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Abstract

Background: Genomic organization and gene expression regulation in trypanosomes are remarkable because
protein-coding genes are organized into codirectional gene clusters with unrelated functions. Moreover, there is no
dedicated promoter for each gene, resulting in polycistronic gene transcription, with posttranscriptional control play-
ing a major role. Nonetheless, these parasites harbor epigenetic modifications at critical regulatory genome features
that dynamically change among parasite stages, which are not fully understood.

Results: Here, we investigated the impact of chromatin changes in a scenario commanded by posttranscriptional
control exploring the parasite Trypanosoma cruzi and its differentiation program using FAIRE-seq approach supported
by transmission electron microscopy. We identified differences in T. cruzi genome compartments, putative transcrip-
tional start regions, and virulence factors. In addition, we also detected a developmental chromatin regulation at tRNA
loci (tDNA), which could be linked to the intense chromatin remodeling and/or the translation regulatory mechanism
required for parasite differentiation. We further integrated the open chromatin profile with public transcriptomic

and MNase-seq datasets. Strikingly, a positive correlation was observed between active chromatin and steady-state
transcription levels.

Conclusion: Taken together, our results indicate that chromatin changes reflect the unusual gene expression regula-
tion of trypanosomes and the differences among parasite developmental stages, even in the context of a lack of
canonical transcriptional control of protein-coding genes.

Keywords: Trypanosoma cruzi, FAIRE-seq, tRNA, Active chromatin, Gene expression control, Polycistronic
transcription, Virulence factors, Epigenomics, Chromatin remodeling, Cell differentiation

Background

Chromatin is the stage where gene expression and epi-
genetic regulation occur. The epigenome of a cell con-
sists of a series of heritable chromatin modifications that
orchestrate and mirror essential aspects of gene regula-
tion. For example, in general, the promoter regions of
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highly expressed genes have an open chromatin state and
are enriched in active histone marks such as H3K4me.
In contrast, genomic regions with lower transcription
rates are present in a more compact chromatin state
and enriched in histone marks such H3K9me3 and
H3K27me3 [1, 2]. Epigenomic changes can be explored
using next-generation sequencing coupled with tradi-
tional approaches to detect DNA regulatory sequences.
The FAIRE (formaldehyde-assisted isolation of regula-
tory elements)-seq technique is one of these approaches
that uses formaldehyde to cross-link proteins, mainly
histones, to DNA [3]. This results in an enrichment of
genomic regions associated with regulatory activity, pre-
viously detected by DNAse I and active chromatin marks,
such as H3K4me and RNA Pol II [4]. Promoter regions
of highly expressed genes are more enriched in FAIRE
than poorly transcribed regions, indicating that FAIRE-
enriched sequences are associated with active genomic
regions [5].

Trypanosomatids are early-divergent eukaryotes that
present some unique molecular characteristics, such as
a hypermodified thymine base, known as base J, intron-
less genes, polycistronic transcription of functionally
unrelated genes, mRNA maturation by trans-splicing,
and posttranscriptional regulation of gene expression
[6]. RNA Pol II transcription starts mainly at the inter-
genic regions between two polycistronic transcription
units (PTUs) of divergent transcription (dSSR—divergent
strand switch region) and ends between two convergent
PTUs (cSSR—convergent strand switch region) or at
regions transcribed by other polymerases [6]. Although
no gene-specific promoters have been described, tran-
scription starts at dispersed promoter regions rich in GT
[7] and decorated by epigenetic marks and histone vari-
ants (H2A. Z and H2B. V) [8-10]. Transcription termina-
tion regions (TTRs) also contain epigenetic marks, such
as histone variant H3. V and H4. V, which favor ending
RNA Pol II transcription [9, 11]. In addition, dSSRs and
cSSRs were shown to be enriched in base J [12].

Trypanosoma cruzi, the etiologic agent of Chagas
disease, alternates between a vertebrate host and a tri-
atomine vector [13]. In addition to the differences in cell
shape, organization, and metabolism, 7. cruzi life forms
are also distinguished by the capacity of cell replication
(epimastigotes and amastigotes) and cell infection (tis-
sue culture trypomastigotes—herein called only try-
pomastigotes; and metacyclic trypomastigotes—herein
called only metacyclic) [14—-16]. Profound changes in
global transcription are found during the differentiation
of epimastigotes into metacyclics and between epimas-
tigotes and trypomastigotes [17]. Evaluation of transcrip-
tion rate dynamics during metacyclogenesis indicates
that the decrease in transcription rates only occurs in
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fully differentiated metacyclics [18]. Differentiation to
metacyclics is followed by a global downregulation of
the translatome except by a translational upregulation of
virulence factors, such as TS and GP63, in metacyclics
[19]. The phosphorylation status of the translation factors
elF2a and elF5a seems to be a key mechanism control-
ling translation and, therefore, T. cruzi metacyclogenesis
[20, 21].

Nucleus and chromatin also change throughout the
parasite life cycle. In epimastigotes and amastigotes,
the nucleus is spherical, containing a large nucleolus
and high amounts of euchromatin, which is considered
transcriptionally active. In contrast, the trypomastig-
ote forms (TCTs and metacyclics) present an elongated
nucleus, absence of nucleolus, and abundant heterochro-
matin, which is dispersed in the nucleoplasm [15, 17, 18].
Changes in nuclear morphology start at the beginning of
metacyclogenesis, while heterochromatin spreads pro-
gressively along with the nucleus in intermediate forms
[15]. The mechanisms that drive and control these ultra-
structural alterations during metacyclogenesis are not
fully understood.

The genome of this parasite was proposed to be com-
partmentalized in two regions that differ in gene and
GC content: the core compartment (composed of con-
served and hypothetical conserved genes) and the dis-
ruptive compartment (containing the multigenic families
trans-sialidase—TS, mucin-associated surface proteins—
MASP, and mucins). GP63, dispersed gene family 1
(DGEF-1), and retrotransposon hot spot (RHS) multigene
families can occur in both compartments [22]. Multigene
family members such as TS, mucins, MASP, and GP63
code for virulence factors present on the parasite surface
and are upregulated in infective forms [23].

In recent years, our group has demonstrated that
changes in epigenetic marks, such as histone posttrans-
lational modifications (PTMs), histone variant deposi-
tion, and nucleosome occupancy, change among T cruzi
life forms and follow parasite differentiation [24—26]. As
T. cruzi differentiation is followed by a global decrease
in transcription, translation, and alterations in nuclear
morphology in a background of transcriptional regula-
tion absence of protein-coding genes, we comprehen-
sively investigated the impact of chromatin changes in a
scenario commanded by posttranscriptional control. By
FAIRE-seq, we identified important differences in 7. cruzi
genome compartments and a developmental change at
tRNA loci (tDNA). Of note, the latter may be associated
with the regulatory mechanism associated with transla-
tion control required for parasite differentiation and/or
the intense chromatin remodeling detected as differentia-
tion advances. The integrative analysis of FAIRE-seq with
public transcriptomic and nucleosome mapping datasets
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allowed us to shed light on the mechanisms related to the
differentiation of infective forms and help disentangle
the impact of chromatin remodeling in a scenario com-
manded mainly by posttranscriptional control.

