing strate-
gies for malaria control. Multiple methods are available for the assessment of P. falciparum genetic polymorphisms, but they
suffer from low throughput, technical limitations, and high cost. We have optimized and tested a multiplex ligase detection reac-
tion-fluorescent microsphere (LDR-FM) assay for the identification of important P. falciparum genetic polymorphisms. For 84
clinical samples from Kampala, Uganda, a region where both transmission intensity and infection complexity are high, DNA was
extracted from dried blood spots, genes of interest were amplified, amplicons were subjected to multiplex ligase detection reac-
tions to add bead-specific oligonucleotides and biotin, fragments were hybridized to magnetic beads, and polymorphism preva-
lences were assessed fluorometrically in a multiplex format. A total of 19 alleles from the pfcrt, pfmdr1, pfmrp1, pfdhfr, and
pfdhps genes were analyzed by LDR-FM and restriction fragment length polymorphism (RFLP) analyses. Considering samples
with results from the two assays, concordance between the assays was good, with 78 to 100% of results identical at individual
alleles, most nonconcordant results differing only between a mixed and pure genotype call, and full disagreement at individual
alleles in only 0 to 3% of results. We estimate that the LDR-FM assay offers much higher throughput and lower cost than RFLP.
Our results suggest that the LDR-FM system offers an accurate high-throughput means of classifying genetic polymorphisms in
field samples of P. falciparum.

Resistance of malaria parasites to commonly used antimalarial
drugs is a large problem, in particular for Plasmodium falcip-

arum, the most virulent human malaria parasite and the major
malaria parasite infecting humans in Africa. Due to resistance to
older drugs, in particular chloroquine and sulfadoxine-pyrimeth-
amine (SP), the standard of care for the treatment of falciparum
malaria is now artemisinin-based combination therapy (ACT)
(1). ACTs each contain an artemisinin derivative and a longer-
acting partner drug that clears parasites that survive 3-day expo-
sure to artemisinins, thus improving therapeutic efficacy and lim-
iting selection of artemisinin resistance. However, the long plasma
exposure of partner drugs may facilitate selection for resistance to
these agents when recurrent infections occur before clearance of
the drugs. In addition, delayed clearance of parasites after treat-
ment with artesunate suggests early signs of resistance to artemis-
inins in southeast Asia (2, 3). Thus, it is important that we main-
tain surveillance for resistance to artemisinins and partner drugs.
Antifolates continue to be widely used for the treatment of malaria
in some areas; artesunate plus SP is the standard treatment for
falciparum malaria in India. In addition, antifolates have impor-
tant roles in the prevention of malaria, with standard practices in
areas of Africa where malaria is endemic including intermittent
preventive therapy for pregnant women with SP (4), seasonal ma-
laria chemoprevention for children with SP plus amodiaquine in
areas with seasonal malaria transmission (5), and administration
of trimethoprim-sulfamethoxazole, which protects against ma-
laria, to HIV-infected children (6). Therefore, continued surveil-
lance for resistance to antifolate antimalarials is also important.

Our understanding of mechanisms of resistance to antimalar-
ials is incomplete. For chloroquine, mutations in the putative drug
transporters pfcrt and pfmdr1 are the key mediators of resistance,

