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a b s t r a c t
Histone H2Ba of Toxoplasma gondii was expressed as recombinant protein (rH2Ba) and used to generate
antibody in mouse that is highly speciﬁc. Antibody recognizing rH2Ba detects a single band in tachyzoite lysate of the expected molecular weight (12 kDa). By indirect immunoﬂuorescence (IFA) in in vitro
grown tachyzoites and bradyzoites, the signal was detected only in the parasite nucleus. The nucleosome
composition of H2Ba was determined through co-immunoprecipitation assays. H2Ba was detected in the
same immunocomplex as H2A.X, but not with H2A.Z. Through chromatin immunoprecipitation (ChIP)
assays and qPCR, it was observed that H2Ba is preferentially located at promoters of inactive genes and
silent regions, accompanying H2A.X and opposed to H2A.Z/H2B.Z dimers.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Toxoplasma gondii is an obligate intracellular protozoan parasite belonging to the phylum Apicomplexa, along with the genera
Plasmodium, Cryptosporidium, Eimeria, Neospora and other economically and medically important parasites. T. gondii is the agent
causing toxoplasmosis, a signiﬁcant human and animal disease,
impacting billions of people worldwide [1]. Toxoplasmosis is incurable because of the parasite’s ability to form latent cysts containing
bradyzoites that are able to reconvert to infective tachyzoites
when the immune system is compromised [2]. Consequently, AIDS
patients or organ transplant recipients are at serious risk [3–6].
The parasites can also cause abortion or congenital birth defects if
the mother becomes infected for the ﬁrst time during pregnancy
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[7,8]. Changes in gene expression are tightly controlled throughout the lytic and developmental cycles of T. gondii [9]. As in other
species, a key contributor to gene expression regulation in T. gondii
involves epigenetic control, including post-translational modiﬁcations (PTMs) of histones as well as histone variant replacement
[10].
The basic unit of chromatin wraps 147 bp of DNA around the
nucleosome, an octamer of histones that is comprised of two dimers
containing histones H2A-H2B and an (H3-H4)2 tetramer [11]. These
histones may be canonical or variants and can be dynamically interchanged by speciﬁc enzymes. In addition, histones are altered by a
number of enzymes that introduce a wide variety of PTMs including phosphorylation, acetylation, methylation, and sumoylation
[12,13]. In T. gondii, two H2A variants are present in addition to
the canonical (H2A1), H2A.X and H2A.Z, which have been characterized previously by Dalmasso et al. [14]. Regarding H2B, there
are two canonical forms, H2Ba and H2Bb of which only H2Ba is
transcribed in the tachyzoite stage; there is one variant H2B called
H2B.Z, which has also been described by Dalmasso [15]. H2B.Z is
the major H2B histone of T. gondii, in contrast to most species that
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have no H2B variants with the exception of tissue speciﬁc ones
[15–20].
Histone H2B.Z was found in the same nucleosome with H2A.Z,
while H2A.X is not present in this nucleosome particle [14]. We
have also observed that these variants are enriched in speciﬁc locations in T. gondii genome. H2A.X is associated with silent gene
promoters while H2A.Z and H2B.Z are enriched in active promoters
[14]. In order to fully characterize the nucleosome composition of
T. gondii H2A variants, we generated recombinant histone rH2Ba to
obtain speciﬁc antibody. On the other hand, we transfected parasites with a tagged version of H2A.X, and obtained clones that stably
express this histone. With these new tools, we were able to analyze
the interactions of canonical H2B histone with the other variants
in the T. gondii nucleosome and map its location in the parasite
genome.
2. Materials and methods
2.1. Parasite culture and manipulation
RHhxgprt strain was used in all cases and grown in standard
tachyzoite conditions in vitro: human foreskin ﬁbroblast (HFF)
monolayers were infected with tachyzoites and incubated with
Dulbecco’s modiﬁed Eagle medium (DMEM, Gibco BRL) supplemented with 1% fetal bovine serum at 37 ◦ C and 5% CO2 .
