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Genome Comparison of Progressively Drug Resistant
Plasmodium falciparum Lines Derived from Drug Sensitive
Clone
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Chloroquine has been the mainstay of malaria chemotherapy for the past five decades, but resis-
tance is now widespread. Pyrimethamine or proguanil form an important component of some alternate
drug combinations being used for treatment of uncomplicBtagmodium falciparunnfections in
areas of chloroquine resistance. Both pyrimethamine and proguanil are dihydrofolate reductase (DHFR)
inhibitors, the proguanil acting primarily through its major metabolite cycloguanil. Resistance to these
drugs arises due to specific point mutations in the dhfr gene. Cross resistance between cycloguanil anc
pyrimethamine is not absolute. It is, therefore, important to investigate mutation r&tefsiiciparum
for pyrimethamine and proguanil so that DHFR inhibitor with less mutation rate is favored in drug
combinations. Hence, we have compared mutation rat&s falciparumgenome for pyrimethamine
and cycloguanil. Using erythrocytic stagesmffalciparuncultures, progressively drug resistant lines
were selected in vitro and comparing their RFLP profile with a repeat sequence. Our finding suggests
that pyrimethamine has higher mutation rate compared to cycloguanil. It enhances the degree of ge-
nomic polymorphism leading to diversity of natural parasite population which in turn is predisposes the
parasites for faster selection of resistance to some other antimalarial drugs.
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New malaria cases are annually increasingvorldwide (Kremsner et al. 1999, Bustos et al.
This increase can be attributed partly to the devel999). Both pyrimethamine and proguanil are
opment of resistance lasmodium falciparum dihydrofolate reductase (DHFR) inhibitors (Cow-
to the most commonly used, inexpensive, synthetiman & Foote 1990), the proguanil acting prima-
antimalarial drug, chloroquine. Chloroquine hasily through its major metabolite cycloguanil
been the mainstay of malaria chemotherapy for tH@rmstrong & Smith 1974). IRlasmodiunDHFR
past five decades, but resistance to it is now widés formed as DHFR-TS (thymidylate synthetase) a
spread. Pyrimethamine or proguanil form an imbifunctional protein, the enzymes acting sequen-
portant component of some alternate drug combiially and genes for these enzymethf¢-ts are
nations being used for treatment of uncomplicatecdolinear (Garrett et al. 1984). Resistance to py-
P. falciparuminfections in areas of chloroquine rimethamine and proguanil arises due to specific
resistance. Pyrimethamine-sulfadoxine combingsoint mutations in thehfr gene (Peterson et al.
tion is usually deployed as a successor to chlord988). Cross resistance between proguanil and
quine. Proguanil-atovaquone, a new antimalarigdyrimethamine is not absolute, resistance to the two
combination, first registered in the United King-drugs being controlled by different point mutations
dom in 1996 for treatment of multidrug-resistanin dhfrgene (Peterson et al. 1990, Foote et al. 1990).
falciparum malaria and has subsequently been relgis, therefore, important to investigate the rate at
istered for this indication in 32 other countriesvhich P. falciparumparasites develop resistance
to both these drugs so that DHFR inhibitor with
less mutation rate is favored in a drug combina-
tion to prolong the effectiveness of such combina-
tions. Hence, we have compared point mutations
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tion of resistance to sulfadoxine in the parasite linsistant line selected in vitro were separately sub-
highly resistant to pyrimethamine. jected to increasing sulfadoxine pressure in
MATERIALS AND METHODS Waymou_th MB752/1 medium_ to sellect a series of
progressively sulfadoxine resistant lines. The para-
Parasites -TheP. falciparumisolate FCD-3 sites were subjected to theirggoncentration of
and FCD-4 obtained locally from infected patientshe drug for 48 h. After 48 h drug was removed
with consent and a clone F-56 derived from FCDand the surviving parasites were allowed to multi-
4 were the parasite lines used in the present stugly in drug free medium. The susceptibility of these
(Mehra & Bhasin 1996). The clone was obtaine@arasites to sulfadoxine was determined. If there
by the limiting dilution method from the erythro- was no change in the sensitivity of these parasites
cytic stages of the isolate cultivated continuouslyo sulfadoxine, they were again exposed to the same
in vitro by the candle-jar procedure of Trager angC, concentration. The procedure was repeated
Jensen (1976). till there was an increase in thegOto the para-
Stock solutions of drugs Pyrimethamine sites. The surviving more resistant parasites were
(Sigma) 16% M stock solution was prepared insubjected to their new i3 concentration of
0.05% lactic acid and 1M stock of cycloguanil sylfadoxine to select more resistant line. This pro-
in 70% ethanol. Further dilutions were made ingcol for selection of progressively sulfadoxine
RPMI-1640 medium prior to use. Sulfadoxine 10resistant parasites was repeated for each of the sub-
1 M stock solution was made in DMSO and di-sequent rounds. Selection procedure for increased
luted further in Waymouth MB752/1 medium, DHFR inhibitor resistance has been described by
which is similar to RPMI-1640 except it does noBhasin and Nair (1996).
contain para-aminobenzoic acid. Cycloguanil was Extraction of parasite DNAThe frozen para-

