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Abstract
Although the mechanisms by which malaria parasites develop resistance to drugs are unclear,
current knowledge suggests a main mechanism of resistance is the alteration of target enzymes by
point mutation. In other organisms, defects in DNA mismatch repair have been linked to increased
mutation rates and drug resistance. We have identified an unusual complement of mismatch repair
genes in the Plasmodium genome. An initial functional test of two of these genes (PfMSH2-1 and
PfMSH2-2) using a dominant mutator assay showed an elevation in mutation frequency with the
PfMSH2-2 homolog, indirectly demonstrating a role for this gene in mismatch repair. We
successfully disrupted PbMSH2-2 in the P. berghei laboratory isolate NK65, and showed that this
gene is not essential for parasite growth in either the asexual (rodent) or sexual (mosquito) stages
of the lifecycle. Although we observed some differences in levels of drug resistance between wild
type and mutant parasites, no uniform trend emerged and preliminary evidence does not support a
strong link between PbMSH2-2 disruption and dramatically increased drug resistance. We found
microsatellite polymorphism in the PbMSH2-2 disrupted parasites in less than 40 life cycles post-
transfection, but not in PbMap2K disrupted controls or mosquito passaged wild type parasites,
which suggests a possible role for PbMSH2-2 in preventing microsatellite slippage, similar to
MSH2 in other organisms. Our studies suggest that Plasmodium species may have evolved a
unique variation on the highly conserved system of DNA repair compared to the mismatch repair
systems in other eukaryotes.
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Introduction
Global resistance to multiple antimalarial drugs is becoming an increasing challenge in
worldwide efforts to control malaria [1]. Identifying the mechanisms by which the parasite
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generates genetic changes that lead to drug resistance is critical to the understanding of drug
resistance and the design of effective therapies. Current knowledge suggests a main
mechanism of resistance to antimalarial drugs is alteration of target enzymes by point
mutations, as has been demonstrated for pyrimethamine, sulfadoxine, and atovaquone [2–4].

While there are many mechanisms by which an organism can increase its mutation rate in
response to environmental stresses such as drug pressure, defects in mismatch repair (MMR)
have been found in the majority of naturally occurring, strong bacterial mutators. These
defects are mainly in the mismatch recognition enzyme MutS. Mutator populations of
bacteria with defects in mismatch repair have been shown to increase the frequency of drug
resistance up to 1000 times more than in normal cells (reviewed in [5]).

The MMR proteins were named for their involvement in mutation avoidance and replication
fidelity. They have also been linked to the regulation of homeologous recombination, gene
conversion, meiotic chromosome pairing and segregation, speciation, stationary phase
mutagenesis, immunoglobulin class switching and hypermutation, and responses to DNA
damage including repair, tolerance, and triggering of apoptosis and cell cycle checkpoints
[6–10]. MMR is highly conserved in prokaryotes and higher organisms.

The most well characterized MMR pathway is the methyl-directed MutHLS system of E.
coli. Yeast, humans, and other eukaryotes have multiple homologs of bacterial MutS (MSH)
and MutL (MLH), but no MutH. MMR proteins in multiple eukaryotic species have been
inactivated without killing the cells or preventing reproduction [8–11].

We have found that P. falciparum has an unusual complement of putative MMR proteins
based on homology to functionally characterized MMR protein sequences and motifs. We
tested the function of the P. falciparum MSH2 homologs by a bacterial dominant mutator
assay. We tested our hypothesis that defective DNA mismatch repair may play a role in
generating genetic diversity and drug resistance in malaria parasites by disrupting the P.
berghei homolog of PfMSH2-2 by gene targeting. We cloned a mutant strain with this
disruption, and passaged the mutant strain through the mosquito stages of the life cycle in
order to assay its role in the sexual life cycle stages. We analyzed the PbMSH2-2 mutant
parasites by an in vivo drug resistance assay. We also assayed microsatellite instability, a
common hallmark of the mutator phenotype.

