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1. ABSTRACT

Protozoan parasites have tremendously diverse
lifestyles that require adaptation to a remarkable assortment
of different environmental conditions. In order to complete
their life cycles, protozoan parasites rely on fine-tuning
gene expression. In general, protozoa use novel regulatory
elements, transcription factors, and epigenetic mechanisms
to regulate their transcriptomes. One of the most surprising
findings includes the nature of their histones — these
primitive eukaryotes lack some histones yet harbor novel
histone variants of unknown function. In this review, we
describe the histone components of different protozoan
parasites based on literature and database searching. We
summarize the key discoveries regarding histones and
histone variants and their impact on chromatin regulation in
protozoan parasites. In addition, we list histone genes IDs,
sequences, and genomic localization of several protozoan
parasites and Microsporidia histones, obtained from a
thorough search of genome databases. We then compare
these findings with those observed in higher eukaryotes,
allowing us to highlight some novel aspects of epigenetic
regulation in protists and to propose questions to be
addressed in the upcoming years.
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2. INTRODUCTION

Protozoan parasites include a number of
pathogenic eukaryotes that infect humans and animals of
economic importance, thereby having a profound impact on
the health and the socioeconomic landscapes for most parts
of the globe. Protozoans are unicellular organisms that
represent unique cell models with an extraordinary range of
adaptations. Almost all of the protozoan parasites have
complex life cycles requiring both intra- and extracellular
stages. In addition, some parasites need to adapt to life in
multiple different hosts, or have to devise strategies to
survive in the environment for extended periods of time.
One of the most intriguing aspects of parasite biology is
how these primitive eukaryotes modulate gene expression
throughout their life cycles. While the basal mechanisms
for the regulation of gene expression are generally
conserved in protozoa, important nuances exist in genome
organization, transcription factors, and chromatin
remodelers, some of which have been previously reviewed

(1-5).

Epigenetic mechanisms are a key component of

gene  regulation. Chromatin-mediated  epigenetic
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mechanisms rely on nucleosome-DNA interactions that can
be modulated by DNA methylation, addition/removal of
chemical moieties on histones, or by the energy of ATP
hydrolysis, histone codes, replacement of canonical
histones with variants, and subnuclear localization, all of
which are present in protozoan parasites (1). Several
studies have shown the presence of canonical and histone
variants in the different protozoa. Interestingly, some
protozoa appear to lack some histone components and/or
possess novel histone variants. In this review, we provide
an in-depth analysis and discussion of recent articles
regarding the contribution of histone variants in protozoa
gene regulation.

3. PROTOZOAN PARASITE HISTONES AND
THEIR ROLE IN PARASITE BIOLOGY

Cellular development, differentiation, growth
and survival would not be possible without tight control of
gene expression, replication, and DNA repair. Histones are
basic structural proteins that compact the genome and
regulate access to DNA. Histones are classified into five
main types: the core histones H2A, H2B, H3 and H4, and
the linker histone H1. Core histones fold together in pairs:
H3 with H4, and H2A with H2B, via their histone fold
domain, which contains three alpha-helices separated by
two loops. These histone dimers build the nucleosome core
particle that is the fundamental unit of chromatin
organization (6). Two dimers H2A-H2B bind to each side
of a tetramer H3-H4 forming the nucleosome octamer that
wraps ~146 bp of genomic DNA. Amino-terminal
sequences of the core histones extend from the base unit
and are referred to as “histone tails”. Canonical and non-
canonical histone variants are present in nearly all
eukaryotes. Canonical histones are transcribed during S-
phase and their function is primarily associated with
genome packaging and gene expression. In metazoans,
genes encoding these histones are present in highly similar
multiple copies. Variant histones have been identified for
every histone type, and they show significant differences
in primary sequence and expression profiles (independent
of the cell-cycle) relative to their canonical counterparts.
They are involved in a wide range of processes including
DNA repair, recombination, transcription, gene silencing,
and chromosome condensation.

The presence of histone variants together with
post-translational modification (PTM) of histone tails
constitute the first level of the histone code (7), which
specifies that unique downstream activities are associated
with  particular nucleosomal configurations and
modifications. PTMs are generated by histone-modifying
enzymes (code writers) and are recognized by diverse
nuclear factors (code readers), resulting in a specific
response. More than one PTM can be observed in the same
histone tail; in addition, more than one histone can be
modified in the same nucleosome and these modifications
are interdependent, producing nucleosomes with different
PTM combinations. Finally, the concentration of
differentially modified nucleosomes is in part responsible
for higher order chromatin, such as euchromatin and
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heterochromatin. Histone variants, PTMs, and chromatin
remodeling complexes are present in all eukaryotes,
suggesting that epigenetic regulation is an ancient and
conserved means of gene expression control. In protist
parasites, epigenetic mechanisms become particularly
important because it has been reported that they participate
in the regulation of differentiation between infective and
non-infective forms. Notably in Apicomplexa, Giardia
lamblia, and FEntamoeba spp., histone deacetylases
(HDAC) inhibitors disrupt normal growth and
differentiation, and in many cases have been proposed as a
potential drug therapy (8-13). Trypanosomatids and
Apicomplexa PTMs, histone-modifying enzymes, and
chromatin remodeling complexes have been reviewed
recently (3, 14-16). In this section, we will focus on the
histones found in parasitic protozoa, discussing and
highlighting the presence of unusual variants, the way they
interact, and their localization in the genome.

3.1. Canonical histones

Core histones are the building blocks of the
nucleosome. They have been classified into two groups,
canonical histones and histone variants. It is widely
accepted that canonical histones are present within cells in
equimolar amounts (17-19) and they are characterized by a
transcription tightly coupled to DNA replication. The high
demand for canonical histones during S phase is met
through the presence of multiple copies of the histone
genes in metazoans. These genes are clustered together in
the genome and these clusters typically contain multiple
copies of the genes that encode the four core histone and
the linker histone proteins (20). Protist parasites exhibit
some differences in the number and organization of
histone genes compared to mammals. In every protist
parasite analyzed so far, the four core histones have
been identified, but not the linker histone HI1 (see
section 3.2). In addition, the number of genes encoding
for canonical histones and their organization across the
genome is not the same. A large number of core histone
gene copies are only observed in Trypanosomatids and
Trichomonas vaginalis (Table 1). However, none of the
parasites analyzed here have a gene cluster containing
all of the core histones. Trypanosoma spp. have one cluster
for each core histone localized in different chromosomes,
whereas Leishmania spp. generally have one or two clusters
each and many other copies distributed in diverse
chromosomes (www.EuPathDB.org, Supplemental table 1,
(21)). T. vaginalis contains a large number of histone genes,
most of them organized as gene pairs in a head-to-head
manner. 7. vaginalis contains 17 copies of H2A, 14 of H2B,
21 of H3, and 22 of H4. Interestingly, 11 copies of
H2A/H2B and 19 of H3/H4 are organized in pairs. At the
protein level, T. vaginalis H2As can be divided into three
isoforms with only one amino acid difference, all H2Bs
have identical sequences, only one H4 has one amino acid
different from the rest, and there are two isoforms of H3
that differ in six amino acids (22). In contrast,
apicomplexan parasites and the pathogenic fungi
Microsporidia generally have only one copy of each
canonical histone gene, and they are not localized in gene
clusters or on a single chromosome (Supplemental table 1).
Some apicomplexan parasites, however, such as
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Table 1. Number and type of histones present in protozoan parasites and parasitic fungi