with the pfcrt K76T polymorphism being of primary importance
(7). Two related aminoquinolines are ACT partner drugs; resis-
tance to amodiaquine is similarly mediated by pfcrt and pfmdr1
polymorphisms (8–10), but this does not appear to be the case
with piperaquine (11). For artemisinins, and for the ACT partner
drugs mefloquine and lumefantrine, parasite drug sensitivity is
mediated in part by polymorphisms in pfmdr1, but interestingly,
polymorphisms that decrease sensitivity to aminoquinolines lead
to increased sensitivity to these drugs (9, 12, 13). Polymorphisms
in one additional putative drug transporter, pfmrp1, may play a
role in mediating drug sensitivity; the pfmrp1 I876V polymor-
phism is prevalent in Africa, and the wild-type sequence was se-
lected by prior treatment with artemether-lumefantrine (14). Re-
sistance to SP is well characterized, with a series of mutations in
the target enzymes dihydrofolate reductase (DHFR) and dihy-
dropteroate synthase (DHPS) leading to stepwise acquisition of
resistance (15).
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Parasite genetic polymorphisms associated with drug resis-
tance have been well studied with a number of assays, most nota-
bly restriction fragment length polymorphism (RFLP) analysis
(16). RFLP analysis offers reliable assessment of known polymor-
phisms, but with rather low throughput. Other relatively low-
throughput methodologies include direct DNA sequencing, mu-

tation-specific PCR (17), dot blot probe hybridization (18),
molecular beacons (19), and single-nucleotide primer extension
(20). Systems examined to provide improved throughput have
included polymorphism-specific microarrays (21), melting curve
analysis (22, 23), quantitative PCR (24–26), and a ligase detection
reaction-fluorescent microsphere (LDR-FM) assay (27, 28). Each
of these assays has shown success, although each has challenges,
including the cost of equipment and reagents and the uncertainty
of success with field samples, which are typically stored on filter
paper at room temperature and commonly consist of polyclonal
infections. Our goal has been to develop a high-throughput sys-
tem for the analysis of parasites from dried filter paper blood spots
stored at room temperature, as these are typically available from
research and surveillance programs across Africa. To this end, we
have worked to optimize the LDR-FM assay (28), incorporating
new-generation magnetic bead technology and use of field sam-
ples from Uganda extracted from filter paper. We present results
demonstrating a robust assay that dramatically improves
throughput over RFLP analysis and is appropriate for field condi-
tions.

MATERIALS AND METHODS
Samples for analysis. Control parasite DNA was from the Malaria Re-
search and Reference Reagent Resource Center. Field samples were from a
randomized trial comparing the antimalarial efficacy of 3 antimalarial
treatments conducted in Kampala, Uganda, from the 2004-2008 period
(29, 30). Data on parasite densities and multiplicities of infection from the
same trial have been published previously (31). All clinical samples were
collected as blood spots on filter paper, as previously described (29), and
stored with desiccant at room temperature. DNA extraction and analyses
were conducted in the 2012-2013 period, so samples were stored at room
temperature for 4 to 8 years before study.

RFLP analyses. DNA was extracted using Chelex 100 (Bio-Rad) (32),
and analyses were conducted as previously described (16, 33, 34). Briefly,
regions of interest were amplified, PCR products were treated with poly-
morphism-specific restriction endonucleases, and sizes of products
were characterized by agarose gel electrophoresis to distinguish wild-
type, mutant, and mixed alleles based on comparison with control
reference strain DNA.

Strain  trcfp 1rdmfp
86N 86Y 184Y 184F 1034S 1034C 1042N 1042D 1246D 1246Y CVMNK CVIET SVMNT 

3D7 5018 204 2116 167 4782 418 3861 118 1610 113 1320 329 159 
7G8 3871 187 177 4351 297 5718 580 5891 121 1263 715 981 2973 
DD2 221 2087 142 1873 6087 992 4866 398 2491 197 398 3254 352 
HB3 4110 312 177 3187 4777 418 501 4018 1972 169 2078 217 172 
V1/S 286 3876 5529 213 6513 876 5876 276 4233 128 413 4212 287 
FCR3 251 3159 2433 115 4901 407 4188 411 3071 198 167 2912 153 

