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Chapter

Apicomplexa and Histone 
Variants: What’s New?
Laura Vanagas, Susana Marisol Contreras  

and Sergio Oscar Angel

Abstract

Plasmodium spp. and Toxoplasma gondii present a conserved nucleosome com-
position based on canonical H3 and variants, H4, canonical H2A and variants, and 
H2B. One-off, the phylum has also a variant H2B, named H2B.Z, which was shown to 
form a double variant nucleosome H2A.Z/H2B.Z. These histones also present conserved 
and unique post-translational modifications (PTMs). Histone variants have shown 
particular genomic localization and PTMs along euchromatin and heterochromatin, 
including telomere-associated sequences (TAS), suggesting fine-grained chromatin 
structure modulation. Several other nonhistone proteins present remarkable participa-
tion in controlling chromatin state, especially at TAS. Based on that, we discuss the 
role of epigenetics (PTMs and histone variants) in Plasmodium and Toxoplasma gene 
expression, replication, and DNA repair. We also discuss TAS structures and chromatin 
composition and its impact on antigenic variant expression in Plasmodium.

Keywords: Plasmodium, Toxoplasma, epigenetics, histone variants, H2B.Z, 
chromatin, antigenic variation, telomere-associated region

1. Introduction

Apicomplexa is a large phylum of unicellular obligate intracellular protozoan 
parasites responsible for a range of human and animal diseases with considerable 
medical and economic impact worldwide [1]. The phylum comprises several well-
known genera such as Cryptosporidium, Eimeria, Babesia, and Theileria, but the 
most studied genera are Plasmodium and Toxoplasma.

Plasmodium genus is comprised by several species of which five infect humans: 
P. falciparum, P. ovale, P. malariae, P. vivax, and P. knowlesi. The infection due 
to Plasmodium genus is known as Malaria, a mosquito-borne infectious disease 
endemic in the tropical and subtropical zones of Asia, Africa, South, and Central 
America. Malaria also constitutes a serious problem for travelers as well as for 
people working in endemic regions. In 2016, an infection rate of 216 million cases 
was reported, causing some 445,000 deaths globally. Data show a stalling in declin-
ing burden of Plasmodium observed over the last decade (http://apps.who.int/iris/
bitstream/10665/259492/1/9789241565523-eng.pdf?ua=1). In addition, the mass 
drug administration program has shown a limit due to the spreading of multidrug-
resistant malaria [2]. The severe disease is mainly caused by P. falciparum, whereas 
P. vivax causes the majority of malaria morbidity outside Africa. The clinical 
manifestations of malaria include fever, shivering, arthralgia (joint pain), vomiting, 
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jaundice, hemoglobinuria, convulsions, metabolic alterations, renal failure, liver 
and lung dysfunctions, anemia, and cerebral malaria (coma).

Toxoplasma gondii is the only one species of the Toxoplasma genus, and it is 
able to infect birds and mammals, including human, and cause toxoplasmosis. The 
infection occurs worldwide and the chronic stage reaches more than 500 million 
people [3]. During the first few weeks of infection, toxoplasmosis is either asymp-
tomatic or causes a mild flu-like illness. However, those with a weakened immune 
system, such as AIDS patients, infected fetus during gestation or newborns with a 
congenital infection, may become seriously ill, and occasionally die. The parasite 
can cause encephalitis (inflammation of the brain) and neurologic diseases, and 
can affect the heart, liver, inner ears, and eyes (chorioretinitis). Recent research has 
also linked toxoplasmosis with neuropsychiatric symptoms such as attention-deficit 
hyperactivity disorder, obsessive compulsive disorder, bipolar disease, and schizo-
phrenia [4–8]. The present chemotherapy for toxoplasmosis is efficient but, some-
times, it is not well tolerated by individuals with AIDS, and it is effective against the 
acute or active stage, but not against the chronic/latent stage.

2. Genome and nucleus

Both Plasmodium protozoan parasites and T. gondii present a highly complex life 
cycle, involving several stages along the cycle (Figure 1). The genome sizes are 23.3 Mb 
for Plasmodium and 80 Mb for Toxoplasma, being haploid (1 N) almost all their life 
cycle but diploid during sexual replicative stages (2 N) (Figure 1). Plasmodium genus 
and T. gondii were the first apicomplexan parasites to be included in genome projects 
[9, 10]. Since then, several other apicomplexan parasites genome projects were taken 
forward and the data uploaded at EuPathDB (https://eupathdb.org/eupathdb/). From 
these databases, it could be observed that T. gondii and P. falciparum present about 
5300 (https://protists.ensembl.org/Plasmodium_falciparum/Info/Index) and 8172 
(http://protists.ensembl.org/Toxoplasma_gondii/Info/Annotation/#assembly) gene 
transcripts, respectively, organized as single copy genes along the chromosomes, and in 
general, they are not clustered by function, pathway, or stage of expression. All of these 
data suggest that these genes are finely regulated throughout the cell cycle and the life 
cycle by transcriptional regulators and chromatin. Regarding transcription factors, they 
are poorly represented in apicomplexan, with only one large family of transcriptional 
regulators, with 24 AP2 family factors in P. falciparum and 68 in T. gondii [11, 12]. In 
this context, epigenetic control was proposed as a key element to facilitate parasite gene 
expression, DNA replication, and DNA repair [13–15].

An interesting aspect of apicomplexan parasites is that they never lose the 
nuclear envelope during cell division, and their chromosomes do not present the 
higher order level of condensation observed in metaphase chromosomes of higher 
eukaryotes [16]. So, the nucleus presents the same aspect along the cell cycle. 
However, it seems to be not homogenous: Toxoplasma gondii nuclear envelope and 
chromosomes seem to have a dynamic relocalization and/or rotation inside the 
nucleus during parasite budding as observed by epichromatin localization (Figure 1B).  
Epichromatin is a conformational epitope formed by DNA and histones H2A and 
H2B localized only at the exterior chromatin surface [17, 18]. More recently, it was 
observed that epichromatin forms superbead domains associated to DNA-A at the 
nuclear envelope [19]. A 3D analysis also shows that P. falciparum nucleus presents 
a polarization of the nuclear pore complex: in the early multinucleated schizont, 
it clusters in the nucleus region facing the mother plasma membrane, whereas in 
the late stages, when prepared for budding, it clusters toward the cytoplasm of the 
incipient merozoite [20].



3

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

In addition to putative polarization of the genome inside the nucleus of 
Apicomplexan parasites, in T. gondii, it was observed that the centromeres 
(CenH3, see below) are localized at a single spot at the apical region of the 
nucleus, indicating that all of them are attached to the centrocone, a structure 
associated to the nuclear envelope, which is traversed by microtubules coordinat-
ing the cell division [21]. Similarly, Chromo1, a T. gondii protein that binds to 
the telomere, presents a focalized localization in the nucleus, also suggesting a 
certain degree of chromosome organization within the parasite nucleus [22]. In P. 
falciparum prior to replication, in late ring stages and young trophozoites, CenH3 
localizes to a single nuclear focus suggesting that centromeres are clustered in a 
single spot that most likely continues to be attached to the mitotic spindle until 
the end of schizogony and the intraerythrocytic developmental cycle, similar to 
that observed in T. gondii [23].

Figure 1. 
(A) Life cycles of T. gondii and P. falciparum. Haploid and diploid DNA content is referred to as 1 and 
2 N. Black arrows and letters represent common parasite stages, blue arrows and letters represent T. gondii 
specific stages, and red arrows and letters represent P. falciparum-specific stages. (B) Epichromatin labeling 
in T. gondii. Epichromatin is a conformational epitope formed by DNA and histones H2A and H2B localized 
only at the exterior chromatin surface. During tachyzoite replication, the 2 N nucleus is divided, entering 
one genome to each budding cell, forming a typical U shape. The nuclear envelope does not disappear, and 
chromosomes do not present high level of condensation. Epichromatin labels predominantly one side of the 
nucleus, suggesting a nonhomogeneous organization of chromosomes and nuclear envelope interaction. IMC1: 
inner membrane complex 1.
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3. H3 histones: a multivariant family

H3 histone family presents canonical forms: H3, H3.1, H3.2 and variants: H3.3 
and cenH3 [24]. H3.3 differs from canonical H3s in various aspects. Canonical 
H3s are expressed and associate to chromatin during the S-phase of cell cycle. 
Canonical H3s and H3.3 are highly identical differing in only four to five amino 
acids. The CAF-1 complex is involved in the incorporation of canonical H3s 
whereas CHD1/ATRX remodelers as well as HIRA chaperone complex are 
involved in the incorporation of H3.3 [25–30]. In addition, H3.3 is enriched in 
transcribed genes, enhancers, regulatory elements, and also heterochromatic 
repeats, including telomeres and pericentromeric regions [31–34]. In general, 
H3.3 is linked to gene activation or open chromatin. Moreover, it has been found 
to be methylated at K4, K36, and K79 and acetylated at K9 and K14, all being 
marks of active chromatin [32, 35]. H3.3 and H2A.Z were detected at active 
promoters generating nucleosomes that promote gene transcription [36–38]. 
Recently, it was found that H3.3 plays an essential biological role during mammal 
development since mice that lack H3.3 presented developmental retardation and 
early embryonic lethality [39]. Rather than gene expression troubles, H3.3 deple-
tion causes genome instability due to dysfunction of heterochromatin structures 
at telomeres, centromeres, and pericentromeric regions of chromosomes, leading 
to mitotic defects.

There is little information regarding H3 histone family and the variants H3.3 in 
Apicomplexan parasites. The first approach is from W.J Sullivan [40] who was 
able to clone the entire ORFs encoding H3 and H3.3 in Toxoplasma gondii and also 
in Plasmodium falciparum. In this work, it was confirmed that, like in most other 
organisms, there is not much difference between the two variants: only four amino 
acids in T. gondii and eight between the P. falciparum variants. In most other species, 
the critical residues that differ between H3 and H3.3, resulting in different roles 
of these histones, are a motif, which contains SAVM in H3 canonical histone, but 
changes to AAIG in H3.3 [24]. However, while PfH3 has the typical SAVM motif, 
it changes to QAVL in PfH3.3, whereas in TgH3, the motif is SAVL and changes to 
QAIL in TgH3.3 [40]. Besides, there is another difference in Apicomplexa, which 
seems to be exclusive: KF changes for RY at position 54–55 in H3.3 [40].