a gift from ICI pharmaceuticals, UK and sjte samples (~18 parasites) were thawed, mixed
sulfadoxine from Lupin, India. with two volumes of 1% cold acetic acid and cen-
Susceptibility test methodSusceptibility of  trifuged at 6,000 rpm for 20 min a®@. Superna-
parasites to DHFR inhibitors and othernt, containing most of the haemoglobin, was re-
antimalarials was determined by exposing paranoved and the pellet was resuspended in two vol-
sites in triplicate in 24-well tissue culture plates tQmes of 1% triton X-100. It was again spun at 6,000
graded concentrations of each drug by the modipm for 20 min at 2C and supernatant discarded.
fied 48 h test method (Nguyen-Dinh & PayneThe resulting pellet was washed twice with 0.85%
1980). The parasite material for experiments wagacCl (pH7.4). The washed parasite pellet was re-
obtained from stock cultures and subjected to soguspended in DNA extraction buffer (10 mM Tris
bitol lysis to get synchronized ring stages (LambrogH 8.0; 0.1 M EDTA pH 8.0; 20 pg/ml RNAase
& Vanderberg 1979). The parasitemia was ada; 0.5% SDS) in a volume equal to that of the origi-

justed to less than 1% with uninfected fresh erythhal frozen sample and incubated aP@G#or 1h
rocytes and this material was made to 50% celfith the intermittent shaking. Proteinase K was
suspension with appropriate medium. Aliquots ogdded at concentration of 100 pg/ml to the above
20 pl of the above suspension were added into sgiixture, mixed gently and incubated overnight at
ries of wells of the test plate, each holding 480 [87°C. DNA was extracted with an equal volume
of complete medium with or without a drug, yield-of phenol once, phenol:chloroform (1:1) twice,
ing final cell suspension of 2%. Loaded test plateghioroform: isoamyl alcohol (24:1) once and chlo-
were incubated at 37°C in a candle-jar for 96 koform twice. To the aqueous phase of the final
with daily changes of medium. The drug was inextraction step was added 0.2 volume of 10 M am-
cluded in experimental wells for the first two daysmonium acetate and 2.5 vol. of cold absolute alco-
only. Blood smears were made at the end of 4%|. This was left overnight at -20 for DNA to
and 96 h, stained with Giemsa. A minimum ofyrecipitate. DNA was pelleted by centrifugation at
5,000 erythrocytes was enumerated to determing 000 rpm for 30 min aP€ and supernatant care-
parasitemia in each well. Percentage reduction @fjly removed. The pellet was washed with cold
parasitemia in relation to control was calculate¢09 ethanol and dissolved in 200 pl of TE (10
from percentage inhibition of growth. Fifty per-mm Tris Cl pH 7.5; 1 mM EDTA pH 8.0).
cent, 95% and minimum complete inhibitory con-  polymerase chain reactionln vitro amplifi-
centrations (Igy, ICqsand MIC, respectively) were cation of 1.1 Kb domain of the dhfr-ts gene from
extrapolated from semilog plot of various concenthe template, parasite DNA, was carried out by PCR
trations of the drug against percent inhibition ofMullis & Faloona 1987) using the following oli-
growth obtained from averages of triplicate wellsgonucleotide primer pairs:ATG ATG GAA