Results

Core and disruptive genomic compartments of T. cruzi
have a different open chromatin profile

To investigate whether the lack of transcriptional regu-
lation of protein-coding genes would be reflected in
the open chromatin profile of T. cruzi, we performed a
FAIRE-seq genome-wide approach. We rescued these
regions from the genome of epimastigotes under expo-
nential proliferation. Biological duplicates were pro-
cessed together with input control samples (reversed
cross-link before DNA extraction) to account for any bias
in genome sequencing and assembly. FAIRE-seq reads
presented high duplication levels (66.2-72.1% in epimas-
tigotes—Additional file 1: Figure S1A) and high Phred
score (quality) values (>30—Additional file 1: Figure
S1B). After the mapping process (Additional file 1: Fig-
ure S1C), only mapped reads with mapping quality scores
(MAPQs) above 10 were retained, resulting in approxi-
mately 116 million reads mapped (Additional file 1: Fig-
ure S1D). Spearman correlation analysis (Additional
file 1: Figure S1E) and PCA (Additional file 1: Figure S1F)
using genome-wide read coverage of 50-bp windows for
each replicate indicated a high correlation among them,
showing good reproducibility and agreement among bio-
logical replicates. To avoid bias at repetitive regions, we
removed multimapped reads, resulting in reduced (or
zero) read coverage at repetitive regions of the genome
(Additional file 1: Figure S2). Most of the repetitive
regions occurred in intergenic sections (92.75%) of the
genome (Additional file 2: Table S1). Of note, strand
switch regions (SSRs) were not considered intergenic
regions; nevertheless, no repeat annotations were found
there. Only 309 CDSs (5.65% of total repetitive regions,
in bp) were located in annotated repetitive regions.

To obtain an overview of the open chromatin distribu-
tion in large genomic regions, we compared the data of
epimastigote FAIRE-seq (E) and their corresponding con-
trol samples (C). Figure 1 shows the distribution of reads
obtained from both samples on two contigs from Dm28c
(PRFA1000011—594 kb and PRFA1000027—454 kb).
Datasets were normalized to reads per genomic content
(RPGC) to account for different sequencing depths. Vis-
ual inspection of RPGC levels indicates that the FAIRE
sample has higher overall levels along the contigs with
some clear enrichments when compared to the control
sample. Ratio levels in log2 (E/C) indicated that most
regions were enriched in FAIRE samples (Fig. 1A). Repet-
itive regions are depleted in both FAIRE and control
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samples, likely due to the applied mapping and filtering
steps (Additional file 1: Figure S2).

Regions covered by the core compartment (composed
of conserved and hypothetical conserved genes, green
tracks) had higher RPGC-normalized counts than the
disruptive compartment regions (red tracks) (Fig. 1A and
B, Additional file 2: Tables S2, S3). Differences in RPGC
counts between these two compartments were also
observed in control samples; however, this difference was
even more evident in FAIRE samples, which was reflected
by higher levels of log2 ratio (E/C) in the core than in the
disruptive compartment (Fig. 1 B). Remarkably, removing
multimapped reads (see methods—Additional file 1: Fig-
ure S2B) slightly affected this difference since the same
criteria were used for experimental and control samples.
Instead, this can be explained by the less open chromatin
at the multigenic family in contrast to a more open chro-
matin profile in the nonmultifamily CDS.

Because the distribution of open chromatin was
revealed to be distinct between genome compartments,
we asked whether their landscapes, at a gene level, were
also different. Strikingly, the landscape of open chroma-
tin greatly differs among virulence factors (present in the
disruptive compartment), among them, and among the
remaining protein-coding genes. Figure 1C shows that at
most core-gene members, the regions coding for their 5’
and 3’ UTRs are enriched in open chromatin, corrobo-
rating the impoverishment of nucleosomes seen previ-
ously by MNASE-seq (Additional file 1: Figure S3B). In
contrast, no clear enrichment of open chromatin was
found around the genomic regions coding for the 5’ UTR
of virulence factors, while the regions coding for the 3’
UTR greatly differed among them: TS and GP63 exhib-
ited an enrichment similar to other CDSs. At the same
time, MASPs had a clear depletion followed by an enrich-
ment a few base pairs downstream (Fig. 1C). Nucleo-
some occupancy partially explains the active chromatin
distribution around the virulence factor genes, as some
regions (such as the upstream regions of mucins, GP63,
DGF-1 and RHS) exhibit enrichment or decrease both in
FAIRE and MNAse data (Additional file 1: Figure S3A).

Open chromatin is enriched at divergent SSRs (dSSRs)

and uniformly distributed along PTUs

In trypanosomatids, transcription of protein-coding
genes initiates mainly at dSSRs and terminates at cSSRs;
however, transcription might also start at some non-
SSRs, mainly close to tRNA genes [6, 27, 28]. This lat-
ter has not yet been described in T. cruzi, we inspected
dSSRs as a proxy of transcription start sites, which
resulted in enrichment of open chromatin compared
to PTUs, as evidenced in Fig. 2A and 2B. Combining a
previous nucleosome mapping and occupancy profile



Lima et al. Epigenetics & Chromatin (2022) 15:22

Page 4 of 16

A PRFA01000011

kb 100 kb 200 kb
1 1 1 1

594 kb

300 kb 400 kb 500 kb
1 1 1 1 1 1 1

[0-661]

10205 -1.34]

Overlay Porgrens o spptn frnabnd P “‘yir,g_h‘t : ;:1.
= e PRTEIIESES = PP VY,

AR TR LYRIT IPURIPAR I W G ¥ g V' [N

Core |mmumnt 1l o m

Compartment | Disruptive

(log2) i e -
[MOESUChEORY [ ¢ ¢ <[> > > > > > > > > > < > of ¢ 1> § < §> >0 < |> >F | L < | <]
Core | 1N MR TN ESERNEN N (O TN RONTIN (UM OORE N RMONRT I WWONNIAR N | (0 ®HULLnornnod Immrrn o e | ]
Compartment Disruptive UL RO R O NI B WIME YL e mwmer LI i
Both | - | 1
PRFA01000027
454 kb
o kb 100 kb 200 kb 300 kb 400 kb
1 1 1 1 1 1 1 1 1
1|
(0-661] B .
Overlay . el il 'l_“qmu\'.i-hh-ﬂ;lf—'qdf" 1.4

