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Malaria is a major public health problem in many developing countries, with the malignant tertian parasite
Plasmodium falciparum causing the most malaria-associated mortality. Extensive research, especially with the
advancement of genomics and transfection tools, has highlighted the fundamental importance of chromatin-
mediated gene regulation in the developmental program of this early-branching eukaryote. The Plasmodium
parasite genomes reveal the existence of both canonical and variant histones that make up the nucleosomes,
as well as a full collection of conserved enzymes for chromatin remodeling and histone posttranslational
modifications (PTMs). Recent studies have identified a wide array of both conserved and novel histone PTMs
in P. falciparum, indicating the presence of a complex and divergent “histone code.” Genome-wide analysis has
begun to decipher the nucleosome landscape and histone modifications associated with the dynamic organi-
zation of chromatin structures during the parasite’s life cycle. Focused studies on malaria-specific phenomena
such as antigenic variation and red cell invasion pathways shed further light on the involvement of epigenetic
mechanisms in these processes. Here we review our current understanding of chromatin-mediated gene
regulation in malaria parasites, with specific reference to exemplar studies on antigenic variation and host cell

invasion.

Malaria continues to be a major cause of mortality and
morbidity in tropical countries, bringing a death toll of ~1
million each year. Four human parasites (Plasmodium falcip-
arum, P. vivax, P. malariae, and P. ovale) and a monkey parasite
(P. knowlesi) have been found to infect humans naturally. P.
falciparum causes the malignant form of malaria and is respon-
sible for most malaria-associated human deaths. Intensified
research in the past decade has greatly improved our under-
standing of the parasites and the disease they cause, especially
with the sequencing of multiple parasite genomes. A striking
finding from global microarray analyses of parasite gene ex-
pression is the tightly regulated transcription program during
the parasite’s life cycle, with genes expressed in a “just-in-time”
manner (12, 93). Bioinformatic analysis has recognized a gen-
eral conservation of the basal transcription machinery (15), but
the scarcity of recognizable specific transcription factors in the
parasite genome has led to speculation about the existence of
a divergent transcription mechanism used by the malaria par-
asites (2, 25). However, this speculation may be inaccurate, as
recent studies revealed the presence of the AP2 family of
transcription factors (4, 35), which have undergone lineage-
specific expansion in apicomplexan parasites (75). Neverthe-
less, the full complement of chromatin-modifying proteins en-
coded in apicomplexan parasite genomes underlines the
significance of epigenetic mechanisms in transcription regula-
tion (2, 66, 75, 140). While epigenetic mechanisms are being
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intensively studied in model eukaryotes, only recently have
they been explored in the malaria parasites. Two recent re-
views have provided an excellent update on transcription con-
trol in malaria parasites (22, 68). Here we focus on recent
advances in chromatin-mediated epigenetic mechanisms in the
malaria parasites.

MALARIA PARASITE HISTONES AND
“HISTONE CODE”

The word “epigenetics,” coined by Conrad Waddington in
an attempt to unite the genetics and development fields, was
used to describe biological events that could not be explained
by genetic principles (152). The contemporary term “epigenet-
ics” has taken on a much broader meaning, referring to
changes in phenotype or gene expression that are inheritable
but are caused by mechanisms other than changes in the un-
derlying DNA sequence (6). With a tremendous number of
publications each year, the epigenetics field has begun to have
a significant impact on many biological disciplines (62). As the
epigenetic landscape unfolds, studies on epigenetic mecha-
nisms in eukaryotic organisms have revealed the fundamental
importance of chromatin-mediated regulation of the develop-
mental program. Chromatin is the physiological substrate for
many cellular events, such as DNA replication, repair, and
transcription. The chromatin-based epigenetic mechanism en-
tails DNA methylation, covalent and noncovalent modifica-
tions of chromatin, and noncoding RNA (62). Thus far, there
is no evidence of DNA methylation in P. falciparum despite the
presence of a gene containing the DNA methyltransferase
motif (19, 60, 145). Therefore, alteration of chromatin struc-
ture in Plasmodium is achieved mainly through chromatin re-
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modeling, posttranslational modifications (PTMs) of histones,
and replacement of core histones by histone variants.

Plasmodium nucleosome and histones. The building block of
chromatin is the nucleosome, consisting of ~160 bp of DNA
wrapped in about two superhelical turns around a histone
octamer made of one H3/H4 tetramer and two H2A/H2B
dimers. The malaria parasite chromosomes have a typical nu-
cleosomal organization with a phasing of ~155 bp (17, 88).
Nucleosomal organization extends into the telomeric repeats,
and nonnucleosomal chromatin occurs only at the extreme
ends of the telomeric repeats (49). Nucleosomes are generally
considered repressive for transcription. Earlier transfection as-
says to characterize Plasmodium promoter activities carried on
episomal plasmids have demonstrated that the expected tem-
poral pattern of gene expression requires the pass of S phase
after the assembly of nucleosomes (32, 67).

The P. falciparum genome encodes four evolutionarily con-
served, canonical core histones, H2A, H2B, H3, and H4 (101),
and four variant histones, H2A.Z, H2Bv, H3.3, and CenH3, all
of which have been confirmed by mass spectrometry (MS)
(109, 147). The linker histone H1 has not been recognized,
which partially explains the lack of higher-order compaction of
nuclear DNA in P. falciparum. Consistent with required his-
tone deposition during DNA replication, the core histones are
highly expressed in late trophozoite and schizont stages (109),
coinciding with DNA synthesis (64, 71). H2Bv is lineage-spe-
cific and is found in trypanosomes and apicomplexan parasites
(141). The replacement of canonical histones with histone vari-
ants can influence the nucleosome stability and chromatin pat-
terns (95, 123). Interestingly, in both Trypanosoma brucei and
Toxoplasma gondii, H2A.Z interacts with H2Bv and is associ-
ated with active genes (31, 99). In T. brucei, variant histones are
used to mark boundaries of polycistronic transcription units,
and nucleosomes containing two variant histones (H2A.Z and
H2Bv) are highly enriched at the putative polymerase II tran-
scription start sites (TSS) (137). These studies revealed novel
functions of the variant histones in these early-branching pro-
tozoans. The functions of histone variants in Plasmodium are
yet to be investigated.