2.2. Source of the cDNA clone, sequencing and sequence analysis
The predicted open reading frame of H2Ba cDNA
(TGME49 305160) was ampliﬁed by PCR using speciﬁc primers:
sense,
5’-GGATCCATGGTGGCCAAGAAGTCCGC-3’;
anti-sense,
5’-GGTACCGAAGTGTAAACTGCCGAGACTAC-3’. BamHI and KpnI
recognition sites were included in the sequence (underlined).
These fragments were cloned in pRSET-A plasmid and transformed
in E. coli strain BL21pLys to express the recombinant protein
under induction with 0.1 mM IPTG overnight at 37 ◦ C and puriﬁed through a Ni2+ afﬁnity column (Qiagen) under denaturing
conditions following the manufacturer’s instructions [14].
2.3. Generation of anti-H2Ba antibody
Mice were immunized with rH2Ba (100 g per dose). Three
boosters of each antigen emulsiﬁed with incomplete Freund’s adjuvant at intervals of 2 weeks followed a primary immunization
performed with complete Freund’s adjuvant. Samples of preimmune serum were collected from each animal before antigenic
stimulation [14]. Similarly, rabbit antiserum was obtained with few
modiﬁcations (200 g per dose).
2.4. Western-blot (WB) analysis
Tachyzoites were collected, ﬁltered and counted. Recombinant
histones were quantiﬁed by absorbance at 280 nm assay (Perkin
Elmer Lamba 25 UV/vis spectrometer). In all cases, 1 × 107 parasites, or 1.5 g of recombinant protein were loaded per well and
resolved by 15% SDS-PAGE. Proteins were transferred to PVDF
membrane for 1 h at 100 V. Western blot was then performed as
described [21]. The primary antibodies: ␣-rH2BZ [14], was used at
1/5000 for 1 h at room temperature, whereas ␣-rH2Ba was used at
1/100. Appropriate secondary antibodies were used: phosphatase
alkaline-conjugated goat anti-mouse or anti-rabbit (Sigma) along
with the NBT and BCIP (Promega) detection system, or horseradish
peroxidase-conjugated goat anti-mouse or anti-rabbit employed
along with the ECL detection system (Amersham-GE).
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2.5. Immunoﬂuorescence assay (IFA)
Extracellular tachyzoites RHhxgprt strain were ﬁxed in cover
slips using cold methanol 100% for 8 min and blocked with 1%
BSA. Primary antibody ␣-rH2Ba (rabbit) and ␣-IMC1 (mouse)
(kindly provided by Dr. Gary Ward, University of Vermont, USA)
diluted 1/50 or 1/500 respectively with 0.5% BSA were incubated
for 1 h at room temperature. IMC1 is a cytoskeletal protein that
allows visualization of daughter cells during division. After several washes with PBS cover slips were incubated with secondary
antibodies Alexa ﬂuor goat anti-mouse 488 and anti-rabbit 594
(Invitrogen). DAPI was used to stain nuclei. To generate bradyzoite cysts in vitro, 500 PRU strain tachyzoites were inoculated
onto conﬂuent HFF monolayers grown on glass coverslips. Four
hours post infection, culture medium was replaced with alkaline
medium (pH 8.1), which was replaced daily. After ﬁve days infected
monolayers were ﬁxed in ice-cold methanol, and bradyzoite cysts
were visualized by indirect ﬂuorescent-antibody assay (IFA) following staining with ﬂuorescein isothiocyanate (FITC)-conjugated
Dolichos biﬂorus lectin (1:200, FL-1031; Vector Laboratories).