[-0.205 - 1.34]
Epi-FAIRE / Epi-control Jul _,. stsy Jaym b v e depr K el s _,rl'.L,,L[MW_J'l_. 1

Polycistron-CDS | HEES EXEEKEEK] BN EXEEKEN B ECEEKEEKENCE B 5K NS N S S s S S s S 5 NN .

e

LI R (1L FTTT) L TR IR R YL

Genome compartment

p-value=0.001)

Both - -
B. Kok C 5’ 3’

) Kk 1.0
~ )
Q ]
L ~ —
o M : I 8 0.5 cGoPrz3
; : -
x ~ 0.0 mucin
~ 04 2 MASP
8 - — TS

. -0.5
-1 . T T
Core Disruptive Both -1.0  Start End 1.0Kb
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[25] with the FAIRE-seq data along PTUs revealed com-
plementary opposite landscape profiles: open chroma-
tin regions mainly reflect nucleosome-depleted regions
(Fig. 2A).

PTU regions were hierarchically clustered into three
groups based on their log2 (E/C) RPGC level (Fig. 2C).
Clusters 2 and 3 are very similar, exhibiting a near-flat

pattern with low overall RPGC levels. In contrast, Clus-
ter 1 showed higher overall levels of open chromatin,
with a decrease at the edges, mainly at the PTU ending
region. Clusters 2 and 3 contained significantly more
genes (per bp) from the multigenic family than Cluster
1, which was enriched mainly from genes of the core
compartment (Fig. 2D).
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Levels and relative nuclear position of eu-

and heterochromatin changes during metacyclogenesis
Many morphological changes are observed during the
differentiation of epimastigotes to metacyclics, includ-
ing nuclear elongation and kinetoplast repositioning
to the parasite posterior end. Previously, it has been
reported that the heterochromatin near the nuclear
envelope in the epimastigote forms spreads progres-
sively along with the nucleus in the intermediate forms,
reaching a higher level of compaction in metacyclics
[15]. However, only in this work a systematic evaluation
and 3D reconstruction of the two traditional chroma-
tin classes, eu- and heterochromatin, was performed
to check chromatin remodeling during parasite differ-
entiation. The obtained results indicate that in T. cruzi

epimastigotes, euchromatin resides in the central area,
whereas heterochromatin is mainly distributed close
to the nuclear envelope and surrounding the nucleo-
lus (Fig. 3A—epimastigote). The euchromatin volume
is higher in epimastigote and intermediate I forms and
decreases during differentiation to metacyclic. Hetero-
chromatin, in the epimastigote form, spreads through-
out the nucleus, and as metacyclogenesis advances,
its percentage increases and its location becomes
increasingly peripheral. These results indicate that
progressive chromatin remodeling occurs during par-
asite differentiation. It is worth observing that during
metacyclogenesis, the nucleolus reduces its size, as it
undergoes disassembly and dispersion throughout the
nuclear matrix, which may be related to the decrease in
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Fig. 3 Tridimensional reconstruction of nuclear chromatin regions during T. cruzi metacyclogenesis. 3D reconstruction of different developmental
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ribosomal biogenesis (Fig. 3, Additional file 3: Videos
S1-S4).

Genome-wide analysis of open chromatin regions

in epimastigotes and metacyclics

Tridimensional reconstruction of chromatin areas along
epimastigote-to-metacyclic differentiation indicated a
significant reduction in euchromatin regions (Fig. 3),
which are considered open chromatin areas. To gain
more insights into these changes, we performed a com-
parison of FAIRE-seq data from epimastigote and meta-
cyclic forms. Visual inspection of normalized RPGC
levels along the T. cruzi genome confirms a greater

abundance in open chromatin and few clear enrichments
in epimastigote forms than metacyclics (Fig. 4A).

As mentioned above, the disruptive compartment is
enriched in virulence factors that are mainly expressed
in infective forms [23]. To address whether the disrup-
tive compartment would be enriched in open chromatin
in metacyclics relative to epimastigotes, RPGC-normal-
ized FAIRE-seq data were compared between life forms,
obtaining log2 ratios. Median RPGC values from the
disruptive and core compartments were lower in meta-
cyclics (Fig. 4B, Additional file 2: Tables S2, S3). Differ-
ences between compartments within life forms are very
similar: the core compartment has 3.9 times more open
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chromatin than the disruptive compartment in both epi-
mastigotes and metacyclics. In the MNase data, core and
disruptive compartments also presented different RPGC
levels, with the former being significantly higher (Addi-
tional file 1: Figure S3B). In general, virulence factors
(TS, GP63, MASP, and mucins) and core compartments
have 2.6 and 2.8 times (fold change, median values) less
open chromatin in metacyclics than in epimastigotes
(Additional file 1: Figure S3A), which agrees with global
changes in other genomic features (see Fig. 4C, Addi-
tional file 2: Table S4). The open chromatin landscape
of virulence factor genes is similar in both life forms,
with a slight difference at the upstream coding region of
mucins (Additional file 1: Figure S3D). Taken together,
these results indicate that virulence factors indeed have
a different pattern of open chromatin when compared to
other CDSs (as we discussed below) that seemed to be
maintained between life forms, which reinforces major
posttranscriptional control of these genes.

Previously, we found that dSSRs from trypomas-
tigotes were enriched in nucleosomes compared to

epimastigotes [25]. Then, we speculated whether dSSRs
from epimastigotes would be more abundant in open
chromatin. Indeed, dSSRs are approximately 3.6 more
enriched in open chromatin at epimastigotes (Fig. 4C)
(Additional file 1: Figure S4A), which corroborates a
lower nucleosome occupancy in replicative forms com-
pared to nonreplicative forms.

Upon hierarchical cluster analysis, the enrichment of
open chromatin at dSSRs can be further visualized in a
PTU context (Fig. 4 D—top, Additional file 2: Table S5).
Most notably, Cluster 1 showed enrichment at dSSRs fol-
lowed by a decreasing signal level toward the cSSRs. A
detailed inspection of Cluster 1 elements revealed that
approximately 10% of their PTUs are located down-
stream of tDNA loci. Cluster 2 represents PTUs whose
dSSRs have similar levels of openness compared to their
adjacent PTUs. Furthermore, interestingly, Cluster 3
encompasses PTUs whose levels of open chromatin
are equal between E and metacyclics (log2 E/metacy-
clic=0). Taken together, the obtained data indicate that
different PTUs have distinct levels of openness at their
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transcription initiation regions. Clusters 2 and 3 were
enriched in genes from the dispersed compartment (data
not shown).

