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Abstract

Trypanosoma cruziis the protozoan parasite causing American trypanosomiasis or Chagas
disease, a neglected parasitosis with important human health impact in Latin America. The
efficacy of current therapy is limited, and its toxicity is high. Since parasite proliferation is a
fundamental target for rational drug design, we sought to progress into its understanding by
applying a genome-wide approach. Treating a Tcl linage strain with hydroxyurea, we isolated
epimastigotes in late G1, S and G2/M cell cycle stages at 70% purity. The sequencing of
each phase identified 305 stage-specific transcripts (1.5-fold change, p<0.01), coding for
conserved cell cycle regulated proteins and numerous proteins whose cell cycle dependence
has not been recognized before. Comparisons with the parasite T. brucei and the human
host reveal important differences. The meta-analysis of T. cruzitranscriptomic and ribonomic
data indicates that cell cycle regulated mMRNAs are subject to sub-cellular compartmentaliza-
tion. Compositional and structural biases of these genes- including CAl, GC content, UTR
length, and polycistron position- may contribute to their regulation. To discover nucleotide
motifs responsible for the co-regulation of cell cycle regulated genes, we looked for overrep-
resented motifs at their UTRs and found a variant of the cell cycle sequence motif at the 3’
UTR of most of the S and G2 stage genes. We additionally identified hairpin structures at the
5’ UTRs of a high proportion of the transcripts, suggesting that periodic gene expression
might also rely on translation initiation in T. cruzi. In summary, we report a comprehensive list
of T. cruzicell cycle regulated genes, including many previously unstudied proteins, we show
evidence favoring a multi-step control of their expression, and we identify mRNA motifs that
may mediate their regulation. Our results provide novel information of the T. cruzi proliferative
proteins and the integrated levels of their gene expression control.
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Introduction

T. cruzi is the causative agent of Chagas disease, also known as American trypanosomiasis, a
parasitosis that affects more than 8-10 million people in the endemic areas of 21 Latin Ameri-
can countries [1]. Current pharmacological treatment relies on benznidazole and nifurtimox,
drugs with low efficacy and high toxicity, which leads to the need for the development of
improved compounds against Chagas disease [2]. In the post-genomic era, both genomic and
transcriptomic information can be used to discover new pathogen specific drug-targetable
proteins essential for the replication of the parasite [3].

The eukaryotic cell cycle is a coordinated sequence of stages consisting of periods of cell
growth (G1-phase), DNA and organelle replication (S-phase), rapid cell growth and prepara-
tion for cell division (G2-phase), organelle segregation (M) and cell division (Cytokinesis).
Accurate cell cycle progression is driven by a complex network of regulatory proteins that
ensures the appropriate order of the phases and their proper initiation and completion. The
cellular events taking place along the cell cycle are carried out by process-specific molecular
machineries. Proliferation in trypanosomatids is expected to be particularly complex due to
their highly polarized cell architecture and the presence of single copy organelles, including a
large mitochondrion with a genome divided in multiple DNA circles and a flagellum, both
connected through cytoskeletal filaments [4, 5]. Additional complexity to the control of repli-
cation is given by the existence of one proliferative stage at the insect vector (epimastigote), an
intracellular proliferative stage in the human host (amastigote), and a non-dividing and infec-
tive stage (trypomastigote) [6]. Further differences in the canonical cell division, including a
closed mitosis, the absence of centrioles, and the existence of the kinetoplast, account for sub-
stantial divergence in the mechanisms of proliferation of trypanosomatids in comparison to
their mammalian hosts. This has led to the proposal of the protozoan parasite cell cycle as a rel-
evant target for drug development against the diseases [7-10]. Thus, the discovery of the pro-
teins that are responsible for the control and progression of the replicative cycle in T. cruzi, as
well as those necessary for the acquisition of infectivity, has been foreseen as an essential step
for the development of rational drug design [11, 12].