In Plasmodium, H3.3 had a similar expression pattern to another important his-
tone variant, H2A.Z, namely localization to active chromatin [41] (see Figure 2). As 
observed in other eukaryotic cells, it has been recently demonstrated by ChiP-seq 
experiments that euchromatic regions in the genome are demarcated by the pres-
ence of the H3.3 variant histone [42]. However, in P. falciparum, there is a particular 
AT versus GC content along the genome with euchromatic intergenic regions richer 
in AT-content compared to coding sequences with less AT content [23]. Fraschka 
et al. [42] have seen a particular correlation between enrichment in PfH3.3 histone 
variant and GC content, with this variant mainly located not only in euchro-
matic GC-rich sequences, but also in subtelomeric GC-rich repetitive regions. 
Interestingly, this correlation with the nucleotide composition is also observed with 
the double-variant nucleosome H2A.Z-H2B.Z (see below), but in this case, it is just 
the contrary: the regions with more AT content show abundance of this nucleosome 
[42]. However, GC-poor intergenic regions show the lowest H3.3 coverage, but the 
authors still argue that the incorporation of this variant to coding regions is more 
dependent on GC content than transcriptional activity.

It is well documented that P. falciparum depends on the var multigene family, 
encoding for a highly variable cytoadherence protein called P. falciparum erythrocyte 
membrane protein 1 (PfEMP1) to avoid host immunity [43–46]. This is due to the 
expression of only one of the ~60 var gene family members in any given parasite.
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Regarding this important gene family, H3.3 stably occupies the promoter region 
and coding sequence of the active var gene but is evidently less incorporated 
into the promoter and coding sequence of silenced var genes [42] (see Figure 3). 
Additionally, it has been demonstrated that the PTMs affecting histone H3 are 
extremely important in the regulation of var expression. Data from fluorescence 
in situ hybridization (FISH) suggest that the P. falciparum SETvs (P. falciparum 
variant-silencing SET gene), which encodes an ortholog of Drosophila melanogaster 
ASH1 and controls histone H3 lysine 36 trimethylation (H3K36me3) on var genes, is 
specifically involved in var gene silencing, and its knock-out results in the transcrip-
tion of virtually all var genes in the single parasite nuclei [47]. Besides, ChIP-qPCR 
analysis showed that the TSS occupancy of H3K36me3 is considerably higher in the 
silent var genes compared to the active one (see Figure 3) [47].

A detailed mass spectrometry study has been accomplished for P. falciparum histone 
PTMs by Trelle et al. [48], and it has been established that lysines 4, 9, 14, 18, 23, and 27 
of both H3 and H3.3 are capable of being modified by acetylations and/or methylations. 
Also, arginine in position 17 may be mono or bimethylated. Some of these modifications 
had already been identified for H3 and H3.3 also by Miao et al. [41]. More recently, a 

Figure 2. 
(A) Schematic model for double-variant nucleosome in T. gondii and P. falciparum. Hypothetical active 
(or poised) and silenced genes are represented with the nucleosome composition in each promoter and also 
downstream the genes. PTM marks are represented as well and listed below with the differences found in 
the literature between both the parasites. Specific HATs and HDACs are speculated to acetylate/deacetylate 
the unique H2B.Z histone variant. (B) Sequence alignment of histone variant H2B.Z in Apicomplexa. Pf: 
Plasmodium falciparum, Tg: Toxoplasma gondii, Et: Eimeria tenella, Vb: Vitrella brassicaformis, Bv: 
Babesia bovis, Cf: Cytauxzoon felis, Gn: Gregarina niphandrodes and Cp: Cryptosporidium parvum. All 
sequences can be found in EuPathDB (https://eupathdb.org/eupathdb/).
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lysine residue in the core of H3, K56, was also indicated as a site of acetylation [49, 50]. In 
the same way, T. gondii histone H3 has many lysines and also arginines capable of being 
modified: lysines in the positions 4, 9, 14, 23, 27 and also 36, 37, 56, 115 and 122 can be 
acetylated, methylated and besides some of them receive formylation, ubiquitination, or 
succinylation [51]. Besides, arginines 2, 17, 26, 40, and 83 can be methylated [51].

But not only acetylations and methylations are marking histones; with the 
development of improved acid and high-salt purification methods for P. falciparum 
histone phosphoprotein analysis, multiple phosphorylation sites have been found 
mostly at the N-terminal region of most histones, including H3 and H3.3 [52]. These 
marks are frequently seen in combination with neighboring lysine acetylation (and 
methylation). In this work, they also described a Pf14-3-3 as a phosphohistone mark 
binding protein.

In parasites, among the most conserved modifications is histone 3 trimethyl-
ation of lysine 4 (H3K4me3), a marker of potentially active promoters. Opposed 
to that is H3K9 methylation, associated with silent genes and densely packed 

Figure 3. 
Hypothetical telomeric and subtelomeric structure in T. gondii (upper panel) and P. falciparum (lower 
panel). Here, we show the TgTAS and PfTAS composition and the possible protein interactors listed in Table 
1 and described in Section 6. In P. falciparum, we only illustrate three of the six TAREs associated. The 
punctuated lines define proteins described in other organisms, but some of them present an ortholog in any of 
those parasites. The proteins represented in continuous lines have already been described for those parasites. 
Proteins illustrated in grey are unknown proteins. We also show the possible histone variant exchange on 
silenced or active tsf or var genes. Specific PTMs on silenced or active genes are described in the figure. The 
questions are open because these proteins and PTMs have not been confirmed yet in these TAS regions.
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heterochromatin, although protozoan parasite histones are more highly enriched in 
the activation marks associated with euchromatin with lower abundance of histone 
modifications associated with heterochromatin [53]. However, it has been shown 
that the epigenome in P. falciparum is highly dynamic, and dependent on the stage, 
and, for example, H3K4me3 and H3K9ac are cycle regulated at P. falciparum genes 
[49]. This could also probably be true for T. gondii, where the tachyzoite to bradyzo-
ite conversion is regulated at an epigenetic level. In this sense, it has been speculated 
that the H3R17me2 mark may have significance during the tachyzoite to bradyzoite 
differentiation process, as it was found only restricted to a subset of promoters, and 
taking into account the importance of arginine methylation during early develop-
ment of mouse embryo [54]. In this study, using ChIP-on-chip technique, they 
found that H3K9ac, H4ac, and H3K4me3 modifications co-localize at focused loci 
in the T. gondii genome and correlate with significant gene expression, while the 
H3K4me1 and the H3K4me2 modifications were found at equal amounts in active 
and inactive chromatin [54].

Yeast Mammals T. gondii (ToxoDB number) P. falciparum (PlasmoDB 

PF3D7 number)

Sir2 (P06700) Sir2 (Q8IXJ6) Sir2A (227020) Sir2A (1328800)

Sir2B (267360) Sir2B (1451400)

Sir3 (P06701) Sir3 (Q9NTG7) ATPase, AAA family protein 

(283900)*

Orc1/Sir3 like activity 

(1203000)*

Sir4 (P11978) Sir4 (Q9Y6E7) NF NF

RAP1 

(P11938)

RAP1 (Q9NYB0) NF NF

RIF1 (P29539) RIF1 (Q5UIP0) NF NF

RIF2 

(Q06208)

NF NF NF

Ku70 

(P32807)

XRCC6 

(B1AHC9)

Ku70 (248160) NF

Ku80 

(Q04437)

XRCC5 (P13010) Ku80 (312510) NF

Taz1 (P79005) TRF1 (P54274) NF NF

NF TRF2 (Q15554) NF NF

NF TIN2 (Q9BSI4) NF NF

NF HP1 (Q13185) Chromo1 (268280) HP1 (1220900)

Stn1 (P38960) NF NF NF

Ten1 (Q07921) NF NF NF

Cdc13 

(P32797)

NF NF NF

NF TPP1 (Q96AP0) NF NF

NF POT1 (Q9NUX5) NF NF

Pif1 (P07271) Pif1 (Q9H611) NF NF

NF: Not found.
*P. falciparum Orc1 complement yeast Sir3 activity [113]. T. gondii counterpart was detected by searching ToxoDB 
with PfOrc1 amino acidic sequence by BlastP.

Table 1. 
Telomeric proteins.
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4. Centromeric H3

CenH3, the centromere-specific H3, has been observed in animals, fungi, and 
plants [24] and also in Apicomplexa, including T. gondii, Plasmodium spp., and N. 
caninum [55]. This fact was recently confirmed by Fraschka et al. [42] who found 
the centromeres depleted of PfH3.3 and PfH3, but occupied by PfCenH3. In T. 
gondii, this histone variant was characterized with the aim to understand the way in 
which chromosomes are delivered to the daughter cells after mitosis, a process that 
is still intriguing [21]. In this work, the authors labeled all the histone H3 variants, 
and used TgCenH3 as a marker of centromeres, to perform ChIP and microarray 
assays [21]. They found a particular combination of histone PTMs surrounding 
centromeres; this region had a huge concentration of H3K9 di- and trimethylation, 
marks usually associated to heterochromatin and found in subtelomeric regions in 
P. falciparum but not in T. gondii. In this parasite, these modifications concentrate in 
two peaks directly flanking the center of the centromere in each chromosome, while 
H3K4me3 or H3K9ac are not present [21, 52]. In contrast, H3K9me3 and heterochro-
matin protein 1 (HP1, chromodomain protein that binds to H3K9me3) were not 
associated with centromeres in P. falciparum [23], but rather found in islands of the 
genome that contain transcriptionally silent members of multigene families [56]. In 
this parasite, the enrichment of PfCenH3 on centromeres of all the chromosomes 
has also been demonstrated by genome-wide ChIP-seq analysis [23]. Besides, it has 
been characterized that a region within the carboxy-terminal histone fold domain, 
which is also named CENP-A targeting domain (CATD), is essential for mediating 
centromere targeting, while the N-terminus is not [57].

5. H2A.Z-H2B.Z: the double variant nucleosome

H2A family also has a canonical H2A and several variants: H2A.Z, H2A.X, both 
exchangeable by H2A.Z-H2B or H2A.X-H2B, allowing the modulation of gene 
transcription, DNA replication, and/or DNA damage repair [58, 59]. In vertebrates, 
the H2A family has two more variants: H2Abd and macro-H2A. When talking about 
H2A-H2B and the incorporation of variants into such nucleosomes, there are vast 
differences if we take a glance at Apicomplexan parasites compared to most other 
eukaryotes. One of the most surprising discoveries in these parasites was the presence 
of a novel H2B variant (formerly named H2Bv, but recently reclassified as H2B.Z 
[60]), a histone, which is known to be deficient in variants, similar to H4 [58, 61]. 
Variants of this histone family, though, are not only found in these parasites, but also 
in Trypanosomatids (even though they are not evolutionary related), and some rare 
testis-specific variants in human and other mammalian species (reviewed in [55]).