Covalent modifications of histones. Canonical and variant
histones contain a diverse array of PTMs, most of which are
located on the N-terminal tails. These PTMs facilitate the
establishment of a global chromatin environment and orches-
trate DNA-related biological processes. The most common
PTMs include acetylation, methylation, phosphorylation, ubig-
uitination, poly-ADP-ribosylation, and sumoylation (83).
These modifications can alter the chromatin structure directly
by modulating the interactions of proteins with DNA and af-
fecting chromatin structures (cis effects) and serve as an epi-
genetic marking system to recruit specialized “effector” pro-
teins (trans effects). Specific combinations of these different
modifications of histone tails create a “histone code” (77). The
“histone code” hypothesis posits that the totality of the histone
modifications, in both kind and number, dictates a particular
biological outcome (138).

MS analyses of acid-extracted histones have identified an
immense number of PTMs in P. falciparum (109, 147). Miao et
al. (109) identified a total of 20 PTMs on P. falciparum histones
by liquid chromatography-tandem MS (LC-MS/MS) using qua-
druple time-of-flight (Q-TOF), and Trelle et al. (147) later
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expanded this list to >44 using a more sensitive method
through a combination of Q-TOF and linear trap quadrupole-
Fourier transform (LTQ-FT) MS (Fig. 1; Table 1). Like those
of other unicellular eukaryotes (58), P. falciparum histones
contain more activation marks than silencing marks. The most
abundant marks are histone lysine acetylation and methylation.
Histone acetylation is linked largely to active genes, whereas
histone lysine methylation is involved in both transcriptional
activation and silencing. P. falciparum H3 (PfH3), PfH3.3, and
PfH4 contain a number of marks for active genes, such as
acetylated lysines and methylated lysine (H3K4) and arginines
(H3R17 and H4R3). Marks normally associated with silent
genes include trimethylated H3K9 and H4K20. The histone
variant H2A.Z N-terminal tail is multiply acetylated on a re-
peated GGK motif (126), and this applies to PfH2A.Z as well
(109, 147). Of the two divergent subtypes of H2B, PfH2Bv is
abundantly acetylated, in contrast to the scarcity of similar
modifications on PfH2B. It is noteworthy that many of the
PTMs on Plasmodium histones are densely clustered, probably
exerting synergy on the epigenetic regulatory circuits. There is
no evidence of PfH3S10 phosphorylation yet, as is commonly
observed in model eukaryotes. For other histone PTMs, H4 is
found sumoylated, while H2B is ubiquitinated at K112 (74,
147). Taken together, the sheer number of conserved and
novel PTMs on canonical and variant histones in P. falciparum
demonstrates the potential complexity of the “histone code” in
this parasite.

CHROMATIN MODIFICATIONS: DEPOSITION,
RECOGNITION, AND FUNCTIONS

Histone modifications are dynamic and are controlled by the
opposing actions of various enzymes for their addition and
removal (83). These enzymes have emerged as promising tar-
gets for designing novel chemotherapeutics (84). The malaria
parasite has a large repertoire of ATP-dependent remodelers,
enzymes catalyzing covalent histone modifications, and pro-
teins with PTM-binding modules (68).

Histone acetylation. Histone lysine acetylation is catalyzed
by histone acetyltransferases (HATSs). The first identification
of a Tetrahymena HAT as the yeast GCN5 homologue directly
links histone acetylation to transcription regulation. Five fam-
ilies of HATs are currently recognized: GNATs (GCNS5 N-
acetyltransferases), MYSTs (MOZ, Ybfl/Sas3, Sas2, and
Tip60), p300/CBP (CREB-binding protein), general transcrip-
tion factor HATSs, and nuclear hormone-related HATs (16,
92). At least four HATs are found in the malaria parasite
genomes: PF08_0034, PF11_0192, PFL1345c, and PFD0795w
(68). PEGCNS (PF08_0034) preferentially acetylates H3K9 and
K14 in vitro, and the HAT domain can partially rescue the
yeast GCN5 mutant (46). It is encoded by an essential gene
and, like its orthologues in other organisms, is present in a
protein complex(es) in vivo (45). The unusually long N-termi-
nal extension is probably involved in mediating protein com-
plex formation and, like the 7. gondii GCNS, appears to harbor
the nuclear localization signal (9, 87). Consistent with a role in
gene activation (129), the H3K9ac mark is enriched in the
promoters of active genes (30, 82). Consequently, disturbance
of this histone mark by attenuation of PEGCNS activity with
curcumin and anacardic acid leads to growth inhibition (28,
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FIG. 1. Schematic drawing of a nucleosome with the four canonical histones (H3, H4, H2A, and H2B) in P. falciparum. The covalent PTMs
of the histone tails (methylation [Me], acetylation [Ac], and ubiquitination [Ub]) and enzymes catalyzing the addition of the PTMs (PfGCNS,
PfSET1, PISET2, PfCARMI1, PfPRMT1, PIMYST, and PfSETS8) are highlighted. PTMs on the tails of variant histones are listed in Table 1.