Considering only the PTU region, epimastigotes
showed a significantly increased signal (2.9 times) com-
pared to metacyclics (Fig. 4C). The hierarchical clus-
ter analysis reflected PTUs with different levels of open
chromatin among life forms and, importantly, near-flat
enrichment along the PTU region (Fig. 4D bottom, Addi-
tional file 2: Table S6). In accordance with hierarchical
clustering of PTUs with SSRs (Fig. 4D top), Clusters 2
and 3 were also enriched in the multigenic family (data
not shown).

FAIRE-seq data correlate with steady-state gene expression
levels in both life forms

Given the different open chromatin profiles observed
among PTUs (Fig. 4D), we investigated whether a similar
pattern occurs in distinct CDSs from different life stages.
Thus, CDSs were hierarchically clustered into three
groups based on their log2 RPGC level (Additional file 1:
Figure S4D). An increase in open chromatin was found
mainly at genomic regions encompassing 5" and 3’ UTRs
at Clusters 1 and 2. Similar to the results shown above,
Cluster 1, which has the highest log2 ratio, was enriched
in genes from the core compartment, whereas Clusters 2
and 3 were enriched in genes from the disruptive com-
partment and repetitive genes (data not shown).

Then, we explored whether regions enriched in open
chromatin would have transcripts expressed at higher
levels. CDSs were first classified as high, medium or low
expressed in each life form based on their TPM counts
obtained from a transcriptomic study published else-
where [19] (Additional file 1: Figure S5). RPGC-nor-
malized counts were retrieved for each CDS according
to their respective expression class and each life form
(Fig. 5). Surprisingly, a positive correlation of open chro-
matin with steady-state transcription levels was found.
For epimastigotes, significant differences in FAIRE
enrichment were observed when comparing all expres-
sion classes. In contrast, for metacyclics, significance was
observed mainly when compared to the low expressed
genes (high versus low and medium versus low).

Open chromatin is developmentally regulated at tDNA loci
FAIRE-seq analysis highlighted a global decrease in
the levels of open chromatin in metacyclics compared
to epimastigotes. However, we wondered whether the
open chromatin profile would give us more clues about
the differences in gene expression and phenotype found
between life forms, especially those related to their dif-
ferentiation program. Comparing all genomic features,
we detected striking differences in open chromatin
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Fig. 5 FAIRE-seq data correlate to steady-state transcription levels
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mapped to expression classes for epimastigotes (red) and metacyclics
(blue). Statistical significance tests were performed with the
Wilcoxon-Mann-Whitney test (for p values: ***=0.001; **=0.01; N. S
Not Significant)

enrichment at the regions coding for the small nuclear
RNAs (snRNAs) and tRNA genes. Of note, this enrich-
ment was significantly higher (fold changes of 13.4 and
9.3 for tDNAs and snDNA, respectively) in epimastigotes
than in metacyclics (Figs. 4C and 6A, B).

Hierarchical cluster analysis of the E/metacyclic ratio
revealed that the majority of tDNAs had at least six
times more open chromatin in epimastigotes than in
metacyclics (Fig. 6C, Additional file 1: Figure S6, Addi-
tional file 2: Table S7). Clusters were not related to the
tRNA isoacceptor type or class (Additional file 1: Figure
S6B); however, their distribution reflects their location
regarding the transcription direction of the adjacent PTU
(Additional file 1: Figure S6C). For example, Clusters 1
and 2 were enriched in tDNAs that were mainly located
between codirectional (60% and 30%, respectively) and
divergent (10% and 40%, respectively) PTUs (Fig. 6D).
This distribution suggests that chromatin alterations
at tDNAs may affect transcription initiation at adjacent
PTUs.

Finally, we addressed whether the increase in open
chromatin within tDNAs would be associated with tRNA
expression levels. Previously, Garcia-Silva [29] showed
by RNA-FISH assays that compared to metacyclics, epi-
mastigotes have higher amounts of tRNAs. To confirm
this finding, epimastigotes and metacyclics were probed
simultaneously using one of the four probes against 5’
and 3’ Asp and Glu tRNAs by RNA-FISH assays. Addi-
tional file 1: Figure S6D indicates that tRNAs are much
lower in metacyclics (about 50% less abundant). Evalua-
tion of tRNA expression by PCR is not a straightforward
approach once this molecule is highly modified. Then,
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we also evaluated tRNA expression in life forms using
Northern blot. Asp and Glu tRNAs are more abundant
(per cell) in epimastigotes than at metacyclics (Fig. 6E-F,
Additional file 1: Figure S6F) corroborating with RNA-
FISH analysis; but tRNAs are equally abundant when
similar amounts of total RNA (in ng) from life forms
where compared (Fig. 6F). It is important to note that
in both analyses we are evaluating steady-state tRNA
transcripts, instead of nascent transcripts. The nascent
transcript analysis is hampered due to the very low abun-
dance of transcription in metacyclics [17].

Discussion

The differentiation of 7. cruzi into nonreplicative life
forms is followed by a global decrease in RNA transcrip-
tion, which is mainly observed in fully differentiated
forms, such as trypomastigotes and metacyclics [17, 18].
Chromatin is the stage where gene expression regula-
tion occurs, and trypanosomes offer an exciting scenario
to evaluate its changes once their protein-coding genes
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are devoid of transcription regulation in a gene-specific
manner [6]. Here, we showed that the differentiation
of epimastigotes to metacyclics is followed by a pro-
gressive increase in the percentage of heterochromatin
area, which becomes restricted to the nuclear periph-
ery (Fig. 3). Using a conformation chromosome capture
approach, euchromatic and heterochromatic regions
were further associated with structural genome com-
partments A and B, which are related to transcription-
ally active and inactive regions, respectively [30, 31].
Our work indicates that the differentiation program that
drives morphological (such as repositioning of kineto-
plast and flagellum, nuclear elongation) and metabolic
changes in trypanosomes, is also followed by intense
remodeling of chromatin domains.

To further explore the genomic context of open chro-
matin, we used the FAIRE approach, a methodology pre-
viously known to enrich for active genomic regions [3, 5,
32]. Here we not only confirm, but also highlight many
new findings compared to our previous MNAse-seq
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analysis [25]. Nevertheless, the agreement between both
approaches not only reinforces the results, but also sug-
gests a molecular explanation (nucleosome enrich or
depletion) for a given “closed” or “open” chromatin
region. FAIRE-seq analysis indicated that dSSRs are
enriched in open chromatin relative to PTUs, corrobo-
rating the presence of fewer nucleosomes at dSSRs than
PTUs [25]. Interestingly, the T. cruzi genome has PTUs
whose dSSRs have different levels of open chromatin.
Whether it is associated with differential deposition of
the RNA Pol II machinery, histone variants, and histone
PTMs and, more importantly, whether it has any conse-
quences on the PTU transcription levels needs to be fur-
ther investigated. Global nascent transcriptomic analysis
comparing transcription along and within PTUs is absent
in trypanosomes but can clarify this issue. In addition,
hierarchical cluster analysis of PTUs without SSRs indi-
cates different levels of open chromatin between PTUs,
but with a clear flat pattern along the entire PTU. The
latter indicates a uniform open chromatin status along
PTUs, possibly reflecting the polycistronic transcription
nature of trypanosomes.