2.6. Co-immunoprecipitation (Co-IP)
Approximately 5 × 108 RHhxgprt tachyzoites were used for
each immunoprecipitation. Tachyzoites were treated with micrococcal endonuclease (MNase) in order to obtain mononucleosomes
as described [14] and Co-IP was performed as described in Dalmasso et al. [14] with minor modiﬁcations. Mononucleosomes
were incubated with the antibody of interest (20 l) overnight
at 4 ◦ C. On the following day, 40 l of Protein A/G (Santa Cruz)
was added and incubated for 2 h. Immunocomplexes were washed
twice with washing buffer 1 (50 mM Tris, pH 8, 200 mM NaCl and
0.05% Igepal 100), twice with washing buffer 2 (50 mM Tris, pH
8, 300 mM NaCl and 0.05% Igepal 100), and twice with buffer TE
(10 mM Tris, pH 8, 1 mM EDTA); then resuspended in 60 l of SDSPAGE loading buffer. Samples were boiled for 5 min and 20 l was
loaded per well in a 15% SDS-PAGE gel for immunoblotting. The
absence of contaminating proteins was corroborated by Western
blot with murine ␣-SAG1 antibody [22].
2.7. Generation of Myc-H2A.X
To generate the MycH2AX construct, the open reading frame
(ORF) was ampliﬁed using the primers F: 5’-ATGCATATGTCCGCCAAAGGTGCAGG-3’ and R: 5’-TTAATTAAAGGATAGCCATTCTGTCTGGTG-3’. NsiI and PacI restriction sites (underlined) were engineered into the 5’-end of primers F and R, respectively, to clone
into T. gondii expression vectors. The resulting PCR product of
the expected size was removed using a Qiaex II Gel Extraction
kit (Qiagen), cloned in pGEM-T vector (Promega) and sequenced
employing the ABIPRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit (PerkinElmer Applied Biosystems). The
cloned ORF was digested with NsiI and PacI and ligated into
the plasmid pTUB8MycGFPPf.myc tailTy-1/HX (kindly provided
by D. Soldati, Université de Genéve, Switzerland). The ﬁnal plasmid was linearized with NotI and electroporated into RH strain
tachyzoites lacking hypoxanthine–xanthine guanine phosphoribosyl transferase (RHhxgprt). Transgenic parasites were selected in
mycophenolic acid (25 g/ml) and xanthine (50 g/ml) and cloned
by limiting dilution.
2.8. Chromatin immunoprecipitation (ChIP)
ChIP was performed as described in Dalmasso et al. [14] with
minor modiﬁcations.
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Samples for ChIP consisted of ∼5 × 107 parasites that were
subjected to sonication at 4 ◦ C, 30% amplitude, during 5 min 20
pulses (with 30 s stop between each 15 s pulse) in a Q500 Sonicator with water bath cup horn (QSonica). Ten l of the rabbit sera
(␣rH2A.X, ␣rH2A.Z, ␣rH2B.Z), or 25 l of the mouse sera (␣rH2Ba)
were added for overnight incubation, after pre-incubation with
80 l salmon sperm for 30 min at 4 ◦ C, for pre-clearing. 60 l of
salmon sperm DNA/protein-A agarose was added and incubated
for 2 h to collect the antibody–protein–DNA complex. The resulting complex was washed once with 1.0 ml of each of the following
buffers: Low Salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris–HCl, 150 mM NaCl, pH 8.1); High Salt wash
buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 20 mM Tris–HCl,
500 mM NaCl, pH 8.1). Samples were washed 2× in TE (10 mM
Tris, pH 8, 1 mM EDTA) prior to elution in 250 l elution buffer
(1% SDS, 0.1 M NaHCO) for 15 min at room temperature with agitation. After a spin at 1000 rpm for 1 min, a second elution step
was performed. Crosslinks were reversed from the combined eluates and input samples with 20 l 5 M NaCl and 65 ◦ C overnight.
Samples were then treated with proteinase K and DNA was precipitated with isopropanol, after extraction with phenol/chloroform.
DNA samples (1.0 l) were used as a template for qPCR to detect
speciﬁc targets. Ampliﬁcation was performed in a 10 l ﬁnal volume containing SYBR Green PCR Master Mix (Roche) and 0.5 M
of each forward and reverse primers previously described [14,23].
