401

Prevalence of Plasmodium falciparum pfcrt polymorphisms
and in vitro chloroquine sensitivity in Senegal
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SUMMARY

Mutations in pfert K76T are associated with chloroquine resistance in Plasmodium falciparum. Previous studies of K76T
mutations in Senegal reported the association of T'76 with in vitro-resistant isolates, but this mutation was also prevalent in
chloroquine-sensitive isolates. This suggests involvement of additional genetic loci in modulating chloroquine resistance.
Additional pfert polymorphisms at codons A220S, Q271E, N326S and R3711 have been found in chloroquine-resistant
isolates. We wanted to test if sequential acquisition of mutations at these codons leads to in vitro chloroquine resistance.
Stepwise accumulation of mutations was not detected, rather there was almost complete linkage between the pfert K76'T
mutation and polymorphisms in these codons. Therefore these additional polymorphisms do not enhance the correlation
between pfert T76 and chloroquine resistance in Senegal. These data suggest that in vitro chloroquine resistance requires

the genetic background of the pfert K76'T mutation and additional mutations in genetic loci outside the pfert gene.
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INTRODUCTION

Chloroquine resistance in Plasmodium falciparum is
established in many parts of Africa and is becoming
more prevalent in areas of West Africa such as
Senegal. Resistance to chloroquine was first reported
in Dakar in 1988 and more recent treatment failure
rates of 13% have been reported in Senegal (Gaye,
Soumare & Sambou, 1999). Identifying reliable
markers of chloroquine resistance is important to
inform both individual malaria treatment and local
drug policy.

There has been recent progress in the identifi-
cation of genetic markers of chloroquine resistance
with the discovery of mutations in the P. falciparum
pfert gene (Djimde et al. 2001 a). Genetic mutations
in pfert are strongly associated with both in vitro and
in vivo drug resistance. The correlation of in vivo
chloroquine resistance with the pfert K76'T mu-
tation has been observed at various geographically
distinct sites including Indonesia, Laos, Papua New
Guinea (PNG), Cameroon, Mozambique, Uganda,
Sudan and Brazil (Basco & Ringwald, 2001 ; Dorsey
et al. 2001; Maguire et al. 2001 ; Pillai et al. 2001;
Vieira et al. 2001). Resistance defined as in vivo may
be confounded by factors such as host immunity. In
contrast, in vitro methods can provide a direct
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measurement of parasite survival in response to drug
treatment. Thus, resistance of different parasite
strains can also be defined by the 50% inhibitory
concentration or 1Cjy. As measured by this in vitro
standard, the mutation in pfert K76T is still highly
correlated with resistance. Specifically, the presence
of the K76'T mutation is found in the overwhelming
majority of isolates that display in wvitro resistance
in studies reported from PNG, Thailand, Indonesia,
Cameroon and Senegal (Basco et al. 2001; Chen
et al. 2001 ; Maguire et al. 2001).

However, it has been also noted that some para-
sites that were cleared after administration of chloro-
quine also had the K76T mutation. This observation
has been reported in several studies, including in
the original report in which 41% of all isolates con-
tained the K76T mutation, though only 14 % of these
isolates exhibited in vivo resistance to chloroquine
(Djimde et al. 2001 a). This clearance of apparently
genetically resistant strains has been ascribed to age-
related immunity (Djimde et al. 20015). Yet data
from Indonesia showed there was no relation be-
tween the history of previous infections and the
clearance of genetically resistant parasites in the 12
of 25 parasites that were in vivo sensitive that con-
tained the K76T mutation (Maguire et al. 2001). In
addition, a study conducted in Mozambique found
that the K76'T mutation was present in isolates from
18 of 23 subjects in whom the infection resolved
after chloroquine treatment. There was no corre-
lation between age and parasitological outcome after
treatment (Mayor, Gomez-Olive & Aponte, 2001).
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In some areas this marker does not correlate to out-
come due to its high penetrance in the population,
for example, pfert T76 is 100% prevalent in Uganda
and no longer predictive of chloroquine treatment
failure (Kyosiimire-Lugemwa et al. 2002). A study
done in Cameroon (Basco et al. 2001) using in vitro
methods for testing chloroquine susceptibility re-
ported 9 isolates with the K76'T mutation that had
chloroquine ICjps in the sensitive range. Both the
in vivo and in vitro data suggest that pfert K76T
mutation is necessary for chloroquine resistance, but
a subset of isolates from various field studies did not
manifest this correlation which may suggest that for
these isolates, mutations in addition to the pfert
K76T mutation are needed to confer chloroquine
resistance.