Materials and Methods
Identification of putative Plasmodium MMR genes

We identified putative P. falciparum MMR proteins based on homology to functionally
characterized MMR protein sequences and motifs, using BLAST with default settings to the
P. falciparum Genome Database (PlasmoDB) at www.plasmodb.org [12]. The identity of
predicted MMR proteins was confirmed by conserved domain searches using the tools
available on the NCBI website (http://www.ncbi.nlm.nih.gov), PFAM (http://
www.sanger.ac.uk/Software/Pfam/), and Prosite (http://us.expasy.org/prosite/), and by
BLAST to the non-redundant database at NCBI. We identified the P. yoelii and P. berghei
homologs of the P. falciparum MMR proteins by BLAST searches to PlasmoDB and The
Institute for Genomic Research (TIGR) website at www.tigr.org (P. yoelii), and the Sanger
Institute website at www.sanger.ac.uk/DataSearch (P. berghei). Predicted protein sequences
in the unannotated species P. berghei and P. yoelii were confirmed by alignment to the
annotated P. falciparum database sequences.
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Dominant mutator assay
The bacterial strain CC108, created by Cupples, et al. [13], was kindly provided by Dr.
Leona Samson. The full-length PfMSH2-1 and PfMSH2-2 genes cloned into the pBlueScript
SK+ vector (pBS-SK+; Stratagene) were transformed in separate experiments into the
CC108 strain. Transformation with pBS-SK+ vector alone served as the negative control,
while the human MSH2 gene [14] cloned into pBS-SK+ was used as a positive control
(kindly provided by Dr. Richard Kolodner). The mutator assay was performed as previously
described by Glassner, et al. [15], with minor modifications. Cell viability was determined
by plating appropriately diluted samples of three cultures on minimal A/glucose/ampicillin
plates, while the rate of lac+ reversion was determined by plating pelleted cultures on
minimal A/lactose/ampicillin plates. The median lac+ reversion frequency was calculated by
dividing the median number of lac+ colonies by the mean number of viable cells plated.

Analysis of synteny
Syntenic location of orthologs in different species was found by searching the available
contiguous sequence for adjacent open reading frames long enough to encode genes (The
Sanger Institute, PlasmoDB). Adjacent open reading frames were then used to query the P.
falciparum database of annotated genes (PlasmoDB) by BLASTX, and if a single very
highly significant hit resulted, this was considered to be the likely falciparum ortholog of the
query. Orthology was confirmed by reciprocal BLAST. When two genes were found to be
adjacent in two different species, they were determined to be located in the same synteny
segment in those species.

Insertion construct design and P. berghei transfection
Insertion plasmids were constructed in order to disrupt the P. berghei MMR genes. The
plasmid designed to disrupt PbMSH2-2 included a 1380 bp gene fragment (Fig. 1A), which
lacked sequence encoding the first 127 amino acids of the protein, including a portion of the
putative DNA binding domain, and was also missing the C-terminal 269 amino acids,
including the ATP binding domain and the mutS signature motif. The gene fragment was
inserted into the pDb.Dh.^Db vector upstream of a selectable marker expressing the
pyramethamine-resistant human dihydrofolate reductase (hDHFR) enzyme [16]. The
targeting construct was linearized with XcmI and used to transfect P. berghei strain NK65
parasites as previously described [17]. Similarly designed targeting plasmids were
constructed to disrupt the genes PbMSH2-1, PbMSH6, and PbMLH1. Total genomic DNA
(gDNA) was isolated from parasite pellets using the QIAamp DNA blood mini kit (Qiagen).
Resistant parasite populations were assayed by Southern hybridization and PCR to check for
gene disruption at the targeted locus. Southern hybridization procedures were performed
according to the DIG System User’s Guide for Filter Hybridization (Boehringer Mannheim,
Mannheim, Germany). Oligonucleotide primers are described in supplementary table 1.

Passage of recombinant parasite clone A2 through mosquito vector
Anopheles stephensi mosquitoes were fed on infected Balb/c mice and dissected on day 10
post-feeding to confirm infection. Infected mosquitoes were fed on naïve Sprague-Daley
(SD) rats on days 18 and 19 post-feeding. Parasite populations were cryopreserved and
gDNA was isolated as previously described. NK65 wild type parasites were simultaneously
passaged through the mosquito vector as a control.