Also a set of primers designed to amplify TASL TGME49 chrIV:
2179605–2207233 (F: 5’-CAAGCCAGTGTCGTCAAAGGAG-3’; R: 5’TACGGGTTGCCTACTGTGAAGC-3’) was used.

3. Results and discussion
3.1. Generation of antibody recognizing canonical T. gondii
histone H2Ba
To obtain antibodies against T. gondii canonical H2Ba, we generated recombinant H2Ba (rH2Ba) by cloning the complete open
reading frame in pRSET-A plasmid from a PCR product. Mouse anti
T. gondii rH2Ba (␣-rH2Ba) serum was generated by immunization of
mice and tested by Western-blot to determine its speciﬁcity. Since
both rH2Ba and rH2B.Z share the 6×His tag, the serum was preincubated with rROP2 [24], another 6×His tag recombinant protein
unrelated to the histones, in order to avoid cross reaction due to
this tag. The puriﬁed anti-rH2Ba antibody reacted with a single
band against rH2Ba, but did not cross-react with rH2B.Z (Fig. 1A).
To conﬁrm the speciﬁcity of ␣-rH2Ba antibody, a competition
ELISA assay was performed (Fig. 1B). The ELISA plate was sensitized with 1 g/ml of rH2Ba and incubated with ␣-rH2Ba serum
sample pre-incubated with different quantities of rH2Ba, rH2B.Z
[15] and rROP2 [24] recombinant proteins. After that the plate
was incubated with secondary antibody labeled with horseradish
peroxidase, revealed with OPD and the absorbance at 492 nanometers was measured. Only the treatment with rH2Ba displayed a
competition effect for the immobilized rH2Ba, suggesting that the
␣-rH2Ba antibody is highly speciﬁc for rH2Ba (Fig. 1B). Since, H2Ba
and H2Bb (TGME49 251870) share a 99% of identity at amino acid
level, it is highly probable that the ␣-rH2Ba antibody recognizes
both histones, being an ␣-canonical H2B antibody. However, only
h2ba could be ampliﬁed using mRNA form tachyzoites and bradyzoites as template [15]. By contrast, despite the high conservation
between canonical H2Bs and H2B.Z (68–70%), mainly at globular
region, we have observed no cross reaction between these two
types of histone. Similar results with other conserved histones such
as H2A.X and canonical H2A were obtained [14]. Histones are also
highly conserved in mammals, so we suspect that the immune
response is mainly targeted to the highly polymorphic region on

Fig. 1. Expression and characterization of T. gondii canonical H2B. (A) Recombinant H2Ba (rH2Ba) and rH2Bv (renamed H2B.Z) were resolved in SDS-PAGE, blotted
to nitrocellulose membrane (stained with Ponceau red), and analyzed by Western
blot against mouse rH2Ba (␣rH2Ba). (B) Competition ELISA was performed with
␣rH2Ba serum incubated with increasing quantities of rH2Ba against recombinant
proteins. The panel corresponds to the afﬁnity of the antibody, indicated as the title,
respect to the speciﬁc recombinant protein immobilized (1 g/ml of rH2Ba). The
anti-rH2Ba serum sample was pre-incubated with different quantities of rH2Ba,
rH2B.Z and rROP2 recombinant proteins. (C) Whole tachyzoite lysate (Tz) was analyzed by Western blot using ␣rH2Ba and ␣rH2B.Z antibodies. The ␣rH2Ba recognized
a single band at expected size, with a lower MW than H2B.Z.

the histones that are far less conserved within T. gondii histone
families.
A Western-blot analysis was performed with ␣-rH2Ba and
␣-rH2B.Z against tachyzoite lysate obtained in vitro. Consistent
with the high speciﬁcity of the ␣-rH2Ba antibody, a single band
of ∼12 kDa was detected, slightly smaller than the main band
obtained with ␣rH2B.Z (Fig. 1C). This result is in agreement with
the expected molecular weight of both histones: 12.6 (H2Ba) and
13.3 kDa (H2B.Z).