Pfcrt has additional polymorphisms at codons
A220S, Q271E, N326S and R371I associated with
in vivo chloroquine resistance. Mutations at these
codons result in amino acid change, for example at
amino acid 220, there is a substitution of thymine
for guanine, which changes the amino acid from
alanine to serine. This study set out to determine
whether pfert has acquired sequential mutations
leading to greater in vitro chloroquine resistance.
This analysis was carried out on previously isolated
parasite DNA from an area in Senegal. This site was
ideal to study the correlation of genetic polymorph-
isms and chloroquine resistance secondary to the
prevalence of single clone infections typical of a hypo-
endemic transmission region. The pfcrt 'T'76 allele
was found in >90% of in witro-resistant isolates,
while isolates with wild-type K76 allele were almost
completely chloroquine sensitive. However, a num-
ber of isolates harbouring the T'76 allele were also
in vitro-chloroquine sensitive and therefore the
K76T polymorphism did not significantly correlate
with resistance in this study (P =0-18 Mann—Whitney
U test) (Thomas et al. 2002). These isolates were
further analysed for the presence of additional pfcrt
polymorphisms and correlation with chloroquine
resistance.

MATERIALS AND METHODS

The details of this study population have been pre-
viously reported (Thomas et al. 2002). To sum-
marize, mildly symptomatic patients, age 5 years or
greater, with peripheral blood smears positive for
P. falciparum were invited to participate in the
study. Exclusion criteria included severe or compli-
cated malarial disease, pregnancy or recent history of
antimalarial treatment. In vitro chloroquine suscep-
tibility testing was done in duplicate using the DELI
assay. The in vitro test utilized was the DELI assay,
which has shown excellent correlation to the stan-
dard isotopic-microtest (Moreno et al. 2001). Para-
site DNA was extracted with standard methods
using phenol chloroform (Djimde et al. 2001 a).
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In total 44 patients were enrolled in the study and
all but 1 patient sample had single parasite clones by
Msp-1 and Msp-2 analysis. Chloroquine suscepti-
bility was determined for 36 samples using the DELI
test. Of these, 11 samples demonstrated in wvitro
chloroquine resistance (ICsy>100 nM) and 25 sam-
ples exhibited in wovitro chloroquine sensitivity

(IC50<70 nm) (Thomas et al. 2002).

Detection of pfert alleles

To test the hypothesis of sequential acquisition of
polymorphism at codons A220S, Q271E, N326S
and R371I and the potential association with in vitro
chloroquine resistance, the identification of these
downstream pfcrt polymorphisms was carried out
using polymerase chain reaction (PCR) ampli-
fication of parasite DNA from each field isolate.
Primers Pfert4571 F (5'-GCTCTTGTAGAAAT-
GAAATTAATC-3") and Pfert 6279 R (5'-ATA-
GAACCAAATAGGTAGC-3) were designed to
amplify a region that spanned all the corresponding
nucleotides for pfert codons A220S, Q271E, N326S
and R3711. Although the occurrence of mixed in-
fection is rare, this strategy ensured that all poly-
morphisms detected came from a single clone. The
cycling conditions were as follows: 95 °C for 1 min
followed by 32 cycles of denaturation at 95 °C for
1 min, annealing at 40 °C for 30 sec, extension at
62 °C for 1:5 min and a final extension at 62 °C for
30 min. Negative controls without DNA were in-
cluded in all sets of PCR reactions. A 1600-base pair
(bp) fragment for each isolate was electrophoresed
on a 1% agarose gel and the DNA fragment was
gel isolated using the SNAP Gel Purification Kit
(Invitrogen, Carlsbad, CA).