Different studies performed in Toxoplasma have shown a nucleosome composi-
tion in which H2A.Z, but not H2A.X, dimerizes with H2B.Z, while H2A.X dimer-
izes with canonical H2B (H2Ba in T. gondii), but never with H2B.Z [62, 63]. This 
fact is also seen in P. falciparum, although this parasite lacks H2A.X variant [41] 
and has driven the hypothesis of a new double variant nucleosome exclusive of 
parasites with particular characteristics that will be described in this section [64, 
65] (Figure 2A). As it can be observed in the sequence alignment of H2B.Z in many 
Apicomplexan species, this histone variant is quite conserved (Figure 2B), suggest-
ing that this histone, and likely the double variant nucleosome H2A.Z-H2B.Z, may 
have had an important role in the expansion of the phylum.

Since H2B.Z is not represented in yeast, insects, or mammals, almost all the 
current knowledge about the double-variant nucleosome relies on H2A.Z studies. 
H2A.Z is so widespread that has been catalogued as “universal” because of its 
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origin before the divergence of eukaryotes [66]. The first observation that appears 
is the hyperacetylation of its N-terminal tail in most species [48–50, 67–69]. It is 
thought that this possibility gives H2A.Z the faculty of mediating responsiveness 
to the environmental changes, with so varied and seemingly contradictory effects 
as gene activation, heterochromatic silencing, transcriptional memory, and oth-
ers, depending on the binding of activating or repressive complexes [66]. H2A.Z 
containing nucleosomes mark active and bivalent promoters as well as enhancers, 
correlating with open chromatin [70, 71]. However, acetylation of H2A.Z is neces-
sary for gene induction and is most often associated with active gene transcription 
[67, 68, 70, 71], whereas ubiquitylation, which can occur at the C-terminal tail, is 
linked to transcriptional repression and polycomb silencing [72–75]. Acetylated 
H2A.Z composes nucleosomes flanking the nucleosome-depleted regions [76]. 
Regulation of gene expression by acetylation of H2A.Z histone tail may be a 
result of the participation of other proteins as “readers” in the histone code; for 
example, the SWR-C chromatin remodeling enzyme and related INO80 family 
are well characterized to catalyze chromatin incorporation of the histone variant 
from yeast to human, and the acetylation of histone H3 on lysine 56 (H3-K56Ac) 
was said to lead to promiscuous dimer exchange in which either H2A.Z or H2A 
can be exchanged from nucleosomes, although this is in discussion [77–82]. NuA4 
acetylation activity, which is homologous to the TIP60/p400 complex, was found 
to be associated with SWR1-driven incorporation of H2A.Z into chromatin [83]. 
Besides, bromodomain-containing proteins are known to be implicated in “read-
ing” the acetylation patterns of H2A.Z: acetylated lysines in histones, and other 
proteins are recognized by this motif, common in remodelers [77, 78, 84, 85]. In 
fact, for SWR1, bromodomains have been studied to recognize a pattern of acety-
lation (including H3K14ac), which may influence the deposition of H2A.Z-H2B 
variant dimers into the appropriate nucleosome [77, 78]. By using Tetrahymena as 
a model, it could be observed that these protozoa cannot survive with all acetylat-
able lysines replaced by arginines, indicating that H2A.Z acetylation modulates a 
charge patch with an essential function in chromatin regulation [69, 75]. Unlike 
the histone code, these changes need not to be site-specific. If this hypothesis is 
true, modulation of the charge at any one of a number of clustered sites could 
inhibit nucleosome condensation, facilitating transcription [86].

T. gondii H2A.Z, together with H2B.Z, was enriched in the promoters of active 
genes in tachyzoites, while repressed genes were enriched with H2A.X-H2Ba nucleo-
somes [63] (Figure 2A). In addition, H2A.Z-H2B.Z was also recruited within the 
coding region of silent bradyzoite-specific genes and within promoter regions but 
not coding regions of actively expressed genes [87]. It is tempting to speculate that 
the enrichment at active promoters or poised regions could be ruled by different 
PTM stages of these histone variants. In agreement with this, H2A.Z and H2B.Z have 
shown to be highly acetylated at the amino-terminal tail, in contrast to canonical 
H2A and H2B histones and the H2A.X variant [51]. Considering that H2A.Z has 
shown to be essential in regulating the changing gene expression program during 
differentiation [79–81, 88–90], and recently, it was observed that overexpression of 
mutated version of H2A.Z, where all five potential acetylatable lysines on H2A.Z-
GFP (K4, 7, 11, 13, and 15) were mutated to arginines, blocked myoblast differentia-
tion through disruption of myoD expression [91], it may be that the H2B variant is 
involved in the T. gondii cell differentiation process as part of H2A.Z-H2B.Z nucleo-
some. Whether through a patch charge modulation and/or histone code remains an 
open question, considering that T. gondii presents several bromodomain-containing 
proteins that can recognize some of the acetylated lysine [92].

As stated above, the sequence alignment of H2B.Z in many Apicomplexan 
species reveals a high degree of conservation for this histone variant (Figure 2B). 
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Interestingly, every lysine that has been proved to be acetylated in T. gondii and P. 
falciparum, H2B.Z was detected in the other Apicomplexan species, which is also 
true for H2A.Z [50, 53]. Maybe, the double-variant nucleosome is present in the 
phylum with same PTMs and similar biological role.

5.1 Double-variant nucleosome in var genes

In P. falciparum, H2A.Z-containing nucleosomes were proposed to demarcate 
intergenic/regulatory regions of the genome, serving as a scaffold for stage specific 
as well as transcription-coupled recruitment of histone modifying enzymes [93]. 
H3K9ac and H3K4me3 were found preferentially placed/retained on or next to 
H2A.Z-containing nucleosomes [49]. However, it was observed that P. falciparum 
intergenic regions, including promoters, display a global nucleosome depletion, 
while telomeres harbored the highest nucleosomal occupancy, except for the var 
gene with the highest expression level, which again showed the lowest nucleosomal 
occupancy [94]. Apparently, the little amount of nucleosomes in these areas is 
composed largely of variant nucleosomes. Petter et al. [95] also showed an enrich-
ment of PfH2A.Z in the promoter of a set of developmentally regulated genes in the 
euchromatin compartment, although not correlated with transcription levels nor 
with acetylation status. P. falciparum H2A.Z-H2B.Z promoter occupancy in var genes 
was found to be strongly associated with transcriptional activity, whereas silent or 
poised var genes would be depleted of double-variant nucleosome (see Figure 3) 
[65, 86]. The authors have speculated that it may function as a similar physical switch 
to control gene expression in response to temperature change (for example, during 
fever or as P. falciparum is transmitted between its two hosts), as a thermosensory 
response that was seen in Arabidopsis thaliana and yeast [96]. This could be due to 
reduced DNA wrapping of H2A.Z containing nucleosomes at higher temperatures, 
resulting in a relaxed chromatin structure, although this variant histone has also 
been associated with a tighter relationship with DNA, especially in heterotypic 
H2A.Z/H2A nucleosomes [97]. While heterochromatic intergenic regions showed 
to contain low levels of histone variant H2B.Z [64], it is interesting that double-
variant nucleosomes are depleted from silent var gene promoters but not from silent 
promoters of heterochromatic invasion gene families, which have similar patterns of 
variegated expression [65]. Besides, this correlation between double-variant nucleo-
some presence and expression was only seen in var genes, while this nucleosome 
was also found enriched in intergenic regions across the genome, associated with 
euchromatic histone modifications and not necessarily associated with transcription 
[64, 65, 86]. Moreover, long promoter containing intergenic regions that maintain 
higher variant histone levels as compared with 3’UTR containing regions, which are 
considerably shorter, presents higher AT content, so this correlation could simply be 
due to the minimal length of the AT-rich content in these short 3’UTR regions [64]. 
As it was previously observed for H3.3 variant histone (see Section 3), a correlation 
between nucleosome occupancy and GC/AT content in the genome was observed, 
although contrary to H3.3 that was correlated with rich GC regions [42], here both 
H2B.Z and H2A.Z histone variant occupancy displayed a clear positive correlation 
toward genomic AT content [64]. In Figure 2A, a schematic representation of P. 
falciparum and T. gondii nucleosome occupancy is proposed.

6. Heterochromatin, telomeres, and subtelomeres

The telomere-associated sequences (TAS), also named subtelomeres, are het-
erochromatic regions adjacent to the telomeric-end looking toward the centromere. 



11

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

The telomeres and the TAS regions are the final structures at the chromosomes and 
integrate with the centromere the constitutive heterochromatin in the genome. 
These TAS regions have been described in Plasmodium and Toxoplasma with a size 
of 20–40 and near 30 Kpb, respectively (Figure 3) [98–100]. In T. gondii, the struc-
ture contains three tandem repeated elements (TARE), separated by noncoding 
DNA and flanked at one end by the telomere and at the other, downstream TARE 3, 
by a Toxoplasma-specific gene family, the tsf gene, of unknown function [100]. In 
general, there is only one tsf gene per TAS. Interestingly, based on predicted amino 
acidic sequence, TSF proteins present a high degree of conservation in the N-tail 
and middle regions while being highly variable at the C-terminal end. Up to now, 
only few studies were performed on chromatin modulation of T. gondii TAS.

The TAS element in Plasmodium, instead, has been deeply studied because of 
the presence of different families of genes associated to virulence and pathogenicity 
with a clonal pattern of expression [101, 102]. Telomeres are spatially restricted to 
nuclear periphery, where they form clusters of three to seven heterologous chromo-
some ends [103–105]. Plasmodium TAS is composed of six different TAREs, and the 
coding part of the genome is localized directly downstream TARE 6, and is charac-
terized by members of multiple antigen gene families including var, rif, stevor, and 
pfmc-2tm genes [94, 95].

The telomeres and TAS regions are dynamic structures associated to a plethora 
of specific factors that not only give it structure, but also configures all the regions 
as constitutive heterochromatin that participates in an epigenetic way to regulate 
subtelomeric genes expression (Figure 3). This epigenetic mechanism is carried out 
by proteins that introduce, recognize, and implement a repressive state over the gene 
expression under normal environmental conditions. It has been reported that under 
nutritional or environmental stress, the repressed subtelomeric genes activate their 
expression in response to events promoting growth and survival [87, 106–109].