29). Treatment with 20 wM anacardic acid for 12 h induced
2-fold or greater changes in the expression of ~5% of genes in
P. falciparum trophozoites, among which 76% were downregu-
lated (29). Another HAT protein, PEMYST (PF11_0192), with
homology to the yeast protein ESA1, is also an essential gene
in the malaria parasite (J. Miao et al., unpublished data). The
recombinant PIMYST prefers to acetylate histone H4 at K5,
K8, K12, and, to a lesser extent, K16. PEMYST is involved in
regulating the parasite cell cycle, and overexpression of this
enzyme results in a defect in schizogony of the parasite. Two

TABLE 1. Summary of PTMs identified on P. falciparum histones
PTM(s)

Histone

Kd4me, K4me2, K4me3, K9ac, K9me, K9me3, K14ac,
Kl14me, R17me, R17me2, K18ac, K23ac, K27ac,
K36me3, K56ac, K79me3

Ha.ooooeies N-term-ac, R3me, R3me2, KSme, K5ac, K8ac,
K12ac, K12me, K16ac, R17me, K20me, K20me2,
K20me3

H2A.Z........... N-term-ac, K1lac, K15ac, K19ac, K25ac, K28ac,
K30ac, K35ac

H2Bv ....cccouvne. N-term-ac, K3ac, K8ac, K13ac, Kl14ac, K18ac, T85ph

H33 e K4me, K4me2, K4me3, K9ac, K14ac, R17me,

R17me2, K18ac, K23ac, K27ac

“ Bold indicates PTMs identified by antibodies only.

other HATSs, PFL1345¢c and PFD0795w are probably the ho-
mologues of elp3 and Hatl (a type B HAT), respectively.

In addition to HATs, three classes of histone deacetylases
(HDACG:s) have been identified in P. falciparum. PfHDACI1
(PFI1260c) is a class I enzyme homologous to yeast Rpd3 and
is a nuclear protein (79). PF14_069 and PF10_0078 are provi-
sionally assigned to class II HDACs (68). HDACs have been
evaluated as promising drug targets, and many HDAC inhib-
itors possess potent antimalarial activities (1). The HDAC
inhibitor apicidin, which may affect both class I and II HDACs
in the parasite, causes profound transcription changes in the
parasite, and deregulation of transcription is evident at as early
as 1 h posttreatment (18). Similar to the observation with the
more specific HDAC inhibitor FR235222 in T. gondii (11),
apicidin induces expression of stage-specific genes that are
otherwise suppressed during that particular stage of the
intraerythrocytic development cycle (IDC) in P. falciparum.
Two class III enzymes, PfSir2A (PF13_0152) and PfSir2B
(PF14_0489), also named sirtuins, have received considerable
attention because of their roles in regulating the mutually
exclusive expression of var genes. In vitro, PfSir2A catalyzes
NAD *-dependent deacetylation of a number of acetyllysine
peptides, including H3 and H4, and also shows ADP-ribosyl-
transferase activity on all histones (56, 107). The two PfSir2
paralogues are required for silencing the different var gene
promoter subsets. PfSir2A plays a more significant role in
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silencing subtelomeric var genes transcribed toward the telo-
mere and the intrachromosomal var genes (promoter types
UpsA, UpsE, and UpsC), whereas PfSir2B silences the non-
overlapping group controlled by UpsB (146). As a result, ge-
netic deletion of either PfSir2 leads to a general derepression
of subsets of the var gene family (39, 108, 146). Loss of PfSir2
also affected the expression of other variant gene families,
which is consistent with the notion that these clonally variant
gene families in P. falciparum may share a transcriptional fac-
tor (70). PfSir2A plays a more important role in establishing
heterochromatin in the subtelomeric regions and maintenance
of telomere length (146).

Histone methylation. The malaria parasites code for a large
family of at least 10 members of histone lysine methyltrans-
ferases (HKMTS) containing the SET [Su(var), E(z), Tritho-
rax] domain. Four of the HKMTs (PfSET1, -2, -3, and -8) are
homologues of the well-characterized HKMTs that methylate
H3K4, H3K36, H3K9, and H4K20, respectively (Fig. 1) (27).
Only recombinant PfSET2 and PfSETS are enzymatically ac-
tive, and PfSETS displays conserved activity to confer H4K20
mono-, di-, and trimethylation (27, 131). The H3K9 methylase
PfSET3 (PF08_0012) is encoded by an essential gene and is
localized to the heterochromatic nuclear periphery marked by
CenH3, and H3K9me3-enriched genes also reside in this com-
partment (97, 149). Compared with the trypanosome parasite,
which has two DOT1 (disruptor of telomeric silencing-1) ho-
mologues which methylate H3K79 (76), Plasmodium appears
to lack these non-SET domain HKMTs. Two families of lysine
demethylases employing two different molecular mechanisms
of demethylation have been found to regulate histone methyl-
ation: the lysine-specific demethylases 1 (LSD1) and JmjC
domain-containing histone demethylases (JHDMs) (135). P.
falciparum encodes at least one LSD1 (PFL0575w) and two
JHDMs (MALS8P1.111 and PFF0135w). In the case of argi-
nine methylation, malaria parasites have three protein argi-
nine methyltransferases (PRMTs): PIPRMT1 (PF14_0242),
PfPRMTS (PF13_0323), and PfCARM1 (PF08_0092) (47).
Only PfPRMT1 has been characterized so far. This enzyme
catalyzes monomethylation and asymmetric dimethylation of
H4R3 and some nonhistone substrates, and its localization in
both the nucleus and cytoplasm is consistent with its activities
on different substrates (47). In addition, methylation of H3R17
is detected, which is presumably the substrate of PFCARMI.
Since histone methylation marks are involved in gene regula-
tion and maintenance of the subtelomeric heterochromatin,
histone methylation is an important subject demanding further
investigations.