In vitro selection of drug resistanceThe CAA GTC TGC GAC-3 (sense) and 8CAC CTA
cloned line F-56 and a highly pyrimethamine reCTC CGT TCG-8(antisense). These synthetic
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oligonucleotides were customarily designed from RESULTS

the complete DNA sequence of the gene. PCRre- geongitivity of parasites to antimalarialSus-

action mixture consisted of approximately 70 NGeptibility of the P. falciparum parasites to

of template DNA, 15 pmol of each primer, 200, il sulf ; imethami
UM dNTPs in a final volume of 100 pl containingCyC oguanil, sulfadoxine and pyrimethamine are

ion buffer. Th N X presented in Table |. Data shows that all parasites
reaction buffer. The reaction mixture was oVery e clinjcally sensitive to sulfadoxine. Clone F-56

Iaig with a drop of mineral oil, heated for 5 min a4 Fcp-4'isolate are sensitive to pyrimethamine
94°C to denature the template DNA completelygng oy cloguanil as well. FCD-3 is a naturally oc-

while the reaction was still at 98, 0.5 ul (S units/ o\,ring pyrimethamine resistant isolate. PR-5, a
W) of Taq polymerase (Genei, India) was addegine gerived from F-56 clone by in vitro selection
A'mpl|f|cat|on was carried out under standard COM3rocedure, is highly resistant to pyrimethamine.
ditions for 25 cycles. , Selection of drug resistant parasiteBrogres-
Cloning PCR products and sequencinghe  jyely drug resistant falciparum lines to
amplified PCR products were polished by incubatey coguanil, sulfadoxine and pyrimethamine were
ing with the Klenow fragment in presence of dNTPgjerived from the cloned F-56 line by continuously
(Frohman 1994). The polished amplicon was pugtivating the parasites in vitro with or without
rified/extracted from electrophoresed sample OFespective drug pressure for number of days (Table
0.7% low melting agarose gel for insertion into Smgy). ' The IC;, to cycloguanil in CY-1 line was 2 X
| digested pUC-19 by ligation (Sambrook et al109 M, a decrease in sensitivity by about 75-fold
1989). The ligation mix was used to transformn 351 days. Only about 35-fold decrease in sensi-
competent JM 10Escherichia colcells. Recom- tivity to sulfadoxine was observed at the end of
binant white colonies were picked up from agaps5 days of in vitro selection in SD-1 line. From
plates containing antibiotic, X-gal and IPTG. Plassusceptibility data both CY-1 and SD-1 can be re-
mids from the white colony were harvested usingarded clinically sensitive lines to cycloguanil and
one step plasmid isolation method and DNAsulfadoxine, respectively. Susceptibility to py-
analysed. Appropriate recombinant plasmid prepaimethamine progressively increased in various PR-
ration was purified by CsCl gradient centrifugadines, registering an increase in 2.5 fold in 24 days
tion for sequencing. DNA sequencing reaction$PR-1) to 2400 fold rise in I value in 348 days
were carried out manually by dideoxy chain ter{PR-5) of cultivation/selection, derived from F-56
mination method of Sanger et al. (1977) usingensitive clone. Susceptibility profile of PR-5 to
Sequenasé! Version 2.0 DNA sequencing kit various drugs in vitro is presented in Table I.
from USB™ as per their protocol. Selection of sulfadoxine resistance from a py-
RFLP by Southern hybridisationParasite rimethamine resistant lineln pyrimethamine sen-
DNA digested withHind 1ll, Alu | or Taql re- sitive cloned F-56 line there was only 35-fold de-
striction endonuclease was size fractionated oerease in sensitivity to sulfadoxine at the end of
0.8% agarose gel by electrophoresis and transferr885 days (Table Il) of selection protocol. Highly
to nylon membrane (Southern 1975). The menpyrimethamine resistant the PR-5 line, derived
brane was probed with synthetic 21-oligomet , 5rom F-56, when subjected to selection pressure
end labelled with32P using T, polynucleotide ki- of sulfadoxine, the Ig, dose in vitro rose from 4
nase. The probe used for Southern hybridizatignM to 2900 uM, thus a 725-fold change in sus-
had the following sequence/-BGGTCTT ceptibility was recorded only in 363 days of selec-
AACTTGACTAACAT-3/. This oligonucleotide is tion procedure.
known to be repeat sequenceéPinfalciparumge- PCR and sequencinglhfr gene -Sufficient
nome (Aslund et al. 1985). The hybridized membNA from cryopreserved parasites of the F-56
brane was exposed to X-ray film for autoradiograntlone, CY-1, PR-1 to PR-5 lines and FCD-3 iso-