It is important to highlight that the T. gondii TAS regions show a nucleosome 
composition enriched in H2A.X and heterochromatin markers [100]. An in silico 
analysis using the Plasmodium and Toxoplasma databases reveals the presence of 
only some orthologs to the yeast and mammal’s telomeric-subtelomeric proteins 
as TRF1-2, HP1, KU70/KU80, and Sir2 proteins (Table 1). But interestingly, the 
principal actor in this scenario would be the histone deacetylase type III -Sir2. 
This NAD+ deacetylase-dependent has also been implicated in different signaling 
pathways. P. falciparum has two Sir2 paralogues, Sir2A and B; with overlapping but 
distinct roles that regulate different subsets of var genes[110], binding reversibly 
with the promoter regions of silent but not active subtelomeric var genes [111]. 
PfSir2A is implicated in telomere length regulation [112]. In T. gondii, two deacety-
lases containing the Sir2-domain were identified: TgSir2A and TgSir2B, but their 
function has not been characterized yet. Another protein that had been described 
in Plasmodium is PfOrc1 (origin recognition complex 1), which together with Sir2 
promotes the epigenetic silencing in P. falciparum TAS [113]. PfOrc1 has a role in 
DNA replication but also cooperates with Sir2 to coordinate the spreading of hetero-
chromatin and regulation of var gene expression [114]. In general, Sir2 proteins act 
by removing acetyl groups in cytosolic targets and at the nuclear level at H3K9, K14 
and K56, but it also was described to act on the histone mark H4K16 promoting the 
deposition of methyl groups on H4K20, H4K20me3 being a chromatin mark associ-
ated with heterochromatin [115]. Thus, Sir2 seems to play a very important role in 
linking signaling processes to gene expression and chromosome architecture.

Additionally, a member of the Alba protein family (PfAlba3) was demonstrated 
via ChIP assays to bind to telomeric and subtelomeric regions co-localizing with 
Sir2A in the periphery of the nucleus. PfAlba3 inhibits transcription in vitro by 
binding to DNA. PfSir2A was shown to interact with PfAlba3 deacetylating the 



Chromatin

12

lysine residue of N-terminal peptide of PfAlba3 specific for DNA binding [116] 
(Figure 3). In archaea, this interaction had been reported, in which Sir2 regulates 
silencing through deacetylation of the major archaeal chromatin protein Alba, 
highlighting an ancestrally conserved mechanism of gene regulation [117].

As stated above, heterochromatin protein 1 (HP1) is a very important protein 
that has been described to recognize the trimethylation on H3K9, a critical mark for 
the establishment, maintenance and silencing of centromeric and telomeric hetero-
chromatic regions in various model organisms. In P. falciparum, it has been identi-
fied as PfHP1 [118] and the H3K9me3 mark was mainly associated with var genes at 
TAS regions, as said before [119]. Moreover, high levels of H3K9me3 correlate with 
genes localized to the nuclear periphery, implying chromosome loop formation. In 
addition, an association between PfSir2 and H3K9me3 was found, since the lack of 
the sirtuin deacetylases causes changes in H3K9me3 localization at the chromosome 
and generates disruption of the monoallelic transcription of var genes, suggesting 
the existence of perinuclear repressive centers associated with control of expression 
of malaria parasite genes involved in phenotypic variation and pathogenesis [119].

Flueck et al. [120] described the presence of an ApiAP2 family member in P. 
falciparum, designated as SIP2 that binds to TARE-2 and TARE-3 regions and the 
upstream regions of var upsB in vivo. Immunofluorescence and genome-wide high-
resolution ChIP analyses demonstrated that P. falciparum SIP2 and HP1 proteins 
co-localize and associate with the same subtelomeric region, suggesting that both 
proteins participate in the assembly of telomeric heterochromatin. A recent report 
from Gupta et al. [121] has demonstrated that the protein CAF-1, a chaperone that 
loads the H3-H4 to the nucleosome assembly after DDR, co-localizes with PfHP1 at 
the same subtelomeric localization, in the nuclear periphery, and also demonstrated 
its binding to TARE1-3 and co-localization with H3K56ac, a signal of completion on 
chromatin reassembly after DDR [122]. Interestingly, immunoprecipitation with 
PfCAF1 followed by LC-MS/MS analysis demonstrated that this protein would be 
interacting not only with PfHP1 but also with PfAlba3 among others [121].

In T. gondii, an HP1 protein was identified as TgChromo1, linked to the sequestra-
tion of chromosomes at the nuclear periphery and the process of cell division of the 
parasite [22]. TgChromo1 has shown to localize at T. gondii telomeres but not sub-
telomeres. However, by that time, subtelomeric regions had not yet been described 
and, in some cases, the sequences in these regions were not correctly assembled. 
Also, the presence of H4K20me3 and H2A.X at some TARE sequences and a region 
near tsf gene, previously named TgIRE, was observed [62, 63, 100, 123].

7. Double-strand break repair: H2A.X and chromatin

Cells are exposed to DNA lesions produced by exogenous (e.g., chemicals, 
UV-irradiation, and ionization) or endogenous factors (e.g., DNA replication stress, 
meiotic recombination). One of the most deleterious forms of DNA damage is the 
double-strand break (DSB) [124]. DSBs activate the signal transduction pathway 
to induce DNA damage checkpoints that delay cell cycle progression, which allows 
the cell to activate DNA repair mechanism [125]. The phosphorylation of SQE/DФ 
motif (where Ф represents a hydrophobic residue) on histone H2A.X (referred to 
as γH2A.X) is one of the earliest responses to DSB [126, 127]. H2A.X seems to be 
incorporated randomly in the genome of resting cells [128], whereas γH2A.X is 
clearly observed forming foci, labeling the DSB and replication fork sites, spreading 
along the chromosome up to 2 Mb from the damaged site. In addition, chromatin is 
subjected to several changes at damage sites playing an important role in regulat-
ing DNA repair [129]. DSB can be produced by various events, either external as 
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ionizing and UV radiations or internal such as collapse of replication forks and 
transcription-associated damage, among others [130, 131]. DSB can be repaired 
by two main mechanisms: nonhomologous end joining (NHEJ) and homologous 
recombination repair (HRR); the first is an error-prone mechanism available along 
the cell cycle, and the second is an error-free mechanism active at S/G2 phases of 
cell cycle because of the requirement of sister chromatid as template [131–134]. 
Both mechanisms were described in T. gondii [14, 135], but Plasmodium genus is 
thought to rely only on HRR [136–138].

Before the election of NHEJ or HRR mechanism, DSB triggers a cascade of 
events that starts with Mre11-RAD50-Nbs1/Xrs2 (MRN in mammals and MRX 
in yeast) complex binding to the damaged site, which recruits and activates ATM 
kinase (Figure 4A) [139]. ATM is able to phosphorylate H2A.X at SQE motif as 
well as other DSB repair enzymes allowing the spreading of γH2A.X and a correct 
DNA damage response (DDR) at DSB site (Figure 4A). ATM kinase is present in 

Figure 4. 
(A) Recognition of DSB and initial steps of DDR pathways. MRN complex and ATM kinase are recruited to 
a DSB. ATM phosphorylates several DDR proteins and checkpoint kinases. Phosphorylation by ATM allows 
the spreading of γH2A.X and DDR foci. RNF8 E3 ubiquitin ligase complexes ubiquitinate H2A and H1 
histones to compact and generate histone marks, which will be read by other DDR factors such as MDC1 and 
E3 ubiquitin ligase RNF168. (B) Model of chromatin modulation after DSB. During PARylation, the p400 
ATPase (NuA4-Tip60 complex) replaces H2A-H2B dimers by H2A.Z containing nucleosomes. Since T. gondii 
and P. falciparum present a double-variant nucleosome, we speculate that H2A-H2B or H2A.X-H2Ba dimers 
may be replaced by H2A.Z-H2B.Z dimers. This exchange might increase the interaction of the acidic patch with 
the N-tail of H4 increasing the chromatin compaction (see the sequence alignment: in red letters are written the 
acidic residues involved in generating the acidic patch). PARylation also produces an increase in H3K9me2/3 
and histone deacetylation repressive marks. After a short time, the H2A.Z containing nucleosome is replaced 
by H2A-H2B dimer and N-tail of H4 is acetylated leading to a relaxed chromatin and recruitment of different 
DDR factors, among them those related to the DDR pathway choice, such as 53BP1 or BRCA1.
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T. gondii and P. falciparum [14]. In T. gondii, the MYST family lysine acetyltransfer-
ase TgMYST-B has shown to mediate DDR induced by methyl methanesulfonate 
(MMS) and to stimulate the ATM expression at gene level [140]. In addition to this 
finding, histone acetyltransferases (HATs) have a predominant role in DDR on 
the basis of chromatin modulation. Chromatin responds to DSB first by increas-
ing the compaction stage by replacing H2A/H2A.X with the H2A.Z variant and by 
methylating H3K9 by suv39h1 methyltransferase, which is recruited after spreading 
the DDR response at both sides of DSB sites (Figure 4B) [141, 142]. The arrival 
of H3K9me3 allows its interaction with the HAT Tip60 and the acetylation of H4 
on K16 together with the acetylation of ATM kinase, an important PTM for the 
activation of autophosphorylation and subsequent activation of ATM (Figure 4) 
[143, 144]. The H3K9me3 and H4K16ac marks were identified in T. gondii and P. 
falciparum by mass spectrometry analysis [48–51]. However, in the case of T. gondii, 
an acetylated residue was also detected in H3K9 in a more frequent fashion than 
H3K9me1,2,3, suggesting that chromatin is preferentially in an open state and that 
this lysine PTM can be regulated [51]. As it was stated before, H3K9me2/3 is also 
enriched in centromeres in T. gondii [21]. In addition, T. gondii H4K16ac was one of 
the most abundant PTMs found in the mass spectrometry analysis [51]. In the case 
of P. falciparum, the treatment with MMS has increased the level of H4K8ac and 
H4K16ac and reduction of H3K9ac [145]. Both, T. gondii and P. falciparum present 
H3K9me1,2,3 and H3K9ac in normal conditions suggesting a conserved mechanism 
of chromatin modulation [51]. The role of these histone marks on Apicomplexan 
histones and the connections with DNA repair remain to be elucidated.

As mentioned above, γH2A.X spreading is a crucial step to initiate a correct 
DDR at DSB sites. In T. gondii, this PTM mark is accompanied by other DDR marks 
such as H3K9me2,3 and H4K16 in normal conditions of growth, opening the ques-
tion whether DSBs are being produced during parasite replication [51, 135]. The  
T. gondii tachyzoite replicates at high rates, in a range of 5–9 hours [146]. So, a puta-
tive collapse of replication fork could be occurring in this stage. However, T. gondii 
ATM kinase could not be detected in normal conditions by Western blot, but it was 
detected by tachyzoites overexpressing MYST-B HAT [140].