 1prmfp rfhdfp
51N 51I 59C 59R 108S 108T 108N 164I 164L 876I 876V 

3D7 2219 287 2561 315 3987 145 478 586 164 1863 451 
7G8 312 1544 2981 277 518 166 4219 558 131 1977 448 
DD2 331 1981 411 1843 687 211 5018 774 207 280 4817 
V1/S 361 2018 280 2198 710 221 4912 176  1109 244 4721 

pfdhps
436-437 540K 540E 581A 581G 613A 613S 

SA SG AG FG 
3D7 152 4571 1624 1298 4871 131 3218 578 1121 202 
7G8 161 4712 1576 1308 5087 158 3277 814 1299 209 
DD2 131 1508 226 4891 5162 196 4177 1065 218 4755 
V1/S 154 1388 388 4761 5867 163 4437 1011 1876 119 
K1 199 4561 1087 897 4982 159 711 3018 1772 178 

FIG 1 LDR-FM readings for 19 SNPs in P. falciparum reference strains. Values shown are uncorrected mean fluorescence readings for 3 to 5 assays, each run in
triplicate. For pfcrt, the haplotype represents amino acids 72 to 76 in the gene product. Readings representing the known sequences at each allele are in bold type.

FIG 2 Mixing experiments. DNA from the indicated reference strains was mixed at
the ratios shown, and the prevalences of the pfmdr1 86 and 184 alleles were assessed by
LDR-FM. Mean fluorescence intensities, each based on triplicate readings, are shown.
Error bars represent standard deviations from triplicate readings.
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DNA extraction and allele amplification for LDR-FM. DNA was ex-
tracted into 100 �l of water from blood spots dried on filter paper (What-
man 3MM) using Chelex 100 (Bio-Rad), as previously described (32).
PCR amplification was performed in a 25-�l reaction mixture containing
160 nM upstream and downstream primers (Integrated DNA Technolo-
gies) (see Table S1 in the supplemental material), 160 �M deoxynucleo-
side triphosphates (dNTPs) (Invitrogen), 1 unit Taq DNA polymerase
(New England BioLabs), and 4 �l of extracted DNA in 1� standard Taq
buffer (New England BioLabs) with a Bio-Rad C1000 thermocycler. Ther-
mocycling conditions were 95°C for 60 s; 11 cycles of 95°C for 15 s, 60°C
for 30 s, and 68°C for 60 s; 39 cycles of 95°C for 15 s, 55°C for 30 s, and 68°C
for 60 s; and 68°C for 5 min. To validate assays, PCR products from each
primer set were resolved by agarose gel electrophoresis and examined to
confirm the presence of expected amplicons.

Multiplex ligase detection reaction. LDR mixtures contained allele-
specific and common primers (Integrated DNA Technologies) (see Table
S2 in the supplemental material). Each allele-specific primer contained a
5= unique nucleotide sequence complementing a sequence attached to a
MagPlex-Tag bead (Luminex) and a 3= sequence corresponding to a par-
ticular P. falciparum polymorphism. Common primers were modified by

5= phosphorylation and 3= biotinylation. Two multiplex reactions were
created by combining identical volumes of all PCR products for the stud-
ied transporter (pfcrt, pfmdr1, and pfmrp1) and antifolate (pfdhfr and
pfdhps) alleles. LDRs (15 �l) contained 10 nM upstream and downstream
primers, 2 units of Taq DNA ligase (New England BioLabs), and 1 �l of
combined PCR products in 1� Taq ligase buffer (New England BioLabs).
Thermocycling conditions were 95°C for 60 s followed by 32 cycles of
95°C for 15 s and 58°C for 2 min. Controls containing DNA from refer-
ence strains were included in all reactions.