TABLE |

In vitro susceptibility of erythrocytic stages®fasmodium falciparurparasites to antimalarial drugs,
determined by 48-h test. The starting parasitemia was less than 1% and hematocrit 2%

Parasites Pyrimethamine (nM) Cycloguanil (nM) Sulfadoxine (uM)
ICsq ICqg ICsq ICqg ICsq ICqg
Clone F-56 15 3.6 0.072 0.27 22 150
Isolate FCD-4 15 4.6 0.084 0.68 - -
Isolate FCD-3 320 2700 - - - -

Line PR-5 3600 8000 74 310 4 400
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TABLE Il

Increase in susceptibility of in vitro selected linestEsmodium falciparurderived from the drug sensitive
parent clone, F-56 (cycloguanil 4 0.072 nM, sulfadoxine I&= 22 uM, pyrimethamine Ig = 1.5 nM).
The parasites were under continuous cultivation for several days with or without drug pressure

Selected line Days of continuous Fold increase Clinical
cultivation/selection in (Ig) status
Cya1 351 75 CY sensitive
SDh-1 555 35 SD sensitive
PRC-1 24 25 PR sensitive
PR-2 120 17.3 PR sensitive
PR-3 204 140 PR resistant
PR-4 261 340 PR resistant
PR-5 348 2400 PR resistant

a: CY (cycloguanil);b: SD (sulfadoxine)¢: PR (pyrimethamine)

late, was extracted. The 1.1 Kb domain spanning TABLE Il
dhfr-tsgenes from each of the DNA samples am-Amino acid residues present in the DHFR enzyme of
plified using sense and antisense primers by PCRIifferent parasite lines as inferred from sequencing of

The polished amplicon was cloned into pUC-19 thedhfr gene

for sequencing. The nucleotide codons obtaingtione/Isolate Position of Amino acids
by sequencing at position 51, 59, 108 and 164 51 59 108 164
amino acid residues of the DHFR enzyme are pre-

sented in Table lll. The nucleotide codons at the-56 Asn Cys Ser lle
above positions were found to be similar in ampliPR-1 Asn Cys Ser lle
fied DNA samples of F-56, CY-1, PR-1 and PR-ZR-2 Asn Cys Ser lle
lines. From in vitro susceptibility data all thes E'i 23” ﬁrg QS“ ::e
were clinically pyrimethamine sensitive lines. Th R:S A:ﬂ A:g Aiz ”g
clinically pyrimethamine resistant parasites, thep_3 lle Arg Asn lle
PR-3to PR-5in vitro selected lines and the naturat

isolate FCD-3, all showed point mutations lead-

ing to alterations in the codon 59 and 108 (Table

[l). The codon 59 had changed to CGT and 108

to AAC. In naturally occurring pyrimethamine DISCUSSION

resistance in the field isolate FCD-3, an additional
mutation was found in codon 51 (AAT to ATT). The exposure of parasite population to sub-
Restriction fragment length polymorphismmaximal inhibitory drug concentrations provides
(RFLP) analysis DNA from the parent cloned F- the selective pressure to resistance. The resistant
56 line, CY-1 and PR-1 to PR-5 lines, was eachutants can survive in the presence of these inter-
digested separately witHind Ill, Alu | or Tagl  mediate levels whereas the drug sensitive parasites
restriction enzyme, size fractionated on an agagre killed. Repeated and intermittent exposure of
ose gel and probed with a synthetic oligomerthe surviving parasite population to intermediate
known to be a repeat sequencePinfalciparum drug levels provides the optimum conditions for
genome, by Southern hybridization. No differencéhe emergence of resistant parasites which are bio-
was seen in the band profile of F-56, CY-1, PR-1pgically fit mutants to propagate. A key point
PR-2 or PR-3 lines (data not shown), whereasutation or multiple gene mutations may be re-
RFLP analysis clearly depicts changes in the bamgliired for a reduction of susceptibility. These mu-
profile of Tag|l digested DNA of PR-4 and PR-5 tations occur spontaneously and rarely. As they
lines compared to F-56 (Figure). The prominengxist infrequently in parasite populations not ex-
changes in band profile were detected simultgposed to antimalarial drugs, these mutations must
neously with the appearance of high level of pybe acquired and lost at a similar rate in wild para-
rimethamine resistance in PR-4 and PR-5. Simils&gite populations to maintain equilibrium
changes were also observed in an autoradiograifackinnon & Hastings 1998). Thus, the chance
of Alu | digested Southern blot (data not shown) of a resistant mutant malaria parasite being selected