We envisaged that the presence of two genomic com-
partments in T cruzi, proposed by Bernd et al. [22], may
induce the formation of a complex 3D chromatin struc-
ture. Here, by evaluating open chromatin status in a
genome-wide fashion, the core and disruptive genomic
compartments of T. cruzi exhibited great differences
in the enrichment of open chromatin, with the former
highly enriched in open chromatin compared to the lat-
ter. The disruptive compartment is composed of viru-
lence factors that have a very repetitive nature. Therefore,
we cannot rule out that mapping and genome assembly
bias influence these data, although removing multimap-
ping reads did not affect the results. Regardless, because
virulence factors are mainly expressed in infective forms,
it was expected that these chromatin regions would be
more open in metacyclics if a gene-specific transcrip-
tional regulation scenario existed. However, it was deter-
mined that both the disruptive and core compartments
were lower in metacyclics. These findings confirm that
posttranscriptional regulation of virulence factors indeed
plays a key role in their expression, as previously indi-
cated [33, 34].

Moreover, the multigenic families MASP, GP63, mucin,
and TS exhibited distinct open chromatin landscapes
compared to the other nonmultifamily members. The
reason for this may be related to the greater GC content
of the disruptive compartment than the core compart-
ment [22], because the G plus C content is intrinsically
correlated with nucleosome occupancy [35]. Although an
expected opposite correlation among FAIRE and MNase-
seq data was observed in the majority of evaluated

Page 10 of 16

genomic regions, clearly it was possible to note that some
regions do not contain nucleosomes, but are depleted
in active chromatin and vice versa, indicating the pres-
ence/absence of other chromatin players. It is important
to stress that different life forms were used in each study,
which could account for the observed divergence. In
MNase-seq approach, we used trypomastigotes and here,
metacyclics. Nevertheless, the fact that some aspects of
MNAse and FAIRE data from TCTs and metacyclics cor-
roborate indicates that the epigenome landscape of these
life forms is well conserved even though they are dif-
ferent cell types. Another important variable is the fact
that kinetoplastids contain a thymine modification called
base ] that is mainly located in telomeric regions. In T.
cruzi, base ] was also found flanking PTUs and within
subtelomeric regions, which are rich in virulent factors
(located at the disrupted compartment). Interestingly,
the presence of base J at these genes was shown to be
developmentally regulated [36, 37]. Thus, it remains to be
investigated whether the presence of base J at the disrup-
tive compartment may interfere with chromatin open-
ness and/or if other protein complexes may be in these
regions, thereby affecting chromatin architecture.

Strikingly, the open chromatin state based on FAIRE-
seq read enrichment is associated with steady-state
transcription levels in T cruzi. These findings are
remarkable once trypanosome gene expression relies
mainly on posttranscriptional events. However, this is
not unprecedented. Previously, it was determined that
the nucleosome landscape reflects steady-state gene
expression mainly regarding the depth of the nucleo-
some-depleted region around 5’UTR [7, 25, 38]. A pro-
posed explanation is the association of cotranscriptional
splicing resulting in putative interference with the final
levels of transcripts. It can be also hypothesized that
the machinery associated with RNA processing (trans-
splicing and polyadenylation) and some RNA binding
proteins would closely associate with chromatin, thereby
influencing local chromatin structure. In fact, T cruzi
chromatin proteomics reveals the presence of at least 13
mRNA binding proteins [24], but further experiments
should be performed to determine whether these pro-
teins indeed interact with chromatin and if they may play
a role in chromatin architecture.

Of note, the open chromatin landscape seems to
be conserved between life forms, except for a global
decrease at their levels on metacyclics. This agrees with
a global decline in transcription levels along with para-
site differentiation [18]. One of the main differences in
FAIRE enrichment between life forms was found at loci
that code for snRNAs and tRNAs. snRNAs are uridine-
rich sequences that compose the spliceosome and are
transcribed by RNA polymerase III [39, 40]. tDNAs are
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approximately 78 bp long and contain intrinsic promot-
ers, known as Box A and Box B, which are the binding
sites for the transcription factor complex named TFIIIC
and are responsible for recruiting the TFIIIB complex to
enable the assembly of RNA polymerase III at the TSS
region of these genes [41, 42]. Due to the higher expres-
sion of tDNAs on epimastigotes per cell, we believe that
the RNA Pol III complex would be enriched in tDNA
loci, likely hampering the deposition of nucleosomes and
generating an open chromatin status. In fact, epimastig-
otes indeed have a lower enrichment of nucleosomes at
tDNAs (compared to trypomastigotes). Nevertheless,
in trypomastigote life forms, tDNA loci are depleted of
nucleosomes compared to their surrounding regions [25].

Of note, the absence of transcription machinery at
tDNA loci can be the cause or consequence of the closed
chromatin status. However, the implications of the devel-
opmental regulation of this status can be hypothesized.
The mentioned changes may influence the expression
of the nearby PTUs, which, in turn, would be preferen-
tially affected along with differentiation. In this sense,
it is interesting that tDNA hierarchical cluster analysis
pointed out a distinct distribution of tDNA openness
based on their location related to adjacent PTUs (con-
vergent, divergent, or codirectional). We hypothesize
that the loss of open chromatin status at tDNAs located
within a codirectional PTU may affect transcription
mainly at the downstream PTU. This is supported by the
findings that indicate that tDNA loci and their associ-
ated transcription factors, mainly TFIIIC, may function
as insulators. The latter has a critical role in chromatin
domain organization, working on separating active and
silenced domains [43].