5-Fluoroorotate (5-FOA) drug resistance assay
The 5-FOA drug resistance assay was performed 3 times with minor variations in protocol
as described in the results and Figure 2. Cryopreserved parasites were thawed and injected
intraperitoneally to 2 SD rats. When parasitemia reached 4–6%, infected blood was
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collected by cardiac puncture, and approximately 200μl was injected intraperitoneally to
naïve SD rats. Infected animals were treated as indicated in Figure 2. First treatment was
administered when mean parasitemia of each experimental and control group of animals was
1% (Fig. 2A), 2–3% (Fig. 2B and 2C), or 7–8% (Fig. 2D). All rats were pre-treated before
the first injection with 1500 mg/kg uridine injected intraperitoneally, and 30 minutes later
treated with 10 mg/kg 5-FOA, 800 mg/kg uridine in 1x PBS. Control animals were injected
with 800 mg/kg uridine. At first drug treatment in Fig. 2A, the MSH2-2 mutant clone A2
had been passaged for nineteen 24-hour periods (life cycles) post-cloning. At first drug
treatment in Fig. 2B–D, the MSH2-2 mutant clone A2 had been passaged for twenty-three
24-hour periods since cloning, while the mosquito passaged MSH2-2 mutant population
(A2m) population was passaged for eighteen 24-hour periods prior to mosquito passage, and
nineteen additional 24-hour periods post-mosquito infection. The NK65 wild type
population was passaged for eighteen 24-hour periods post-mosquito infection.

Microsatellite identification and sequencing
Microsatellite regions in the P. berghei genome were identified using BLAST with default
settings to the P. berghei database (isolate ANKA) at the Wellcome Trust Sanger Institute
website (www.sanger.ac.uk). Additional microsatellite repeats were identified by placing P.
berghei contigs into the Perfect Microsatellite Repeat Finder available at http://
sgdp.iop.kcl.ac.uk/nikammar/repeatfinder.html (based on Tandyman written by Robert
Leach). We defined microsatellite repeat as any mononucleotide repeat of 10 or more bp,
and any di-nucleotide (or larger) repeat of 5 or more repeating units.

Amplification and sequencing primers were designed using Primer3 software written by S.
Rozen and H.J. Skaletsky and available at http://www-genome.wi.mit.edu/cgi-bin/primer/
primer3_www.cgi (supplementary table 1). Standard polymerase chain reaction (PCR)
methods and Platinum Taq DNA Polymerase High Fidelity (Invitrogen) were used for
amplification of the target region, and the products from 3 independent PCR reactions were
either treated with Exosap (USB) and sequenced directly in the forward and reverse
direction, or ligated to a bacterial vector using the TA cloning technique (Invitrogen) before
transformation into E. coli. Plasmid DNA from 3 bacterial clones for each PCR product was
sequenced in the forward and reverse direction. Sequencing reactions were performed by
Dana-Farber/Harvard Cancer Center High-Throughput DNA Sequencing Facility. Editing of
raw chromatograms and multiple sequence alignments were performed using Lasergene
software (DNASTAR Inc., Madison, WI).

Results
Identification of putative Plasmodium MMR genes

Five putative MMR proteins were identified, including 2 homologs of MSH2, which we
have called PfMSH2-1 (PlasmoDB identifiers PF14_0254) and PfMSH2-2 (MAL7P1.206).
We also found putative homologs for MSH6 (PFE0270c), MLH1 (PF11_0184), and PMS1
(MAL7P1.145). P. berghei sequences of the putative MMR genes are located in the Sanger
Institute database as follows: PbMSH2-1, contig 3793 position 1 – 2145; PbMSH2-2, contig
5351 position 4817 – 7381; PbMSH6, contig 4985 position 4579 – 8277; PbMLH1, contig
4157 position 757 –1440; PbPMS1, contig 5138 position 2298 – 5618. Although both
PfMSH6 and PfPMS1 are predicted to contain introns, no intronic sequence was identified
in the P. berghei or P. yoelii homologs of these genes.

