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Abstract: Eukaryotes use histone variants and post-translation modifications (PTMs), as well as
DNA base modifications, to regulate DNA replication/repair, chromosome condensation, and gene
expression. Despite the unusual organization of their protein-coding genes into large polycistronic
transcription units (PTUs), trypanosomatid parasites also employ a “histone code” to control these
processes, but the details of this epigenetic code are poorly understood. Here, we present the results of
experiments designed to elucidate the distribution of histone variants and PTMs over the chromatin
landscape of Leishmania tarentolae. These experiments show that two histone variants (H2A.Z and
H2B.V) and three histone H3 PTMs (H3K4me3, H3K16ac, and H3K76me3) are enriched at transcrip-
tion start sites (TSSs); while a histone variant (H3.V) and the trypanosomatid-specific hyper-modified
DNA base ] are located at transcription termination sites (TTSs). Reduced nucleosome density was
observed at all TTSs and TSSs for RNA genes transcribed by RNA polymerases I (RNAPI) or RNAPIII;
as well as (to a lesser extent) at TSSs for the PTUs transcribed by RNAPIL Several PTMs (H3K4me3,
H3K16ac H3K20me2 and H3K36me3) and base ] were enriched at centromeres, while H3K50ac was
specifically associated with the periphery of these centromeric sequences. These findings significantly
expand our knowledge of the epigenetic markers associated with transcription, DNA replication
and/or chromosome segregation in these early diverging eukaryotes and will hopefully lay the
groundwork for future studies to elucidate how they control these fundamental processes.
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1. Introduction

Trypanosomatid parasites cause widespread suffering and death in humans and
animals, resulting in a substantial economic burden in many countries around the world [1].
Leishmania are transmitted by sand flies, in which they proliferate as procyclic promastigotes
and differentiate into non-dividing metacyclic promastigotes. After transmission to the
vertebrate host, metacyclics infect macrophages and differentiate into amastigotes, which
grow and divide within the phagolysosome and ultimately lyse the host cell to serially
infect other macrophages [2]. Infection can lead to several different disease outcomes,
depending on the species and several host factors [3], ranging from asymptomatic or self-
limiting cutaneous infections to debilitating diffuse cutaneous leishmaniasis, disfiguring
mucocutaneous leishmaniasis, and lethal visceral disease.

The nuclear genome of all eukaryotes (including Leishmania and other trypanoso-
matids) is packaged into chromatin by interaction with four core histone (H2A, H2B, H3
and H4) homodimers to form heteromeric nucleosomes that each have ~150 bp of DNA
wrapped around them. The nucleosomes are joined by a linker histone (H1) to form
higher-order structures, compacting the DNA and protecting it from damage. DNA base
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modification and post-translational modifications (PTMs) on the histones (and their vari-
ants) are used to control diverse biological processes, including DNA replication/repair,
chromosome condensation, and temporal regulation of gene expression. Lysine and argi-
nine residues in N-terminal “tails” of the core histones protruding from the nucleosome
are covalently modified by methylation, acetylation, or ubiquitination; while serine or
threonine residues are phosphorylated. These PTMs can change the local nucleosome
density, thereby controlling the rate of transcription initiation, elongation, and termination.
The number of PTMs is large, and our understanding of the functional significance of this
epigenetic “histone code” is still in its infancy, even for humans and model organisms [4].

In most eukaryotes, each gene normally has its own transcription start site (TSS) and
termination site (TTS), allowing for regulation of mRNA production on an individual
basis. In contrast, trypanosomatid genomes are organized into polycistronic transcription
units (PTUs) containing tens-to-hundreds of protein-coding genes on the same strand
of DNA [5]. The primary transcript from each PTU is processed co-transcriptionally by
trans-splicing and polyadenylation, resulting in addition of a capped 39-nucleotide spliced
leader (SL) sequence to the 5'-end and a poly(A) tail to the 3’ end of each mature mRNA [6].
Consequently, trypanosomatid genomes contain far fewer transcription start sites (TSSs)
and transcription termination sites (TTSs) than other eukaryotes and they rely almost
exclusively on post-transcriptional mechanisms (RNA processing, stability and translation)
to regulate differential gene expression, with the 5" and 3’ untranslated regions (UTRs)
being the primary drivers of differential mRNA abundance [7]. However, despite the
(mostly) constitutive transcription of their protein-coding genes, trypanosomatids still
utilize histone variants and PTMs to mark the boundaries of their PTUs [8-11]. In addition,
a trypanosomatid-specific hyper-modified DNA base (3-D-glucopyranosyloxymethyl-
uracil (J for short) [12], which occurs mostly at telomeres [13], is also found at TTSs [14], as
well as some divergent TSSs [15,16]. In Leishmania, loss of ] leads to a substantial increase in
read-through transcription at TTSs [14]; but in T. brucei it appears to act more synergistically
with H3.V to control transcription termination and expression of non-coding siRNAs [17].
In contrast, reduction of J levels in T. cruzi is accompanied by a significant increase in
transcription of virulence-associated genes (such as trans-sialidases, gp85, and amastins)
located between PTUs, suggesting that | may also have a role in regulating transcription
initiation in some species [18].

