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Malaria parasites induce changes in the per-
meability of the infected erythrocyte membrane to
numerous solutes, including toxic compounds. In
Plasmodium falciparum, this is mainly mediated by
PSAC, a broad-selectivity channel that requires the
product of parasite clag3 genes for its activity. The
two paralogous clag3 genes, clag3.1 and clag3.2,
can be silenced by epigenetic mechanisms and
show mutually exclusive expression. Here we show
that resistance to the antibiotic blasticidin S (BSD)
is associated with switches in the expression of
these genes thatresult in altered solute uptake. Low
concentrations of the drug selected parasites that
switched from clag3.2to clag3.1 expression, imply-
ing that expression of one or the other clag3 gene
confers different transport efficiency to PSAC for
some solutes. Selection with higher BSD concen-
trations resulted in simultaneous silencing of both
clag3 genes, which severely compromises PSAC
formation as demonstrated by blocked uptake of
other PSAC substrates. Changes in the expression
of clag3 genes were not accompanied by large
genetic rearrangements or mutations at the clag3
loci or elsewhere in the genome. These results
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demonstrate that malaria parasites can become
resistant to toxic compounds such as drugs by
epigenetic switches in the expression of genes nec-
essary for the formation of solute channels.

Introduction

Plasmodium spp. parasites have a complex life cycle that
includes several niches in two different hosts, humans and
mosquitoes, but clinical symptoms of malaria disease are
almost exclusively associated with cycles of asexual rep-
lication inside human erythrocytes. Intracellular parasitism
has obvious advantages for many organisms, but it also
poses important challenges. In the case of malaria asexual
blood stages, the intraerythrocytic niche protects the para-
site from immune attack, but this life style also implies that
the parasite must develop a transport system to acquire
nutrients that are not available inside the erythrocyte. Itis
well established that the membrane of erythrocytes
infected with mature stages of P. falciparum (pigmented
trophozoite and schizont stages) is permeable to numer-
ous solutes that are not transported into non-infected
erythrocytes, including ions and organic compounds such
as sugars and amino acids, among many others. These
new transport activities are collectively referred to as the
new permeation pathways (NPPs) (Elford etal., 1985;
Ginsburg et al., 1985; Saliba and Kirk, 2001; Desai, 2012).

The precise nature of the channel(s) that mediate solute
uptake in infected erythrocytes remains unresolved
(Staines et al., 2007; Desai, 2012). Some authors postu-
lated that a single channel type mediates NPPs (Kirk et al.,
1994, Desai et al., 2000; Alkhalil et al., 2004) and that this
channel is likely to be parasite encoded (Alkhalil et al.,
2004; Baumeister et al., 2006). This proposed channel,
termed plasmodial surface anion channel (PSAC), com-
bines transport of a broad spectrum of solutes with selec-
tivity for structurally similar solutes (Desai etal., 2000;
Alkhalil et al., 2004; Hill and Desai, 2010; Desai, 2012).
However, others have suggested that several distinct
channels with different electrophysiological properties
contribute to the increased permeability of infected eryth-
rocytes. These channels are mainly host-encoded endog-
enous erythrocyte channels activated by the parasite
(Staines et al., 2007; Bouyer et al., 2011; Winterberg et al.,
2012). Regardless of whether the actual channel is
encoded by the parasite or one or more endogenous
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channels are activated, a recent study using chemical
inhibitors, linkage analysis of a genetic cross and trans-
genic parasite approaches unambiguously demonstrated
that the parasite encoded proteins CLAG3.1 and CLAG3.2
(also named RhopH1/Clag3.1 and RhopH1/Clag3.2, ID
PF3D7_0302500 and PF3D7_0302200) play a key role in
the formation of active PSAC and are essential for the
transport of numerous solutes into infected erythrocytes
(Nguitragool et al., 2011). These proteins may constitute
the actual channel, be part of the channel, or activate a
channel formed by other proteins (Nguitragool et al., 2011;
Desai, 2012). Follow up studies have demonstrated that
CLAGS3 proteins and PSAC play a critical role in nutrient
acquisition and are essential for efficient parasite growth
when the medium contains physiological concentrations of
key nutrients (Pillai et al., 2012).