Developmentally regulated chromatin changes at
tDNA loci are especially intriguing considering that
translation control has a key role in trypanosomatid dif-
ferentiation. During the differentiation of epimastigotes
to metacyclics, a global downregulation of a large pro-
portion of the translatome occurs [19, 21, 44]. Although
the underlying mechanism is not fully understood, phos-
phorylation of eiF2a increases upon nutritional stress
attenuates protein synthesis during 7. cruzi differen-
tiation [21]. Here, we confirmed that, per cel,tRNAs are
less expressed in metacyclics than in epimastigotes, cor-
relating with the diminished amount of open chromatin
in the former than in the latter. Thus, chromatin changes
at tDNA loci may be another layer of translation regula-
tion during development. In fact, many studies indicate
that tRNA levels are indeed a limiting step in translation
[45], blocking it when presented below a given threshold.
However, tRNAs have similar abundance in epimastig-
otes and metacyclics when equal amounts of total RNAs
(in nanograms) were compared. This confirms a global
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downregulation of transcription in metacyclics [18], indi-
cating a similar behavior of tRNAs abundance over other
RNA types (5S and 18S—data not shown). However, we
could not affirm a direct association of open chroma-
tin profile and tRNA transcription because no nascent
transcription expression analysis was performed, but we
hypothesize that the critical differences in open chroma-
tin at tRNA loci could be associated with an intense chro-
matin remodeling as metacyclogenesis advances (Fig. 3).
As mentioned above, tDNAs have a critical role in chro-
matin organization working as insulators and enriched
at topological-associated domains boundaries [43]. In
yeast stationary phase, members of tRNA expression
machinery (mainly Pol III and TFIIIB) are released from
chromatin, allowing nucleosome deposition [46]. We
envisage a similar scenario as metacyclogenesis advances:
tRNA machinery associated with tDNAs in epimastig-
otes would be released, allowing binding of chromatin
architectural proteins and nucleosomes (justifying the
depletion of open chromatin) in metacyclics leading to a
possible 3D genome structure shaping.

Conclusion

Overall, the open chromatin genome-wide approach
recapitulates unique aspects of trypanosomatid gene
regulation such as polycistronic transcription and lack
of RNA pol II transcription regulation. However, it also
indicated that different dSSRs may have different levels
of open chromatin, suggesting PTU-specific regulation.
In addition, the status of open chromatin correlates with
the presence of conserved and disruptive genome com-
partments, which further correlates with the expression
of virulence factors. Finally, the obtained data indicated
developmental chromatin regulation at tDNA loci, which
may orchestrate an essential step in posttranscriptional
regulation control necessary for parasite differentiation
and survival.

Methods

Parasites

T. cruzi (Dm28c strain) epimastigotes were cultured at
28 °C in LIT medium supplemented with 10% fetal bovine
serum (FBS—Vitrocell), glucose 0.4%, hemin 0.1 uM, and
penicillin-G 59 mg/L as previously described [47]. Meta-
cyclic trypomastigote (MT) parasites were obtained by
the metacyclogenesis protocol described at [48]. Briefly,
epimastigotes in the exponential growth phase were
diluted at 1 x 10° parasites/mL and cultivated for 5 days
to reach the stationary phase. Then, parasites were resus-
pended at 5x 10® parasites/mL in triatomine artificial
urine medium (TAU, 190 mM NaCl, 17 mM KCI, 2 mM
CaCl,, 2 mM MgCl,, 8 mM phosphate buffer pH 6.0) for
2 h at 28 °C. Next, parasites were diluted to 5 x 10° per
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mL in TAU medium supplemented with 10 mM L-pro-
line, 50 mM L-glutamate, 2 mM L-aspartate, and 10 mM
glucose and maintained for 96 h at 28 °C. metacyclics
were obtained from the supernatant for 72 h and purified
by DEAE columns.

Nuclear tridimensional reconstruction

Image stacks previously obtained by focused ion beam
scanning electron microscopy (FIB-SEM) [15] were auto-
matically aligned using the StackReg plugin in the Fiji/
Image] software package (http://fiji.sc/wiki/index.php/
Fiji). Aligned images were saved as image sequence files
and then imported into the 3D reconstruction program
Free-D 1.15 [49]. Heterochromatin, euchromatin, and
nucleolus were accomplished by manual classification
and tracing the boundary contours of ultrastructures of
interest. Visualization of the 3D shape of the cell nucleo-
lus (red), heterochromatin (purple), and euchromatin
(yellow) was achieved by representing the traces of these
objects using Free-D 1.15. Nuclear 3D reconstructions
were performed in triplicate using 70 to 130 slices for
each cell.

FAIRE sample preparation

The FAIRE samples were prepared as described in [3]
with some modifications. A total of 2x 10’ parasites
(in biological duplicates) were fixed for 5 min with for-
maldehyde and directly added to the medium to a final
concentration of 1%. Formaldehyde was quenched with
125 mM glycine, followed by extensive washing with
PBS. Pellets were resuspended in 1 mL of cold lysis buffer
TELT (50 mM Tris—HCI pH 8.0, 62.5 mM EDTA, 2.5 M
LiCl, 4% Triton X-100) and sonicated with six cycles of
30 s with an interval of 1 min each (Output 4 and Duty 30
parameters) in a Tommy Ultrasonic Disruptor UD-201
apparatus. To prepare the input DNA control, 100 pL of
each sample was centrifuged at 15,000 g for 5 min at 4 °C.
The supernatants were incubated with 1 pL of RNaseA
DNase-free for 30 min at 37 °C followed by treatment
with 1 pL of proteinase K for 1 h at 55 °C. The cross-links
were reversed by overnight incubation at 65 °C. DNA was
extracted with phenol:chloroform:isoamyl alcohol solu-
tion and precipitated with 3 M sodium acetate (pH 5.2)
and 95% ethanol. To prepare FAIRE DNA, the remaining
cell lysate was centrifuged at 15,000 for 5 min at 4 °C, and
DNA was extracted as described above; however, RNaseA
treatment, protein removal by proteinase K and cross-
linking reversal were performed after DNA purification.
The obtained DNA was quantified using a NanoDrop
spectrophotometer (Thermo Fisher). A total of 500 ng of
input DNA control was run on a 1% agarose gel to ver-
ify the sonication efficiency. DNA fragments were deep
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sequenced using an Illumina NextSeq 500 (2 x 75 bp) at
the Polyomics Facility (Glasgow University).

Bioinformatic analyses

Sequence read quality check, mapping, and normalization
The methods applied to analyze the FAIRE-seq data are
shown in Additional file 1: Figure S1 C and described
below. Raw sequencing files were quality checked with
FASTQC [50]. A quality filter was not necessary (see
Additional file 1: Figure S1 B). Reads were then mapped
against the Trypanosoma cruzi Dm28c genome (down-
loaded from https://tritrypdb.org/—DB46, Dm28c 2018
version) using the GATK pipeline [51], which employs
BWA [52] as the alignment algorithm. The GATK pipe-
line was executed until reaching the read deduplication
step. To avoid ambiguous read mapping, the alignment
files were filtered using a MAPQ (MAPing Quality) score
of 10 using SAMtools [53]. MAPQ filtered alignment files
were processed with multiBamSummary (binSize =50)
from deepTools 3.3.0 [54] to generate the scaling fac-
tors for normalization and the files necessary to perform
PCA and Spearman correlation analysis (using plotPCA
and plotCorrelation functions, respectively). The data
were normalized using the RPGC (Reads Per Genome
Coverage) method, present in bamCoverage function,
applying the following scaling factors for each dataset:
EpiR1: 2.3087, EpiR2: 4.0037, MetaR1: 0.5875, MetaR2:
0.6076, ControlR1: 0.6763, ControlR2: 0.6551. Repli-
cates were merged into one bigwig file using the bigWig-
Compare function, calculating the mean signal for each
replicate. The comparisons Epi vs. Control and Epi vs.
Meta were performed with the bigWigCompare func-
tion using the parameters skipZeroOverZero, pseudoc-
ount 1 1, and operation log2. The datasets generated and/
or analyzed during the current study are available in the
NCBI BioProject repository under the accession code
PRJNA763084 and BioSample codes SAMN21423261,
SAMN21423262, SAMN21423263, SAMN21423264,
SAMN21423265 and SAMN21423266.