Organism H2A H2AZ  [H2AX H2B H2Bv H3 H3.3 cenH3 H3V H4 H4V
Parasitic fungi E. cuniculi 1 1 23 1
E. intestinalis 1 1 23 1
E. dispar 23 2 63 2
Amebae E. histolytica 23 2 6° 1
E. invadens 47 2° 63 32
T. gondii 1 1 1 2 1 1 1 1 1
N. caninum 1 1 1 2 1 1 1 1 1
C. hominis 1 1 1 1 1 1 1 1
C. muris 1 1 1 1 1 1 1 1
C. parvum 1 1 1 1 1 1 1 1
Apicomplexa P. berghei 1 1 1 1 1 1 1 1
P. chabaudi chabaudi 1 1 1 1 1 1 1 1
P. falciparum 1 1 1 1 1 1 1 1
P. knowlesi 1 1 1 1 1 1 1 1
P. vivax Sal-1 1 1 1 1 1 1 1 1
P. yoelii yoelii. 1 1 1 1 1 1 1 1
Met o G. lamblia : 2 2 2 1 1 3
T. vaginalis 17 14 21 22
L. braziliensis 7¢ 1 43 1 4 1 147
L. infantum 5°2 1 43 1 6° 1 7°
L. major 6° 1 53 1 7 1 73
. L. mexicana mexicana 3 1 43 1 7 1 73
Tryp tid -
(Euglenozoa) T brucet' : 13 1 14 1 7 1 10 1
T. brucei gambiense 5 1 10 1 8 1 6 1
T. cruzi Brener E-L 7 1 1 4 1 11 1
T. cruzi Brener N-E-L 9 1 2 1 5 1 8 1
T. vivax 18 1 7 1 3 1 8 1

'] aa difference. 2 2-5 aa difference. > 5-10 aa difference. * more than 10 aa difference.

Toxoplasma gondii and Neospora caninum, have two
canonical #2ba and h2bb genes.

Disruption of histone synthesis and deposition
during S phase leads to DNA replication arrest, and
inhibition of DNA synthesis leads to a reduction in
histone synthesis, indicating that the two processes are
tightly linked. S-phase cells need to rapidly assemble
nascent DNA into nucleosomes while avoiding the
generation of excess histones (for review see (19)). In
metazoans, this is regulated by a 3’ stem-loop present
in their mRNAs instead of a polyadenylation signal.
The interaction of this 3’ end with the stem—loop
binding protein (SLBP) provokes an increase in the
mRNA half-life (23). In Drosophila melanogaster, the
disruption of SLBP blocked normal S phase-associated
histone mRNA biosynthesis and altered chromatin
assembly, resulting in genomic instability, cell cycle
abnormalities, and interrupted development (24).
Consequently, a specific coordinated regulation of
replication-dependent histone production is functionally
important. Notably, in lower eukaryotes and plants,
histone mRNAs are polyadenylated and their
enrichment is also restricted to S phase. In yeast,
expression of histone genes is controlled mainly at the
transcription level (19). In Trypanosomatids, histone
gene transcription seems to be constitutive like most
other genes, but histone biosynthesis is coupled with
DNA synthesis (21). The mechanism regulating the cell
cycle expression of  histones differs among
Trypanosomatids. Trypanosoma spp. has different
levels of histone mRNAs through the cell cycle (25-28),
whereas Leishmania spp. use translational regulation in
a cell cycle-dependent manner mainly directed by their 3’
UTR (21, 29). In Plasmodium spp. and T. gondii,
canonical histone transcript levels are associated with the
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cell cycle, however, the mechanism that coordinates this
process has not been described (30-32). Interestingly,
homologues of SLBP can be observed in several protozoa,
including Trichomonas and Euglenozoa (33). In addition,
careful examination of the canonical histone genes in these
organisms revealed a potential stem—loop structure in their
3" UTR (33). Authors propose that the specialized histone
transcription regulation involving the 3’UTR originated
early in the evolution of eukaryotes but was completely
lost in several lineages, including plants, fungi and most
protozoa (19, 33).

An interesting case is Giardia, which has only 2
identical copies of H2A, H2B and H3, and 3 copies of the
H4 gene ((34) and www.EuPathDB.org). These histones
are constitutively expressed at approximately equivalent
levels and their mRNAs are polyadenylated. This
replication-independent expression is a hallmark feature of
histone variants. The H2A protein sequences contain the
characteristic H2AX motif (see section 3.2), indicating that
the unique H2A present in the parasite could be a variant.
Since Giardia represents one the earliest diverging lincage
of eukaryotes (35), it would be very interesting to
determine if all histones in these parasites are variants or
not. Defining the Giardia histones as variants or canonical
would illuminate the evolution of histones and
transcription regulation.

In summary, the number and arrangement of
core histone genes, as well as their transcriptional
regulation, differ among eukaryotes. Nevertheless, in all of
them canonical histone biosynthesis must be coupled to the
S-phase. It would be of interest to determine if the number
of histone gene copies and their organization in clusters is
dependent on the complexity of the genome and/or
transcriptional regulation.
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3.2 Linker histone

Successive nucleosomes are joined by linker
DNA, the length of which varies among species. Histone
H1 binds to the linker DNA, connecting nucleosomes to
form the 30 nm chromatin fiber. A large number of
extremely divergent H1 variants have been described
(reviewed in (36) and (37)). The H1 variants are classified
into three groups (i) possessing a tripartite structure, which
contains a globular domain flanked by basic unstructured
N- and C-terminal domains (ii) possessing only the C-
terminal domain, and (iii) the Saccharomyces cerevisiae
H1 that has a second globular domain (for review, see
(38)). As a general rule, single domain Hls are found in
lower eukaryotes and the tripartite H1s are found in higher
eukaryotes (39). In parasites such as Entamoebida,
Kinetoplastids, Ciliates and Dinoflagellates, the H1 histone
lacks the globular domain, which is in accordance with the
general rule. Even though Trypanosoma cruzi H1 bears
only 43.6% similarity to human H1, it is able to induce a
30 nm fiber-like structure when added to rat nucleosomes
(40). By contrast, no histone H1 has been identified in
Apicomplexa or Microsporidia parasites to date (1, 34). In
Giardia, findings have been contradictory. Triana et a/
(41) reported the isolation of a basic protein using
protocols based on the biochemical properties of histone
H1, which was subsequently identified by mass
spectrometry to be similar to chicken H1. On the other
hand, recent studies have reported that no H1 could be
found in the Giardia genome (34, 42).