Other histone modifications. The malaria parasites encode
ubiquitin and two ubiquitin-like proteins (Ubls), SUMO and
Nedd8. Conjugation of these Ubls to substrates involves
three separate enzyme activities: an ATP-dependent acti-
vating enzyme (E1), a conjugating enzyme (E2), and a pro-
tein isopeptide ligase (E3). The most commonly observed
histone ubiquitinations are on H2A and H2B. Typically,
H2A ubiquitination is considered a repressive mark,
whereas H2B ubiquitination is involved in both transcription
activation and silencing (153). In comparison, histone H4
sumoylation is associated with decreased gene expression
(136). The malaria parasite genomes contain a number of
protein homologues of El, E2, and E3 and a number of
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proteases that might be involved in removing the Ubl mod-
ifications (118, 120). In an effort to identify the proteome of
PISUMO modified proteins, Issar et al. (74) identified
sumoylated histone H4 from P. falciparum. Interestingly,
PfSir2A is also a target for sumoylation, suggesting cross
talk between these two epigenetic pathways. The reverse
reaction is catalyzed by a diverse group of deubiquitinating
proteases (DUBs) (3, 118). Using a specific probe design for
deubiquitination enzymes, two enzymes, PfUCHS54
(PF11_0177) and PfUCHL3 (PF14_0576), which show dual
specificities for ubiquitin and Nedd8 (3, 57) have been iden-
tified in P. falciparum. Besides these studies, the significance
of histone modifications by Ubls in parasite transcription
regulation is largely unknown. Poly-ADP-ribosylation is
probably absent in malaria parasites, since a poly-ADP-
ribose polymerase homologue cannot be identified in the
parasites.

ATP-dependent chromatin remodelers. Chromatin-remod-
eling complexes such as the ATP-dependent SWI2/SNF2 pro-
tein complex can mobilize the nucleosomes along the DNA
with the use of energy from ATP hydrolysis (103). The func-
tions of SWI2/SNF2 family chromatin remodelers in protozoan
parasites are not well understood. In trypanosomes, a protein
related to SWI2/SNF?2 is involved in the de novo synthesis of
the modified thymine base J within the telomeric DNA, which
correlates with the epigenetic silencing of variant surface gly-
coproteins (VSGs) (36). P. falciparum contains at least 11
SWI2/SNF2 ATPases (68, 145). Despite the fact that the global
nucleosome positioning in P. falciparum is relatively stable
throughout the IDC, var gene activation is associated with
changes in local chromatin structure and reduced nucleosomal
occupancy at the promoters (39, 151, 154). Therefore, it is
important to determine whether P. falciparum SWI2/SNF2
ATPases also participate in antigenic switching.

Recognition of PTMs by histone code “readers.” One func-
tion of the histone tail modifications is to act as recognition
sites for effector modules, facilitating downstream events via
the recruitment or stabilization of chromatin-related protein
complexes. In the past decade, a number of conserved protein
domains that specifically bind histone PTMs have been iden-
tified (144). These protein modules are classified into several
subgroups, including the bromodomain, Royal superfamily,
plant homeodomain (PHD) fingers, WD40 repeats, and 14-3-3
proteins (34, 144). Bromodomain is an evolutionarily con-
served acetyllysine-binding module found in many chroma-
tin-associated proteins (158). PHD fingers and the Royal
superfamily protein fold, including chromodomain, double
chromodomain, double or tandem tudor domain, and malig-
nant brain tumor (MBT) repeats, are methyllysine-binding
modules (105). The chromatin modification and remodeling
pathways are also replete with WD40 repeat proteins. The
WD40 repeat protein WDRS, a common component of the
SET1 complex, binds unmodified H3R2 (128). The mamma-
lian 14-3-3 proteins make up a family of phosphoserine-bind-
ing modules that regulate diverse cellular functions. A 14-3-3
isoform was found to bind phosphoserines in H3 with high
affinity (100).

The malaria parasites possess an extensive catalogue of pro-
teins with PTM-binding modules (Table 2). Proteins with a
single bromodomain have been identified in P. falciparum,
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TABLE 2. Proteins containing histone PTM-binding modules
in P. falciparum

Binding module/PTM mark Gene

PF08_0034
PFF1440w
PFA0510w
PFL0635¢

PFL1645w
PF10_0328
PF14_0724

Annotation/PTM mark

PfGCNS
PfSET1

Bromodomain/K,.

Royal superfamily/K,,.
Chromodomain PFL1005¢
PF11_0192
PF11_0418
PF10_0232
PF11_0374

PFC1050w

PfHP1/H3K9me3
PIMYST

PfCHD1
PfTSN
PfSMN

Double chromodomain
Tudor domain

PFSET1
PFSET2

PHD fingers/K,,. PFF1440w
MALI13P1.122
MALI13P1.302
PFC0425w
PF10_0079
PF11_0429
PFL1010c
PF14 0315
PFL0575w

CAF-1
CAF-1

WD40 repeat (>90 genes) PFA0520c

PFDO0455w

MALSP1.69
MAL13P1.309
PF14_0220

14-3-3 proteins/S,;,

including PEGCNS5 HAT and PfSET1 HKMT. For methyllysine
recognition, Plasmodium contains a number of Royal super-
family and PHD finger proteins. Of the four chromodomain
proteins, PEMYST and heterochromatin protein 1 (PfHP1)
contain a single chromodomain, while the chromodomain-
helicase-DNA-binding protein 1 homologue contains double
chromodomains. Plasmodium has two genes with a single tudor
domain (69); one is the Staphylococcus aureus nuclease homo-
logue PfTSN (PF11_0374). This protein possesses nuclease
activity toward single-stranded RNA (ssRNA), and the tudor
domain binds RNA. Since PfTSN is localized mainly in the
parasite nucleus, it would be interesting to determine whether
it also binds modified histones. There are at least 10 PHD
domain proteins in P. falciparum, including two HKMTs (PfSET1
and PfSET2), a putative SUMO ligase (MAL13P1.302), and a
putative ISWI homologue (PFF1185w), which are potentially in-
volved in chromatin physiology. There are more than 90 P.
falciparum proteins containing the WD40 motif, including two
putative chromatin assembly factors (PFA0520c and
PFDO0455w). In addition, there are three putative 14-3-3 pro-
teins. Despite the great number of potential histone PTM-
binding modules in Plasmodium, only PfHP1 has been charac-
terized (52, 115). PfHP1 contains a chromodomain and a
chromo-shadow domain, which are involved in H3K9me3
binding and dimerization, respectively. Chromatin immuno-
precipitation (ChIP) analysis indicates that this protein is as-
sociated with the H3K9me3 mark in the subtelomeric regions
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and especially with both subtelomeric and intrachromosomal
silent var genes (115). PtHP1 is essential for IDC, and over-
expression of PfHP1 leads to enhancement of variegated gene
expression (52). The ability of this protein to dimerize is prob-
ably responsible for aggregating nucleosomes in the subtelo-
meric regions and thus for the formation of the subtelomeric
heterochromatin.