Extragenomic feature annotation

Polycistronic regions (same strand CDS cluster region),
dSSR and ¢SSR were annotated using the GFF file from
T cruzi Dm28c (downloaded from https://tritrypdb.
org/—DB46, Dm28c 2018 version) and a custom Python
script (available at: https://github.com/alexranieri/annot
atePolycistron). Briefly, the script parses the GFF file,
and a polycistron is considered for annotation if two or
more CDSs of the same strand direction are found con-
secutively. The ID of each feature is incorporated in the
polycistron annotation content, along with the number
of features found. Polycistrons with only one feature were
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also annotated. In a second analysis, the script processes
the SSRs, and dSSR is considered when a region between
the start of a negative-strand polycistron followed by
the start of a positive-strand polycistron is found. ¢SSR
is considered when a region between the end of a posi-
tive-strand polycistron followed by the end of a negative-
strand polycistron is found. If none of those conditions
are met, i.e, a positive-strand CDS polycistron is fol-
lowed by another type of feature. The genomic region
between them is annotated as an Intergenic Polycistron
Region.

5 and 3’ UTR annotations were obtained with UTRme
[55] using the spliced-leader sequence (AACTAACGC
TATTATTGATACAGTTTCTGTACTATATTG) from
[56] and transcriptomic data from Smircich et al., 2015.
tRNAscan-SE [57], with default parameters for eukary-
otes, was used to identify anticodons and amino acids
from tRNA sequences obtained from hierarchical cluster
analysis.

Transcriptomic analysis

RNA-seq reads were preprocessed according to Smir-
cich et al,, 2015, with an additional step of sequencing
adapter removal using cutadapt [58]. Then, the processed
reads were mapped against the T. cruzi Dm28c (V46)
genome using STAR [59]. For each CDS in the genome,
transcripts per million (TPM) values were obtained from
transcriptomic data using TPMCalculator [60]. RPGC-
normalized tag counts (in log2) were retrieved using
annotatePeaks function from HOMER [61], passing the
wig files, CDS coordinates in bed file and the param-
eters: -size ‘given; -raw or -noadj (to avoid new normali-
zation). Genes were classified into low, medium, or high
expressed by ordering TPM values from highest to lowest
and then divided into three groups containing the same
elements. CDS IDs were correlated to obtain both TPM
and RPGC tag count values. Statistical significance tests
between value counts (TPM and RPGC) of expression
classes were performed with the Wilcoxon—Mann—Whit-
ney test.

Identification of open chromatin landscapes

and visualization

To avoid plotting regions from small sequences, only fea-
tures from the largest contigs were selected. Thus, the
first 188 sequences of the genome were analyzed, which
comprised 85% of the total number of bases. Genomic
coordinates of each feature analyzed were obtained from
the final GFF annotation (after using the annotatePolycis-
tron Python script and UTRme) as bed files. Landscape
profiles and heatmaps were plotted using the com-
puteMatrix (with scale-regions and skipZeros options)
and plotHeatmap (with hierarchical clustering) functions
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from deepTools. The final GFF annotation, bed files, and
RPGC-normalized data (as wig files) were used as input
in IGV (Integrative Genomics Viewer) [62] for additional
inspection and visualization.

Additional analysis

Gene Ontology (GO) analysis was performed by pass-
ing the feature IDs to TriTrypDB and then using the GO
Enrichment tool. The obtained results were exported
to REVIGO [63] for visualization. Repeat regions were
obtained from http://bioinformatica.fcien.edu.uy/cruzi/
browser/downloads.php.

Superposition of FAIRE and MNAse-seq data

MNase-seq data were retrieved and processed accord-
ing to our previous study [25]. The aligned bam files were
RPGC-normalized using bamCoverage from deepTools,
applying the following scaling factors for each sam-
ple: SAMN16241276: 1.0625, SAMN16241277: 0.9521,
SAMN16241279: 0.9223, SAMN16241280: 1.0565,
SAMN16241281: 1.0104, and SAMN16241282: 0.9837.

tRNA fluorescence in situ hybridization (FISH)

Parasites (10) in the exponential growth phase were fixed
with 4% paraformaldehyde in PBS for 20 min at room
temperature. Pellets were resuspended in NH,Cl under
agitation for 10 min, washed with PBS, and adhered to
slides with an adhesive frame previously treated with
polylysine. Then, parasites were permeabilized with 0.2%
Triton X-100 in PBS for 5 min, blocked and prehydrated
with 2% BSA, 5X Denhardt, 4X SSC and 35% formamide
for 2 h. A total of 1 ng per mL of fluorescent oligonu-
cleotide was added to the hybridization solution: 1 mM
EDTA, 1% BSA, 0.5 M NaHPO,, 7% SDS, and heated at
75 °C for 5 min. For hybridization, a wet chamber was
prepared with 50% formamide in 2X SSC, and the slides
inside were incubated at 37 °C overnight. The slides were
washed twice with 4X SSC, four times with 50% forma-
mide and 2X SSC, three times with 2X SSC, three times
with 1X SSC, and three times with 0.5X SSC. The slides
were mounted with Vectashield plus DAPI solution (Vec-
tors). Images were captured by an Olympus BX51 micro-
scope, and the intensity of fluorescence was quantified by
Image] with mean gray values.