CLAG3 proteins are encoded by members of the clag
gene family, which in P. falciparum consists of 5 different
genes. The two clag3 genes (clag3.1 and clag3.2) are
separated by only 10kb and share over 95% nucleotide
sequence identity, whereas other members of the family
(clag2, clag8 and clag9) are more distantly related (Iriko
et al., 2008). It remains unknown whether CLAG proteins
other than CLAGS participate in the formation of active
PSAC. Of note, clag3 genes show mutually exclusive
expression, such thatan individual parasite expresses only
one of the two genes at a time. Initially described in
parasites of 3D7 and HB3 genetic backgrounds (Cortés
et al., 2007), mutually exclusive expression of clag3genes
has been later confirmed by different laboratories in para-
sites of 3D7 genetic background (Comeaux et al., 2011;
Crowley etal, 2011) and also in other genetic back-
grounds (Nguitragool etal., 2011; Pillai etal, 2012).
Together with var, clag3 genes represent the only known
example of this type of expression in malaria parasites
(Guizetti and Scherf, 2013). The active or repressed state
of clag3 genes is regulated at the chromatin level, and
clonally transmitted over several generations of asexual
growth by epigenetic mechanisms (Cortés et al., 2007;
Comeaux et al.,, 2011; Crowley et al, 2011). Transitions
between the two states occur, albeit at low frequency,
resulting in switches from expression of one clag3 gene to
expression of the other (Cortés etal., 2007, Comeaux
et al., 2011; Crowley et al., 2011; Nguitragool et al., 2011;
Pillai et al., 2012).

Among the solutes that require NPPs for transport
across the infected erythrocyte membrane are some com-
pounds that are toxic for the parasite, including diamidine
compounds (Stead et al., 2001), bis-quaternary ammo-
nium compounds (Biagini etal.,, 2003), the antibiotics
fosmidomycin (Baumeister et al, 2011) and BSD (Hill
et al., 2007), and the protease leupeptin (Lisk et al., 2008).
Interestingly, P. falciparum parasites can acquire resist-
ance to the antimalarial compounds BSD and leupeptin by

alterations in PSAC activity, providing support to the idea
that PSAC is encoded by the parasite (Hill et al., 2007, Lisk
et al., 2008; 2010; Hill and Desai, 2010). These resulis
establish that malaria parasites can acquire drug resist-
ance by changes in the permeability of the infected eryth-
rocyte membrane. While a mutation in clag3.2 associated
with leupeptin resistance has been identified (Nguitragool
et al., 2011), no mutation associated with BSD resistance
has been identified to date. Here we demonstrate that
malaria parasites can acquire resistance to BSD by
epigenetic changes in the expression of clag3 genes.
Parasites acquire resistance to low concentrations of the
drug by switching from clag3.2 to clag3.1 expression,
whereas resistance to higher drug concentrations involves
simultaneous epigenetic silencing of both clag3 genes, an
unexpected expression pattern that had not been previ-
ously described. Our results imply that expression of alter-
native clag3 genes results in different transport efficiency
of PSAC and add epigenetic alterations to the list of
mechanisms by which malaria parasites can become
resistant to a drug.