This purified 1600 bp fragment was cloned into
the TOPO-TA vector for sequencing, transfected
into E. coli and grown overnight in Terrific Broth
(Invitrogen, Carlsbad, CA). Plasmid DNA was iso-
lated from E. coli using the Wizard Plus SV mini-
prep kit (Promega, Madison, WI). Clones were
screened for the presence of a complete fragment
either by PCR amplification using the universal
primers M13 F and M13 R or by restriction digest
using EcoRI (New England Biolabs, Beverly, MA).
Plasmids with a 1600 bp insert were then selected for
sequence analysis.

Two to three clones containing pfert sequence
were generated for each field isolate and each clone
was sequenced on both forward and reverse strands
(High-Throughput DNA Sequencing Facility, The
Dana-Farber/Harvard Cancer Center, Boston, MA).
Multiple sequencing primers were used to obtain
complete sequence of the 1600-bp fragment with
each clone having, on average, 5-fold sequence cover-
age. Sequences were aligned using the SeqMan™
and MegAlign™ programs (DNASTAR, Madison
WI).
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Fig. 1. Representative agarose gel electrophoresis of 1600-
bp PCR products. Lane 1, Lambda BstE II marker;

lane 2, amplification from 3D7 genomic DNA; lane 3, no
DNA control; lanes 4—-10, amplification products
generated from field isolates.

Statistical analysis

To determine whether there was a statistical as-
sociation between in vitro chloroquine resistance as
measured by 1C;, values and polymorphisms at these
loci, the Wilcoxon rank sum test (Mann—Whitney)
was performed using STATA (Stata, College
Station, TX).

RESULTS

PCR amplification of the 1600-bp fragment was
successful in 38 of the 43 parasite DNA samples
from which the pfcrt codon 76 had been previously
analysed (Fig. 1). Of the 7 isolates that contained the
K76 allele, all had the wild-type alleles at codons
A220S, Q271E, N326S and R3711. The absence of
polymorphisms was completely linked in this subset.
Of the 31 isolates with the T'76 allele, 2 of them
had polymorphisms at codons A220S, Q271E and
R3711, while the remaining 29 isolates contained
polymorphisms at A220S, Q271E, N326S and
R3711.

The 33 samples for which both sequence infor-
mation and IC;, data was available was further
analysed (Fig. 2). The median ICj, value of the 6
isolates with no mutations was 26 nMm chloroquine.
The IC;, of the 2 isolates with 4 mutations was
269 nMm chloroquine, and 38 nm chloroquine in the
25 isolates with all 5 mutations. The Wilcoxon rank
sum test was performed to determine if the number
of polymorphisms had a significant association with
1C;¢ value. Median chloroquine 1C; value was not
significantly correlated between isolates that have
wild-type sequence in all positions versus those with
all 5 mutations (P=0-25). Similarly, there was no
significant correlation of chloroquine 1C;, value and
the presence of zero versus 4 mutations (P=0-09).
No additional mutations in coding regions were de-
tected. A single patient was previously found to have
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Fig. 2. Dotplot of chloroquine I1C;, versus of number of
polymorphism in pfert codons K76T, A220S, Q271E,
N326S and R3711 from field isolates in Senegal.

more than 1 clone based on Msp-1 and Msp-2 typing
and this isolate had both wild-type and mutant al-
leles at codon 76. Analysis of the downstream alleles
showed that 1 isolate contained wild-type alleles at
A220S, Q271E, N326S and R371I, while the second
clone was wild-type in all 4 of these alleles. Finally,
all 38 isolates encoded isoleucine at codon 356.