Most of the knowledge of the trypanosomatids cell cycle has been gained from T. brucei, the
causative agent of the African trypanosomiasis (reviewed by Zhou et al.) [13]. Although T. bru-
cei and T. cruzi share many characteristics, they are separated by a long evolutionary distance,
which accounts for their striking differences in biology and pathology. The major events of the
T. cruzi cell cycle (including morphological changes, organelle dynamics, structural reorgani-
zation of these processes) have been described mostly for the non-infective epimastigote stage
of T. cruzi [5]. In addition, several studies on individual proteins regulated during the cell
cycle have been reported. In particular, the DNA replication machinery has been partially
characterized, and was shown to be different from those in higher eukaryotes in terms of both
components and regulation [14, 15]. Histone mRNA and protein variations along the prolifer-
ative and developmental cycle, as well as several histone modifications, have been also reported
[16-18]. Additionally, of the 10 cyclins annotated in the T. cruzi genome, only TcCYC2 and
TcCYC6 have been studied and proven to be involved in cell cycle control [19, 20]. The same
group has investigated the role of cyclin dependent kinases CRK1, and CRK3 and the regula-
tory subunit Tcp12°%®", reporting that the first two might be bona fide cdk homologues with
roles in cell cycle progression [21-23]. Another focus of intense study is the mechanism of rep-
lication of the unique trypanosome mitochondrion, the kinetoplast, as well as the proteins
involved [24].
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Regulation of gene expression throughout the cell cycle has been addressed in several
organisms both at the level of individual genes as well as in a genome-wide manner (bacteria,
budding yeast, mouse, and human cells, for a review see reference [25]). In higher eukaryotes,
periodical gene transcription is achieved via sequential expression of two transcriptional pro-
grams driven by the well-characterized transcription factors E2F1 at G1/S-phase and the
FOXML1 at mitosis in mammals, and orthologous genes in distant eukaryotes [26, 27]. How-
ever, the absence of transcription initiation control that has been largely demonstrated in try-
panosomatids [28] suggests that unique posttranscriptional mechanism(s) may substitute for
the transcriptional control that is prevalent in other eukaryotes; a fact that may indeed point to
a divergent regulatory strategy in the parasite compared to the human host. Although the
mRNA level of cell cycle regulated transcripts has been shown to be affected by their rate of
degradation in yeast, there are very scarce studies at this level [29]. Despite the clinical rele-
vance of the parasite cell cycle, only one cell cycle transcriptome has been published in trypa-
nosomatids so far: the transcriptome of the procyclic form of T. brucei [30]. In T. cruzi, there
are few reports of cell cycle regulated genes and we still lack a global view of the transcriptome
remodeling throughout the cell cycle.

Here we present the cell cycle transcriptome of T. cruzi epimastigotes obtained by deep
sequencing of poly-adenylated RNAs. We define the differentially expressed genes, we charac-
terize their biological properties, and we identify possible regulatory mechanisms that might
be used to regulate groups of RNA transcripts along the cell cycle of the parasite.

Materials and methods

Parasite cultures, hydrouxyurea-induced synchronization and flow
cytometry analysis

A Trypanosoma cruzi unnamed strain belonging to the TcI linage (DTU), as typified by multi-
plex Real-Time PCR assay [31], was selected for this study based on its ability to synchronize
using the available hydroxyurea (HU) protocols, as previously shown by Potenza et al. [19].
Epimastigotes were grown at 28°C in liver infusion tryptose medium (LIT) supplemented with
10% heat-inactivated fetal bovine serum (FBS, from Capricorn Scientific GmbH). Parasites
were synchronized with HU as previously described [32]. Briefly, early exponential-phase cul-
tures (4 x 10° parasites/mL) were transferred to fresh LIT medium containing 20 mM HU for
24 h. HU was then removed from the medium by centrifugation (1200g 5 min), the cells were
washed twice in cold phosphate-buffered saline (PBS) and resuspended in fresh LIT medium.
To obtain G1, S and G2/M enriched parasite populations, samples were collected at 0, 6 and 13
h post-HU release respectively. A sample of parasites harvested before the incubation with HU
was used as a control of asynchronous growth. For each time-point studied, an aliquot of 2 x
10° parasites/mL was washed twice in cold-PBS and fixed overnight at 4°C in 500 uL 70% Eth-
anol-PBS. Propidium iodide (PI) staining was carried out by incubation of the fixed parasites
for 30 min at 37°C in PBS containing 20 pug/mL PI and 200 ug/mL RNAse A for DNA-specific
staining. Three technical replicates per biological sample were analyzed for DNA-content in a
Flow cytometer (FACSCalibur, BD Biosciences) and the proportion of G1, S and G2/M cells in
the samples was determined as previously described [33].