The chromatin compaction that occurs early during DDR includes the remodel-
ing of chromatin at DSB sites in which the H2A-H2B dimer is replaced by H2A.Z-
H2B [142, 147]. This event is transient, allowing the recruitment of repressive 
kap-1(TRIM28)/HP1/suv39h1 complex that can be important to inhibit transcrip-
tion. The presence of H2A-H2B dimer in the nucleosomal core particle produces 
a unique negatively charged region on the surface of the nucleosome, called the 
“acidic patch,” which is extended in H2A.Z (Figure 4B) [148–150]. The acidic 
patch favors the binding of H4 N-tail, resulting in an increase in the interaction 
between nucleosomes and chromatin compaction [150]. Interestingly, this seems 
a necessary step to continue with a relaxed chromatin state, since this compaction 
and recruitment of kap-1(TRIM28)/HP1/suv39h1 complex lead to methylation 
of H3K9 and phosphorylation of KAP-1 by ATM kinase, which in turn promote 
H4K16 acetylation by Tip60 and release kap-1(TRIM28)/HP1/suv39h1 (Figure 4B) 
(see [142]). T. gondii and P. falciparum have the novel H2A.Z-H2B.Z double-variant 
nucleosome (see Section 5). However, T. gondii and P. falciparum H2A-H2B and 
variants conserve the acidic patch (Figure 4B). To note, T. gondii and P. falciparum 
do not appear to have KAP-1 protein at ToxoDB and PlasmoDB databases [151].

In higher eukaryotes, another important PTM mark associated to DDR is 
ubiquitination by E3 ubiquitin ligases RNF168 and RNF8 at DSB site after γH2A.X 
and MDC1 protein foci spreading (Figure 4A). MDC1 is also phosphorylated by 
ATM kinase allowing the recruitment of RNF168 and RNF8 [152]. Ubiquitination 
on H1 and H2A recruits several BRCT domain containing proteins such as BRCA1 
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and 53BP1 [129]. In the case of 53BP1, its binding requires the H2AK13/15ub and 
H4K20me2 and addresses the DDR to NHEJ pathway (Figure 4B). By contrast, the 
presence of H4K16ac impairs the 53BP1 binding to the nucleosome allowing the 
recruitment of BRCA, which addresses the DDR to HRR (Figure 4B) (see [141, 
142]). As stated above, in T. gondii and P. falciparum, the mark H4K20me1,2,3 
was found [48, 51, 53]. However, T. gondii and P. falciparum H2As did not contain 
H2AK15ub and lysine 13 ubiquitylation was not detected either [51]. In addition, 
T. gondii and P. falciparum did not show the presence of orthologs of BRCA1 and/
or 53BP1, though T. gondii presents three different BRCT domain containing 
proteins [14].

T. gondii and P. falciparum conserve several histone marks present in chromatin-
associated DDR to DBS, as well as histone variants—in the case of T. gondii, the 
DDR, well studied H2A.X, is present, whereas Plasmodium has only canonical H2A 
[55], involved in the recruitment of several factors that spread and choose the DDR 
pathway in higher eukaryotes. Although, T. gondii and P. falciparum lack some key 
DDR regulators such as KAP-1, 53BP1, BRCA1, MDC1, RNF168 and RNF8 [14], both 
parasites present the HRR mechanism of DNA repair, whereas NHEJ is present only 
in T. gondii. So, the modulation of both DDR pathways is still an intriguing issue.

8. Concluding remarks

In protozoan parasites, the modulation of chromatin seems to be a key biologi-
cal process to regulate gene expression, pathogenicity and DNA repair, the latter 
probably associated to DNA replication, ergo, the cell cycle. In Apicomplexa, highly 
evident in Plasmodium genus, the TAS or subtelomeric regions play an important 
role in the control of a group of genes essential in parasite pathogenicity. This fact 
suggests that subtelomeres have not a trivial impact in the evolution of these organ-
isms, and their structure can influence the features of the cell. How this genomic 
domain has evolved within the Apicomplexa phylum remains to be elucidated. 
T. gondii, in which to date a scenario of variant antigenicity was not detected, has 
shown a someway conserved structure with the presence of tandem repeated boxes 
and a gene family of unknown function (tsf). Different from Plasmodium, which 
variant antigen-associated gene is represented by hundreds of members, T. gondii 
has only one gene per TAS. However, the predicted protein sequences show con-
served N-tail and middle regions, with highly variable C-terminal ends. We believe 
that the elucidation of the localization, role, and antigenic potential of these gene 
family proteins will be of high impact in our knowledge of this parasite. Also, it 
could be interesting to know if the members of this gene family show a regulation 
of gene expression similar to Plasmodium variable antigen gene family.

In addition to the presence of PTM marks similar to other organisms but with cur-
rently less-well characterized readers and erasers, Apicomplexa chromatin presents 
a double-variant nucleosome based on the new histone variant H2B.Z. If considering 
the partitioned knowledge in these parasites, specially P. falciparum, where H3.3 
variant has been found in the same regions as this double-variant nucleosome, but 
in different studies, it would be possible that a triple-variant nucleosome exists in 
Apicomplexa. Since the presence of H2B.Z arose early in Apicomplexa evolution, it 
is expected that the double-variant nucleosome could have been important in the 
expansion of the phylum, maybe modulating chromatin structure during the execu-
tion of different biological processes. Interestingly, the genome-wide analyses seem 
to indicate that Plasmodium and Toxoplasma double-variant nucleosomes do not have 
the same behavior. In T. gondii, it is enriched in active and poised genes, whereas in P. 
falciparum, it is localized in active and silent promoters, excepting the var genes, in 
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which the presence of the double-variant nucleosome is associated to active promot-
ers. The analysis of this novel nucleosome in the different genera of the phylum can 
give more information to elucidate the reason of the presence of this H2B variant.

Chromatin is also important to the DDR and has an important role in determining 
the different pathways of DNA repair after DSB. T. gondii seems to have every histone 
variant and histone mark as well as important proteins associated to every DDR 
pathway to repair a DSB: NHEJ (e.g., Ku70/Ku80) and HRR (RAD51). Different from 
T. gondii, Plasmodium does not present the histone variant H2A.X, whose phosphoryla-
tion (γH2A.X) is linked to the localization of DSB on DNA. Moreover, T. gondii has 
shown a basal level of γH2A.X, even without damage. Not expected, the proteins 
associated to the DDR pathway choice (NHEJ or HRR), which read the chromatin, 
were not detected in T. gondii nor in Plasmodium. So, it is unknown if these marks are 
associated to other proteins (T. gondii has three BRCT domain containing proteins) 
with similar roles and/or chromatin modulates DDR in another way.

Taken all together, these differences are not only interesting at the light of evolu-
tion but also can be analyzed in the context of the identification of new parasite-
specific drug targets. Gene regulation, DNA replication, pathogenicity, and DNA 
repair are crucial biological processes, and all of them may offer new targets to 
exploit as future treatments against Apicomplexan pathogens.

Acknowledgements

SO Angel (Researcher), L. Vanagas (Researcher), and S.M. Contreras (Fellow) 
are members of National Research Council of Argentina (CONICET). SO Angel and 
L. Vanagas are professors of Universidad Nacional General San Martin (UNSAM). 
This chapter was supported by ANPCyT PICT 2015 1288 (S.O.A.) and National 
Institute of Health (NIH, NIAID 1R01AI083162) grants.

Author details

Laura Vanagas, Susana Marisol Contreras and Sergio Oscar Angel*
Instituto Tecnológico de Chascomús (INTECH), CONICET/UNSAM, Chascomús, 
Provincia de Buenos Aires, Argentina

*Address all correspondence to: sangel@intech.gov.ar



17

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

References

[1] Black MW, Boothroyd JC. Lytic cycle 
of Toxoplasma gondii. Microbiology 
and Molecular Biology Reviews. 
2000;64(3):607-623

[2] Zuber JA, Takala-Harrison S. 
Multidrug-resistant malaria and the 
impact of mass drug administration. 
Infection and Drug Resistance. 
2018;11:209-336

[3] Tenter AM, Heckeroth AR, 
Weiss LM. Toxoplasma gondii: From 
animals to humans. International 
Journal for Parasitology. 
2000;30(12-13):1217-1258

[4] Fuller Torrey E, Bartko JJ, Yolken 
RH. Toxoplasma gondii and other risk 
factors for schizophrenia: An update. 
2012;38(3):642-647

[5] Fuglewicz AJ, Piotrowski P,  
Stodolak A. Relationship between 
toxoplasmosis and schizophrenia: 
A review. Advances in Clinical 
and Experimental Medicine. 
2017;26(6):1031-1036

[6] Flegr J, Horá Ček J. Toxoplasma-
infected subjects report an obsessive-
compulsive disorder diagnosis more 
often and score higher in obsessive-
compulsive inventory. European 
Psychiatry. 2017;40:82-87

[7] Sutterland AL et al. Beyond the 
association. Toxoplasma gondii in 
schizophrenia, bipolar disorder, and 
addiction: Systematic review and 
meta-analysis. Acta Psychiatrica 
Scandinavica. 2015;132(3):161-179

[8] Yolken R, Fuller Torrey E, 
Dickerson F. Evidence of increased 
exposure to Toxoplasma gondii in 
individuals with recent onset psychosis 
but not with established schizophrenia. 
PLoS Neglected Tropical Diseases. 
2017;6(11):e0006040

[9] Kissinger JC, Gajria B, Li L, Paulsen 
IT, Roos DS. ToxoDB: Accessing the 
Toxoplasma gondii genome. Nucleic 
Acids Research. 2003;31(1):234-236

[10] Gardner MJ et al., Genome 
sequence of the human malaria parasite 
Plasmodium falciparum. Nature. 
2002;419(6906):498-511

[11] De Silva EK et al. Specific DNA-
binding by apicomplexan AP2 
transcription factors. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2008;105(16):8393-8398

[12] Behnke MS et al. Coordinated 
progression through two 
subtranscriptomes underlies the 
tachyzoite cycle of Toxoplasma gondii. 
PLoS One. 2010;5(8):e12354

[13] Dixon SE, Bhatti MM, Uversky 
VN, Dunker AK, Sullivan WJ. Regions 
of intrinsic disorder help identify 
a novel nuclear localization signal 
in Toxoplasma gondii histone 
acetyltransferase TgGCN5-B. Molecular 
and Biochemical Parasitology. 
2011;175(2):192-195