As two MutS2 homologs have not yet been observed in any eukaryotic species, we
confirmed their homology was closest to MSH2, and not any of the other numerous MutS
homologs, by several bioinformatics methods including conserved domain and Blast
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searches to the NCBI, PlasmoDB, and GeneDB databases. Both proteins appear to have
highest homology to the C-terminal cd03285 domain ABC_MSH2_euk domain, which is
specific to the MutS2 homolog in eukaryotes. Blast P to the non-redundant database at
NCBI (www.ncbi.nlm.nih.gov) confirmed that both proteins have higher homology to
MSH2 in all of the organisms with homologous protein sequence data, including other
eukaryotes, than to any other MutS homolog in those organisms. Prosite, Pfam, and
InterProScan (http://www.ebi.ac.uk/InterProScan/) also confirmed that the ATP-binding site,
the putative DNA binding domain, and the mutS family signature motif are present in both
MSH2 homologs in P. falciparum, P. yoelii, and P. berghei. The full length sequence of
genes encoding PbMSH2-1 and PyMSH2-1 was not available in any of the genome
databases. We were not able to identify any putative functional differences between the two
genes using bioinformatics methods.

A ClustalW amino acid alignment suggests that PbMSH2-1 shares 83% pairwise identity
with PfMSH2-1, excluding the first 278 amino acids of PfMSH2-1 for which homologous P.
berghei sequence was not available. PbMSH2-2 shares 61% amino acid identity to the full
length PfMSH2-2 protein, and truncated portions of the sequence homologous to the
PbMSH2-1 sequence share 64% pairwise identity with each other. The P. falciparum
MSH2-1 and MSH2-2 proteins share 43% identity. The truncated portions of the P. berghei
MSH2-1 and MSH2-2 proteins are 50% identical.

Dominant mutator assay
In order to test the involvement of the P. falciparum MSH2 homologs in classical mismatch
repair, we determined the rate of spontaneous mutations in mismatch repair proficient E. coli
in the presence of the P. falciparum MSH2 proteins. We hypothesized that functional
PfMSH2-1 or PfMSH2-2 would compete with E. coli MutS for binding to mutation sites,
but would be unable to interact with the other components of the bacterial MMR pathway.
Thus this non-productive association with mutated sites would lead to an increase in
mutation rate.

The CC108 bacterial strain was transfected with the pBS-SK+ vector expressing the
hMSH2, PfMSH2-1, or PfMSH2-2 gene. The pBS-SK+ vector alone served as the negative
control. Because the CC108 bacterial strain has a lacZ− genotype conferred by a +1G
frameshift mutation near active site codons of β-galactosidase, a reversion mutation is
necessary to restore the lacZ+ genotype. Induction of a mutator phenotype associated with
the introduction of either the PfMSH2-1 or PfMSH2-2 gene was determined by measuring
the lac+ reversion rate.

The hMSH2 positive control showed a 5.7-fold higher reversion frequency to lac+ compared
to vector alone (Table 1). We did not detect any biological activity of PfMSH2-1, possibly
due to a lack of expression of the PfMSH2-1 protein. PfMSH2-2 showed a 2.3 to 5.6-fold
higher lac+ reversion rate compared to pBS-SK+ alone. The 5.6-fold difference observed for
PfMSH2-2 was comparable to that seen for the hMSH2 positive control.

Disruption of PbMSH2-2
In order to disrupt the PbMSH2-2 gene, we constructed an insertion plasmid designed to
integrate via a single crossover event, resulting in two truncated copies of the gene (Fig. 1a).
Transfected parasites were cloned by limiting dilution, and two clonal populations, A2 and
B2, were obtained with the disrupted PbMSH2-2 locus, and with no wild type or episomal
construct (Fig. 1). PbMSH2-2 disrupted parasite populations had similar growth rates in rats
and mice as wild type, and similar morphology by light microscopy and giemsa staining.
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We constructed similarly designed insertion plasmids in order to disrupt the genes
PbMSH2-1, PbMSH6, and PbMLH1. We attempted several P. berghei transfections with
these constructs, but genomic integration was not successful (data not shown). Simultaneous
control transfections with the PbTRAP targeting construct pINT [17] and the PbMSH2-2
targeting construct resulted in successful integration events.