Northern blot assays

Briefly, total RNA from 5 x 107 parasites (epimastigotes
and metacyclics forms) were extracted with TRIzol (Inv-
itrogen) according to manufactures instructions. RNA
was quantified with Qubit (Thermo). Three-hundred
nanograms of RNAs or the equivalent of 7.6 x 10° cells
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(~2.7 pg and 0.3 pg of epimastigotes and metacyclics,
respectively) were run in 15% denaturing polyacryla-
mide gel (6.5 M Urea, in 1 x TBE buffer) and transferred
to a nylon membrane. The membrane was cross-linked
in UV-light for 3 min and pre-hybridized with 5 mL of
hybridization buffer (8X SSPE, 5X DENHART, 0.1% SDS
and 50 pg Salmon sperm DNA) for 1 h at 30 °C. Next, the
membrane was incubated with 20 pmol of biotin labeled
probes (tRNA-Glu: 5’5CAGGTGTTGTAACCGTTATAC
CATATC3’; tRNA-Asp: 55CGGGTATACTTACCACTA
TACTACCGAZJ and 5S: 55CTTAACTTCACAAATCGG
ACGGGAT3’) overnight. The membrane was processed
and the stained detected according to the instructions in
the Chemiluminescent Nucleic Acid Detection Module
Kit (Thermo). The chemiluminescence signal intensity
was measured by Image]J with mean gray values.

Abbreviations

PTU: Polycistronic transcription unit; dSSR: Divergent strand switch region;
cSSR: Convergent strand switch region; TSS: Transcription start site; TTS: Tran-
scription termination site; FAIRE: Formaldehyde-assisted isolation of regulatory
elements; MNAse: Micrococcal nuclease.
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Additional file 1: Figure S1. A. Data summary for sequenced samples
(EPI — epimastigote; META — metacyclic trypomastigote) and control for
each replicate and read pairs. B. FastQC mean quality scores of sequenced
samples. C. Scheme of the pipeline used to explore the FAIRE-seq data. D.
Number of mapped reads against the Trypanosoma cruzi Dm28c genome
for each dataset (biological replicates). Blue bars represent total dataset
reads; orange bars indicate the mapped reads; gray bars show the remain-
ing mapped reads with MAPQ scores above 10. The percentage is relative
to the total reads of each dataset (blue bars). Spearman correlation (E) and
PCA (F) of read counts for each dataset (biological replicates) from epimas-
tigote (EPI), metacyclic trypomastigote (metacyclic) life forms and control
samples generated with deepTools. Figure S2. A. Representative IGV
snapshot of FAIRE-seq data mapped against the T. cruzi Dm28c genome
(contig PRFA01000010). The data were normalized using RPGC (see Mate-
rials and Methods in main text). Epimastigote biological replicates (EPI-1
and EPI-2) are shown in red, and metacyclic trypomastigote biological
replicates (META-1 and META-2) are shown in blue. Datasets not filtered
with MAPQ score 10 are labeled as “WithoutQ10". At the genomic features,
repeat regions are represented in yellow. The dashed rectangle highlights
along repeat region and its low coverage upon MAPQ10 removal. B.IGV
snapshots of two contigs comparing the raw mapped FAIRE read profile
to the removal of multimapped reads (Q10 - arrows) in epimastigotes and
metacyclic trypomastigotes. Core and disruptive genomic compartments
are shown as red and green tracks, respectively. Figure S3. A. Superposi-
tion of FAIRE-seq (red) and MNase-seq (blue) in epimastigotes. The y-axis
represents RPGC normalized tag counts for FAIRE-seq on the right side
and MNase-seq on the left side. The profile CDSs transcribed by RNA Pol i
is showed. B. Comparison of core and disruptive compartments of MNase-
seq data using RPGC counts in epimastigotes (red) and trypomastigotes
(blue). The median values for epimastigores were 2.04 and 1.09 for the
core and disruptive compartments, respectively; for trypomastigote,

the median values were 2.13 and 1.14. *** Wilcoxon-Mann-Whitney test
with p-value = 0.001. C. RPGC tag counts at multigenic family genes

and other CDSs transcribed by RNA Pol Il for epimastigotes (red) and
metacyclic trypomastigotes (blue). D. Summary plots for virulence factors
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in epimastigotes and metacyclics. *** Wilcoxon-Mann-Whitney test with
p-value = 0.001. Figure S4. A. Landscape profile of ¢SSR (blue) and dSSR
(green) showing median values in RPGC log2 ratio of epimastigotes/
metacyclics (left). Start and End represent the first and last bases of each
feature, respectively. Boxplots showing RPCG counts for dSSR (upper)
and ¢SSR (lower) for epimastigotes (red) and metacyclics (blue). ***
Wilcoxon-Mann-Whitney test with p value = 0.001. B. The percentage of
bases of multifamily genes for each polycistron according to clustering is
shown in Figure 4D. In B, clusterization was performed considering 1 kb
upstream and downstream from the polycistron, while in C, clusteriza-
tion considered only the PTU. Statistical analysis was performed using
the Wilcoxon-Mann-Whitney test (*** p-value = 0.001; * p-value = 0.05).
D. Landscape profiles of all CDSs (upper) and clustering based on the
RPGC log2 ratio of epimastigotes/metacyclics (lower). Figure S5. Genes
classified as high, medium and low expressed based on TPM values for
epimastigote (red) and metacyclic trypomastigote (blue) life forms. ***
Wilcoxon-Mann-Whitney test with p-value = 0.001. Figure S6. A. IGY
snapshots of FAIRE-seq enrichment in epimastigotes (duplicates — red)
compared to metacyclics (duplicates — blue) in three different loci. tDNAs
are highlighted in yellow rectangles. B. Number of tRNA genes in each
cluster. The tRNA genes grouped in each cluster after hierarchical cluster-
ing, as shown in Figure 6C, were counted and plotted in column graphics
according to R group classification of the amino acids. C. Representa-
tive scheme of tRNA gene localization at divergent, convergent and
codirectional PTUs. The arrows indicate the sense of transcription in each
PTU. D. Quantification of tRNA-FISH UUC (Glu),GUC (Asp) in epimastigote
(blue) and metacyclic (green) forms. Mean gray values represent intensity
per area. Unpaired T-test: ** (p-value > 0.05), and *** (p-value < 0.0001). E.
Quantification of tRNA-Northern blot UUC and GUC in Epi (blue) and MT
(green) forms. The expression levels are represented by intensity per area
(Mean gray values). Unpaired T-test: * (p-value < 0.05), and *** (p-value <
0.0001). ns, non-significant.

Additional file 2: Table S1. Repetitive regions at T. cruzi genome.
Table S2. Log2 RPGC at core and disruptive compartment. Table S3.
RPGC at the indicated features in epimastigotes and metacyclics (Fig-
ure 4C). Table S4. RPGC at the indicated features in epimastigotes and
metacyclics (Figure 4C). Table S4. Hierarchical clustering output from
PTUs (with or without SSRs) and tDNA.

Additional file 3: Videos S1-54. 3D reconstruction of euchromatin
(yellow), heterochromatin (purple) and nucleolus (red) in epimastigotes,
intermediate 1 and 2, and metacyclics.https://repositorio.butantan.gov.br/
handle/butantan/3965.
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