While trypanosomatids have orthologues for all the canonical histones, they are quite
divergent from those in other organisms [19-22]. Leishmania H1 contains a single domain
that corresponds to the lysine-rich C-terminus of H1 in higher eukaryotes, but few of the
residues with PTMs in human H1 are conserved [23]. Leishmania H2A and H2A.Z both
appear to represent a sister branch to the H2A.Z variant of higher eukaryotes. Most of
the lysines that have PTMs in human H2A /H2A.Z are conserved, but Leishmania H2A.Z
contains a larger N-terminal extension with more PTMs than in other organisms [24].
Leishmania H2B has a shorter N-terminal tail than in mammals, with only two of the modi-
fied lysines being conserved (although a third may be conserved in T. brucei). However,
H2B.V in Leishmania (along with other trypanosomatids) has a longer tail containing addi-
tional lysines, which may be the functional equivalent of H2B residues that are acetylated
in actively transcribed human chromatin [25]. H3 and H3.V from trypanosomatids are
quite divergent from those in other eukaryotes and both appear to branch with the cen-
tromeric H3 variant (cenH3 or CENP-A) in other taxa. Trypanosomatid H3 has a shorter
N-terminal tail than in most other organisms, although most of the lysines with PTMs in
human (and/or yeast) H3 are conserved. The H3 variant (H3.V) of both Leishmania and
Trypanosoma contains a longer N-terminal tail (with several additional lysine residues),
although there are differences between the two species [26]. H4 is the most conserved
of the trypanosomatid histones, with almost all residues with PTMs in human H4 being
conserved. T. brucei has an H4 variant (H4.V), but Leishmania appears to lack an obvious
orthologue [27], although there are small differences between some copies of H4.
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Eukaryotes have evolved a panoply of “readers” and “writers” that recruit chromatin
modification complexes and alter local nucleosome density, respectively, thereby controlling
its accessibility to RNA polymerase and transcription factor complexes [4,28]. The epige-
netic “histone code” is complicated and incompletely understood, even for humans and
model organisms. Previously published reports have identified >150 different PTMs on the
core histones and variants of T. brucei [11] and ~200 for T. cruzi [22]. A more recent publica-
tion [24] identified 58 different PTMs enriched at TSSs in T. brucei, including trimethylation
of H3K4, H3K10 and H3K11, acetylation of H3K23, and acetylation of several lysines
on H2A.Z, H2B.V and H4. Interestingly, at least two different histone acetyltransferases
(HATSs) are involved in acetylation of T. brucei histones; HAT1 is primarily responsible for
acetylation of H2A.Z and H2B.V, while HAT?2 acetylates H4 [24]. There have been fewer
studies in Leishmania, but H3K9ac (the equivalent of H3K10ac in T. brucei) has been shown
enriched at TSSs [8,29-31] and H3.V at TTSs [27] in L. major; while H4K4ac, H4K10ac and
H4K14ac are enriched at TSSs in L. donovani [8,29-31]. Here, we describe experiments that
utilize a recently developed improvement of chromatin immunoprecipitation (ChIP-seq)
technology [32] to significantly expand our knowledge of the chromatin-wide distribution
of histone variants and PTMs in L. tarentolae.

2. Results

To map the location of histone variants and PTMs across the chromatin landscape of
L. tarentolae, we employed Cleavage Under Targets and Tagmentation (CUT & Tag) [33], in
which a target within chromatin is bound in situ by a specific antibody, thereby directing a
protein A-Tn5 transposase fusion protein (pA-TN5) to this location. Addition of bar-coded
oligonucleotides and activation of the transposase cleaves the adjacent DNA and creates
“tagged” ends, allowing generation of fragment libraries with high resolution and excep-
tionally low background. In addition, we repeated our previous J-IP-seq experiments [14]
that showed ] is enriched at telomeres, TTS and some TSSs at divergent strand-switch
regions. The Illumina sequencing reads obtained from these experiments were mapped to
the L. tarentolae genome using a short-read aligner and the read density plotted for each of
the 36 chromosomes in the genome. Figure 1 shows the results obtained for chromosome 25,
which contains two examples of divergent TSSs, two convergent TTSs, and two telomeric
TTSs; as well as a unidirectional TTS/TSS (i.e., a TTS followed by a TSS on the same strand),
which is located at the centromere. This distribution of PTUs (and chromatin markers)
on chr25 is representative of the ~192 PTUs found on the 36 Leishmania chromosomes,
although some minor differences were occasionally seen, as outlined below.

H2A and H2B (to a lesser extent) were depleted at all TSSs, irrespective of whether
they were bi-directional, unidirectional or telomeric (Figure 1B), consistent with their
replacement by H2A.Z and H2B.V at these locations (Figure 1C). As expected, H3.V was
enriched at TTSs and telomeres (Figure 1C). Interestingly, H3 showed lower coverage at
TTSs and TSSs (Figure 1B), possibly reflecting lower chromatin density at these locations
(see below). We also found that three H3 PTMs (H3K4me3, H3K16ac and H3K76me3) were
enriched at TSSs (Figure 1D).