[14] Fenoy IM, Bogado SS, Contreras 
SM, Gottifredi V, Angel SO. The 
knowns unknowns: Exploring 
the homologous recombination 
repair pathway in Toxoplasma 
gondii. Frontiers in Microbiology. 
2016;7(May):1-15

[15] Batugedara G, Lu XM, Bunnik EM, 
Le Roch KG. The role of chromatin 
structure in gene regulation of the 
human malaria parasite. Trends in 
Parasitology. 2017;33:364-377

[16] Striepen B, Jordan CN, Reiff S, 
van Dooren GG. Building the perfect 
parasite: Cell division in apicomplexa. 
PLoS Pathogens. 2007;3(6):e78



Chromatin

18

[17] Olins AL, Ernst A, Zwerger M, 
Herrmann H, Olins DE. An in vitro 
model for Pelger-Huët anomaly. 
Nucleus. 2010;1(6):506-512

[18] Vanagas L, Dalmasso MC, 
Dubremetz JF, Portiansky EL, Olins DE, 
Angel SO. Epichromatin is conserved in 
Toxoplasma gondii and labels the exterior 
parasite chromatin throughout the cell 
cycle. Parasitology. 2013;140(9):1-1110

[19] Erenpreisa J, Krigerts J, Salmina 
K, Selga T, Sorokins H, Freivalds 
T. Differential staining of peripheral 
nuclear chromatin with Acridine 
orange implies an A-form epichromatin 
conformation of the DNA. Nucleus. 
2018;9(1):171-181

[20] Weiner A et al. 3D nuclear 
architecture reveals coupled cell 
cycle dynamics of chromatin and 
nuclear pores in the malaria parasite 
Plasmodium falciparum. Cellular 
Microbiology. 2011;13(7):967-977

[21] Brooks CF, Francia ME,  
Gissot M, Croken MM, Kim K,  
Striepen B. Toxoplasma gondii  
sequesters centromeres to a specific 
nuclear region throughout the cell cycle. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2011;108(9):3767-3772

[22] Gissot M, Walker R, Delhaye S, 
Huot L, Hot D, Tomavo S. Toxoplasma 
gondii chromodomain protein 1 binds 
to heterochromatin and colocalises 
with centromeres and telomeres at 
the nuclear periphery. PLoS One. 
2012;7(3):e32671

[23] Hoeijmakers WAM et al. 
Plasmodium falciparum centromeres 
display a unique epigenetic makeup 
and cluster prior to and during 
schizogony. Cellular Microbiology. 
2012;14(9):1391-1401

[24] Ahmad K, Henikoff S. Histone H3 
variants specify modes of chromatin 

assembly. Proceedings of the 
National Academy of Sciences USA. 
2002;99:Suppl 4:16477-16484

[25] Smith S, Stillman B. Purification 
and characterization of CAF-I, a human 
cell factor required for chromatin 
assembly during DNA replication 
in vitro. Cell. 1989;58(1):15-25

[26] Verreault A, Kaufman PD, 
Kobayashi R, Stillman B. Nucleosome 
assembly by a complex of CAF-1 
and acetylated histones H3/H4. Cell. 
1996;87(1):95-104

[27] Tagami H, Ray-Gallet D, Ve 
Almouzni G, Nakatani Y. Histone 
H3.1 and H3.3 complexes mediate 
nucleosome assembly pathways 
dependent or independent of DNA 
synthesis. Cell. 2004;116:51-61

[28] Konev AY et al. The CHD1 
motor protein is required for 
deposition of histone variant H3.3 
into chromatin in vivo Science. 
2007;317(5841):1087-1090

[29] Drané P, Ouararhni K, Depaux 
A, Shuaib M, Hamiche A. The death-
associated protein DAXX is a novel 
histone chaperone involved in the 
replication-independent deposition 
of H3.3 Genes and Development. 
2010;24(12):1253-1265

[30] Lewis PW, Elsaesser SJ, Noh 
K-M, Stadler SC, Allis CD. Daxx is 
an H3.3-specific histone chaperone 
and cooperates with ATRX in 
replication-independent chromatin 
assembly at telomeres. Proceedings 
of the National Academy of Sciences. 
2010;107(32):14075-14080

[31] Wirbelauer C, Bell O, Schübeler 
D. Variant histone H3.3 is deposited 
at sites of nucleosomal displacement 
throughout transcribed genes while 
active histone modifications show a 
promoter-proximal bias. Genes and 
Development. 2005;19(15):1761-1766



19

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

[32] Loyola A, Almouzni G. Marking 
histone H3 variants: How, when and 
why? Trends in Biochemical Sciences. 
2007;32(9):425-433

[33] Goldberg AD et al. Distinct factors 
control histone variant H3.3 localization 
at specific genomic regions. Cell. 
2010;140(5):678-691

[34] Szenker E, Ray-Gallet D, Almouzni 
G. The double face of the histone variant 
H3.3. Cell Research. 2011;21(3):421-434

[35] Mckittrick E, Gafken PR, Ahmad 
K, Henikoff S. Histone H3.3 is enriched 
in covalent modifications associated 
with active chromatin. Proceedings of 
the National Academy of Sciences USA. 
2004;101(6):1525-1530

[36] Jin C et al. H3.3/H2A.Z double 
variant-containing nucleosomes mark 
‘nucleosome-free regions’ of active 
promoters and other regulatory regions 
in the human genome. Nature Genetics. 
2009;41(8):941-945

[37] Jin C et al. H3.3/H2A.Z double 
variant–containing nucleosomes mark 
‘nucleosome-free regions’ of active 
promoters and other regulatory regions. 
Nature Genetics. 2009;41(8):941-945

[38] Chen PB et al. Plasmodium 
falciparum PfSET7: Enzymatic 
characterization and cellular 
localization of a novel protein 
methyltransferase in sporozoite, liver 
and erythrocytic stage parasites. 
Scientific Reports. 2016;6:21802

[39] Jang C-W, Shibata Y, Starmer J, Yee 
D, Magnuson T. Histone H3.3 maintains 
genome integrity during mammalian 
development. Genes & Development. 
2015;29(13):1377-1392

[40] Sullivan WJ. Histone H3 and 
H3.3 variants in the protozoan 
pathogens Plasmodium falciparum and 
Toxoplasma gondii. DNA Sequence. 
2003;14(3):227-231

[41] Miao J, Fan Q, Cui L, Li J, Cui L. The 
malaria parasite Plasmodium falciparum 
histones: Organization, expression, and 
acetylation. Gene. 2006;369:53-65

[42] Anne-Kristin Fraschka S, Wilhelmus 
Maria Henderson R, Bártfai R. H3.3 
demarcates GC-rich coding and 
subtelomeric regions and serves as 
potential memory mark for virulence 
gene expression in Plasmodium 
falciparum. Scientific Reports. 
2016;6:31965

[43] Scherf A, Lopez-Rubio JJ, Riviere 
L. Antigenic Variation in Plasmodium 
falciparum. Annual Review of 
Microbiology. 2008;62(1):445-470

[44] Baruch DI et al. Cloning the gene 
encoding PfEMPl, a malarial variant 
antigen and adherence receptor on 
the surface of parasitized human 
erythrocytes. Cell. 1995;92:77-97

[45] Smith JD et al. Switches in 
expression of Plasmodium falciparum 
var genes correlate with changes in 
antigenic and cytoadherent phenotypes 
of infected erythrocytes. Cell. 
1995;82(1):101-110

[46] Su XZ et al. The large diverse gene 
family var encodes proteins involved in 
cytoadherence and antigenic variation 
of Plasmodium falciparum-infected 
erythrocytes. Cell. 1995;82(1):89-100

[47] Jiang L et al. PfSETvs methylation 
of histone H3K36 represses virulence 
genes in Plasmodium falciparum. 
Nature. 2013;499(7457): 
223-227

[48] Trelle MB, Salcedo-Amaya AM, 
Cohen AM, Stunnenberg HG, Jensen 
ON. Global histone analysis by mass 
spectrometry reveals a high content 
of acetylated lysine residues in the 
malaria parasite Plasmodium falciparum. 
Journal of Proteome Research. 
2009;8(7):3439-3450



Chromatin

20

[49] Salcedo-Amaya AM et al. Dynamic 
histone H3 epigenome marking 
during the intraerythrocytic cycle of 
Plasmodium falciparum. Proceedings 
of the National Academy of Sciences. 
2009;106(24):9655-9660

[50] Cui L, Miao J. Chromatin-mediated 
epigenetic regulation in the malaria 
parasite Plasmodium falciparum. 
Eukaryotic Cell. 2010;9(8):1138-1149

[51] Nardelli SC et al. The histone 
code of Toxoplasma gondii comprises 
conserved and unique posttranslational 
modifications. MBio Journal. 
2013;4(6):e00922-13

[52] Dastidar EG et al. Comprehensive 
histone phosphorylation analysis and 
identification of Pf14-3-3 protein as 
a histone H3 phosphorylation reader 
in malaria parasites. PLoS One. 
2013;8(1):e53179

[53] Croken MM, Nardelli SC, 
Kim K. Chromatin modifications, 
epigenetics, and how protozoan 
parasites regulate their lives. Trends in 
Parasitology. 2012;28(5):202-213

[54] Gissot M, Kelly KA, Ajioka JW, 
Greally JM, Kim K. Epigenomic 
modifications predict active promoters 
and gene structure in Toxoplasma gondii. 
PLoS Pathogens. 2007;3(6):e77

[55] Dalmasso MC, Sullivan WJ, Angel 
SO. Canonical and variant histones 
of protozoan parasites. Frontiers 
in Bioscience (Landmark Ed.). 
2011;16:2086-2105

[56] Fischer T et al. Diverse roles of 
HP1 proteins in heterochromatin 
assembly and functions in 
fission yeast. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2009;106(22):8998-9003

[57] Verma G, Surolia N. Plasmodium 
falciparum CENH3 is able to 

functionally complement Cse4p 
and its, C-terminus is essential for 
centromere function. Molecular 
and Biochemical Parasitology. 
2013;192(1-2):21-29

[58] Talbert PB, Henikoff S. Histone 
variants—Ancient wrap artists of the 
epigenome. Nature Reviews. Molecular 
Cell Biology. 2010;11(4):264-275

[59] Henikoff S, Smith MM. Histone 
variants and epigenetics. Cold Spring 
Harbor Perspectives in Biology. 
2015;7(1):a019364

[60] Talbert PB et al. A unified 
phylogeny-based nomenclature 
for histone variants. Epigenetics & 
Chromatin. 2012;5:7