The role of histone H1 in parasites as well as in
higher eukaryotes is poorly understood. Since it is
involved in the formation of higher order chromatin
structure, it was postulated to act as a chromatin repressor.
However, deletion of H1 in lower eukaryotes, like yeast
and fungi, does not show a significantly different
phenotype, but an increased accessibility of the chromatin
to nuclease (MNase) digestion as well as a decrease in
their life span (reviewed by (37)). Recently, Flourescence
Recovery After Photobleaching (FRAP) assays show that
H1 binding to linker DNA is more dynamic than
previously thought (reviewed in (43)). The function of H1
in protist parasites has yet to be extensively examined.
Leishmania H1 (LeishH1 or LNPI18) is differentially
expressed during its life cycle, accumulating in non-
dividing metacyclic promastigotes and in amastigotes that
have more compacted chromatin than other stages (44).
Parasites overexpressing LeishH1 display a reduction in
their virulence in vitro and in vivo. No difference in the
rate of macrophage invasion in control and LeishH1-
overexpressing parasites was observed. However, mutants
exhibited a delay in parasite cell cycle progression and
differentiation (45, 46). Additionally, in the presence of
excess histone H1, parasites display resistance to MNase
treatment and accumulate clusters of condensed chromatin
(47). In T. cruzi, histone H1 (TcH1) is phosphorylated in
the infective forms (trypomastigotes) but not in
proliferating forms (epimastigotes) (48). Moreover, TcH1
is phosphorylated at a cyclin-dependent kinase (CDK)
consensus site when cells progress from S to M phase,
reaching a maximal level at G,-M (49, 50). In addition,
multiple experiments indicate that the phosphorylated
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TcH1is more weakly associated with chromatin than the
non-phosphorylated form (48, 50). In Tetrahymena
thermophila, H1 is phosphorylated during the cell cycle as
well as outside mitosis, and phosphorylation of specific
sites by CDKs is required in order to recruit other
kinases that phosphorylate the remaining sites (51).
While it has been reported that some genes are up-
regulated in protozoa expressing forms of H1 mutated
to mimic constitutive phosphorylation (52), HI1
phosphorylation is not essential for 7. thermophila
viability (53). These results show that phosphorylation
of parasite H1 is important for the cell cycle, but its
role in chromatin compaction is less clear. As described
above, TcHI1 is able to form the 30 nm fiber in
mammalian cells and LeishH1 over-expression
produces resistance to MNase digestion, suggesting that
protozoan H1 may have role in chromatin condensation.
However, these early protists do not form the typical 30
nm fiber and do not condense chromosomes during
mitosis. Recently, it was observed that the variable C-
terminal domain is responsible for the various
mammalian H1 subtypes for being weak, intermediate,
or strong condensers of the chromatin (54). Protozoan
Hlis comprised of only the C-terminal domain, making
it possible that this histone might be compacting chromatin
sufficiently for mitosis without generating the 30 nm fiber.

3.3. Histone variants

Histone variants are paralogs of the canonical
histones, transcribed in a replication-independent manner,
which assemble into nucleosomes with specialized
functions (36). H4 and H2B lineages are practically
invariant, whereas H2A and H3 have extensively
specialized variants for many roles in transcription, DNA
organization, and repair (55). Recent studies have revealed
that the histone variants in protozoan parasites possess
many unique and interesting features.

3.3.1. Histone H2A: hypervariant family

Among the core histones, H2A has the largest
number of variants. Some of them are unique to
vertebrates: such as H2A.Bbd (for Barr body deficient)
and macroH2A (for macro-domain-containing H2A) (see
(55)). H2A.Bbd has a shorter C-terminal domain and
shows only 48% identity with canonical H2A. It has been
associated with active chromatin since it is absent in the
inactive X chromosome (Xi), co-localizes with acetylated
histone H4 (56), and increases instability of nucleosomes
in comparison with canonic H2A (57). MacroH2A has a
large C-terminal non-histone domain (macro domain) and
is enriched on the Xi chromosome, suggesting a role in
chromatin silencing (58, 59). Recently, human variants
macroH2A1 and macroH2A2 were detected in autosomal
repressed chromatin, at many genes encoding key
regulators of development (60). The expression of some of
these genes is positively regulated by macroH2A1 (61),
leading to the proposal that macroH2A may be an
epigenetic regulator of developmental genes.

Other H2A variants, such as H2AZ and H2AX,
are highly conserved among all eukaryotes (see (55)),
including protozoan parasites (Table 1). The H2AX core
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region is nearly identical to that of the canonical H2A, but
has a characteristic C-terminal SQ-motif: SQ(E/D)Fi,
where Fi indicates a hydrophobic residue. The serine
residue of this motif becomes rapidly phosphorylated in
response to DNA double-stranded breaks (62) by phospho-
inositide 3-kinase-like kinases (PIKK) (63). The
phosphorylated H2AX (known as gamma-H2AX) recruits
repair proteins and chromatin remodeling complexes,
facilitating non-homologous end joining (NHEJ) (64) or
homologue recombination (HR) (65). Both pathways are
well described and discussed by van Attikum H. & Gasser
S. M. (66) and Morrison A. J. & Shen X. (67). The study
of H2AX knock out (KO) mice and stem cells revealed an
essential role of this histone in DNA repair and genome
integrity in mammals (68, 69). This variant represents 5—
25% total H2A in mammals, but is the main histone in
yeast (62, 70). Notably, in protist parasites this variant
can be present or absent. Among Apicomplexa,
Cryptosporidum spp. have H2AX and do not have
canonical H2A, T. gondii and N. caninum have both of
them, and Theileria spp., Plasmodium spp. and Babesia
bovis have only canonical H2A (Table 1, Supplemental
table 1). The closely related 7. thermophila has H2A as
well as H2AX. Phylums grouped in Excavatas also
cluster  parasites with and without H2AX:
Trypanosomatids and T. vaginalis have multiple copies
of canonical H2A, but do not have H2AX ; in contrast,
Giardia has only H2AX. None of the FEntamoeba
analyzed (E. histolitica and dispar) have H2AX (Table
1, Supplemental table 1). Interestingly, almost all of the
Apicomplexa and Entamoeba canonical H2As contain a
C-terminal sequence that shows partial similarity to the
SQ- motif (1) (Figure 1), which may mimic H2AX
function in the parasites lacking this variant. T. gondii
and T. thermophila H2AX have been characterized and
their function in DNA repair seems to be conserved. In
T. gondii, H2AX is phosphorylated during normal
tachyzoites growth and gamma-H2AX levels increase
with DNA damage generated by H,0, in a dose-
dependent manner (31). In Tetrahymena, H2AX is
phosphorylated in both the mitotic micronucleus and
the amitotic macronucleus in response to double-
stranded breaks induced by chemical agents (71).
Experiments with dominant-negative mutants showed
that the SQ-motif is required for normal micronuclear
meiosis and mitosis and, to a lesser extent, for normal
amitotic macronuclear division (71). Based on the
conserved role of this variant, together with the
presence of a truncated or similar SQ-motif in these
protist canonical H2As, it appears possible that an
ancestral H2AX existed that lost this motif to generate
the canonical H2A. This idea has also been proposed
recently by Talbet and Henikoff (72). The accepted
theory postulates multiple evolutionary origins of this
variant (55, 73, 74). In this case, H2AX could be
associated with a special characteristic of each species.
Plasmodium spp., Trypanosoma spp. and Leishmania
spp. do not have H2AX and they exhibit chromatin
fragility as a distinctive feature, characterized by DNA
breaks and chromosomal rearrangements during cell
proliferation. Moreover, in Plasmodium falciparum,
chromosome breakage occurs frequently in subtelomeric
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regions where genes responsible for parasite virulence
are located; this allows rapid generation of antigenic
diversity (75-77). On the other hand, Toxoplasma has
H2AX and no genome instability has been observed in
this parasite (78). A possible hypothesis could be that
the presence of H2AX is related to the plasticity of the
genome in protist parasites. Further studies need to be
performed to shed light on the evolutionary origin of
the H2AX variant. A novel finding regarding H2AX
was observed in 7. gondii, namely expression levels of
H2AX are higher in latent bradyzoites than
proliferating tachyzoites (31), suggesting a role for this
variant in parasite differentiation.