The centromeres of all 36 L. tarentolae chromosomes were identified by chromatin
confirmation capture followed by next generation sequencing (Hi-C) and confirmed by
synteny with L. major [34]. The centromeres (Supplementary Table S2) are located between
divergent TSSs (14/36), unidirectional TTS/TSSs (16/36), or convergent TTSs (6/36) and
are sometimes (9/36) flanked by RNA genes. Figure 2 shows examples of the chromatin
markers found at each of the six different configurations for centromeres. H3K4me3
and H3K16ac appeared to be enriched at centromeres, even those not associated with
TSSs. In contrast, H3K20me2, H3K36me3 and H3K50ac were found only at centromeres.
Interestingly, while H3K4me3, H3K20me2 and H3K36me3 (and perhaps H3K16ac) were
distributed throughout the entire centromeric region, H3K50ac showed peaks mostly at the
centromere boundaries.
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Figure 1. Distribution of epigenetic markers across a representative chromosome. The top panel
(A) Scheme 25. which are organized into six PTUs (pale yellow). Telomeric hexamer repeats (THRs)
are denoted by the purple arrowheads at the left end (the reference sequence ends short of the THRs
at the right end of chr25). Transcription start sites (TSSs) are indicated by green arrows, transcription
termination sites (TTSs) by vertical bars following red arrowheads, while the centromere (shown
by a blue box in the PTU map) is indicated by red X. Base composition in 100-bp sliding windows
across the chromosomes is indicated by blue (%GC) and green (%AT) lines. The coverage maps in the
lower panels (B-F) represent the number of reads mapped by Bowtie2 mapping at each nucleotide.
Sharp peaks (indicated by asterisks) present in all panels (including controls) likely represent short
repetitive sequences, rather than actual peaks of histone variants or PTMs.
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Figure 2. Distribution of epigenetic markers at centromeres. The top panel (A) shows the location
of protein-coding and RNA genes surrounding the centromeric region of six different L. tarentolae
chromosomes, with two examples each representative of centromeres between convergent TTSs,
divergent TSSs, or unidirectional TTS/TSSs. The right-hand example of each pair contains RNA genes
flanking one or both sides of the centromeric sequence, which is indicated by a blue box between the
adjacent PTUs (yellow arrows). Transcription start sites (TSSs) are indicated by a green arrow and the
transcription termination sites (TTSs) are denoted by vertical bars following red arrowheads (lighter
shades indicate TSSs and TTSs for RNA genes). The base composition in 100-bp sliding windows
across the chromosomes is shown by blue (%GC) and green (%AT) lines. The coverage maps in the
lower panels (B-F) represent the number of reads mapped by Bowtie2 mapping at each nucleotide. A
log, scale was used for the coverage map of H3.V on chr15 and chr06, while all the other maps used
a linear scale.

In agreement with our previous results [14], base ] is found at all TTSs (except for
the second convergent TTS on chr28) and telomeres, as well as centromeres (Figures 1E
and 2E). Significantly, the latter also account for most of the instances where ] was found
between bi-directional TSSs (e.g., chr06 and chr(02, Figure 2E). Finally, we performed an
Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) experiment,
which identifies regions with “open” (i.e., more loosely packed) chromatin [35]. Peaks of
read density were observed at TTSs (Figures 1F and 2F), reflecting the reduced nucleosome
concentration previously observed at these sites [36]; but we also saw (less-intense) peaks
at most TSSs, suggesting that chromatin may be loosely packed at these locations, as well.
However, the ATAC-seq data showed no increase in signal within the central centromeric
sequence (Figure 2F), suggesting that chromatin density at centromeres was similar to that
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found within the PTUs, although the read density of histones (and their variants) from
the CUT & Tag experiments was generally lower at centromeric regions (Figure 2B,C).
As expected, read density from ATAC-seq was highest wherever RNA genes were tran-
scribed by RNAP I (rRNA locus on Chr27) or RNAP III (tRNAs and 5S rRNAs on several
chromosomes), consistent with the high transcription rate at these loci.

3. Discussion

Eukaryotes use histone variants to modify nucleosome structure and facilitate tran-
scription initiation, DNA replication/repair and chromosome segregation at specific loci.
The trypanosomatids are no exception and our results confirm that the distribution of
histone variants in Leishmania is similar to that previously reported for T. brucei [9,11], with
H2A.Z and H2B.V marking the TSS at the beginning of each PTU of protein-coding genes
transcribed by RNAPII. A large number of PTMs have been found on histones present at
TSSs in T. brucei [24,37], and we confirmed that at least three of these (H3K4me3, H3K16ac
and H3K76me3) are also present at Leishmania TSSs (Table 1). These markers, which are
typically associated with transcriptional activation in other eukaryotes [38,39], were also
found upstream of RNA genes transcribed by RNAPI (rRNA) and RNAPIII (55 rRNA,
snRNA, tRNA or SRP RNA).

Table 1. Distribution of histone variants and PTMs across the Leishmania chromatin landscape.

Location Marker (s) Chromatin State

Telomeres H3.V,] Unclear

TSSs H2A.Z, H2B.V, H3K4me3, H3K16ac, Open
H3K76me3

PTU body H2A, H2B, H3 and H4 Normal

TTSs H3.V,]J Open
H3K4me3, H3K16ac, H3K20me2,

Centromere Normal

H3K36me3, (H3K50ac) *
* H3K50ac was found only at centromere boundaries.

In T. brucei, the histone variants H3.V and H4.V are associated with the TTS at the
end of each PTU, along with base J [9]. As expected, our results confirm that H3.V and
base ] are similarly localized in Leishmania (Table 1). However, Leishmania appears to lack
an obvious orthologue of the H4 variant (H4V) found in T. brucei [27], providing further
evidence for differences between the relative importance of these chromatin markers for
transcription termination in Leishmania and Trypanosoma [26].

Previous studies using L. major have shown that TTSs have a low occupancy of
nucleosomes [36], suggesting that the presence H3.V and/or base ] results in chromatin
remodeling at these sites. The results of our ATAC-seq experiments (Table 1) are consistent
with less densely packed chromatin at these loci, perhaps facilitating binding of protein
complex(es) that mediate termination. We also found open chromatin at TSSs of RNA genes
transcribed RNAPI and III, probably to facilitate increased access by these RNA polymerase
initiation complexes. We also found an increase (albeit less pronounced) in ATAC-seq read
density at the TTSs of PTUs transcribed by RNAPII, suggesting that chromatin at these
sites is also somewhat open, as seen in for actively transcribed genes in other eukaryotes.