Results

Resistance to BSD is associated with changes in
clag3 expression

As part of our ongoing investigations on the rules that
govern the mutually exclusive expression of clag3 genes
(N. Rovira-Graells, V.M. Crowley and A. Cortés, unpub-
lished), we transfected P. falciparum parasites with the
plasmid 3.2-1371-LH-bsdR, which contains a BSD resist-
ance cassette (BSD deaminase gene under the control of
a constitutive promoter) and the clag3.2 upstream
sequence driving the expression of a luciferase gene
reporter (Fig. S1A). Transfected parasites were selected
with 2.5 ug ml~' of BSD to obtain a population of parasites
stably maintaining the plasmid as an episome. For these
experiments we used the 3D7 subclone 10G (Cortés,
2005), which predominantly expresses clag3.2 and has
clag3.1 silenced (Cortés et al., 2007; Crowley et al., 2011;
Rovira-Graells et al., 2012). Unexpectedly, we found that in
the transfected and BSD-selected population the predomi-
nantly expressed endogenous clag3 gene switched from
clag3.2 to clag3.1 (Fig. S1B). To determine whether the
switch was attributable to the episomal clag3.2promoter or
it was related with BSD selection, we transfected 10G
parasites with the BsdR plasmid, which contains the BSD
resistance cassette but no gene reporter or clag3 promoter
(Fig. S1A). Upon selection of transfected parasites with
BSD, expression of endogenous clag3 genes was
assessed at different times after transfection. Similar to the
results with 3.2-1371-LH-bsdR, BsdR-transfected para-
sites progressively switched from clag3.2 to clag3.1

© 2013 John Wiley & Sons Ltd, Cellular Microbiology




P. falciparum transcription and solute uptake 3

>
w

.~ 3 % 3 mclag3.1
el 3 Dclag3.2
-g =0 -Control 2
= —e—BsdR g 21
S c
R i
S -
5 £
- S
o
Time (weeks) & 4t o¥ o? anépn, oF o oF o
C Control 10G  Bsd selected Drug removed
6 -
= 97
o~
o 4
g 3]
2
v 2
L o0
g 1
- 3
-3 4
o ot o¥ oF o ag'qg;" oF o” oF o°
Control 10G  Bsd selected Drug removed
r X X r X X
(B Se— e S w— S e—— [ e SR w——tl_See—__ S —
clag3.2 clag3.1 clag3.2 clag3.1 clag3.2 clag3.1
Unselected 10G Low BSD-selected 10G High BSD-selected 10G

1.2B

Fig. 1. Resistance to BSD is associated with changes in clag3 expression.

A. Relative abundance of clag3.1 and clag3.2 transcripts in untransfected 10G parasite line or the same line transfected with the plasmid
BsdR and maintained under BSD selective pressure. Values are the log: of the expression ratio.

B. Transcript levels of clag3.1 and clag3.2 in unselected control 10G cultures at different times along the experiment (in weeks), in cultures
selected with BSD at the concentrations indicated (in ug mi') for 2 weeks (0.2 and 0.3) or 4 weeks (0.4 and 0.6), and in cultures maintained
for two weeks in the absence of drug after selection with the concentration of BSD indicated. The culture 0.6-2 was sequentially selected with
0.6 ug ml~' BSD for 4 weeks and then with 2 pg ml™* for 2 weeks. Transcript levels are normalized against rhoph2, which has a similar time of
expression to clag3 genes along the asexual cycle. Values are the average of reactions performed in triplicate, with SD.

C. Relative transcript levels of clag3.1 and clag3.2, expressed as the log: of the expression ratios, in the same samples described in panel B.
D. Schematic representation of predominant clag3 expression patterns in the parasite lines used in this study. An arrow indicates an active
state whereas a cross indicates silencing. Low BSD refers to < 0.4 pg ml-' whereas high BSD refers to = 0.6 ug mi-'. The schematic is based
on data from this study except for 1.2B (Contés et al., 2007; Crowley et al., 2011).

expression (Fig. 1A). This switch was not observed in
untransfected 10G parasites grown in parallel. These
results indicate that BSD selection of transfected parasites
can result in switches in the expression of clag3 genes.
To address how BSD affects clag3 expression in the
absence of exogenous resistance markers, we selected
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untransfected 10G parasites with different concentrations
of BSD ranging from approximately the BSD ICs, in 10G
(see below) to a threefold higher concentration. In only 1
week (3—4 generations) we obtained parasite populations
adapted to the two lower concentrations (0.2 and
0.3 ug mi-', 10G-0.2 and 10G-0.3 lines respectively), and