Mammalian H2AX contains the SQEY motif,
in which the hydrophobic amino acid is tyrosine. In the
absence of DNA damage, H2AX is constitutively
phosphorylated on this residue by WSTF (Williams—
Beuren syndrome transcription factor) — a component of
the WICH complex (an ATP-dependent chromatin-
remodelling complex) (79). After DNA damage, Y142
becomes dephosphorylated by the EYA1/3 phosphatase,
allowing the recruitment of ATM and MDCI1 to
generate and maintain y-H2AX for DNA repair. In the
absence of Y142 phosphorylation, the kinetics of the
phosphorylation/dephosphorylation cycle of gamma-
H2AX occur much more rapidly (79-82). Xenopus
laevis has two H2AX histones, one with the SQEY
motif (H2AX-Y, like mammalian H2AX) and the other
with the SQEF motif (H2AX-F). H2AX-Y is the main
H2AX histone in adults whereas H2AX-F is the main
H2AX in late-staged oocytes, eggs, and early embryos,
and it is not present in somatic cells. H2AX-F is
phosphorylated in actively replicating cells, in the
absence of DNA damage and/or checkpoint activating
signal (83). H2AX-F phosphorylation does not appear
to be associated with DNA repair and may be involved
in modulating the cellular response during -early
development. Interestingly, the SQEY motif seems to
be restricted to metazoans. Protist parasites analyzed
here possess SQEF (Toxoplasma, Neospora and
Cryptosporidium spp.) or SQDL (Giardia) motifs
(Figure 1). None have a hydrophobic amino acid at the
end that can be phosphorylated. In addition,
Toxoplasma has a basal level of gamma-H2AX, with
phosphorylation apparently independent of exogenous
DNA damage (31). Protozoan H2AX might functionally
resemble X. laevis H2AX-F rather than H2AX-Y.
Whether H2AX containing either one or the other
motifs can be considered different variants remains to
be elucidated and protozoan parasites may prove to be
interesting models to shed light on this question.

H2AZ is a family of H2A variants that are highly
conserved across species and substantially divergent from
S-phase-H2A in any given species (73). The largest region
where these two H2As diverge considerably is the
‘docking domain’, a sequence at the C-terminus that
corresponds to their interaction surface with the (H3-H4),
tetramer (84). The H2AZ docking domain gives distinctive
features to the nucleosomes containing this variant. A
functional replacement study in Drosophila indicated an
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Giardia H2AX

N. caninum H2AX
T. gondii H2AX
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histolytica H2A
histolytica H2A
invadens H2As
caninum H2A1
gondii H2A1
Plasmochum ssp. H2A
T. vaginalis H2A
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B. bovis H2A
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Figure 1. Sequence aligment of protist parasites histones H2A. Comparison by multiple alignment (clustal W) of the carboxi-
terminal deduced amino acid sequences of histones H2A (Bioedit). Identical amino acids are denoted by a black shadow and
similar amino acids are denoted by grey shadow. Sequences were obtained from: EuPathDB (www.EuPathDB.org), GeneDB
(www.GeneDB.org) and NCBI (http://www.ncbi.nlm.nih.gov).

essential role of this domain in H2AZ function (85)). This
histone variant is essential from Tetrahymena to mammals
(86, 87), even though it is the minor histone H2A (5 to
10%). The only exception described so far are yeasts,
where H2AZ deletion makes cells grow slowly (88). The
function of H2AZ is not very clear. First insights about
H2AZ functions were developed in the protist parasite 7.
thermophila, which has the unique arrangement of a
transcriptionally active ~ macronucleus and a
transcriptionally inert micronucleus as well (89). H2AZ is
present in macronuclei but not in micronuclei during
growth or starvation. Strikingly, H2AZ appears in
micronuclei during early stages of conjugation, when it
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becomes transcriptionally active, leading to the hypothesis
that H2AZ is involved in transcription (89). Subsequent
studies reported that it was necessary for RNA polymerase
II recruitment (90, 91) and protection of euchromatin from
ectopic spread of heterochromatin (92). On the other hand,
H2AZ was observed to interact directly with
heterochromatin proteins, and it is important for
heterochromatin  formation and correct chromosome
segregation (93-96). Besides its role in transcription
regulation, H2AZ has also been shown to be involved in
DNA repair (97). These multiple and sometimes
contradictory functions could be explained by the ability of
this variant to interact with diverse chromatin remodeling
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proteins and/or the presence of different post-translational
modifications. Tetrahymena H2AZ is highly acetylated on
its N-terminal tail and this protozoan cannot survive if
every acetylation site is replaced with an arginine residue
(98). Hyperacetylation of H2AZ has also been observed in
P. falciparum (32, 99) and every acetylated lysine is
conserved in Toxoplasma and Neospora (Supplemental
table 1), indicating that this may also occur in these other
apicomplexan parasites. P. falciparum H2AZ is reduced in
trophozoites, which correlates with the telomeric silencing
of var gene expression (32). T. gondii H2AZ is the minor
histone H2A and its transcription is not affected by stress
or bradyzoite induction (31). Studies on Trypanosoma
brucei H2AZ showed that this H2A variant is detected as
bright, punctuate spots within the nucleus at all stages of
cell cycle (100). Functional studies have not been done in
any other parasite; however, genome localization
experiments provide evidence about their function (see
section 3.5). This ancient histone variant, known to be
essential in almost every eukaryote, is not present in
Giardia, Trichomonas and Entamoeba spp. The essential
role of H2AZ in virtually every eukaryote raises the
question of how these parasites replace its function. In
addition, it is intriguing how these parasites can regulate
gene expression with only one H2A (see Table 1). The
study of chromatin regulation in these parasites would help
to elucidate H2AZ function.