In other eukaryotes, a histone H3 variant (CENP-A) is used to generate more rigid nu-
cleosomes at centromeres [40], although some H3 PTMs (e.g., H3K4me?2) are also important
in kinetochore formation and chromosome segregation [41]. To our knowledge, our study
is the first to characterize histone markers associated with centromeres in trypanosomatids,
which do not have a clear CENP-A orthologue (although their H3 appears more closely re-
lated to cenH3/CENP-A than to the “canonical” H3). Our results found that several PTMs
are associated with centromeres in L. tarentolae (Table 1). Two (H3K4me3 and H3K16ac)
are shared with TSSs, but three (H3K20me2, H3K36me3 and H3K50ac) are found only at
centromeres. Base ] is also enriched at centromeres (even those not flanked by obvious
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TTSs). Interestingly, H3K50ac appears to be located at the periphery of the centromeric
sequence, while the other markers are found throughout the centromere. The density of
histones (H2.A, H2.B, H3 and H4) and their variants (H2A.Z, H2B.V and H3.V) appears to
be reduced within the central centromeric region. Surprisingly, this did not appear to be
accompanied by an increase in ATAC-seq read density, although the AT-rich nature of most
centromeres may have confounded this analysis. These results suggest that relationship
between chromatin modification and centromeric function in Leishmania is significantly
different from that in other, more well-studied, eukaryotes. It remains to be seen whether
the situation is similar in T. brucei.

4. Materials and Methods
4.1. Parasite Cell Culture

A clone (M2) of L. tarentolae Parrot Tarll [42] was grown in SDM-79 supplemented with
10% fetal calf serum [43]. In general, cultures were grown to mid-log phase and harvested
at a density of ~107 cells/mL.

4.2. Assembly and Annotation of the Reference Genome

Sequencing libraries were prepared from genomic DNA of L. tarentolae Parrot Tarll
using the BluePippin™ System with a 7.5 kb size-cut (https://pacbio.gs.washington.
edu/ (accessed on 30 July 2022)). The library was sequenced using P2/C2 chemistry
on 14 SMRTCells to generate 2,104,088 reads with an average read length of 3241 nt.
Filtering for duplicates reduced this to 913,321 reads (average length = 5.408 nt), which were
assembled using HGAP v3.0 [44], resulting in 177 contigs, of which 70 likely represented
an alternative haplotype and were discarded, along with 2 that represented the maxicircle.
The remaining contigs were concatenated into 36 chromosomes by comparison to exiting
L. major and L. tarentolae reference genomes using ABACAS [45]. This sequence was error-
corrected with iCORN [46] after alignment to several Illumina whole genome sequencing
libraries, followed by PBJelly [47] to fill sequence gaps and manual correction to correct
obvious remaining errors. The resultant 32,192,075-bp sequence was annotated using
RATT [48], SNAP [49], Augustus [50], Aragorn [51] and Infernal [52], followed with by
limited manual refinement to provide an updated version (LtaP_2016) of the L. tarentolae
reference genome(see Table S1). The CDSs were manually curated into 192 PTUs, based
largely on the location of the peaks of base J]/H3V and H2A.Z/H2B.V. shows the final
size of each chromosome, along with the number of sequence gaps, different gene types
and PTUs.

Hi-C analysis [10] was used to localize the centromeres of all 36 L. tarentolae chromo-
somes (see Table S2). Briefly, Hi-C libraries were prepared by Phase Genomics, Seattle USA
using their Proximo Hi-C kit and sequenced with Illumina 80-bp paired end technology.
The resultant 59,964,481 read pairs were aligned against the LtaP_2016 reference genome
using Bowtie2 [11] and the results viewed in a HiGlass browser [12]. We found that each
chromosome contained a single off-diagonal region of high-proximity with every other
chromosome. These regions were syntenic with the centromeres previously identified in
L. major [13]. The exact boundaries of the centromeric sequences were refined by manual
inspection of RNA-seq data to choose those regions with the lowest coverage.

4.3. CUT & Tag

A previously published protocol [33] was used to determine the chromatin localization
of canonical and variant histones, as well as selected PTMs. Briefly, Concanavalin beads
were added to ~107 cells that had been permeabilized with digitonin, followed by addition
of 1 uL of specific antibody and overnight incubation at 4 °C with rotation. Antibodies
prepared against L. major histones, histone variants and PTMs were provided by Iris
Wong and Stephen Beverley. Antisera against unmodified histone and their variants
were prepared against recombinant protein in a manner similar to that described from
H3.V [27]. Antisera to L. major histone modifications (K4me, K16ac, K20me2, K36me3 and
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K50ac) were prepared by synthesis of ~11 amino acid peptides with the modification at
the central position, conjugation to carrier protein, and immunization of rabbits. Antisera
were evaluated for specificity by Western blotting against modified or unmodified peptides
(UK Wong and SM Beverley, manuscript in preparation). Antibodies against T. brucei
H3 and H3K76me3 were supplied by Christian Janzen [53]. After overnight incubation,
the cells were washed before the secondary antibody (guinea pig anti-rabbit IgG) was
added and incubated for 30 min at room temperature. After the cells were washed to
remove unbound antibody, protein A-Tn5 complexed with oligonucleotide adapters (kindly
supplied by Steven Henikoff) was added and the cells incubated for 60 min at room
temperature. Tagmented DNA was subsequently purified and converted into Illumina
sequencing libraries.