RNA isolation and RT-gPCR analysis

Total RNA was obtained using TRIzol®) Reagent (Invitrogen™), according to manufacturer’s
instructions. The obtained RNA was treated with DNAse, according to manufacturer’s proto-
col (DNA-free, Ambion) and quantified in a Nanodrop spectrometer (Thermo Scientific,
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USA). cDNA was synthetized from 1 pg of total RNA using Superscript™ III first strand syn-
thesis kit (Invitrogen™) and random primers. The mRNA levels were determined by amplifi-
cation of the cDNA in a StepOne® (Applied Biosystem™) real-time PCR analyzer using
CDS-specific primers. The oligonucleotides were designed to match the sequence of the
strain used in this study, which was obtained by RNA-seq. Relative amounts of the target
genes were normalized to the TcTub (beta-tubulin) gene, and changes in gene expression
were determined by the 2788Ct method [34].

Library preparation and RNA-sequencing

Total RNA of synchronized epimastigote cultures was extracted with Trizol® Reagent (Invi-
trogen™) and treated with DNAse as explained above. Equimolar amounts of RNA derived
from the three independent synchronizations (biological replicates) were pooled. Poly-A+
mRNAs were isolated by oligo-dT selection and single-end 50 bp sequencing libraries for
RNA-seq analysis were built on standard Illumina RNA-seq protocols. Sequencing experi-
ments were performed on an Illumina® HiSeq™ 2000 platform (service provided by BGI
Americas). Raw reads obtained were subjected to a data filtering method by standard protocols
performed by the sequencing service provider, which consisted in the removal of adapter
sequences, contamination and low-quality reads from the dataset. The raw sequence data pro-
duced in this study was deposited at the NCBI-SRA [BioProject: PRJNA310212].

Mapping and gene quantification analysis

High quality reads were mapped to the Esmeraldo haplotype of the CL-Brenner genome (ver-
sion 4.2, downloaded from tritrypdb.org) [35] using bowtie2 [36] with default ‘—very-sensi-
tive-local’ parameters. Using the gene annotation file (gff file, downloaded from tritrypdb.org),
reads mapping to RNA features were counted with HTseq version 0.6.0 [37] with the default
“union” mode. Only reads with a mapping quality better than 10 were considered for gene
expression analyses. Reads mapping to non-coding RNA features were set apart from the data-
set. Gene expression data was derived from the gene counts normalized for sequencing depth
using the DESeq package (version 1.18.0, implemented in R statistical environment) [38] yield-
ing “normalized gene counts” (nCounts), expressed as reads per kilobase (RPK).

Differential gene expression and gene ontology (GO) analysis

To assess differential gene expression (DEG), the normalized gene counts were used as an
input in the negative binomial distribution test of the DESeq package [38]. Since the three rep-
licates used in this study were pooled and sequenced together, the method “blind” and the
sharingMode “fit-only” using the three cell cycle phases sequenced were applied to estimate
dispersions. From these calculations, cell-cycle regulated genes were defined as genes with a
fold change greater than 1.5, supported by a p-value lower than 0.01. The lists of differentially
expressed genes were analyzed for enrichment of GO terms using the online analysis tool avail-
able at tritrypdb.com, a feature that implements a Fisher’s exact test. A p-value lower than 0.01
was used as a threshold for significant term overrepresentation. Principal Component Analysis
(PCA) was performed with ClustVis web tool [39], using RT-qPCR and RNA-Seq data for 21
DEGs, normalized by Tubulin gene expression (52 Table). To compare the two types of data
(Cts and reads), phase specific gene expression was transformed into a proportion of the total
additive expression of the three stages (i.e. each gene is represented by three fractions, one per
stage, which together add to 1).
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Comparisons of T. cruzi cell cycle regulated genes in other eukaryotes

The non-redundant T. cruzi orthologue genes present in T. brucei TREU 927 were obtained
from tritrypdb.org using the "Transform by Orthology" online tool. For the identified ortholo-
gues, we compared their peaking times in the T. brucei cell cycle transcriptome [30] to those
identified in the current study. In order to draw a comparison with the human and yeast cell-
cycle studies, the putative orthologue genes were determined by one-way blast (tBLASTx), fil-
tering the results with cutoffs of 1E-4 E-value and 50 bit-Score. Cyclebase was taken as the ref-
erence database for cell-cycle gene expression, then the lists of periodically regulated genes
were retrieved from the website cyclebase.org [25]. T. cruzi orthologues for human and the
budding yeast genes were identified and coincidences were counted. The proportion of ortho-
logues was assessed for all expressed genes (7860 genes dataset) and for the cell cycle regulated
genes (305 genes dataset).