Hybridization and labeling of magnetic beads. Products of LDRs
were hybridized to MagPlex-Tag beads by adding 1,000 beads corre-
sponding to each allele-specific primer in the LDR to 1.5� tetramethyl-
ammonium chloride (TMAC) buffer (3 M tetramethylammonium chlo-
ride, 50 mM Tris-HCl [pH 8], 3 mM EDTA, and 0.1% N-lauroylsarcosine
sodium salt; all from Sigma-Aldrich) and then adding the LDR multiplex
product (5 �l) to 60 �l of the TMAC bead mixture and running in a
Bio-Rad C1000 thermocycler at 95°C for 90 s, followed by 37°C for 40
min. Each hybridized LDR product was then labeled by adding 6 �l of a
1:50 dilution of streptavidin-R-phycoerythrin (SA-PE) (1.7 �g/ml final
concentration; Invitrogen) with 0.1% bovine serum albumin (BSA) (Enzo

FIG 3 Representative LDR-FM results for 10 Ugandan samples. Results shown are for the same 10 clinical specimens for all studied alleles. Values shown are
uncorrected mean fluorescence readings. For pfcrt, the haplotype represents amino acids 72 to 76 in the gene product. Readings representing the sequence call at
each allele after correction by subtraction of background are in bold type.
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Life Sciences) in 1.5� TMAC buffer and incubating at 37°C for 20 min. To
quantify the abundance of different alleles, labeled products were then run
on a MAGPIX instrument with xPonenet 4.2 software (Luminex). Results
were read as fluorescence intensity for each reaction in a 96-well format.

DNA sequencing. For allele reads that were fully discrepant between
LDR-FM and RFLP assessments, dideoxy sequencing was performed by
standard methods at the University of California San Francisco (UCSF)
Genomics Core Facility.

Statistical analysis. The correlation of results between the assays was
assessed using kappa statistics.

RESULTS
Analysis of P. falciparum reference strains. We initially studied
polymorphisms of interest in 7 P. falciparum reference strains. We
assessed sequences at 5 single nucleotide polymorphisms (SNPs)

in pfmdr1 that are common in different parts of the world, a 5
amino acid haplotype in pfcrt that distinguishes chloroquine-sen-
sitive and -resistant parasites with different geographic back-
grounds, an SNP in pfmrp1 that is common in Africa and has been
selected by prior treatment, 4 known SNPs in the antifolate target
gene pfdhfr, and 5 known SNPs in the antifolate target gene pfdhps
(7, 14, 15). Sequence determinations at all studied polymorphisms
were unequivocal, generally with background readings for un-
identified SNPs 5- to 10-fold lower than the readings for correct
identifications (Fig. 1). To assess the ability of the LDR-FM assay
to identify mixed alleles in complex samples, we mixed different
percentages of DNA from two reference strains and studied the
identification of two alleles. Minority percentages greater than
10% were clearly identified (Fig. 2).

Analysis of Ugandan samples. Clinical samples were stored on
filter paper for a number of years before analysis, contained highly
variable quantities of parasite DNA, and frequently consisted of
polyclonal infections. We analyzed 84 samples by RFLP analysis,
using established methods, and LDR-FM analysis, using condi-
tions optimized for this study. LDR-FM methods used previously
published oligonucleotide primers and reaction conditions (27,
28) as a starting point, but extensive modification of methods was
required to obtain optimal results with the field samples. Repre-
sentative uncorrected fluorescence data for 10 samples showed
generally good discrimination of wild-type, mutant, and mixed
samples (Fig. 3).

Based on results with reference strains, we developed an algo-
rithm for the classification of results for each SNP of interest,
including the consideration of a mixed sequence at each allele.
MFI readings varied considerably for each SNP (Fig. 1 and 2).
Therefore, a separate background threshold and correction factor
were devised for each SNP to best eliminate spurious readings due
to background intensity but not eliminate valid readings (Table
1). Specifically, through iterative analysis of reference samples we
established a minimum threshold of 400 MFI, and then, for each
SNP, we used means of triplicate readings to establish correction
factors to allow correct reads of reference samples with known
sequences at each allele of interest.