4.4. J-IP-Seq

To localize base ] within the L. tarentolae genome, we used a modification of the
previously described protocol [14]. DNA (20 ug) was fragmented to ~200-bp fragments
using a Covaris S2 and purified using Ampure XP beads (Beckman Coulter, Indianapolis,
IN, USA). The DNA concentration was determined using a Qubit HS (ThermoFisher,
Waltham, MA, USA) and 10 pg diluted to 500 puL with binding buffer (PBS with 0.02%
Tween-20). Ten puL of antibody against base J [54] was diluted to 200 pL and added to 50 pL
of Protein A Dynabeads (ThermoFisher, Bothell, WA, USA) before being incubated with
rotation for 40 min at room temperature. The supernatant was removed, and the beads
washed with 400 uL buffer. The sheared DNA was then added to the beads and incubated
for a further 50 min, before the supernatant was removed and beads washed three times
with wash buffer (10 mM Tris pH 8.0, 8 mM EDTA, 85 mM NaCl, 0.05% Tween-20). To
reduce background reads from unbound DNA stuck to the sides of the tube, beads were
then resuspended in 200 pL of wash buffer and transferred to a fresh tube. The tube was
then placed on a magnet and the supernatant removed before the beads were resuspended
in 250 pL elution buffer (10 mM Tris pH 8.0, 1 mM EDTA, 0.1% SDS) and 50 ug of Proteinase
K, followed by incubation at 56 °C for 30 min in a thermomixer. The eluted DNA was
purified by sequential phenol: chloroform: isoamyl alcohol and chloroform: isoamyl
alcohol extractions before precipitation and resuspension in TE. Libraries were prepared
from 1 ng of DNA using the NEBnext ultra II Library preparation kit (New England Biolabs,
Ipswich, MA, USA) with 10 amplification cycles.

4.5. ATAC-Seq
Libraries were prepared as described previously [55], using 107 cells per sample.

4.6. Sequencing and Read Mapping

The Illumina libraries described above were sequenced by Novogene Corporation Inc.,
Sacramento, CA, USA, using their NovaSeq PE150-30G-WOBI protocol. Reads were aligned
against the L. tarentolae reference genome (LtaP_2016) described above, using Bowtie2 [56]
with the “end-to-end alignment” and “low sensitivity/fastest” options within Geneious
Prime (2022.1.1). The number of reads aligned for each library is shown in Table S3.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens11080930/s1. Table S1: LtaP_2016 chromosomes and
genes; Table S2: L. tarentolae centromeres; Table S3: Illu-mina sequencing libraries used in this study.

Author Contributions: Conceptualization, PJ.M.; methodology, ]. R.M., B.C.J. and PJ.M.; software,
A.S. and PJ.M,; resources, B.C.J.,, LLK.W.,, SM.B. and PJ.M.; writing—original draft preparation,
PJ.M.; writing—review and editing, ] R.M., B.C.J., A.S. and S.M.B.; funding acquisition, B.C.J., S.M.B.
and PJ.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by PHS grants R01 AI103858 (to P.J.M.), R01 AI29646 (to
S.M.B.), and AI R21AI159041 (to B.C.J.) from the National Institute of Allergy and Infectious Diseases.


https://www.mdpi.com/article/10.3390/pathogens11080930/s1
https://www.mdpi.com/article/10.3390/pathogens11080930/s1

Pathogens 2022, 11, 930 9of 11

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All CUT & Tag, J-IPseq and ATC-seq sequencing libraries have been
submitted to the GenBank Short Read Archive under BioProject PRINA861905.

Acknowledgments: We thank Christian Janzen (LMU Wiirzburg) for the kind gift of antibodies
against T. brucei H3 and H3K76me3.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McCall, L.I; McKerrow, J.H. Determinants of disease phenotype in trypanosomatid parasites. Trends Parasitol 2014, 30, 342-349.
[CrossRef] [PubMed]

2. Alexander, J.; Russell, D.G. The interaction of Leishmania parasites with macrophages. Adv. Parasitol. 1992, 31, 175-254. [PubMed]

3. Cunningham, A.C. Parasitic adaptive mechanisms in infection by Leishmania. Exp. Mol. Pathol. 2002, 72, 132-141. [CrossRef]
[PubMed]

4. Zhang, Y;;Sun, Z; Jia, J.; Du, T,; Zhang, N.; Tang, Y.; Fang, Y.; Fang, D. Overview of histone modification. Adv. Exp. Med. Biol.
2021, 1283, 1-16.

5. Padilla-Mejia, N.E.; Florencio-Martinez, L.E.; Figueroa-Angulo, E.E.; Manning-Cela, R.G.; Hernandez-Rivas, R.; Myler, P]J.;
Martinez-Calvillo, S. Gene organization and sequence analyses of transfer RNA genes in trypanosomatid parasites. BMC Genorm.
2009, 10, 232. [CrossRef]

6.  Borst, P. Discontinuous transcription and antigenic variation in trypanosomes. Annu. Rev. Biochem. 1986, 55, 701-732. [CrossRef]

7. Clayton, C.E. Gene expression in kinetoplastids. Curr. Opin. Microbiol. 2016, 32, 46-51. [CrossRef]

8. Thomas, S.; Green, A.; Sturm, N.R.; Campbell, D.A.; Myler, P]. Histone acetylations mark origins of polycistronic transcription in
Leishmania major. BMC Genom. 2009, 10, 152. [CrossRef]

9.  Siegel, TN.; Hekstra, D.R.; Kemp, L.E.; Figueiredo, L.M.; Lowell, ].E.; Fenyo, D.; Wang, X.; Dewell, S.; Cross, G.A. Four histone
variants mark the boundaries of polycistronic transcription units in Trypanos brucei. Genes Dev. 2009, 23, 1063-1076. [CrossRef]

10. Wright, J.R.; Siegel, T.N.; Cross, G.A. Histone H3 trimethylated at lysine 4 is enriched at probable transcription start sites in
Trypanos brucei. Mol. Biochem. Parasitol. 2010, 172, 141-144. [CrossRef]

11.  Maree, J.P; Patterton, H.G. The epigenome of Trypanosoma brucei: A regulatory interface to an unconventional transcriptional
machine. Biochim. Biophys. Acta 2014, 1839, 743-750. [CrossRef] [PubMed]