[61] Malik HS, Henikoff S. 
Phylogenomics of the nucleosome. 
Nature Structural Biology. 
2003;10(11):882-891

[62] Dalmasso MC, Onyango DO, 
Naguleswaran A, Sullivan WJ, Angel 
SO. Toxoplasma H2A variants reveal 
novel insights into nucleosome 
composition and functions for this 
histone family. Journal of Molecular 
Biology. 2009;392:33-47

[63] Bogado SS et al. Canonical 
histone H2Ba and H2A.X dimerize in 
an opposite genomic localization to 
H2A.Z/H2B.Z dimers in Toxoplasma 
gondii. Molecular and Biochemical 
Parasitology. 2014;197(1-2):36-42

[64] Hoeijmakers WAM et al. H2A.Z/
H2B.Z double-variant nucleosomes 
inhabit the AT-rich promoter regions 
of the Plasmodium falciparum 
genome. Molecular Microbiology. 
2013;87(5):1061-1073

[65] Petter M et al. H2A.Z and H2B.Z 
double-variant nucleosomes define 
intergenic regions and dynamically 
occupy var gene promoters in 
the malaria parasite Plasmodium 



21

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

falciparum. Molecular Microbiology. 
2013;87(6):1167-1182

[66] Talbert PB, Henikoff S. 
Environmental responses mediated by 
histone variants. Trends in Cell Biology. 
2014;24(11):642-650

[67] Millar CB, Xu F, Zhang K, 
Grunstein M. Acetylation of H2AZ Lys 
14 is associated with genome-wide gene 
activity in yeast. Genes & Development. 
2006;20(6):711-722

[68] Bruce K et al. The replacement 
histone H2A.Z in a hyperacetylated 
form is a feature of active genes in 
the chicken. Nucleic Acids Research. 
2005;33(17):5633-5639

[69] Ren Q, Gorovsky MA. Histone 
H2A.Z acetylation modulates an 
essential charge patch. Molecular Cell. 
2001;7(6):1329-1335

[70] Hartley PD, Madhani HD. 
Mechanisms that specify promoter 
nucleosome location and identity. Cell. 
2009;137(3):445-458

[71] Saeed S et al. Chromatin 
accessibility, p300, and histone 
acetylation define PML-RAR 
and AML1-ETO binding sites in 
acute myeloid leukemia. Blood. 
2012;120(15):3058-3068

[72] Valdés-Mora F et al. Acetylation of 
H2A.Z is a key epigenetic modification 
associated with gene deregulation 
and epigenetic remodeling in cancer. 
Genome Research. 2012;22(2):307-321

[73] Valdés-Mora F et al. Acetylated 
histone variant H2A.Z is involved in the 
activation of neo-enhancers in prostate 
cancer. Nature Communications. 
2017;8(1):1346

[74] Sarcinella E, Zuzarte PC, 
Lau PNI, Draker R, Cheung 
P. Monoubiquitylation of H2A.Z 
distinguishes its association 

with euchromatin or facultative 
heterochromatin. Molecular and 
Cellular Biology. 2007;27(18):6457-6468

[75] Draker R, Sarcinella E, Cheung 
P. USP10 deubiquitylates the histone 
variant H2A.Z and both are required 
for androgen receptor-mediated gene 
activation. Nucleic Acids Research. 
2011;39(9):3529-3542

[76] Talbert PB, Henikoff S. Histone 
variants on the move: Substrates 
for chromatin dynamics. Nature 
Reviews. Molecular Cell Biology. 
2017;18(2):115-126

[77] Clapier CR, Cairns BR. The biology 
of chromatin remodeling complexes. 
Annual Review of Biochemistry. 
2009;78(1):273-304

[78] Van C, Williams JS, Kunkel TA, 
Peterson CL. Deposition of histone 
H2A.Z by the SWR-C remodeling 
enzyme prevents genome instability. 
DNA Repair (Amst). 2015;25:9-14

[79] Ruhl DD et al. Purification of a 
human SRCAP complex that remodels 
chromatin by incorporating the histone 
variant H2A.Z into nucleosomes. 
Biochemistry. 2006;45(17):5671-5677

[80] Watanabe S, Radman-Livaja 
M, Rando OJ, Peterson CL. A 
histone acetylation switch regulates 
H2A.Z deposition by the SWR-C 
remodeling enzyme. Science (80-). 
2013;340(6129):195-199

[81] Wang F, Ranjan A, Wei D, Wu 
C. Comment on “A histone acetylation 
switch regulates H2A.Z deposition 
by the SWR-C remodeling enzyme”. 
Science (80-). 2016;353(6297):358-358

[82] Watanabe S, Peterson CL. Response 
to comment on “A histone acetylation 
switch regulates H2A.Z deposition 
by the SWR-C remodeling enzyme”. 
Science (80-). 2016;353(6297):358-358



Chromatin

22

[83] Altaf M et al. NuA4-dependent 
acetylation of nucleosomal histones 
H4 and H2A directly stimulates 
incorporation of H2A.Z by the SWR1 
complex. The Journal of Biological 
Chemistry. 2010;285(21):15966-15977

[84] Perell GT, Mishra NK, Sudhamalla 
B, Ycas PD, Islam K, Pomerantz 
WCK. Specific acetylation patterns of 
H2A.Z form transient interactions with 
the BPTF bromodomain. Biochemistry. 
2017;56(35):4607-4615

[85] Draker R, Ng MK, Sarcinella E, 
Ignatchenko V, Kislinger T, Cheung 
P. A combination of H2A.Z and H4 
acetylation recruits Brd2 to chromatin 
during transcriptional activation. PLoS 
Genetics. 2012;8(11):e1003047

[86] Ren Q, Gorovsky MA. The 
nonessential H2A N-terminal tail can 
function as an essential charge patch 
on the H2A.Z variant N-terminal 
tail. Molecular and Cellular Biology. 
2003;23(8):2778-2789

[87] Jeffers V, Tampaki Z, Kim K, 
Sullivan WJ. A latent ability to persist: 
Differentiation in Toxoplasma gondii. 
Cellular and Molecular Life Sciences. 
2018;75(13):2355-2373

[88] Whittle CM et al. The genomic 
distribution and function of histone 
variant HTZ-1 during C. elegans 
embryogenesis. PLoS Genetics. 
2008;4(9):e1000187

[89] Updike DL, Mango SE. Temporal 
regulation of foregut development by 
HTZ-1/H2A.Z and PHA-4/FoxA. PLoS 
Genetics. 2006;2(9):e161

[90] Ridgway P, Brown KD, Rangasamy 
D, Svensson U, Tremethick DJ. Unique 
residues on the H2A.Z containing 
nucleosome surface are important 
for Xenopus laevis development. The 
Journal of Biological Chemistry. 
2004;279(42):43815-43820

[91] Law C, Cheung P. Expression of 
non-acetylatable H2A.Z in myoblast 
cells blocks myoblast differentiation 
through disruption of MyoD expression. 
The Journal of Biological Chemistry. 
2015;290(21):13234-13249

[92] Jeffers V, Yang C, Huang S, 
Sullivan WJ. Bromodomains in 
protozoan parasites: Evolution, 
function, and opportunities for 
drug development. Microbiology 
and Molecular Biology Reviews. 
2017;81(1):e00047-e00016

[93] Bártfai R et al. H2A.Z demarcates 
intergenic regions of the Plasmodium 
falciparum epigenome that are 
dynamically marked by H3K9ac 
and H3K4me3. PLoS Pathogens. 
2010;6(12):e1001223

[94] Westenberger SJ, Cui L, Dharia 
N, Winzeler E, Cui L. Genome-wide 
nucleosome mapping of Plasmodium 
falciparum reveals histone-rich coding 
and histone-poor intergenic regions 
and chromatin remodeling of core and 
subtelomeric genes. BMC Genomics. 
2009;10(1):610

[95] Petter M et al. Expression of 
P. falciparum var genes involves 
exchange of the histone variant H2A.Z 
at the promoter. PLoS Pathogens. 
2011;7(2):e1001292

[96] Kumar SV, Wigge PA. H2A.Z-
containing nucleosomes mediate the 
thermosensory response in arabidopsis. 
Cell. 2010;140(1):136-147

[97] Horikoshi N, Arimura Y, Taguchi 
H, Kurumizaka H. Crystal structures 
of heterotypic nucleosomes containing 
histones H2A.Z and H2A. Open Biology. 
2016;6(6):160127

[98] Scherf A, Figueiredo LM, Freitas-
junior LH. Plasmodium telomeres: A 
pathogen’s perspective. Current Opinion 
in Microbiology. 2001;4(4):409-414



23

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

[99] Figueiredo LM, Freitas-Junior LH, 
Bottius E, Olivo-Marin J-C, Scherf A.  
A central role for Plasmodium 
falciparum subtelomeric regions in 
spatial positioning and telomere 
length regulation. The EMBO Journal. 
2002;21(4):815-824

[100] Dalmasso MC, Carmona SJ, Angel 
SO, Agüero F. Characterization of 
Toxoplasma gondii subtelomeric-like 
regions: Identification of a long-
range compositional bias that is also 
associated with gene-poor regions. BMC 
Genomics. 2014;15(1):21

[101] Kaviratne M, Khan SM, Jarra W, 
Preiser PR. Small variant STEVOR 
antigen is uniquely located within 
Maurer’s clefts in Plasmodium 
falciparum-infected red blood cells. 
Eukaryotic Cell. 2002;1(6):926-935

[102] Petter M, Haeggström M, Khattab 
A, Fernandez V, Klinkert M-Q, 
Wahlgren M. Variant proteins of the 
Plasmodium falciparum RIFIN family 
show distinct subcellular localization 
and developmental expression patterns. 
Molecular and Biochemical Parasitology. 
2007;156(1):51-61

[103] Freitas-Junior LH et al. Frequent 
ectopic recombination of virulence 
factor genes in telomeric chromosome 
clusters of P. falciparum. Nature. 
2000;407(6807):1018-1022

[104] Vernick KD, McCutchan TF. A 
novel class of supercoil-independent 
nuclease hypersensitive site is 
comprised of alternative DNA 
structures that flank eukaryotic 
genes. Journal of Molecular Biology. 
1998;279(4):737-751

[105] Gardner MJ et al. Genome 
sequence of the human malaria parasite 
Plasmodium falciparum. Nature. 
2002;419(6906):498-511

[106] Ai W, Bertram PG, Tsang CK, 
Chan TF, Zheng XFS. Regulation 

of subtelomeric silencing during 
stress response. Molecular Cell. 
2002;10(6):1295-1305