3.2. Cellular localization of H2Ba in replicating and
non-replicating parasites
The cellular localization of H2Ba in the parasite was determined
by immunoﬂuorescence assay (IFA). This assay was performed in
intracellular tachyzoites, grown in normal conditions in vitro, ﬁxed
with methanol and permeabilized with Triton X-100. Nuclear DNA
was stained with DAPI. The replicating state of the parasites was
analyzed by using ␣-IMC antibody. The parasite IMC (for inner
membrane complex) appears surrounding the new tachyzoites
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Fig. 2. Immunolocalization of H2Ba. (A) Non-replicating tachyzoites and replicating intracellular tachyzoites. The ␣-rH2B antibody labeled the nucleus of tachyzoites in
IFA assay, as expected for a histone protein. H2Ba stained with Alexa Fluor 594 (red) was detected in segregating nuclei (red arrowheads) and nuclei of non-replicating
tachyzoites. IMC1 stained with Alexa Fluor 488 (green) shows the inner membrane complex both of the mother cell and also the daughter cells (green arrowheads). DAPI was
used to stain nuclei. H: host cell nucleus. Ph: phase contrast. Merge panels, left to right: combination of H2Ba/IMC1, DAPI/IMC1 and H2Ba/DAPI/IMC1 images, respectively. (B)
Bradyzoites. The ␣rH2B antibody labeled the nucleus of in vitro generated bradyzoites in IFA assay, as expected for a histone protein. H2Ba stained the nuclei inside the cyst,
stained with Alexa Fluor 594 (red). Fluorescein isothiocyanate (FITC)-conjugated Dolichos biﬂorus lectin (DBL) (green) shows the cyst wall. DAPI was used to stain nuclei. H:
host cell nucleus. Ph: phase contrast. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

during daughter cell segregation, whereas mother cell structure
is conserved [25]. A clear signal for canonical H2B was detected
only in the nucleus (yellow arrows), co-localizing with DAPI, both
in replicating or non-replicating parasites (Fig. 2A). We also found
H2Ba signal co-localizing with DAPI in in vitro generated bradyzoites (Fig. 2B). This is in accordance with the previous observations
in Dalmasso [15] in which h2ba gene is expressed in bradyzoites,
although at a lower rate in comparison to tachyzoites.
3.3. Nucleosome composition and position of histone H2Ba in the
genome
Previously we established that H2A.Z forms dimers with H2B.Z
and H2A.X does not [14], however the nucleosome composition of
H2A.X remained to be elucidated. Using the ␣-rH2Ba antibody, a
series of co-immunoprecipitation (Co-IP) assays were performed.
Fig. 3 shows that T. gondii H2A.X was able to pull down H2Ba
whereas H2A.Z did not form detectable dimers with this histone.
The reciprocal co-IP assay showed the same results: H2Ba was able
to pull down H2A.X but not H2A.Z (Fig. 3A). Fig. 3B shows that the
sample is enriched in mononucleosomes by MNase digestion. H2Ba
interaction with H2A.X was further validated based on the stable
expression of H2A.X fused to a c-Myc tag (Fig. 3C), where it is also
evident that Myc-H2A.X is not able to immunoprecipitate H2B.Z
(Fig. 3D). These data suggest that the nucleosomes detected in T.
gondii with these antibodies are predominantly either H2A.X/H2Ba
or H2A.Z/H2B.Z (Fig. 5).