12.  Gommers-Ampt, ].H.; Van Leeuwen, F,; De Beer, A.L.J.; Vliegenthart, ].F.G.; Dizdaroglu, M.; Kowalak, ]J.A.; Crain, PF,; Borst, P.
-d-glucosyl-hydroxymethyluracil: A novel modified base present in the DNA of the parasitic protozoan T. Brucei. Cell 1993, 75,
1129-1136. [CrossRef]

13.  Van Leeuwen, F; Taylor, M.C.; Mondragon, A.; Moreau, H.; Gibson, W.; Kieft, R.; Borst, P. $-d-glucosyl-hydroxymethyluracil is a
conserved DNA modification in kinetoplastid protozoans and is abundant in their telomeres. Proc. Natl. Acad. Sci. USA 1999, 95,
2366-2371. [CrossRef] [PubMed]

14. van Luenen, H.G.; Farris, C.; Jan, S.; Genest, PA.; Tripathi, P; Velds, A.; Kerkhoven, R M.; Nieuwland, M.; Haydock, A.;
Ramasamy, G.; et al. Glucosylated hydroxymethyluracil, DNA base ], prevents transcriptional readthrough in Leishmania. Cell
2012, 150, 909-921. [CrossRef] [PubMed]

15. Ekanayake, D.K.; Minning, T.; Weatherly, B.; Gunasekera, K.; Nilsson, D.; Tarleton, R.; Ochsenreiter, T.; Sabatini, R. Epigenetic
regulation of transcription and virulence in Trypanosoma cruzi by o-linked thymine glucosylation of DNA. Mol. Cell. Biol. 2011, 31,
1690-1700. [CrossRef]

16. Cliffe, L.].; Siegel, T.N.; Marshall, M.; Cross, G.A.; Sabatini, R. Two thymidine hydroxylases differentially regulate the formation
of glucosylated DNA at regions flanking polymerase II polycistronic transcription units throughout the genome of Trypanos brucei.
Nucleic Acids Res. 2010, 38, 3923-3935. [CrossRef]

17.  Reynolds, D.; Cliffe, L.; Forstner, K.U.; Hon, C.C,; Siegel, T.N.; Sabatini, R. Regulation of transcription termination by glucosylated
hydroxymethyluracil, base J, in Leishmania major and Trypanosoma brucei. Nucleic Acids Res. 2014, 42, 9717-9729. [CrossRef]

18. Ekanayake, D.; Sabatini, R. Epigenetic regulation of polymerase ii transcription initiation in Trypanosoma cruzi: Modulation of
nucleosome abundance, histone modification, and polymerase occupancy by o-linked thymine DNA glucosylation. Eukaryot Cell
2011, 10, 1465-1472. [CrossRef]

19. Janzen, C.J.; Fernandez, ].P; Deng, H.; Diaz, R.; Hake, S.B.; Cross, G.A. Unusual histone modifications in Trypanosoma brucei. FEBS
Lett. 2006, 580, 2306-2310. [CrossRef]

20. Horn, D. Introducing histone modification in trypanosomes. Trends Parasitol. 2007, 23, 239-242. [CrossRef]

21. Mandava, V.; Fernandez, ].P.; Deng, H.; Janzen, C.J.; Hake, S.B.; Cross, G.A. Histone modifications in Trypanosoma brucei. Mol.
Biochem. Parasitol. 2007, 156, 41-50. [CrossRef] [PubMed]

22.  Picchi, G.F; Zulkievicz, V.; Krieger, M.A.; Zanchin, N.T.; Goldenberg, S.; de Godoy, L.M. Post-translational modifications of

Trypanosoma cruzi canonical and variant histones. J. Proteorme Res. 2017, 16, 1167-1179. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pt.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24946952
http://www.ncbi.nlm.nih.gov/pubmed/1496927
http://doi.org/10.1006/exmp.2002.2418
http://www.ncbi.nlm.nih.gov/pubmed/11890722
http://doi.org/10.1186/1471-2164-10-232
http://doi.org/10.1146/annurev.bi.55.070186.003413
http://doi.org/10.1016/j.mib.2016.04.018
http://doi.org/10.1186/1471-2164-10-152
http://doi.org/10.1101/gad.1790409
http://doi.org/10.1016/j.molbiopara.2010.03.013
http://doi.org/10.1016/j.bbagrm.2014.05.028
http://www.ncbi.nlm.nih.gov/pubmed/24942804
http://doi.org/10.1016/0092-8674(93)90322-H
http://doi.org/10.1073/pnas.95.5.2366
http://www.ncbi.nlm.nih.gov/pubmed/9482891
http://doi.org/10.1016/j.cell.2012.07.030
http://www.ncbi.nlm.nih.gov/pubmed/22939620
http://doi.org/10.1128/MCB.01277-10
http://doi.org/10.1093/nar/gkq146
http://doi.org/10.1093/nar/gku714
http://doi.org/10.1128/EC.05185-11
http://doi.org/10.1016/j.febslet.2006.03.044
http://doi.org/10.1016/j.pt.2007.03.009
http://doi.org/10.1016/j.molbiopara.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17714803
http://doi.org/10.1021/acs.jproteome.6b00655
http://www.ncbi.nlm.nih.gov/pubmed/28076955

Pathogens 2022, 11, 930 10 of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Fasel, N.J.; Robyr, D.C.; Mauel, J.; Glaser, T.A. Identification of a histone H1-like gene expressed in Leishmania major. Mol. Biochem.
Parasitol. 1999, 62, 321-324. [CrossRef]

Kraus, A.J.; Vanselow, ].T.; Lamer, S.; Brink, B.G.; Schlosser, A.; Siegel, T.N. Distinct roles for H4 and H2A.Z acetylation in RNA
transcription in African trypanosomes. Nat. Commun. 2020, 11, 1498. [CrossRef]