3.3.2. Histone H3

Histone H3, like H2A, has different variants with
specialized functions. Most eukaryotes have three H3
types: canonical H3, H3.3 and CenH3, which are present
in almost all protozoan parasites (Table 1). H3.3 is highly
similar to canonical H3, with only a few amino acids
difference. In most animals they differ in four amino acid
substitutions: residue 31 in the N-terminal tail, which is an
alanine in H3, and 87, 89 and 90 at the beginning of the
alpha 2 helix (see (101)). H3.3 residues 87 to 90 have been
shown to be important for incorporation into chromatin in
a replication independent fashion, while canonical H3 is
incorporated strictly during DNA replication (102). The
ciliate 7. thermophila has two very similar H3 variants:
H3.3 and H3.4 (HHT3 and HHT4 genes). Both contain the
same residues at position 87-90 (QAIL) and they differ
from the canonical H3 in 16 amino acids (103). In this
protozoan, H3 deposition is coupled to DNA synthesis
during replication and repair, whereas most H3.3/4 are
deposited in association with transcription and independent
of replication, although some of them can be assembled in
a replication-coupled manner as well (103). Mutational
analysis of T. thermophila H3.3 showed that it is not
essential for transcription but is required in germ line
micronuclei (103). The apicomplexans P. falciparum and
T. gondii contain both H3 and H3.3 histones, with only H3
transcripts accompanying DNA synthesis (32, 104). In
both cases, amino acids 87 and 90 are different in H3.3
with respect to H3, generating the motif QA(I/V)L.
Another peculiar feature that appears to be exclusive to
Apicomplexa H3.3 is the substitution of KF for the
conserved RY at position 54-55 (104). T. vaginalis also
has a single H3 variant with 6 amino acid substitutions in
comparison to the multiple identical H3s; however, none
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of them are localized at positions 87-90 (22). The
evolutionary implications and functional role of
substitutions in the protozoan H3.3 deposition, as well as
how they may be post-translationally modified, remain a
challenge for future research.

CenH3, the centromere-specific H3, is essential
for kinetochore assembly. They are not as well conserved
as canonical H3s. Their N-terminal regions are divergent
and can vary from 20 to 200 amino acids in different
lineages, and their loop 1 region is not conserved.
Phylogenetic analyses were unable to determine the
evolutionary origin of this variant (42, 55). CenH3 can be
detected in Apicomplexa, including 7. gondii, Plasmodium
spp. and N. caninum ((32), www.EuPathDB.org), however
little is known about its functional properties in these
parasites. Interestingly, 7. gondii centromere sequences
have been identified based on the localization of CenH3
across the genome (Gissot M., Brooks C.F., Striepen B.,
Kim K. Manuscript in preparation, www.ToxoDB.org).
Giardia has two H3 wvariants, with longer N-terminal
sequences compared to canonical H3. One of them has
been classified as CenH3 because it has the conserved
centromere localization. The other one (H3B) has a
punctate distribution in the nuclei that does not colocalize
with an epigenetic marker of transcription (42) and is not
related to H3.3. A centromeric histone H3 is also present
in 7. thermophila (named Cnal) localized at centromeres
in the micronucleus. Cnal was also detected in some
developing macronuclei and is required for formation of
DNA elimination structures (105). Trypanosomatids have
only one H3 variant (H3V) that contains an unusual
lengthy and divergent N-terminal tail resembling CenH3
(106). However, neither contains an insertion at Loop 1,
which has been considered a hallmark of CenH3 (55).
H3V sequences from different Trypanosomatids are fairly
dissimilar relative to one another. For example, T. brucei
and L. major H3Vs share ~66% and ~50% sequence
identity respectively with 7. brucei. Moreover, T. brucei
H3V (TbH3V) was localized at telomeres (not at
centromeres) and null mutants do not show any particular
phenotype. The data lead the authors to propose
Trypanosomatid H3V as a new H3 variant (106). New
insights about TbH3V function are deduced from its
genome localization (see section 3.5). How the
Trypanosomatid parasites form kinetochores without an
obvious CenH3 histone remains unclear.

3.3.3. Histone H2B and H4: linage specific variants
H2B and H4 histones are markedly deficient in
variants. It has been proposed that each histone dimer is
composed of a variant histone (H2A and H3) and an
invariant histone (H2B and H4) (55). Some protist
parasites are unusual in possessing variants of these two
histones (Table 1). Trypanosomatids and Apicomplexan
parasites contain two lineages of H2B, one of them
resembling canonical H2B and the other harboring
characteristics of variant histones (21, 30, 32, 100). P.
falciparum and T. gondii H2Bv are constitutively
transcribed, in contrast to canonical H2Bs that have
replication-associated transcription (30, 32). These
variants differ from canonical H2B mainly in their N-
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terminal sequence. Recently, it has been determined that
this longer N-tail is hyperacetylated in P. falciparum and
every site is conserved in its 7.gondii ortholog (99). T.
brucei H2BV is essential for parasite viability. Deletion of
the first 23 amino acids did not affect parasite survival, but
residues 128-142 could not be deleted, illustrating their
critical role (100). T. brucei H2BV also has a longer N-
terminal tail relative to H2B that is acetylated (107). In all
cases, H2B variants form dimers with H2AZ and no other
H2A (see section 3.4), suggesting an important role in
chromatin organization. Nonetheless, Apicomplexa and
Trypanosomatids H2B variants do not exhibit the same
evolutionary origin and are thus considered linage specific.
These observations raise the question of why these protists
need H2B variants and are they playing the same role in
both phyla. Only a few H2B variants have been described
in other eukaryotes, all of them from gametes. In humans,
two testes-specific variants have been reported so far:
hTSH2B (108), which destabilizes the nucleosome, and
H2BFWT (109), which is related to the formation of the
telomere binding-complex in human sperm. In Bos taurus,
SubH2Bv is important for sperm head development related
to acrosome formation (110). Mice have H2BL1 and
H2BL2, which are involved in pericentric heterochromatin
reprogramming during mouse spermiogenesis (111)
similar to SubH2Bv and H2BFWT, respectively. Finally,
one H2B variant has been reported in plants, gH2B from
Lilium longiflorum, which is involved in packaging of
chromatin in pollen (112). In a recent study, the evolution
of histone H2B variants has been analyzed (113). Authors
propose a birth-and-death long term evolution: new gene
copies are generated by gene duplication (“birth” process)
that are under a strong selective pressure acting at the
protein level that can inactivate a gene (“death” process),
which then remains as a pseudogene for long periods of
time in the genome. This evolutionary process would
eventually lead to the functional differentiation of a new
gene copy (113).

Most eukaryotic histone H4s differ at only a few
amino acid positions (114). Exceptions to this conservative
pattern of evolution can be seen among some protist
parasites (115-117). An interesting and evolutionary study
proposes that histone H4 protein diversifies faster in
ciliates than in other eukaryotes. Paralogs of H4s within
ciliate genomes can differ up to 25% (118). Entamoeba
spp. H4 acetylation is selectively sensitive to different
HDAC inhibitors (12). Trophozoites of this parasite
become hyperacetylated in response to trichostatin A or
HC-toxin, but not butyrate. In general, these inhibitors are
short chain fatty acids that parasites can encounter at high
levels in the host colon. In vitro, these compounds prevent
trophozoite differentiation into infectious cysts. It seems
that Entamoeba spp. have acquired a histone acetylation
mechanism that may allow for its growth and
differentiation in response to its environment (12). This
could be a possible explanation for the high diversity in the
H4s found in ciliates. Further analysis must be done to
determine if they are novel H4 variants. The unique
histone H4 variant described so far is 7. brucei H4V (119),
which shares 85% sequence identity with canonical
counterpart. H4V does not exhibit cell cycle regulation,
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and a knock out parasite did not show any particular
phenotype as observed for H3V (119). Nevertheless, their
genomic localization suggests a role in transcription
regulation (see section 3.5).