To study the genomic position of this histone, Chromatin IP
(ChIP) experiments performed with ␣-rH2A.X, ␣-rH2A.Z, ␣-rH2B.Z,
and ␣-rH2Ba antibodies were analyzed by qPCR with primers that
amplify the following regions: upstream regions of constitutively
active genes (ˇ-tubulin, DHFR and elF4) and two tachyzoite-speciﬁc
genes (SAG1 and SAG2A) as well as two bradyzoite-speciﬁc genes
that are repressed during the tachyzoite stage (LDH2 and BAG1). In
addition, two silenced gene-free genomic regions representative

of telomeric associated sequences (TAS), named tgire and TASL IV
[14,26] were also analyzed. Results indicate that H2A.X and H2Ba
are enriched upstream of repressed genes LDH2 and BAG1 compared to the active genes, ˇ-tubulin, DHFR, ElF4 and SAG1 (Fig. 2B).
They are also enriched in TAS regions (Fig. 4) as had been already
seen before with H2A.X [26]. H2Ba but not H2A.X seems to be
enriched also in SAG2A, a promoter of a tachyzoite active gene
[23]. On the contrary, H2A.Z and H2B.Z are enriched at active genes
relative to the inactive genes, conﬁrming previous results [14,26]
(Fig. 4). These data suggest that H2A.Z and H2A.X have opposing
roles in their regulation of chromatin, and that H2B.Z accompanies
H2A.Z in its role, whereas H2Ba complements H2A.X (Fig. 5). The
enrichment of H2Ba in sag2a promoter could indicate that canonical H2B may occasionally be also located in the same nucleosomes
or near to H2A.Z/H2B.Z containing nucleosomes, in this case maybe
by dimerization with canonical H2A. This should be conﬁrmed by
further analysis.
This data, considered with our previous ﬁndings, makes it clear
that T. gondii has a peculiar nucleosome composition. The presence
of a unique H2B variant histone (H2B.Z) throughout Apicomplexa,
apart from canonical H2B, suggests that this nucleosome composition is likely to exist in other species in the phylum. These ﬁndings
reveal that the nucleosomal arrangement in protozoa may exhibit
intriguing differences relative to their mammalian counterparts.
The model shown in Fig. 5 predicts that H2A.Z and H2B.Z are
associated at least with promoters of active genes, whereas H2A.X
and H2Ba are predominately positioned at silenced promoters and
constitutive heterochromatic regions such as TAS. Our study only
focused on promoter regions and two regions inside T. gondii TAS,
near 30 kb genomic domain. Since T. gondii H2A.X was also enriched
in other regions inside TAS in comparison to H2A.Z and H2B.Z [26], it
is expected that canonical H2B is positioned along this subtelomeric
sequence. However, we have not tested the nucleosome composition of intergenic and gene regions, which will be important to
expand our understanding of the role of each of these histones in
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Fig. 3. Nucleosome composition. (A) H2Ba. Immunoprecipitation was carried out
using ␣-rH2Ba, ␣-rH2A.X or ␣-rH2A.Z antibodies. The complexes were analyzed
by Western blot using ␣-rH2Ba, ␣-rH2A.X or ␣-rH2A.Z antibodies. H2A.X coimmunoprecipitates with H2Ba but H2A.Z did not immunoprecipitate with H2Ba. (B)
MNase digestion of DNA control. DNA was reduced mainly to fragments between 100
and 200 pb. (C) Generation of stable lines of T. gondii expressing H2A.X fused to c-Myc
epitope at N-terminal end. Diagram of the construction. (D) MycH2A.X. Immunoprecipitation was carried out using anti-cMyc (␣-cMyc) antibody. The complexes
were analyzed on Western blots using ␣-cМyc, ␣-rH2Ba, ␣-rH2B.Z or ␣-rH2A.Z. ␣SAG1 antibody, which detects surface antigen 1, was used as a control to identify
contaminants in the immunoprecipitate. IN, input; IP, immunoprecipitate; NB, not
bound; W1, wash 1; W3, wash 3.

chromatin modulation. In addition, the enrichment of H2Ba, but
not H2A.X, together with H2A.Z/H2B.Z in the promoter of tachyzoite active gene sag2a, opens the question if canonical H2B could
be localized in or near active promoters of some genes.