Mandava, V.; Janzen, C.J.; Cross, G.A. Trypanosome H2B.V replaces H2B in nucleosomes enriched for H3 K4 and K76 trimethyla-
tion. Biochem. Biophys. Res. Commun. 2008, 368, 846-851. [CrossRef]

Schulz, D.; Zaringhalam, M.; Papavasiliou, EN.; Kim, H.S. Base ] and H3.V regulate transcriptional termination in Trypanosoma
brucei. PLoS Genet 2016, 12, €1005762. [CrossRef]

Anderson, B.A.; Wong, I.L.; Baugh, L.; Ramasamy, G.; Myler, PJ.; Beverley, S.M. Kinetoplastid-specific histone variant functions
are conserved in Leishmania major. Mol. Biochem. Parasitol. 2013, 191, 53-57. [CrossRef]

Janssen, K.A.; Sidoli, S.; Garcia, B.A. Recent cchievements in characterizing the histone code and approaches to integrating
epigenomics and systems biology. Methods Enzymol. 2017, 586, 359-378.

Kumar, D.; Rajanala, K.; Minocha, N.; Saha, S. Histone H4 lysine 14 acetylation in Leishmania donovani is mediated by the
myst-family protein HAT4. Microbiology 2012, 158, 328-337. [CrossRef]

Jha, PK.; Khan, M.I,; Mishra, A.; Das, P.; Sinha, K.K. HAT2 mediates histone H4K4 acetylation and affects micrococcal nuclease
sensitivity of chromatin in Leishmania donovani. PLoS ONE 2017, 12, e0177372. [CrossRef]

Chandra, U.; Yadav, A.; Kumar, D.; Saha, S. Cell cycle stage-specific transcriptional activation of cyclins mediated by HAT2-
dependent H4K10 acetylation of promoters in Leishmania donovani. PLoS Pathog. 2017, 13, €1006615. [CrossRef] [PubMed]
Kaya-Okur, H.S.; Janssens, D.H.; Henikoff, ].G.; Ahmad, K.; Henikoff, S. Efficient low-cost chromatin profiling with CUT&Tag.
Nat. Protoc. 2020, 15, 3264-3283.

Kaya-Okur, H.S.; Wu, S.J.; Codomo, C.A.; Pledger, E.S.; Bryson, T.D.; Henikoff, ].G.; Ahmad, K.; Henikoff, S. CUT&Tag for
efficient epigenomic profiling of small samples and single cells. Nat. Commun. 2019, 10, 1930. [PubMed]

Garcia-Silva, M.R,; Sollelis, L.; MacPherson, C.R.; Stanojcic, S.; Kuk, N.; Crobu, L.; Bringaud, E.; Bastien, P.; Pages, M.; Scherf,
A.; et al. Identification of the centromeres of Leishmania major: Revealing the hidden pieces. EMBO Rep. 2017, 18, 1968-1977.
[CrossRef] [PubMed]

Buenrostro, ].D.; Wu, B.; Chang, H.Y.; Greenleaf, W.]. ATAC-seq: A method for assaying chromatin accessibility genome-wide.
Curr. Protoc. Mol. Biol. 2015, 109, 21-29. [CrossRef]

Lombrana, R.; Alvarez, A.; Fernandez-Justel, ] M.; Almeida, R.; Poza-Carrion, C.; Gomes, F,; Calzada, A.; Requena, ].M.; Gomez,
M. Transcriptionally driven DNA replication program of the human parasite Leishmania major. Cell Rep. 2016, 16, 1774-1786.
[CrossRef]

Martinez-Calvillo, S.; Romero-Meza, G.; Vizuet-de-Rueda, J.C.; Florencio-Martinez, L.E.; Manning-Cela, R.; Nepomuceno-Mejia,
T. Epigenetic regulation of transcription in trypanosomatid protozoa. Curr. Genom. 2018, 19, 140-149. [CrossRef]

Steger, D.J.; Lefterova, M.L; Ying, L.; Stonestrom, A.J.; Schupp, M.; Zhuo, D.; Vakoc, A.L.; Kim, ].E.; Chen, J.; Lazar, M.A_; et al.
DOT1L/KMT4 recruitment and H3K79 methylation are ubiquitously coupled with gene transcription in mammalian cells. Mol.
Cell. Biol. 2008, 28, 2825-2839. [CrossRef]

Koch, C.M.; Andrews, R.M.; Flicek, P.; Dillon, S.C.; Karaoz, U.; Clelland, G.K.; Wilcox, S.; Beare, D.M.; Fowler, J.C.; Couttet, P,;
et al. The landscape of histone modifications across 1% of the human genome in five human cell lines. Genome Res. 2007, 17,
691-707. [CrossRef]

Black, B.E.; Brock, M.A.; Bedard, S.; Woods, V.L,, Jr.; Cleveland, D.W. An epigenetic mark generated by the incorporation of
cenp-a into centromeric nucleosomes. Proc. Natl. Acad. Sci. USA 2007, 104, 5008-5013. [CrossRef]

Quenet, D.; Dalal, Y. The CENP-A nucleosome: A dynamic structure and role at the centromere. Chromosome Res. 2012, 20,
465-479. [CrossRef] [PubMed]

Elwasila, M. Leishmania tarentolae wenyon, 1921 from the gecko Tarentola annularis in the Sudan. Parasitol. Res. 1988, 74, 591-592.
[CrossRef] [PubMed]

Brun, R.; Schonenberger, M. Cultivation and in vitro cloning of procyclic culture forms of Trypanosoma brucei in a semi-defined
medium. Acta Trop. 1979, 36, 289-292. [PubMed]