3.4. Nucleosome composition

The presence or absence of histone variants
and/or modified histones at nucleosomes is very important
because they are regulating the chromatin state. In fact, the
different in vitro salt-dependent stability of nucleosomes
containing histone variants suggests a role in changing the
chromatin structure for a more permissive or repressive
state (120-124). It is accepted that interactions among
histones and histone variants are not random. For example,
the exchange of H2A.Bbd-H2B for H2A-H2B dimers in
vitro is more efficient in H3.3 than H3-containing
nucleosomes (125). Recently, it has been reported that the
nucleosome-free regions (NFRs) in human cells are in fact
occupied by nucleosomes containing both H3.3 and H2AZ
variants that are highly destabilized by salt (126) (Figure
2). This finding is relevant because NFRs are located at
active transcription start sites (127), flanked by
nucleosomes (positioned -1 and +1 respect the NFR)
containing the variant H2AZ (see section 3.6). Therefore,
the existence (or absence) of several histone variants in
protist parasites generates the question whether
nucleosomal composition follows the same rules
characterized in higher eukaryotes. The best studied cases
are T. gondii and T. brucei, which clearly display
specificity in dimer formation, leading to distinctive
nucleosomal arrangements involved in transcription
regulation.

T. brucei H2AZ forms dimers with H2BV, but it
does not with canonical H2B. TbH2AZ does not co-
immumnoprecipitate with H3V, indicating that these two
variants are not present in the same nucleosome (100). In
addition, histone H3 trimethylated at K4 and K76 is
preferentially  associated ~ with ~ H2BV-containing
nucleosomes (128). On the contrary, canonical histones are
able to interact among them and they can be present in the
same nucleosomes (100). In 7. gondii, similar results were
observed; H2Bv forms dimers mainly with H2AZ, but not
with H2AX. Moreover, H2AZ and H2AX are not present
in the same nucleosome. Interestingly, acetylated H3 can
be present in the same nucleosome with H2Bv, H2AX and
H2AZ, but in varying degrees (31). These findings reveal
that nuclesosmal arrangements are not random in protozoa,
highlighting their relevance in chromatin composition and
regulation.

Purified H2AZ histones from chicken can
assemble in vitro into either homo- or hetero-nucleosomes
that contain one H2AZ and one H2A, with the H2AZ
homo-nucleosome being the most stable (120). Hetero-
nucleosomes are the standard in human HeLa cells (129)
and macroH2A  preferentially assembles  hybrid
nucleosomes (130). In 7. brucei, H2AZ does not co-
immunoprecipitate with canonical H2A, and H3V does not
interact with H3, indicating that hetero-nucleosomes are
not formed in this parasite (100). In 7. gondii, however,
H2AZ and H2AX seem to interact with canonical H2A,
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Figure 2. Schematic representation of chromatin features at active and silenced promoters. Post-translational modifications are:
Ac, acetylated; P, phosphorylated; Ub, monoubiquitinated; K20me, lysine 20 methylated; and K9me, lysine 9 methylated.
RNAPII is represented as a red protein on DNA strands and green dotted-lines correspond to nascent mRNA. A/T on DNA
strands symbolizes the A/T rich genome of Plasmodium spp. The transparent nucleosome represents the H2AZ-H3.3 containing
nucleosome present in the nucleosome free region (NFR) in vivo.

generating hetero-nucleosomes (31). The differences in
nucleosome composition between Trypanosoma and
Toxoplasma suggest that each protozoan species has
adapted their histone variant repertoire in a specialized
manner. Given their unique histone complements, it will
be important to elucidate nucleosome configurations for
additional protozoan species.
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3.5. Nucleosome occupancy

Histones are constantly being shifted, modified,
evicted, and re-deposited as chromatin is continually
remodeled (131). Chromatin can be reconstituted from
purified histones and DNA spontaneously in vitro. Several
studies have shown that nucleosomes have preference for
distinct DNA-sequences (132-135). It was found that
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exons have augmented nucleosome-occupancy levels with
respect to introns, which seems to be based on the GC
content between them (136). DNA sequences rich in A/T
dinucleotides  intrinsically  destabilize = nucleosome
formation in vitro and they are present in the NFR
upstream  coding sequences facilitating promoter
accessibility in vivo (134, 137). A correlation between
genome-wide positioning of nucleosomes assembled with
yeast genomic DNA in vitro (based only in the intrinsic
sequence preferences of nucleosomes) and the nucleosome
occupancy in vivo has been observed. Since nucleosomes
tend to be absent at the beginning and end of genes both in
vivo and in vitro, the DNA sequence has been suggested to
specify nuclesosome assembly (134). However, Zhang et
al (135) proposed that even when the DNA sequence
contributes to the nucleosome assembly, the correct
positioning of the +1 nucleosome is due to the
transcription machinery and/or chromatin remodeling
complexes. Thus, the DNA sequence directs the formation
of nuclesome-rich or deficient arrangements, which
facilitates the association of the transcription machinery
and chromatin remodeling complexes, and completes this
process by positioning the +1 nucleosome for subsequent
initiation events.

A genome-wide nuclesome mapping was
performed in P. falciparum in the intra-erythrocytic cycle
(138). In general, intergenic regions displayed a low
density of nucleosomes whereas coding regions were
highly occupied with nucleosomes. Only several
constitutive genes presented low nucleosomal occupancy
throughout their coding regions, like tRNAs, ribosomal
proteins, and basal transcription machinery. The most
remarkable changes were observed at telomeric and
subtelomeric regions. At telomeric regions closest to the
chromosome end, the nucleosome enrichment was
moderate in rings, low in trophozoites, and high in
schizonts. In late schizonts, DNA is replicated and
assembled into daughter cells. Nucleosome enrichment at
this stage could be due to condensation of telomeric
sequences in response to DNA replication (138). In
contrast, nucleosome enrichment in subtelomeric genes
was low in rings, and high in trophozoites and schizonts.
The subtelomeric region contains multigene families of
antigenic surface proteins, the expression of which is
highest in rings, therefore possibly explaining the low
nucleosomal occupancy. Nucleosomes located at
intergenic regions are enriched with H3 acetylated at K9
(H3K9ac) (Figure 2). However, neither the nucleosome
occupancy nor H3K9ac enrichment correlate with changes
in mRNA levels, indicating the importance of other
regulatory mechanisms. An exception was observed for
var genes, the expression of which is inversely correlated
with nucleosomal occupancy. These findings show that
these parasites have a different nucleosome arrangement in
comparison with model eukaryotes, where nucleosomes
are usually absent only at promoters. The low density of
nucleosomes in Plasmodium may be the result of its AT-
rich genome, where the AT content of intergenic regions
may destabilize nucleosome formation (138) (Figure 2).
Information about the occupancy of nucleosomes helps us
to understand transcription regulation and chromosome
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structure. Observations in P. falciparum demonstrate that
parasites do not have the exact same chromosome structure
as seen in other eukaryotes (Figure 2). Chromatin structure
needs to be analyzed in other protist parasites, with an eye
towards the preference of variant-containing nucleosomes
for distinctive DNA sequences.