In general, the model envisages that canonical H2B/H2A.X and
the double variant nucleosome formed by H2A.Z/H2B.Z present
opposite genome localization, which should be conﬁrmed by a
genome wide analysis. Up to now, a genome wide analysis on
Plasmodium falciparum, another apicomplexa protozoan parasite,
further conﬁrms that H2A.Z and H2B.Z form the same double variant nucleosome occupying AT rich promoters, intergenic regions
and var gene promoters [27,28]. Despite var genes, which are absent
in T. gondii, are located in clusters within the heterochromatic
regions at plasmodial TAS, H2A.Z-H2B.Z nucleosomes are present
in single var gene that escapes silencing and is abundantly transcribed [28,29]. Since P. falciparum does not have a H2A.X variant, it
remains to be elucidated the nucleosome composition, concerning
H2B and H2A histones, along P. falciparum TAS.
The opposing genomic localization of H2A.Z/H2B.Z and
H2A.X/H2Ba is not surprising considering the PTMs present in
these histones are quite different. H2A.Z and H2B.Z have been
shown to be hyper-acetylated in the N-terminal [30]. Acetylation
is one of the most prominent modiﬁcations inﬂuencing gene
expression [31,32] as neutralization of the positively charged histone N-terminal tails leads to chromatin decondensation, thereby

Fig. 4. Genome localization. Chromatin immunoprecipitation (ChIP) was carried
out using ␣-rH2A.X, ␣-rH2A.Z, ␣-rH2B.Z or ␣-rH2A.X or ␣-rH2Ba antibodies, and
preimmune serum (Pre). Immunoprecipitated DNA was then analyzed by qPCR with
primers of SAG1, SAG2A, ˇ-tubulin (tub), DHFR, ElF4, BAG1 and LDH2 promoters as
well as TgIRE100 and TASL IV, both from different regions on TAS element. In the
ﬁgure ChIP enrichment relative to the input DNA (taken as 1) is shown.

enhancing transcriptional activity [32]. In other organisms, as well
as T. gondii, H2A.Z with its hyperacetylated N-terminal region, is
preferentially present in regions of the genome correlating with
transcriptional activation [33], and this should also be true for
H2B.Z, where the N-terminal tail is acetylated on lysines 3, 8, 13,
14, and 18 [30]. Similar results were also observed in P. falciparum
[34,35]. In contrast, H2A.X and canonical H2Ba have a striking lack
of PTMs at the N-terminus compared to H2A.Z and H2B.Z. On H2Ba,
apart from an acetylation mark on K4, only methylation of certain residues was found along with some phosphorylation [30].
This is in agreement with our results showing localization of these
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Fig. 5. Model of nucleosome composition and genome localization in T. gondii. Nucleosomes composed of H2A.X/H2Ba histones would be present in promoters of inactive
genes, as well as telomeric regions; H2A.Z/H2B.Z nucleosomes would be present at promoters of active genes. Pr: promoter; TAS: telomeric associated sequence.

histones in the same nucleosome, positioned in silenced regions of
the genome.
The localization of H2A.X and H2Ba in TAS regions may link these
histones to roles in subtelomere silencing and/or DNA damage control. It is interesting that some mutations in yeast H2B have been
shown to produce signiﬁcant changes in telomeric and subtelomeric compactation, interaction with silenced DNA, or DNA damage
checkpoint associated factors such as silent information regulator,
sirtuin (Sir) complex or disruptor of telomeric silencing (Dot1) proteins [36–38]. In addition, the distribution of H2A.X and ␥H2A.X
histones in the replicating genome is enriched near chromosomal ends (telomeres and subtelomeres) [39]. Sub-telomeres are
exposed to replication-mediated DSB, maybe because during highly
replicative stages DNA contains many replication forks in subtelomeric regions [40,41]. Elucidation of the role of H2A.X/H2Ba
histones in the TAS region of T. gondii is an interesting subject for
future studies.
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