Chaisson, M.].; Huddleston, J.; Dennis, M.Y.; Sudmant, P.H.; Malig, M.; Hormozdiari, F.; Antonacci, F; Surti, U.; Sandstrom, R.;
Boitano, M.; et al. Resolving the complexity of the human genome using single-molecule sequencing. Nature 2015, 517, 608-611.
[CrossRef]

Assefa, S.; Keane, T.M.; Otto, T.D.; Newbold, C.; Berriman, M. Abacas: Algorithm-based automatic contiguation of assembled
sequences. Bioinformatics 2009, 25, 1968-1969. [CrossRef]

Otto, T.D.; Sanders, M.; Berriman, M.; Newbold, C. Iterative correction of reference nucleotides (iCORN) using second generation
sequencing technology. Bioinformatics 2010, 26, 1704-1707. [CrossRef]

English, A.C.; Richards, S.; Han, Y.; Wang, M.; Vee, V.; Qu, J.; Qin, X.; Muzny, D.M,; Reid, ].G.; Worley, K.C.; et al. Mind the gap:
Upgrading genomes with Pacific Biosciences RS long-read sequencing technology. PLoS ONE 2012, 7, e47768. [CrossRef]

Otto, T.D.; Dillon, G.P; Degrave, W.S.; Berriman, M. RATT: Rapid annotation transfer tool. Nucleic Acids Res. 2011, 39, e57.
[CrossRef]

Korf, I. Gene finding in novel genomes. BMC Bioinform. 2004, 5, 59. [CrossRef]


http://doi.org/10.1016/0166-6851(93)90123-F
http://doi.org/10.1038/s41467-020-15274-0
http://doi.org/10.1016/j.bbrc.2008.01.144
http://doi.org/10.1371/journal.pgen.1005762
http://doi.org/10.1016/j.molbiopara.2013.09.005
http://doi.org/10.1099/mic.0.050211-0
http://doi.org/10.1371/journal.pone.0177372
http://doi.org/10.1371/journal.ppat.1006615
http://www.ncbi.nlm.nih.gov/pubmed/28938001
http://www.ncbi.nlm.nih.gov/pubmed/31036827
http://doi.org/10.15252/embr.201744216
http://www.ncbi.nlm.nih.gov/pubmed/28935715
http://doi.org/10.1002/0471142727.mb2129s109
http://doi.org/10.1016/j.celrep.2016.07.007
http://doi.org/10.2174/1389202918666170911163517
http://doi.org/10.1128/MCB.02076-07
http://doi.org/10.1101/gr.5704207
http://doi.org/10.1073/pnas.0700390104
http://doi.org/10.1007/s10577-012-9301-4
http://www.ncbi.nlm.nih.gov/pubmed/22825424
http://doi.org/10.1007/BF00531640
http://www.ncbi.nlm.nih.gov/pubmed/3194372
http://www.ncbi.nlm.nih.gov/pubmed/43092
http://doi.org/10.1038/nature13907
http://doi.org/10.1093/bioinformatics/btp347
http://doi.org/10.1093/bioinformatics/btq269
http://doi.org/10.1371/journal.pone.0047768
http://doi.org/10.1093/nar/gkq1268
http://doi.org/10.1186/1471-2105-5-59

Pathogens 2022, 11, 930 11 of 11

50.

51.

52.

53.

54.

55.

56.

Stanke, M.; Schoffmann, O.; Morgenstern, B.; Waack, S. Gene prediction in eukaryotes with a generalized hidden Markov model
that uses hints from external sources. BMC Bioinform. 2006, 7, 62. [CrossRef]

Laslett, D.; Canback, B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide sequences. Nucleic Acids
Res. 2004, 32, 11-16. [CrossRef] [PubMed]

Nawrocki, E.P.; Eddy, S.R. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics 2013, 29, 2933-2935. [CrossRef]
[PubMed]

Gassen, A.; Brechtefeld, D.; Schandry, N.; Arteaga-Salas, ].M.; Israel, L.; Imhof, A.; Janzen, C.J. DOT1a-dependent H3K76
methylation is required for replication regulation in Trypanosoma brucei. Nucleic Acids Res. 2012, 40, 10302-10311. [CrossRef]
van Leeuwen, F; Wijsman, E.R.; Kieft, R.; van der Marel, G.A.; van Boom, J.H.; Borst, P. Localization of the modified base J in
telomeric VSG gene expression sites of Trypanosoma brucei. Genes Dev. 1997, 11, 3232-3241. [CrossRef]

Muller, L.S.M.; Cosentino, R.O.; Forstner, K.U.; Guizetti, J.; Wedel, C.; Kaplan, N.; Janzen, C.J.; Arampatzi, P.; Vogel, ].; Steinbiss,
S.; et al. Genome organization and DNA accessibility control antigenic variation in trypanosomes. Nature 2018, 563, 121-125.
[CrossRef]

Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with bowtie 2. Nat. Methods 2012, 9, 357-359. [CrossRef] [PubMed]


http://doi.org/10.1186/1471-2105-7-62
http://doi.org/10.1093/nar/gkh152
http://www.ncbi.nlm.nih.gov/pubmed/14704338
http://doi.org/10.1093/bioinformatics/btt509
http://www.ncbi.nlm.nih.gov/pubmed/24008419
http://doi.org/10.1093/nar/gks801
http://doi.org/10.1101/gad.11.23.3232
http://doi.org/10.1038/s41586-018-0619-8
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Parasite Cell Culture 
	Assembly and Annotation of the Reference Genome 
	CUT & Tag 
	J-IP-Seq 
	ATAC-Seq 
	Sequencing and Read Mapping 

	References