Determination of 5’ and 3’ untranslated regions (UTRs)

For the determination of the UTRs, reads that contained the mini-exon sequence 5’ - AAC
GCTATTATTGATACAGTTICTGTACTATATTG-3’ (ME), or the poly-A sequence
37’ -AAAAAAAAAAAAAAARPAAAA-3' (PA) were extracted from the dataset and the ME or
PA sequence was trimmed using cutadapt (-g -m 20 -O 8 parameters were set). The remaining
reads were mapped to the reference Esmeraldo-like CL-Brenner genome using Bowtie2 default
‘—very-sensitive-local’ parameters. Only uniquely mapping reads with a mapping quality
greater than 0 were considered. In order to avoid false trans-splicing calls, the genomic region
upstream of the mapping position was evaluated for homology with the ME sequence using an
in-house python script. Finally, non-identical reads, whose mapping corresponded to the
same ME trans-splicing or polyadenylation site, were collapsed and counted. Only UTRs with
a minimum of 2 non-identical reads were considered. Extremely large UTRs that contained
stretches of at least 100 Ns in the genomic sequence were removed from the dataset. Finally,
for each gene, the UTR represented by the most reads was selected and used to compile a data-
base of empirically determined T. cruzi epimastigote UTRs.

Definition of putative transcription start sites and gene positioning
analysis

Genomiic position and strand information were obtained for each gene from the annotation
file (gff file) downloaded from tritrypdb.org. Putative polycistronic units were defined as a con-
tinuous group of at least two mRNA coding genes encoded on the same strand, as previously
done [40]. Single non-coding RNA genes were considered as independent transcribed units,
since polycistronic transcription is interrupted by these genes [41]. The transcription start
sites (TSSs) were defined as the midpoint of the strand switch regions; for the telomeric poly-
cistron, the TSSs were defined as the midpoint between the start of the polycistronic unit and
the next chromosome end. Finally, the distance between each gene and the nearest equally-ori-
ented TSS was calculated. Python scripts were designed to perform the analyses described
above.

Determination of codon adaptation index

The relative codon usage was estimated from the frequency of a given codon within the syno-
nym codon group, using the software packages GCUA (General Codon Usage Analysis)[42]
and INCA (INteractive Codon usage Analysis) [43]. The codon adaptation index (abbreviated
as CAI) of a particular gene is a measurement of the deviation in the codon usage from the
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codon usage of a reference group [44]. Ribosomal proteins were used as the reference group,
thus CAI varies from 0 to 1, where 1 is the optimal adaptation equivalent to that of the ribo-
somal proteins. The GC-content of a sequence (G+C), defined as the percentage of GC bases,
and the GC-content in the third codon position (GC3) of the coding region were calculated
for every gene using in-house python scripts.

Clustering and motif identification

The gene expression values for the cell cycle regulated genes were clustered by one-minus
Pearson correlation using the GENE-E software (available at www.broadinstitute.org/cancer/
software/GENE-E/) to obtain groups of putative co-regulated genes. For these groups, the
UTR sequences were obtained from tritrypdb.org by the sequence retrieval tool as the 300 bp
downstream of the STOP codon and 100 bp upstream of the AUG codon for the 3> UTR and 5
UTR respectively. The DREME tool [45] from the MEME suite [46] was used to discover short
ungapped motifs that are relatively enriched in the UTRs sequences of the regulated genes
compared with control UTR sequences from the non-regulated genes. Only motifs on the
transcribed strand with E-values greater than 0.05 were considered. The structural motifs were
identified using the Infernal package [47] on sequences retrieved from tritrypdb.org, defined as
the 450 bp downstream of the STOP codon for the 3°-UTRs, and the 150 bp upstream and 50
bp downstream of the AUG codon for the 5’-UTRs. For the discovery of the motifs, the algo-
rithm cmfinder [48] was used with the following parameters: “—s1 —f 0.4—c10”. A further
assessment of the quality of the identified motif was sought by calculating a sensitivity and
specificity value. Sensitivity was assessed using the algorithm cmsearch, and is defined as the
percentage of sequences found when using the consensus motif as a query in the total of
sequences that supported the motif at the discovery stage. Specificity was calculated through
cmsearch by using the motif to query a series of random groups with the same number of
genes as the discovery group, where every hit was considered a false positive; specificity was
calculated as 1 minus the frequency of total false positive hits. The RNAfold algorithm of the
ViennaRNA package 2.0 [49] was used to calculate the free energy of the consensus motif.