As expected from the histone code hypothesis, distinct his-
tone modifications can generate synergistic or antagonistic af-
finities for chromatin-associated proteins, which in turn dictate
the dynamics of the chromatin states. In parallel to the coex-
isting marks on the same nucleosomes or the same histones,
many chromatin-associated complexes, or even the same pro-
teins, contain multiple histone-binding modules (127). This is
also true for many chromatin-associated proteins in Plasmo-
dium (27). Such multivalent chromatin binding may afford
enhanced affinity, composite specificity, and cross talk among
the chromatin-associated complexes.

GENOMIC AND NUCLEAR ORGANIZATION

Genome-wide epigenetic landscape. Although the malaria
parasite chromosomes do not show the typical condensation
during mitosis, several lines of evidence indicate that the par-
asite chromosomes are also divided into euchromatin and het-
erochromatin (132). Genome sequencing has provided a blue-
print for the definition of the epigenetic modifications across
the genome: “the epigenome.” This is accomplished through
the use of high-throughput technologies such as the combina-
tion of ChIP with DNA microarrays (ChIP-chip) and with
massive parallel sequencing (ChIP-seq). Recently, the global
nucleosomal occupancy in P. falciparum during the parasite’s
IDC has been mapped using a tiling array (154), and the
formaldehyde-assisted isolation of regulatory elements to ex-
tract protein-free DNA (FAIRE) and the MNase-mediated
purification of mononucleosomes to extract histone-bound
DNA (MAINE) coupled to high-throughput sequencing (119).
These studies have revealed that coding regions are generally
densely packed with nucleosomes, while telomeres harbor a
region with the highest nucleosomal density. This is consistent
with the more condensed nature of subtelomeric regions de-
termined by measuring the distance between fluorescent in situ
hybridization sites within the same chromosome and the pres-
ence of heterochromatin mark H3K9me3 in this region (55,
97). tRNA and basal transcription factor genes showed low
nucleosomal occupancy at all times, suggesting a perpetually
permissive chromatin structure that might be required for con-
stitutively high levels of expression. Unlike in model eu-
karyotes where nucleosomes are usually absent only at tran-
scription start sites (TSS) and intergenic regions are
condensed, P. falciparum intergenic regions are relatively de-
void of nucleosomes. This is most likely attributable to the
extreme AT richness in the intergenic regions, which may ex-
clude nucleosomes (142). As a result, the small nucleosome-
free regions often observed at TSS in model organisms (91,
156) cannot be conclusively identified. Yet, the prediction of
core promoters in P. falciparum based solely on the DNA
physiochemical properties certainly deserves more detailed
mapping of nucleosome occupancy at the core promoters (13).
The relaxed promoter regions are likely permissive for the
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preassembly of the transcription preinitiation complex on pro-
moters of all IDC-expressed genes (63). The nucleosome map-
ping pattern did not change for most genes throughout the
IDC, suggesting that individual nucleosome positions might be
fixed for most coding regions, consistent with the presence of
intrinsic signals for nucleosome positions encoded across the
genome (72, 133). While the ChIP-chip analysis detected only
large chromatin structure changes in the subtelomeric regions
(154), the FAIRE- and MAINE-sequencing results indicate
that chromatin architecture undergoes drastic upheavals
throughout the IDC, with chromatin generally loosening in the
ring stage and condensing in schizonts (119). This genome-
wide nucleosome map provides a framework for further elab-
oration of the role of specific histone PTMs and the interaction
of nucleosomes with DNA-binding proteins and transcription
machinery. With the recent identification of the AP2 domain
transcription factors in Plasmodium (35, 157), it would be in-
teresting to determine whether functional transcription factor-
binding sequences are nucleosome free. Recent analysis of
nucleosome occupancy at putative AP2 domain-binding motifs
suggests that these loci follow the general pattern of nucleo-
some occupancy changes for most genes (119), but these data
require further scrutiny.

Genome-wide profiling of histone modifications has re-
vealed some enlightening patterns. H3K9ac and H3K4me3 are
found enriched in the 5’ ends of transcribed genes, while
H3K36me3 is found at the middle and 3’ ends of transcribed
genes. In contrast, H3K9me3 is observed mostly in broad do-
mains over silenced regions (7, 125). Using low-density mi-
croarrays, Cui et al. (30) detected that H3K9ac is correlated
with gene expression. However, this low-density array failed to
properly identify enrichment of the H3K9me3 mark on re-
stricted chromosome loci. Recently, several groups have re-
ported mapping of histone PTMs in P. falciparum using either
high-density or tiling microarrays (97, 129, 154). These studies
have revealed an extremely euchromatic organization of the
chromosomes with extensive distribution of H3K9ac (155) and
H3K4me3, especially in the intergenic regions (129). Consis-
tent with the paradigm found in most eukaryotes, their enrich-
ment at the 5’ ends of active genes correlates with gene ex-
pression during the schizont stage (129). Intriguingly, these
active marks are mostly lost and become evenly distributed
across the genes in the ring stage. These studies are in general
agreement with a study performed with 7. gondii, which found
an association of the activation marks (histone acetylation and
H3K3me3) with active promoters (61). In stark contrast, the
heterochromatin mark H3K9me3 is restricted to nucleosome-
dense subtelomeric regions and some discrete intrachromo-
somal islands, where members of the multigene families are
clustered (97, 129). Many of these gene families encode surface
antigens that are involved in antigenic variation and immune
evasion of the parasites, and there is evidence of differential
expression of individual members of these gene families (132).
This finding conforms to the early prediction of H3K9me3 as a
memory mark for silent var genes (20, 96). Consistent with its
conserved role in heterochromatin function, global ChIP-chip
analysis of the H3K9me3-binding protein PfHP1 shows that its
distribution is highly correlated with the two genome-wide
H3K9me3 profiling studies (52, 97, 129), suggesting a potential
role of PfHP1 in the maintenance and spread of the H3K9me3
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mark. To investigate how the subtelomeric heterochromatin is
established, Lopez-Rubio et al. (97) mapped H3K9me3 in the
APfSir24A mutant. Contrary to the expectation from a telomere
position effect, PfSir2A deletion led to only a partial, discon-
tinuous loss of H3K9me3 in the subtelomeric regions. In con-
trast to the distribution pattern of H3K9me3, another repres-
sive histone mark, H4K20me3, has a broad distribution in P.
falciparum, but its significance is yet to be determined (97).
Taken together, these ChIP-chip studies demonstrate the fea-
sibility of obtaining a comprehensive epigenetic map of histone
modifications in Plasmodium.