Results with the LDR-FM methodology were compared to
those with RFLP analysis. It is important to note that both systems
have potential for errors in misclassification, in particular due to
challenges in distinguishing pure and mixed genotypes at each
allele of interest. Concordance between results from the two assays
was generally good, although results varied between the studied
alleles (Fig. 4). Most discrepancies between results were due to a
mixed reading with one assay, compared to a pure mutant or
wild-type reading with the other assay. Fully discrepant readings
were seen in up to 3% of readings at 6 of the studied alleles. For the
9 discrepant alleles, dideoxy sequencing results agreed with the
LDR-FM read in 8/9 and the RFLP read in 1/9 (1 of 2 pfdhfr 164
reads).

DISCUSSION

We have optimized a new LDR-FM methodology for the high-
throughput detection of P. falciparum genetic polymorphisms as-
sociated with varied drug sensitivity in samples from a field trial in
Uganda. The methodology involves amplification of alleles of in-
terest from filter paper blood samples, multiplex ligase detection
reactions to allow binding of DNA to magnetic beads and bioti-
nylation, and then discrimination of allele sequences based on the

TABLE 1 Mean fluorescence readings, thresholds, and correction
factors for each SNPa

Gene Allele MFI Threshold
Correction
factor

pfdhfr 51N 2,017 538 1.5
51I 1,603 623 1.5
59R 3,113 625 1.5
59C 2,021 605 1.5
108S 1,759 920 1.6
108T NA 400 1.8
108N 3,974 831 1.6
164I 915 400 1.5
164L 981 405 2

pfdhps 436-437 SA 1,385 400 1.5
436-437 SG 4,063 1,537 1.5
436-437 AG 1,069 400 1.5
436-437 FG 4,017 2,115 1.5
540K 2,099 412 1.5
540E 1,180 400 1.5
581A 3,254 582 1.9
581G 2,554 1,410 1.5
613A 1,398 475 1.5
613S 4,181 474 1.5

pfmdr1 86N 3,033 443 1.5
86Y 1,999 400 1.5
184Y 2,887 400 1.75
184F 1,892 571 1.75
1034S 3,912 400 1.5
1034C 5,016 1,716 2.75
1042N 3,134 400 1.5
1042D 4,789 932 2.25
1246D 2,117 400 1.5
1246Y 1,644 400 1.5

pfcrt CVMNK 1,523 839 2
CVIET 2,044 464 1.6
*SVMNT 1,723 400 1.5

pfmrp1 876I 1,858 667 2
876V 4,802 1,624 4.25

a For each allele, the mean fluorescence intensity (MFI) was based on 9 readings from
clinical samples (3 readings for pfmrp1), except for pfcrt SVMNT and pfdhps
436F/437G, 581G, and 613S, for which the values were obtained from reference strains.
For a positive call at a particular allele, the MFI must be greater than the assigned
threshold and also greater than the mean value for negative controls on the same plate
multiplied by the correction factor.
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fluorescence of magnetic beads recognizing different alleles. We
built on a previously published system (27, 28) to establish good
performance of multiplex assays using a new magnetic bead
LDR-FM methodology for the characterization of 19 alleles in 5
relevant genes in reference P. falciparum DNA. More importantly,
LDR-FM provided characterization of parasites from complex
Ugandan blood samples that had been stored for 4 to 8 years on
filter paper at room temperature, suggesting that the technique
offers an accurate and efficient means of high-throughput assess-
ment of field samples of P. falciparum.

A number of different methodologies for the analysis of drug-
resistance-mediating SNPs in P. falciparum have been reported in
recent years. Direct DNA sequencing of samples has become sim-
pler and cheaper, but it remains a rather low-throughput technol-
ogy, and it is not well suited for characterizing mixed genotypes,
which are common in Africa. The most widely used technique for
SNP characterization has been RFLP analysis, which utilizes PCR
and electrophoresis technology that is routinely available at many
developing world laboratories. However, RFLP is fairly expensive
and labor-intensive, and its throughput is quite low. Thus, a num-
ber of groups have attempted to develop higher-throughput
methods for the analysis of P. falciparum genotypes. A microar-
ray-based method proved robust, sensitive, and accurate, but this
methodology requires access to microarray slides and a fluores-
cence scanner, which may not be available in many laboratories
(21). Melting curve analysis (23) and quantitative PCR (25, 26)
offer other high-throughput systems for detection of P. falciparum
SNPs for laboratories with appropriate infrastructure, and these
systems are particularly suited to identify small minority popula-
tions in mixed samples. However, for microarray, melting curve,
and quantitative PCR analyses, results have not been reported for
filter paper field samples from populations with polymorphisms