[107] Buck MJ, Lieb JD. A chromatin-
mediated mechanism for specification 
of conditional transcription 
factor targets. Nature Genetics. 
2006;38(12):6-1451

[108] Tomar RS, Zheng S, Brunke-
Reese D, Wolcott HN, Reese JC. Yeast 
Rap1 contributes to genomic 
integrity by activating DNA damage 
repair genes. The EMBO Journal. 
2008;27(11):1575-1584

[109] Harari Y, Romano G-H, Ungar L, 
Kupiec M. Nature vs nurture: Interplay 
between the genetic control of telomere 
length and environmental factors. Cell 
Cycle. 2013;12(22):3465-3470

[110] Tonkin CJ et al. Sir2 paralogues 
cooperate to regulate virulence 
genes and antigenic variation in 
Plasmodium falciparum. PLoS Biology. 
2009;7(4):0771-0788

[111] Freitas LH et al. Telomeric 
heterochromatin propagation and 
histone acetylation control mutually 
exclusive expression of antigenic 
variation genes in malaria parasites. 
Cell. 2005;121(1):25-36

[112] Merrick CJ et al. Functional 
analysis of sirtuin genes in multiple 
Plasmodium falciparum strains. PLoS 
One. 2015;10(3):e0118865

[113] Mancio-Silva L, Rojas-Meza AP, 
Vargas M, Scherf A, Hernandez-Rivas 
R. Differential association of Orc1 and 
Sir2 proteins to telomeric domains in 
Plasmodium falciparum. Journal of Cell 
Science. 2008;121:2046-2053

[114] Deshmukh AS et al. The role of 
N-terminus of Plasmodium falciparum 
ORC1 in telomeric localization and var 
gene silencing. Nucleic Acids Research. 
2012;40(12):5313-5331



Chromatin

24

[115] Serrano L et al. The tumor 
suppressor SirT2 regulates cell cycle 
progression and genome stability by 
modulating the mitotic deposition 
of H4K20 methylation. Genes & 
Development. 2013;27(6):639-653

[116] Goyal M et al. Identification 
and molecular characterization 
of an Alba-family protein from 
human malaria parasite Plasmodium 
falciparum. Nucleic Acids Research. 
2012;40(3):1174-1190

[117] Bell SD. The interaction of Alba, 
a conserved archaeal chromatin 
protein, with Sir2 and its regulation 
by acetylation. Science (80-). 
2002;296(5565):148-151

[118] Pérez-Toledo K et al. Plasmodium 
falciparum heterochromatin protein 1 
binds to tri-methylated histone 3 lysine 
9 and is linked to mutually exclusive 
expression of var genes. Nucleic Acids 
Research. 2009;37(8):2596-2606

[119] Lopez-Rubio JJ, Mancio-Silva L, 
Scherf A. Genome-wide analysis of 
heterochromatin associates clonally 
variant gene regulation with perinuclear 
repressive centers in malaria parasites. 
Cell Host & Microbe. 2009;5(2):179-190

[120] Flueck C et al. A major role for the 
Plasmodium falciparum ApiAP2 protein 
PfSIP2 in chromosome end biology. 
PLoS Pathogens. 2010;6(2):e1000784

[121] Gupta MK, Agarawal M, Banu 
K, Reddy KS, Gaur D, Dhar SK. Role 
of chromatin assembly factor 1 in 
DNA replication of Plasmodium 
falciparum. Biochemical and 
Biophysical Research Communications. 
2018;495(1):1285-1291

[122] Masumoto H, Hawke D, Kobayashi 
R, Verreault A. A role for cell-cycle-
regulated histone H3 lysine 56 acetylation 
in the DNA damage response. Nature. 
2005;436(7048):294-298

[123] Echeverria PC, Rojas PA, 
Martin V, Guarnera EA, Pszenny 
V, Angel SO. Characterisation of a 
novel interspersed Toxoplasma gondii 
DNA repeat with potential uses 
for PCR diagnosis and PCR-RFLP 
analysis. FEMS Microbiology Letters. 
2000;184(1):23-27

[124] Fillingham J, Keogh M-C, 
Krogan NJ. GammaH2AX and its 
role in DNA double-strand break 
repair. Biochemistry and Cell Biology. 
2006;84(4):568-577

[125] Nyberg KA, Michelson RJ, Putnam 
CW, Weinert TA. Toward maintaining 
the genome: DNA damage and 
replication checkpoints. Annual Review 
of Genetics. 2002;36(1):617-656

[126] Redon C, Pilch D, Rogakou E, 
Sedelnikova O, Newrock K, Bonner 
W. Histone H2A variants H2AX and 
H2AZ. Current Opinion in Genetics and 
Development. 2002;12(2):162-169

[127] Turinetto V, Giachino C. Histone 
variants as emerging regulators 
of embryonic stem cell identity. 
Epigenetics. 2015;10(7):563-573

[128] Seo J et al. Genome-wide 
profiles of H2AX and γ-H2AX 
differentiate endogenous and 
exogenous DNA damage hotspots in 
human cells. Nucleic Acids Research. 
2012;40:5965-5974

[129] Lukas J, Lukas C, Bartek J. More 
than just a focus: The chromatin 
response to DNA damage and its role in 
genome integrity maintenance. Nature 
Cell Biology. 2011;13(10):1161-1169

[130] Ciccia A, Elledge SJ. The DNA 
damage response: Making it safe to 
play with knives. Molecular Cell. 
2010;40(2):179-204

[131] Jackson SP, Bartek J. The 
DNA-damage response in human 



25

Apicomplexa and Histone Variants: What’s New?
DOI: http://dx.doi.org/10.5772/intechopen.81409

biology and disease. Nature. 
2009;461(7267):1071-1078

[132] Bétermier M, Bertrand P, 
Lopez BS. Is non-homologous 
end-joining really an inherently 
error-prone process? PLoS Genetics. 
2014;10(1):e1004086

[133] Guirouilh-Barbat J, Lambert S, 
Bertrand P, Lopez BS. Is homologous 
recombination really an error-free 
process? Frontiers in Genetics. 2014;5:175

[134] Sancar A, Lindsey-Boltz LA, 
Unsal-Kacmaz K, Linn S. Molecular 
mechanisms of mammalian DNA repair 
and the DNA damage checkpoints. 
Annual Review of Biochemistry. 
2004;73(1):39-85 (0066-4154 (Print) 
LA–eng PT–Journal Article PT–Review 
RN–0 (Cross–Linking Reagents) 
RN–9007-49-2 (DNA) SB–IM)

[135] Smolarz B, Wilczyński J, 
Nowakowska D. DNA repair mechanisms 
and Toxoplasma gondii infection. Archives 
of Microbiology. 2014;196(1):1-8

[136] Kelso AA, Waldvogel SM, 
Luthman AJ, Sehorn MG. Homologous 
recombination in protozoan parasites 
and recombinase inhibitors. Frontiers in 
Microbiology. 2017;8:1716

[137] Fidock DA, Lee AH, Symington 
LS, Fidock A. DNA repair mechanisms 
and their biological roles in the malaria 
parasite Plasmodium falciparum. 
Microbiology and Molecular Biology 
Reviews. 2014;3:78

[138] Calhoun SF, Reed J, Alexander 
N, Mason CE, Deitsch KW, 
Kirkman LA. Chromosome end 
repair and genome stability in 
Plasmodium falciparum. MBio Journal. 
2017;8(4):e00547-e00517

[139] Paull TT. Mechanisms of 
ATM activation. Annual Review of 
Biochemistry. 2015;84(1):711-738

[140] Vonlaufen N, Naguleswaran A, 
Coppens I, Sullivan WJ. MYST family 
lysine acetyltransferase facilitates 
ataxia telangiectasia mutated (ATM) 
kinase-mediated DNA damage 
response in Toxoplasma gondii. The 
Journal of Biological Chemistry. 
2010;285(15):11154-11161

[141] Agarwal P, Miller KM. The 
nucleosome: Orchestrating DNA 
damage signaling and repair within 
chromatin. Biochemistry and Cell 
Biology. 2016;94(5):381-395

[142] Gursoy-Yuzugullu O, House 
N, Price BD. Patching broken DNA: 
Nucleosome dynamics and the repair 
of DNA breaks. Journal of Molecular 
Biology. 2016;428(9):1846-1860

[143] Sun Y, Jiang X, Chen S, 
Fernandes N, Price BD. A role for 
the Tip60 histone acetyltransferase 
in the acetylation and activation 
of ATM. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2005;102(37):13182-13187

[144] Francia ME, Striepen B. Cell 
division in apicomplexan parasites. 
Nature Reviews Microbiology. 
2014;12(2):125-136

[145] Gupta DK, Patra AT, Zhu 
L, Gupta AP, Bozdech Z. DNA 
damage regulation and its role in 
drug-related phenotypes in the 
malaria parasites. Scientific Reports. 
2016;6(November):1-15

[146] Radke JR, Striepen B, Guerini 
MN, Jerome ME, Roos DS, White 
MW. Defining the cell cycle for the 
tachyzoite stage of Toxoplasma gondii. 
Molecular and Biochemical Parasitology. 
2001;115(2):165-175

[147] Xu Y, Ayrapetov MK, Xu C, Gursoy-
Yuzugullu O, Hu Y, Price BD. Histone 
H2A.Z controls a critical chromatin 



Chromatin

26

remodeling step required for DNA 
double-strand break repair. Molecular 
Cell. 2012;48(5):723-733

[148] Luger K, Rechsteiner TJ, 
Flaus AJ, Waye MM, Richmond 
TJ. Characterization of nucleosome 
core particles containing histone 
proteins made in bacteria. 
Journal of Molecular Biology. 
1997;272(3):301-311

[149] Luger K, Suto RK, Clarkson MJ, 
Tremethick DJ. Crystal structure 
of a nucleosome core particle 
containing the variant histone 
H2A.Z. Nature Structural Biology. 
2000;7(12):1121-1124

[150] Park Y-J, Dyer PN, Tremethick 
DJ, Luger K. A new fluorescence 
resonance energy transfer approach 
demonstrates that the histone 
variant H2AZ stabilizes the histone 
octamer within the nucleosome. 
The Journal of Biological Chemistry. 
2004;279(23):24274-24282

[151] Aurrecoechea C et al. 
EuPathDB: The eukaryotic pathogen 
database. Nucleic Acids Research. 
2013;41(D1):D684-D691

[152] Jackson SP, Durocher D. Regulation 
of DNA damage responses by 
ubiquitin and SUMO. Molecular Cell. 
2013;49(5):795-807