Nuclear compartmentalization. It has long been recognized
that the eukaryotic nucleus is compartmentalized, and sub-
nuclear localization of a gene influences its chromatin state
and expression (143). The perinuclear compartment created by
the telomere clusters in yeasts helps sequester silencing factors
that promote and stabilize heterochromatin, whereas associa-
tion of active genes with the nuclear pores creates another
functional compartment. Recent studies have demonstrated
that the malaria parasite nucleus is also structurally and func-
tionally divided into compartments. Electron microscopy re-
veals that the parasite nuclear periphery consists of an elec-
tron-dense zone reminiscent of heterochromatin interspersed
by electron-translucent space, presumably of noncondensed
chromatin (124). Although the small size of the P. falciparum
nucleus makes nuclear mapping difficult, the use of a set of
nuclear markers still allows the recognition of several nuclear
compartments. Scherf and colleagues first compared the local-
ization of the PfSir2A protein to that of the nucleolar mark
PfNopl (50, 55). Further mapping was achieved through the
use of nucleoporin Nupl00 to define the outer limit of the
nucleus, DAPI (4',6'-diamidino-2-phenylindole) staining to la-
bel the most central nucleus, and CenH3 and other markers to
define the nuclear peripheral space (97, 149). Localization
studies show that the 28 telomeres form four to seven clusters
at the nuclear periphery (55, 124). The clustered location of
telomeres in P. falciparum may favor the maintenance of epi-
genetic “memory,” since the heterochromatin mark “writing”
machineries such as PfSir2A and PfSET3 are also concentrated
in such heterochromatic spaces (39, 55, 97). In addition, the
H3K9me3-binding protein PfHP1 is clearly localized at an
electron-dense, heterochromatin-like zone of the nuclear pe-
riphery and colocalized with the telomere clusters and subte-
lomeric PfSir2A protein (52, 115). The telomeric clusters are
apparently tethered together by proteins (104), and a protein
resembling the origin-of-recognition complex 1 (Orcl) is asso-
ciated with telomere clusters at the nuclear periphery (102),
which might play a role in nuclear positioning of the telomeres.

The nuclear localizations of various histone modifications in
P. falciparum mapped using commercially available antibodies
display tremendous differences (39, 73, 149). Acetylated H4 is
restricted to the interior of the nucleus, overlapping extensively
with DAPI staining, which is in sharp contrast to the perinu-
clear locations of telomere clusters (39). Similarly, H3K9ac is
localized primarily in the central, DAPI-stained nucleus (pre-
sumably euchromatin), whereas the heterochromatin mark
H3K9me3 is localized in the perinuclear space (97, 149). In
mapping the locations of the methyllysine marks, Issar et al.
(73) have found that the active chromatin mark H3K4me?2 is
distributed in the nucleus in punctate loci, whereas H3K4me3
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labels the periphery of the DAPI-stained area. The repressive
mark H4K20me3 has a similar but more peripheral labeling to
H3K4me3, and in schizonts it is located in punctate spots
(131). H3K9me3 is located in several discrete loci at the nu-
clear periphery outside the DAPI-stained area and does not
overlap with the centromeres defined by CenH3 (73, 97, 149).
With regard to two other methyllysine marks (H3K36me3 and
H3K79me3), some discrepancies still exist. Though Plasmo-
dium has a SET2 homologue that potentially methylates
H3K36 (27), this mark has not been identified by MS (109,
147), and antibodies used to detect this mark yielded variable
results (27, 73). The most intriguing result is the H3K79me3
labeling, which may define a new subnuclear compartment,
since it does not overlap with the nucleolar protein PfNopl,
the telomere clusters, or the active var locus (73). It is note-
worthy that the typical enzyme Dot1, which catalyzes the meth-
ylation of H3K79, has not been identified in Plasmodium, and
H3K79me3 was not detected by MS (147).

To date, the nuclear localizations of a number of chromatin-
associated proteins have been determined. PfSir2A partially
overlaps with the nucleolar marker PfNopl, but its localization
is quite distinct from that of acetylated H4 (55). Volz et al.
investigated the nuclear locations of 12 P. falciparum proteins,
which are assigned to three compartments: a DAPI-stained
central area with proteins potentially involved in chromatin
remodeling (e.g., ISWI); an area surrounding and partially
overlapping with DAPI staining where PfLSD1 is localized;
and the nuclear periphery overlapped with CenH3, where
PISET2, PfSET3, and a nucleosome assembly protein are lo-
calized (97, 149). This nuclear space division will help further
dissect the functional nuclear compartments involved in epi-
genetic regulation in P. falciparum.