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 96(3), April 2001 431

F-56 PR-4 PR=-5 develops to antimalarial drugs. The progressively
drug resistant lines, like PR-1 to PR-5 derived from
pyrimethamine sensitive cloned line F-56, form a
good material to study accompanying changes at
gene or genome level of the parasites.
In the present in vitro selection of drug resis-
tant parasites, resistance to pyrimethamine devel-

*T oped much faster and stronger compared to
: cycloguanil or sulfadoxine. In 348 days continu-
. ous cultivation under pyrimethamine selection

- there was 2400-fold increase ingl{/alue to py-

rimethamine whereas only 75-fold decrease in sen-
sitivity to cycloguanil was registered in 351 days
cultivation under cycloguanil selection pressure
J— (Bhasin & Nair 1996). There was 35-fold decrease
'-' - in sensitivity to sulfadoxine in 555 days. Emer-
= gence of strains resistant to pyrimethamine ap-
peared in the field rapidly soon after introduction
of the pyrimethamine-sulfadoxine combination as

= = an alternate to chloroquine in all countries where
i - bl . . . .
this combination was deployed. The resistance to
: pyrimethamine-sulfadoxine combination is fast
- u - increasing (Ronn et al. 1996). Proguanil, unlike
H pyrimethamine, still plays a useful role in prophy-
laxis and treatment in combination with other drugs
-— - . (Peters 1998). These clinical observations are in

accordance with our findings that parasites develop
resistance to cycloguanil reluctantly compared to
pyrimethamine.
Clinical field isolates resistant to py-
‘ ‘ rimethamine show a key point mutation leading to

RFLP analysis of DNA digested wiffaq | from F-56, PR-4  alteration of Ser-108 or Thr-108, found in sensi-

and PR-5 lines and probed wiflifP end labeled 5'- tive isolates, to Asn-108 (Peterson et al. 1988) in
AGGTCTTAACTTGACTAACAT-3 primer. Prominenentis  tha enzyme DHFR. Our sequencing studies also

the disappearance of some bands in upper half of the autorag- ] ] - _
iogram in PR-4, PR-5 lanes and appearance of additional ban _?monStrate the existence of Asn-108 point muta

in PR-5 lane. Changed band profile is due to pyrimethaminON in pyrimethamine resistant lines, the PR-3 to
selection PR-5 and its absence in F-56, CY-1, PR-1 and PR-
2 lines, all being pyrimethamine sensitive. There
was, however, no co-relation found between the
number of point mutations observed in e
by that antimalarial drug depends on several fagene and decrease in pyrimethamine sensitivity in
tors, such as the total number of parasites expost in vitro selected lines, beyond some point. For
to drug pressure, the mutation frequencies, thastance, point mutations leading to Arg-59 and
elimination profile of the drug, and the drug susAsn-108 found in PR-3 remained unchanged in PR-
ceptibility and fithess of mutants (Rosario et al5 with no additional mutation observed in the se-
1978). Some of these factors can not be accuratejuencedihfr domain whereas there was substan-
controlled by employing in vivo study systems. Irtial rise in the resistance, increasing from 140-fold
vitro systems, on the other hand, provide a meats 2400-fold. The naturally resistant FCD-3 iso-
to study most of these parameters under controllédte had an additional alteration isoleucine-
conditions. By using in vitro cultivated erythro-51whereas in all other lines sequenced had Asg-
cytic stages of the clondd falciparumdrug sen- 51 residue in the DHFR. Some other factors are
sitive line, it was possible for us to expose th@ossibly contributing to the pyrimethamine sen-
known number of genetically homogenous popusitivity pattern observed. These considerations
lation of parasites to desired drug concentrationprompted us to look for alterations in the whole
repeatedly for fixed duration to select resistant linegenome of progressively resistant falciparum lines
and compare the rate at which parasite resistanog RFLP.
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