Because PfMSH2-2 seems to be maximally expressed in the mosquito stages of the life
cycle [18], we reasoned that PbMSH2-2 may play a role in the sexual life cycle stages of the
parasite. In order to test this hypothesis, female Anopheles stephensi mosquitoes were fed on
mice infected with mutant clone A2 or NK65 wild type parasites. The PbMSH2-2 mutant
parasites had similar infectivity to mice and mosquitoes and similar oocyst and sporozoite
development as wild type (data not shown). No changes in parasite morphology compared to
wild type were detected by light microscopy at any life cycle stage.

Drug resistance assay
In order to test our hypothesis that MSH2-2 gene disruption may result in an increased rate
of forward mutation to drug resistance, we treated infected rats with 5-fluoroorotate (5-
FOA), and compared rates of acquisition of parasite drug resistance (Fig. 2). While no
dramatic difference was observed between wild type and mutant parasites in our first
experiment involving 25 Swiss mice (Fig. 2A), there seemed to be a trend towards a higher
frequency of drug resistance in the wild type population, as measured by a higher percent of
animals with detectable parasitemia after drug treatment. A second drug assay comparing
wild type and mutant parasite populations in 18 Swiss mice had a similar result, and
detected no evidence for a mutator phenotype in the MSH2-2 mutant population, while the
wild type population of parasites seemed to show a higher frequency of drug resistance (Fig.
2B).

Interestingly, in mosquito-passaged mutant and wild type parasites tested in 18 Swiss mice
this trend was reversed, with the MSH2-2 disrupted parasites showing higher frequency of
resistance after drug treatment than wild type parasites (Fig. 2C), although again no dramatic
differences were seen between populations. In order to confirm this result, we compared
asexually to sexually passaged MSH2-2 mutant parasites. In this experiment the MSH2-2
disrupted sexually passaged mutant parasites had a slightly higher frequency of drug
resistance than the MSH2-2 disrupted asexually passaged mutants, confirming our
observation that while trends may be detectable in these data, the differences between the
two populations were not dramatic (Fig. 2D). Higher parasitemia at first drug treatment and
more intense drug treatment did not seem to increase the difference in drug resistance
phenotypes observed in this assay.

In order to test if the parasites that reappeared in the peripheral blood after drug treatment
were truly resistant, or just persistent or slow growing parasites, we infected and treated
naive Swiss mice (Fig. 3). All 3 populations that had reappeared in the peripheral blood after
drug treatment appeared to be resistant to 5-FOA. The control untreated population from
experiment 2 and the wild type population were susceptible to the drug.

Microsatellite instability assay
We assayed for microsatellite instability, a classical hallmark of defective MMR, by
sequencing PbMSH2-2 mutant clones, wild type NK65 parasites, wild type ANKA
parasites, mosquito passaged PbMSH2-2 disrupted and NK65 parasites, and a control clone
disrupted at the PbMap2 kinase locus [19]. We analyzed 15 regions of genomic DNA
isolated from NK65, ANKA, MSH2-2 disrupted NK65 (A2a, A2b, and B2), mosquito-
passaged MSH2-2 disrupted NK65 (A2c and A2d), mosquito-passaged NK65 (NKm), and

Bethke et al. Page 6

Mol Biochem Parasitol. Author manuscript; available in PMC 2013 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Map2K disrupted NK65 (C2) parasites (Table 2). Strains A2a, A2b, A2c, and A2d are all
derived from the MSH2-2 mutant clone A2, although the populations were expanded
separately for the final 14 days of passaging prior to gDNA extraction. Nine regions were
identified with detectable microsatellite polymorphism between ANKA and NK65, and 2
regions were found to be polymorphic between the mutant parasite populations and the
parent strain NK65. A tri-nucleotide repeat, (AAT)13 in the NK65 and ANKA strains, was
contracted to (AAT)11 in both mosquito-passaged populations derived from the MSH2-2
disrupted clone A2. An additional tri-nucleotide repeat, (ATA)8, had expanded to (ATA)9 in
all of the MSH2-2 mutant clones, suggesting the expansion may have occurred prior to
cloning of the mutant parasites. No differences were found between the NK65 parent and
mosquito-passaged NK65, or in the Map2K-disrupted NK65 clone, which had been
passaged in rodents for a similar length of time post-cloning as the MSH2-2 mutant clones
A2 and B2, and had presumably undergone a comparable number of DNA replications.