at a number of alleles of importance in Africa, e.g., pfmdr1 1246Y
and pfdhps 540E. Direct comparisons of the accuracy, throughput,
and cost of high-throughput systems for SNP detection have not
been reported. In many cases the key consideration in choice of
analysis, especially in field laboratories, will be availability of nec-
essary equipment.

The LDR-FM methodology requires specialized equipment,
but this device can provide a range of assays, including measure-
ments of serum cytokine levels and antibody reactivity, suggesting
that it may be of value for field-based laboratories. In our labora-
tory, reagent costs for LDR-FM assays to evaluate the 19 SNPs
considered in this study are estimated at �$3.50/sample, assum-
ing 96-well reactions and 12 control wells per plate. About 60% of
this cost is for magnetic beads and �17% for PCR and LDR en-
zymes and reagents, and the remainder is for disposable supplies.
Reagent costs for RFLP assays for the same SNPs (omitting pfmrp1
876) in our laboratory are estimated at $6.90/sample, with sub-
stantial costs for the multiple PCR reagents and restriction endo-
nucleases required to assess 18 SNPs. Importantly, the LDR-FM
methodology offers substantial improvement in throughput com-
pared to RFLP. We estimate routine performance by one investi-
gator of 8 to 10 LDR-FM assays, each containing 84 sample wells
plus controls, per week, and thus evaluation of 672 to 840 samples
per week. In our experience some reactions will need repeating
due to inadequate fluorescence readings and other factors. Some
reactions benefited from a nested PCR step, with improved fluo-
rescent signals, but the nested reaction was not consistently help-
ful and was not included in the data presented in this report. For
RFLP analysis, considering the time for multiple nested PCRs and
restriction endonuclease digestions, we estimate full evaluation of
�100 samples per week. As with the LDR-FM assay, some RFLP
assays will need to be repeated to optimize outputs. Overall, we

FIG 4 Agreement between RFLP and LDR-FM assays. Results are shown for samples with readings from both assays at the indicated alleles. For the 84 samples
studied, the RFLP assay was unsuccessful for 0 to 14 (mean, 6.2) samples, and the LDR-FM assay was unsuccessful for 0 to 11 (mean, 3.1) samples for the indicated
alleles. Kappa statistics were 0.9 to 1 for all comparisons except for pfmdr1 1246 (0.72) and pfdhps 540 (0.55), with most discrepancies explained by differences
in the percentages of mixed alleles. RFLP assays were not done for the other alleles studied by LDR-FM.
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estimate that, compared to RFLP analysis, the LDR-FM assay will
require half the cost per SNP, with throughput improved 5- to
10-fold. However, LDR-FM methodology may be less advanta-
geous in settings where only a small number of parasite polymor-
phisms are of interest, and direct sequencing, RFLP analyses, or
other systems may be more practical in these settings.

The LDR-FM methodology that we have optimized seems well
suited for the high-throughput analysis of P. falciparum genetic
polymorphisms. Our results were robust despite the use of sam-
ples that were stored as dried blood spots on filter paper for a
number of years before DNA extraction and analysis. The system
offers accuracy similar to that of other reported systems, with
substantial cost and throughput advantages over RFLP analysis.
Thus, we suggest that the LDR-FM system may be appropriate for
laboratories in developing- or developed-world settings wishing
to improve throughput of assessment of known P. falciparum re-
sistance-mediating genetic polymorphisms.
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