3.6 Histones Genome localization

New technologies (ChIP-on-chip, ChIP-seq, etc.)
have led to an explosion of studies revealing genome
localization of histones, modified histones, and histones
variants. These studies revealed that diverse types of
chromatin are enriched with specific nucleosomes. For
example, H3 trimethylated at K9 (H3K9me3) is localized
mainly at heterochromatin, whereas acetylated forms of
H3 are enriched at promoters (7). Interestingly, these
histone modifications are highly conserved among
eukaryotes, much more than transcription factors and cis-
clements, suggesting that they arose very early in
evolution.

Trypanosomatids use polycistronic transcription,
in which hundreds of genes are transcribed in polycistronic
transcription units (PTUs). Convergent or divergent PTUs
are separated by strand switch regions (SSRs). RNA
Polymerase II (RNAPII) transcription initiates at divergent
SSRs and terminates at convergent SSRs. Distinctive
nuclesosme arrays were detected at both sites (Figure 2).
In T. brucei, divergent SSR nucleosomes are enriched with
H2AZ, H2BV and H4 acetylated at K10 (H4K10ac). In
contrast, convergent SSR nucleosomes contain H3V and
H4V and canonical H2A and H2B (119). Recently, it was
observed that H3 trimethylation at K4 (H3K4me3) co-
localizes with H4K10ac, with a bias towards the upstream
side of the H4Kl10ac peak, probably a characteristic
nucleosome composition at transcription initation regions
(139). In the T. cruzi genome, divergent SSRs are enriched
with acetylated H3 and H4 (at K9 and K14, and K5, K8,
K12 and K16, respectively), and H3 methylated at K4
(140). In Leishmania major as well as in T. cruzi, the
enrichment of acetylated H3 at K9 and K14 was detected
at SSRs (141). Therefore, in every Trypanosomatid
studied, post-translational histone modifications and
histone variants mark initiation and termination of
transcription sites, possibly generating an open chromatin
structure that facilitates transcription. In these parasites, no
transcription factors and/or regulatory elements were
identified so far. It has therefore been proposed that these
parasites might be using this mechanism to transcribe
PTUs, suggesting an ancestral mode of transcriptional
regulation that might have preceded transcription factors
(72).

T. gondii and P. falciparum, which use
monocistronic transcription, show a histone pattern similar
to that observed in mammals and yeast (Figure 2).
However, the parasites appear to have more activation than
silencing marks when compared to human cells, which may
be associated to the proportion of the genome silenced in
both cases (3). Regions upstream of active genes are
enriched in H3K9ac, acetylated H4 (H4ac), and H3K4me3;
whereas only some of them are enriched in H3 di-
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methylated at R17 (9, 142, 143). The T. gondii H3K4me3
peak is skewed toward the initiation codon with respect to
the H4ac peak, which might be predictive of promoter
direction (143). Mono- and di-methylated H4 at K20 and
H3K9me3 are marks of heterochromatin in both parasites
(144-146). Despite these similarities, some differences
between Toxoplasma and Plamodium chromatin structure
and regulation have been observed. In P. falciparum, the
enrichment of the repressive histone modification
H3K9me3 is restricted to subtelomeric loci and internal
regions on chromosomes 4, 6, 7, 8, and 12 (145, 146). This
mark is not present in other intergenic regions and is
localized at the nuclear periphery. Authors propose the
existence of perinuclear repressive centers that control the
expression of genes involved in pathogenesis and
phenotypic variation (145). Another unique feature
observed in P. falciparum is that intergenic regions are
deficient in nucleosomes (see section 3.5), but nucleosomes
present in these areas are rich in H3K9ac and H3K4me3
(146). Interestingly, when parasite culture was
synchronized and localization of these histone marks was
analyzed in rings and schizonts separately, a stage-specific
distribution was observed (146). In rings, H3K9ac and
H3K4me3 are homogenous across the genome, whereas in
schizonts, they are enriched at intergenic regions.
Moreover, a detailed comparison of the most active and
inactive genes revealed that H3K4me3 and H3K9ac are
enriched toward the 5° end of highly active genes in
schizonts, but are absent in the least active genes (146).

Besides Trypanosomatids, genome localization
of histone variants has only been studied in 7. gondii to
date (31). H2AZ and H2Bv are preferentially located at
active gene promoters and co-localize with acetylated H3
(Figure 2), similar to what is observed in Trypanosomatids
and in correlation with their specificity to form dimers. By
contrast, H2AX is predominantly at repressed promoters
(Figure 2) and silenced chromatin (31). This was the first
report of genome localization of this histone variant.
Surprisingly, H2AX did not display a homogeneous and
nonspecific distribution across the genome, as expected for
a histone localized only at DNA repair sites. H2AX levels
are increased in bradyzoites, which have a higher number
of silenced genes compared to tachyzoites. It could be
proposed that H2AX has a novel role in gene silencing in
this apicomplexan parasite. Recently, similar results were
observed in yeast (both copies of H2A have the SQ motif)
when gamma-H2A localization was analyzed (147). About
half the sites enriched for gamma-H2A match with
repressed protein-coding genes. These loci have little
RNAPII and gamma-H2A formation is dependent on the
presence of HDACs. They propose that this chromatin
structure might cause a problem for replisome progression
or stability (147). In addition, we have observed that
bradyzoites contain higher levels of H2AX transcripts,
indicating a possible role for this histone in parasite
differentiation. With exception of bradyzoite-specific
genes, gene expression in general is expected to be
decreased in bradyzoites since they are virtually dormant. It
is tempting to speculate that the increase of H2AX is
necessary to spread chromatin repression during the latent
bradyzoite stage. Recently, it was proposed that H2AX in
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X. laevis has a role in early development; specifically,
phosphorylation of H2AX at T16 is necessary for anterior
neural formation (148). These observations suggest that
H2AX may have other functions beside DNA repair,
possinly mediated by novel PTMs that have yet to be
described.