DISCUSSION

Mutations in pfcrt have been correlated with in vitro
chloroquine resistance in different parts of the world.
Yet field studies report isolates containing the pfert
K76T mutation that are in vivo or in vitro sensitive.
To test if additional polymorphisms reported in
pfert are required for in vitro chloroquine resistance,
these alleles were analysed in isolates from Senegal.
The presence or absence of polymorphisms at co-
dons K761, A220S, Q271E, N326S and R3711 were
almost completely linked. Therefore, no correlation
of chloroquine I1Cjy and these additional alleles could
be established. This is in apparent contrast to a re-
cent report of an allelic exchange of pfert containing
these mutations into a chloroquine-sensitive line
which conferred in vitro resistance. (Sidhu, Verdier-
Pinard & Fidock, 2002). The field data generally
support the central role of pfert in conferring chloro-
quine resistance, though there are a subset of isolates
containing the pfcrt mutations which are chloro-
quine sensitive. This may reflect a genetically di-
verse origin of chloroquine resistance. Alternatively,
these isolates may simply have not adapted to the
short-term culture needed for the in vitro test and
appear chloroquine sensitive. It will be important to
confirm this interesting subset of isolates, chloro-
quine ICjy and polymorphisms. We have demon-
strated that the occurrence of sequentially acquired
mutations within pfert leading chloroquine resist-
ance does not occur in this geographical area. Simi-
larly, a study of 21 isolates from distinct regions
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in Southeast Asia, including PNG and Thailand,
showed no correlation between polymorphisms at
these codons and modulation of iz vitro chloroquine
resistance (Chen et al. 2001). Nevertheless, occur-
rence of these multiple polymorphisms is very in-
triguing. Previous studies on the prevalence of single
nucleotide polymorphisms in malaria have deter-
mined that this is an infrequent occurrence, and
when found it is typically in genes that are under
selective pressure (Rich et al. 1998).

In this study it is striking to observe that the num-
ber of polymorphisms across these codons in pfert in
both in witro chloroquine-sensitive and resistant
isolates was not distributed randomly; they were
either completely wild-type or contained 4-5 poly-
morphisms in the same codons. This finding sug-
gests that certain combinations of polymorphisms
result in a selective disadvantage for the parasite
and are therefore eliminated. This is an interesting
consideration since the function of pfert remains
unknown. Interestingly, patterns of polymorphisms
in pfert have been correlated with geographical
location. A study comparing in vitro chloroquine-
resistant isolates between PNG, Thailand and Brazil
found distinct patterns of pfert polymorphisms.

M74/N75/Q271/D326/1.356/R371 were found in
all isolates from PNG as well as the 7G8 strain from
Brazil, whereas 174/E75/E271/S326/T(1) 356/1371
were found in all but 1 isolate from Thailand. From
this genotyping the authors concluded that the PNG
and Brazilian strains may have been derived from
a common origin, whereas the Thailand strain arose
independently (Chen et al. 2001). While these poly-
morphisms were not found in isolates analysed in
this study, the pattern of polymorphisms in resistant
isolates matches the pattern of codon polymor-
phisms described in another well-characterized
African strain from Mali (T76/S220/E271/S326/
1371). This includes the high prevalence of a wild-
type allele encoding isoleucine at codon 356 (Djimde
et al. 2001a). This is consistent with a recent report
of 87 P. falciparum worldwide isolates that were
found to have linkage disequilibrium at these amino
acids in chloroquine-resistant strains (Wootton et al.
2002).

Due to the high prevalence of complete linkage of
codons A220S, Q271E, N326S, R3711 with K76T,
it is concluded that further analysis of these ad-
ditional polymorphisms in the T'76 background will
be unlikely to uncover further modulators of in vitro
chloroquine resistance. These data suggest that
in vitro resistance to chloroquine occurs within the
genetic background of pfert K76'T mutation but that
a subset of isolates may require additional mutations
in loci outside the pfert gene.

Finally, these data are consistent with previous
analysis from other field sites suggesting that the
polymorphisms in pfcrt can be used as surrogate
markers of geographical origin, particularly to track
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the pattern of polymorphisms associated with chloro-
quine resistance.
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