Formation and inheritance of the chromatin structures.
One property of the epigenetic trait is the ability to perpetuate
through generations, which includes propagation and mainte-
nance of the states of active or repressive chromatin. As dis-
cussed above, positioning in different nuclear compartments
may facilitate the establishment of the necessary environments
for a chromatin state. Conceivably, the formation of a chro-
matin state may involve an “initiator,” which recruits protein
complexes and coordinates establishment of the chromatin
structure. It has been shown that the var promoter, introduced
into the malaria parasite by transfection, is able to mediate the
nucleation and spread of silenced chromatin (150). Studies
with other eukaryotes have demonstrated the involvement of
noncoding RNAs and RNA interference (RNAI) in the for-
mation of specialized chromatin domains (8). Although RNAi
is not functional in the malaria parasite due to a lack of the
RNAI machinery components (5), the parasite does transcribe
abundant antisense and noncoding RNAs (65, 112, 114). Also
notably, noncoding RNAs produced by the bidirectional pro-
moters of the centromeric regions and var introns are associ-
ated with chromatin, which might play a role in the formation
of heterochromatin at these sites (44, 94). Once established,
the chromatin structure can be maintained for generations.
Using promoter titration, Dzikowski and Deitsch demon-
strated that active transcription is required for maintaining the
“memory” of an active var gene (40). Forcing transfected par-
asites to express increasing numbers of unregulated episomal
var promoters leads to downregulation of the endogenous,
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active var gene, most likely due to titration of a factor(s)
required for the maintenance of the active chromatin state.
Interestingly, this also erases the epigenetic memory of indi-
vidual var genes. “Readers” of histone marks also play essen-
tial roles in reinforcing and spreading the chromatin states
through recruitment of chromatin-associated complexes. Fur-
thermore, many histone PTMs are combined to specify a chro-
matin state, and considerable cross talk exists among different
chromatin modification pathways. In P. falciparum, two pro-
teins that establish the active chromatin marks H3K9ac
(PfGCN5) and H3K4me3 (PfSET1) both contain a bromodo-
main that binds acetyllysines. These two proteins are poten-
tially linked in a chromatin-associated network (87), suggesting
that they may cooperate in the establishment of a euchromatin
environment.

MODELS OF EPIGENETIC REGULATION
DURING DEVELOPMENT

Antigenic variation. Antigenic variation is a recurrent theme
evolved in many pathogens of mammalian hosts as a strategy to
evade the host defense (33, 106). In P. falciparum, PIEMP1 is
the major variable antigen and adhesin expressed on the sur-
face of infected erythrocytes and is encoded by a family of ~60
hypervariable var genes. PPEEMP1-mediated binding of infected
red blood cells to host endothelium leads to sequestration of
the infected cells in deep tissues, removing them from circu-
lation and clearance by the spleen. This cytoadherence is re-
sponsible for several severe disease syndromes, most notably
cerebral malaria and pregnancy-associated malaria (110). The
var family members exhibit strictly mutually exclusive expres-
sion: only one member is expressed in a given cell, while the
remainder of the family is silenced. The recent finding that
duplicated var2csa gene copies in the HB3 strain are simulta-
neously expressed suggests that duplicated and highly similar
var genes may be an exception to this dogma (14). Because of
the significance of PFEMP1 in disease pathology, focused re-
search has led to a staggering number of publications, includ-
ing several recent reviews on the mechanisms of var gene
expression (21, 41, 53, 85, 98, 106, 132). Here we provide an
updated review of new findings on var gene regulation.

Different var genes appear to have intrinsically varied
switching rates. During in vitro culture, var2csa is among the
var genes with a higher “on” rate (111). Binding of trans reg-
ulatory factors to var promoter motifs may be responsible for
establishing an active or repressive chromatin state (150) and
for dictating the “on-off” states of individual var genes (54,
111). Voss and coworkers showed that an AP2 domain protein,
P£SIP2 (PFF0200c), binds to the cis-acting SPE2 motif in the
UpsB var promoters and the SPE2 arrays in subtelomeric do-
mains and is involved in heterochromatin formation and ge-
nome integrity (51). Apart from var promoters, the var intron’s
bidirectional promoter activity produces the long sense and
antisense noncoding RNAs, which are associated with chroma-
tin and might play a role in the formation of heterochromatin
(44). Genome-wide mapping of epigenetic marks of histone
PTMs found significant enrichment of silent marks (histone
hypoacetylation and H3K9me3) in a large subtelomeric do-
main and internal var genes, lending support to the hypothesis
that var transcription “memory” is maintained by epigenetic
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mechanisms (132). These silent marks are likely formed and
maintained by recruitment of special chromatin modification
complexes such as PfSir2s and PfSET3 (97). Studies on indi-
vidual var genes such as var2csa have highlighted that var gene
activation is linked to reduced nucleosome occupancy at the
var promoter, increased histone acetylation, and H3K4 meth-
ylation (96, 154). Interestingly, the H3K4me2 mark may serve
to index the var gene that is poised for activation during the
subsequent cycle. var gene expression is further influenced by
the nuclear microenvironment. While silent var genes are lo-
calized mostly at the nuclear periphery (97, 150), activation of
a var gene involves its dissociation from the telomere clusters
and relocation to a transcriptionally competent compartment
within the nuclear periphery (14, 42, 97, 111, 124, 150). Such a
perinuclear var expression site is selective for promoters (70)
and could accommodate at least two simultaneously active var
promoters (14, 42). In summary, as evidence for a multilayer
regulation of var expression accumulates, the molecular mech-
anism of mutually exclusive var expression appears to involve
the interactions between var genetic elements, chromatin
structure, noncoding RNA, and subnuclear localization.