Many contradictory results are reported for
H2AZ genome localization and function. It has been
associated with promoters, enhancers, pericentric
heterochromatin ~ and  facultative  heterochromatin
(reviewed in (149)). However, other results are worthy of
special attention. The localization of H2AZ-containing
nucleosomes at mononucleosome resolution has been
demonstrated at flanking NFR in yeast, human cells, and
Drosophila (91, 150, 151) (Figure 2). In yeast, H2AZ is
present at active and inactive promoters (121, 150, 152),
whereas in human cells H2AZ co-localizes with RNAPII
at transcribed genes and genes poised for transcription
(91). Time course experiments on mammalian cells
revealed that H2AZ is recruited to the promoter just prior
to RNAPII and leaves the promoter as the polymerase is
recruited; H2AZ then reappears after RNAPII has left the
promoter. In spite of these differences in yeast and human,
H2AZ helps with the recruitment of RNAPII (90, 91). In
accordance with these findings, H2AZ-containing
nucleosomes co-localize with active transcription in protist
parasites (31, 119) (Fig.2). Additionally, H2AZ has been
reported to be associated with heterochromatin (149).
Hardy S. et al (91) proposed that H2AZ is randomly
incorporated into the genome at low levels and
transcription induces the depletion of these H2AZ from
active genes, in turn leading to an accumulation of this
varint in heterochromatic regions. They also detected that
the H2AZ variants present in heterochromatin are
hypoacetylated relative to H2AZ in euchromatin. There are
only a few reports describing H2AZ modifications;
however it seems plausible that the location of H2AZ
could be dependent on the type of modifications. The
acetylated form of H2AZ is enriched at the 5’ end of active
genes in comparison with the non-acetylated form (153,
154). In human and mouse, H2AZ can be mono-
ubiquitylated, and this modified histone variant is localized
at Xi (155). These seemingly contradictory results could
also be explained with the model that specific PTMs
dictate different positions and/or functions of the same
histone (156) (Figure 2).

3.7. Nuclear compartmentalization

It has been demonstrated in human cells that the
nucleus in interphase is compartmentalized into
chromosome territories, and chromosome homologues do
not share the same territory (157, 158). In addition, nuclear
events, including transcription, replication and silencing,
do not occur ubiquitously all over the nucleus; rather, these
events are limited to specific and spatially defined sites,
functionally organized with discrete subcompartments
enriched in factors and machineries involved in each
process (159). Condensed heterochromatin typically
contains transcriptionally silent genomic regions and
localizes primarily to the nuclear periphery. The less
condensed euchromatin is composed of poised and
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transcriptionally active genomic regions and localizes
towards the nuclear interior (158). This localization is
accompanied by epigenetic marks, such as H3K9me3 and
H4K20me3 that mark chromocentres, clusters of
centromeric chromatin that tend to be localized at the
nuclear periphery, whereas the euchromatic marker
H3K4me3 labels the entire nuclei except the
chromocenters (for review see (160)). An inverted nuclear
organization has been observed in rod cells of nocturnal
mammals, showing a functional nuclear genome
reorganization adapted for light transmission (161).
Consequently, nuclear architecture is important for cell
function.

Several studies have demonstrated that the P.
falciparum nucleus is also structurally and functionally
divided into compartments (145, 162, 163). Electron
microscopy reveals that the parasite nuclear periphery
consists of an electron-dense zone reminiscent of
heterochromatin interspersed by electron-translucent
space, presumably of noncondensed chromatin. Telomeres
form 4 to 7 clusters at nuclear periphery. In addition,
repressive marks, like H3K9me3, and HP1, are localized at
the electron-dense nuclear periphery whereas active marks,
like H4ac and H3K9ac, are restricted to the interior of the
nucleus. H3K9me3 forms loci at the nuclear periphery
outside of the DAPI-stained area that co-localize with the
telomere clusters, and does not overlap with CenH3 as was
observed by ChIP experiments (145, 162). Although the
active marks H3K4me2 and H3K4me3 co-localize with
nuclear DAPI stain, H3K4me2 has a punctate pattern,
whereas H3K4me3 labels the periphery of the DAPI
stained area. The repressive mark H4K20me3 labels the
outside periphery of the DAPI stain (163). In Toxoplasma,
H4K20me3 and its modifying enzyme SETS8 display a
peripheral localization as well (144). In T. brucei,
H4K10ac is found at the center of the nucleus, clearly
excluding the nucleolus (119). While there is currently
limited information about the nuclear architecture in
protozoan parasites, the evidence to date suggests a
compartmentalization of heterochromatin at the periphery
of the nuclei and euchromatin in the nuclear interior.

4. SUMMARY AND PERSPECTIVES

Epigenetic-mediated events are proving to be
critically important in the viability and development of
many parasitic protozoa. Histones and histone variants are
the building blocks of epigenetic mechanisms and the
potential for a histone code seems to be present in every
eukaryote analyzed so far. In protozoa, we and others have
found intriguing and unusual differences in the histone
repertoire that are characteristic of each species (Figure 2).
For instance, Trypanosomatids and apicomplexans have a
histone H2B variant that is able to dimerize with H2AZ
but no other H2A. In T. brucei, these two variants mark the
RNAPII start sites; in addition, 7. brucei contains one
variant each of H3 and H4 that mark RNAPII end sites. In
Toxoplasma, H2Bv and H2AZ are enriched at active
promoters whereas H2AX is associated to silenced region.
Aside from these differences, specific localization of
H2AZ at active promoters can be observed in both cases.

2097

The specific role that H2AZ is playing transcription
activation points in protozoan parasites has not been
described to date. It would be very interesting to elucidate
its contribution to transcription in each protozoal species.

Toxoplasma is one of the few parasites that has
H2AX, and this variant is enriched at silenced genes.
Similar results observed in yeast hint that this variant may
be involved in a conserved mechanism beyond DNA
repair. Only Giardia, T. thermophila, N. caninum, and
Cryptosporidium spp. have this histone variant. How
parasites without H2AX repair DNA or block the
replisome is a mystery. In addition, not all protists have the
same histone variants, and some protists have only one
type of core histone. Giardia has only one type of H2A,
the histone variant H2AX. T. vaginalis has many copies of
histone-coding genes, yet none of them encodes for a
histone variant. In both cases, the parasite has only one
kind of H2A. How these parasites regulate many diverse
processes, like DNA transcription, replication, and repair,
without the well conserved H2A variants is an intriguing
question.

P. falciparum possesses intergenic regions
deficient in nucleosomes that facilitate the access of
transcription machinery, based mainly on its A/T rich
genome. In addition, the repressive mark H3K9me3 is
localized only at telomeres and some restricted
chromosome regions, forming repressive centers on the
nuclear periphery.

In addition to H2B, other linage-specific
variants have been described in protists, such as variants of
H3 and H4 in T. brucei and H3 in Giardia, and it is
possible that there might be additional linage-specific
histone variants. Entamoeba spp. have fairly divergent
histones and virtually none of them have been examined in
detail. Entamoeba have several histone coding genes with
differences in size and sequence among the same core
histone. The most representative are H2A and H3 (see
Table 1). Interestingly, these parasites have acquired an H4
acetylation mechanism that may allow for its growth and
differentiation in response to its environment. The
characterization of these histones will shed light on their
role in parasite adaptation to the environment.

Further studies on histones and histone variants
and their modifying enzymes will help us understand the
epigenetic mechanisms used by these important parasites

to replicate, differentiate, and survive in varying
environmental conditions.
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