Discussion
We have found three MutS and two MutL homologs in the genomes of Plasmodium species.
Despite the high level of evolutionary conservation observed in the MMR systems of
eukaryotes, the complement of MMR genes identified in Plasmodium species appears to be
unusual.

Nuclear MMR in eukaryotes is initiated by a heterodimeric complex of either MSH2-MSH3
or MSH2-MSH6 (reviewed in [6–10]). Two of the Plasmodium falciparum MutS homologs,
called PfMSH2-1 and PfMSH2-2, have closest homology to MSH2 in other organisms. The
third has good homology to MSH6, and no MSH3 ortholog has yet been identified in the
genome of any Plasmodium species. While MSH3 is also absent in C. elegans and
Drosophila melanogaster, duplicate MSH2 genes have not yet been observed in any other
eukaryotic species. While it is possible that one of the Plasmodium MSH2 genes plays a role
in mitochondrial DNA repair, our bioinformatics analysis of putative mitochondrial genes in
P. falciparum does not provide any evidence for this hypothesis. The two MutL homologs
are closest in sequence identity to MLH1 and PMS1. MLH1-PMS1 is the major nuclear
heterodimer in S. cerevisiae, and can interact with either MutS heterodimer. Two copies of
another gene implicated in MMR, proliferating cell nuclear antigen (PCNA), have also been
identified in the Plasmodium genome [23,24].

The unusual complement of genes in the Plasmodium MMR system may reflect the
parasites’ particular needs for genetic diversity and replication fidelity. The Plasmodium cell
cycle is not well characterized (reviewed in [25]), but it is clearly quite different from that of
most other eukaryotes, and includes at least five DNA synthesis phases. The mechanisms
used to regulate genome fidelity in these circumstances may be somewhat different from
those in a classical cell cycle.

Our initial functional test of the MSH2 genes in P. falciparum using the dominant mutator
assay shows an elevation in mutation frequency with the PfMSH2-2 homolog, not unlike the
levels reported for other MutS homologues including A. thaliana MutS (3 to 5-fold; [28]) or
hMSH2 (~8.5-fold; [14]). It is possible that the absence of highly elevated levels of forward
mutation in this assay was due to low-level expression of the falciparum genes in the
bacterial system. Although variation existed between experiments in the lac+ reversion
frequencies observed, this was well within the range seen in assays of this nature [15,28].

We successfully disrupted the PbMSH2-2 locus in the P. berghei laboratory isolate NK65,
and we showed that this gene is not essential for parasite growth in either the asexual
(rodent) or sexual (mosquito) stages of the lifecycle. We did not find that PbMSH2-2
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disruption had a dramatic effect on drug resistance, although we observed a trend towards a
difference in frequency of drug resistance in mosquito-passaged PbMSH2-2 disrupted
parasites.

We found microsatellite polymorphism in the PbMSH2-2 disrupted parasites, but not in the
PbMap2K disrupted or mosquito passaged NK65 controls, with one change arising within
16 asexual life cycles (assuming a 24 hour life cycle). Although the level of microsatellite
polymorphism observed is low, its appearance is rapid, and suggests that MSH2-2 may play
a role in maintaining stability at microsatellite regions. Our results are consistent with those
reported for other MSH2 disruptions. For example, a recent study of MSH2 and MSH6
knockout strains in C. elegans showed that mutation could be detected in an assay of 15
microsatellites after only 18 generations [29].