Besides the var gene family, P. falciparum also contains ad-
ditional multicopy gene families, including approximately 160
rif (repetitive interspersed family), 39 stevor (subtelomeric vari-
able open reading frame), and 13 pfinc-2tm (Maurer’s cleft
2-transmembrane domain proteins) genes (43, 89). Data gath-
ered so far suggest that the three 2TM families are potentially
involved in antigenic variation and pathogenesis: first, at least
some members of these multigene families have been shown to
be expressed on the surface of infected erythrocytes (10, 81, 89,
113, 116, 117, 130); second, they appear to be clonally variable
(48, 86); and third, the stevor and pfinc-2tm families undergo
expression switching (90, 113). These variant gene families also
appear to follow an ordered pattern of expression: var tran-
scription is active early during IDC (12 to 18 h after invasion),
followed by that of rif (18 to 27 h), stevor (22 to 32 h), and
pfme-2tm (26 to 30 h) genes. It is unclear how such coordinated
expression is achieved, but the unique patterns of H3K9me3
enrichment at these families suggests the involvement of epi-
genetics (97). The physical proximity of these variant genes on
chromosomes and the effect of deletions of PfSir2 genes on
both var and rif expression (146) suggest that these gene fam-
ilies are coregulated. Yet, the fact that switching of var expres-
sion by selection does not affect the repertoire of transcribed
stevor genes argues against this speculation (37, 134). To fur-
ther address this question, Howitt et al. (70) used the promoter
titration technique and found that by forcing transfected par-
asites to express increasing numbers of episomal constructs
containing either a var, rif, stevor, or pfimc-2tm promoter, not
only genes of the corresponding families but also members of
all four families are affected, suggesting that they all share a
var-specific titratable factor(s). It remains to be determined
whether these variant genes share similar mechanisms of ex-
pression switching.

Erythrocyte invasion. The malaria parasite P. falciparum
uses multiple redundant pathways to invade erythrocytes,
which provide parasites clear advantages in fully exploring the
repertoire of the erythrocyte receptors, in coping with their
polymorphism and variability, and possibly in immune evasion
(26). Two families of parasite protein, the Duffy binding-like
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(DBL) family and the reticulocyte homology (PfRh) family,
play key roles in parasite invasion. DBL proteins include EBA-
175, EBA-140/BAEBL, and EBA-181/JSEBL, which bind
erythrocytes in a sialic acid-dependent manner. The Rh pro-
tein family includes PfRh1, PfRh2a, PfRh2b, and PfRh4, some
of which mediate erythrocyte binding in a sialic acid-indepen-
dent way. Members of these gene families undergo clonal
variation in both laboratory-selected parasites and field iso-
lates and are responsible for different invasion phenotypes
(23). The first example of variant expression of proteins in-
volved in erythrocyte invasion was described for the rodent
malaria parasite P. yoelli. The Py235 gene family (PfRh ortho-
logues) includes ~14 genes, and each of the merozoites de-
rived from a single schizont can express a different member
(121). Moreover, different subsets of Py235 genes are ex-
pressed in sporozoites, hepatic schizonts, and erythrocyte schi-
zonts, suggesting resetting of the expression program at each of
these invasive stages (122). Similarly, PfRh proteins all display
marked differences in expression between strains (38, 148), and
strains selected to switch to the sialic acid-independent path-
way are linked to PfRh4 expression (59, 139). It has been
demonstrated recently that two isogenic lines of 3D7 parasites
selected to exhibit drastically different invasion phenotypes
differentially express EBA-140 and RhopH1/Clag (24). The
five-member RhopH1/Clag gene family is a component of the
RhopH complex with a potential function in erythrocyte inva-
sion (80). Two members of this gene family, clag3./ and
clag3.2, display a pattern of mutually exclusive expression. Like
for the var genes, silencing or activation of these invasion-
associated genes does not show detectable DNA alterations,
suggesting an epigenetic mechanism (24). To understand the
mechanism underlying the marked upregulation of PfRh4 dur-
ing switching of the parasite to a sialic-acid-independent inva-
sion pathway, Jiang et al. (78) observed eviction of the +1
nucleosome at the PfRh4 transcription start site and enrich-
ment of the euchromatin marks such as histone acetylation and
H3K4me3 at the schizont stage. Consistent with H3K9me3 as
a heterochromatin mark, silenced PfRh4 in the unselected Dd2
strain is associated with persistent H3K9me3 throughout the
IDC. From this and the studies of var genes, it seems that the
malaria parasites employ converging epigenetic mechanisms to
regulate variant gene expression.

CONCLUDING REMARKS

The study of the epigenetic mechanism in malaria parasites
is still in its infancy, and most knowledge gathered thus far is
from focused studies of antigenic variation in P. falciparum.
The available information clearly indicates that chromatin-
mediated mechanisms underlie many cellular processes in the
parasite’s development. From an evolutionary point of view,
the malaria parasites have a typical nucleosome organization,
numerous histone PTMs, and a large catalogue of conserved
chromatin modification and remodeling machineries and his-
tone-binding modules, suggesting conserved epigenetic mech-
anisms in these early-branching protozoan parasites. There-
fore, in-depth studies of the epigenome of the malaria
parasites will contribute to a better comprehension of how
chromatin-mediated mechanisms have evolved. In addition,
the malaria parasite also possesses distinct histone PTMs and
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divergent histone variants, and their combination is expected
to generate a complex yet different “histone code.” Besides,
among the “writers” and “readers” of the “histone code” in
this parasite, many are unique or contain unique domains, but
only a countable few have been characterized so far. Thus,
elucidation of the epigenetic pathways in malaria parasites not
only will help us to understand gene regulation in this unicel-
lular parasite but also will provide insights into many parasite-
specific phenomena such as antigenic variation and alternative
invasion pathways, which may ultimately lead to the develop-
ment of novel control measures targeting host-parasite inter-
actions. More importantly, the distinction of the parasite’s
chromatin modification machinery from those of its mamma-
lian hosts makes it a promising target for antimalarial chemo-
therapy. For example, HDACs have been explored as potential
candidates for antimalarials, and many HDAC inhibitors have
potent antimalarial activity (1). With the identification of most
of the PTMs, modifiers, and “readers,” future studies will need
to characterize and integrate these components and to advance
toward a mechanistic understanding of chromatin-mediated
gene regulation in the malaria parasite.
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