As expression and activity of MMR genes in other eukaryotic organisms may be regulated
by the expansion/deletion of microsatellite repeats in and around the genes [20], we also
assayed microsatellite stability in and around the MMR genes in P. berghei wild type and
MSH2-2 mutant strains (Supplementary table 2). We found no polymorphism in any of the
microsatellites sequenced, in any strain.

It has been proposed that neighboring repeat sequences may increase the recombination
frequencies in MMR proteins, thus increasing the loss and regaining of a mutator phenotype
(reviewed in [21]). We examined the chromosomal context, or synteny, of the database
sequences of the P. falciparum, P. berghei, P. yoelii, and P. vivax MMR genes in order to
detect recombination events near these genes. We found a synteny breakpoint immediately
upstream of the coding sequence of PMS1 in P. falciparum compared to the other species.
We then performed Southern blots of the PMS1 upstream region on genomic DNA from ten
geographically diverse laboratory isolates, but we did not detect any significant changes in
restriction fragment length (Supplementary figure 1).

Based on these experiments, we do not believe that PbMSH2-2 disruption results in a strong
mutator phenotype. It is possible that PbMSH2-2 is a minor MMR enzyme in this system, or
that its function overlaps with that of PbMSH2-1 or other Plasmodium proteins. PbMSH2-2
may play a larger role in one of the other MMR system functions, such as recombination.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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MMR mismatch repair

MSH mutS homolog

MLH mutL homolog

PlasmoDB P. falciparum genome database
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pBS-SK+ pBlueScript SK+ vector

gDNA genomic DNA

SD Sprague-daley

5-FOA 5-fluoroorotate

PCNA proliferating cell nuclear antigen
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Figure 1. PbMSH2-2 gene disruption
(A) Targeting construct designed to disrupt the P. berghei MSH2-2 gene by homologous
recombination. (B) Southern hybridization verifies PbMSH2-2 disruption in parasites
transfected with the targeting construct and cloned by limiting dilution. Probe A detects
presence of insertion and absence of wild type locus in all clonal populations. Probe B
detects presence of construct episome in all clones except A2 and B2. (C) PCR confirms
presence of insertion and disruption of wild type locus in MSH2-2 mutant clones. PCR was
used to amplify the PbMSH2-2 locus from gDNA isolated from clones A2 and B2, NK65
wild type gDNA (WT), and the MSH2-2 insertion construct (construct). A control reaction
with no template (−) was simultaneously performed.

Bethke et al. Page 11

Mol Biochem Parasitol. Author manuscript; available in PMC 2013 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Frequency of resistance to 5-FOA in wild type and MSH2-2 disrupted parasites
Swiss mice were intraperitoneally injected with P. berghei infected red blood cells, and
treated as indicated once or twice a day (T) with 10 mg/kg 5-FOA. Parasitemia was
measured daily by thin blood smear. (A and B) Wild type parasites appear to have a higher
frequency of drug resistance than PbMSH2-2 disrupted parasites. (C) PbMSH2-2 disrupted
parasites which have been passaged through the sexual lifecycle stages appear to have a
higher frequency of drug resistance than sexually passaged wild type parasites. (D) Sexually
passaged PbMSH2-2 disrupted parasites show a higher frequency of drug resistance than
asexually passaged mutant parasites.
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Figure 3. Confirmation of drug resistance in parasite populations
Three putative resistant parasite populations cryopreserved after the second drug assay, a
control untreated MSH2-2 mutant population from the same assay, and a previously
untreated wild type NK65 parasite population were used to infect naïve swiss mice and
treated with 12.2 mg/kg 5-FOA as indicated (T).
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Table 1

Summary of PfMSH2-1 and PfMSH2-2 dominant mutator assays using the lacZ− CC108 strain.

Experiment no. Constructa Lac+ median reversion frequency Fold Increaseb

pBS 1.6 × 10−9

1 hMSH2 8.9 × 10−9 5.7

pBS 2.9 × 10−8

2 PfMutS2-2 6.7 × 10−8 2.3

pBS 4.3 × 10−8

3 PfMutS2-2 2.4 × 10−7 5.6

a
Thirteen cultures were assayed for each construct.

b
Relative to pBS control.
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