Results

Isolation of cell cycle stages using HU synchronization and RNA
preparation

In order to obtain parasite cultures synchronized at different cell cycle stages, we carried out a
HU exposure protocol described previously [32], using T. cruzi epimastigote cultures of an
unnamed TcI lineage strain. Due to the variability in the HU response among the different
strains [33], the choice of strain for our study was based on cell synchronization efficiency [19].
DNA-content was analyzed by flow cytometry to assess the efficiency of the synchronization
protocol. We determined that 0, 6 and 13 hours post HU-washout were the optimal collection
times to obtain G1, S and G2/M populations respectively, which allowed for a maximum cell
cycle phase enrichment of approximately 70% (Fig 1). The small standard error of the cell cycle
phase enrichment observed among the synchronization replicates (between 0.4-1%) supports
the reproducibility of the method.

Deep sequencing of the RNA purified from epimastigotes synchronized
at different cell cycle stages

In view of the high reproducibility of the cell synchronization protocol, total RNA of three inde-
pendent synchronization experiments (replicates) were pooled in equimolar concentrations for
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G1, S, and G2 peaking times respectively. Representative experiments of each phase are presented (solid lines), and an asynchronous
culture harvested prior to HU treatment is shown as a control (dotted line). The inset table shows the percentages of cells gated in G1, S
or G2/M-phase for the three replicates, expressed as mean + SEM.

https://doi.org/10.1371/journal.pone.0188441.9001

the generation of single RNA samples representative of each individual cell cycle stage (G1, S
G2/M). Given their advantage for sequencing cost reduction, pools of sample replicates have
been used in RNA-seq studies, and their performance has been extensively discussed [50-52].
One of the main caveats of the pooling approach is a potential decrease in detection power,
which can be partially compensated by increasing the sequencing depth [53]. Therefore, we
designed a sequencing protocol intended to obtain very deep transcriptome data. In addition,
we applied DESeq to our study, since in the absence of independent replicates DESeq has been
shown to produce the most conservative determination of DEGs in comparison to other meth-
ods [54]. Following this approach, we prepared one library for each RNA pool of triplicate sam-
ples for each cell cycle stage (G1, S and G2-M) and sequenced them using standard Illumina
poly-A+ RNA-seq protocols. Over 44 million high-quality 50 bp single-end reads per library
were produced (S1 Table), of which more than 32 million reads per sample were mapped to the
reference Esmeraldo-like CL-Brenner genome, representing an alignment proportion of 72%.
Due to the highly repetitive nature of the T. cruzi genome [11], only uniquely mapping reads
were used for gene expression analysis; these comprise over 8 million reads mapping to anno-
tated transcripts, which embodies 27-28% of the total mapped reads.

Then, the expression value for each gene was calculated using DESeq as the relative number
of reads mapping to the transcript in the total reads, and expressed as normalized read counts
(nCounts). A list of DEGs was established for the three cell cycle transitions isolated (G1 to S,
S to G2/M, and G2/M to G1) by comparing the nCounts obtained in different phases. In order
to select those transcripts whose quantification was independent of the sequencing depth, the
amplitude of expression was calculated as in Archer et al. [30] and plotted against the sequenc-
ing depth (S1 Fig). We found that transcripts with more than 100 nCounts have small and con-
stant amplitudes in the three different libraries, thus we set this value as the minimum
requirement for gene inclusion in global transcriptome analysis. That resulted in a dataset of
7860 genes, representing 76% of the protein coding genes annotated in the genome of T. cruzi
Esmeraldo haplotype of the CL-Brenner genome. This sequencing depth is very high for a
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cross-strain mapping in T. cruzi (Tcl vs. CL Brenner Esmeraldo-like), as is seen by the compar-
ison with a recent high resolution transcriptome that achieved 56% mapping in epimastigotes
using a T. cruzi Y strain [55].

Due to the use of pooled RNAs, we first carried out an assessment of putative outlier sam-
ples among the replicates. For that purpose, we performed RT-qPCR of individual replicates
for 21 genes that showed differential expression during the cell cycle (S2 Table). The relative
gene expression data obtained was analyzed in a principal component analysis (PCA) together
with the same data extracted from the transcriptome of the pools (Fig 2A). The two principal
components obtained by PCA, which explain 93,9% of the variation, clearly segregate together
the three cell cycle phases, independently of the method (RNA-seq vs. QPCR) and sample
(individual replicates vs. pools) used. In addition, no replicate shows a conspicuous deviation
from the clusters. As a complementary approach, we compared every sample using Pearson
correlation coefficients and found out that the similarity among the samples is attributable to
the specific cell cycle phase (S3 Table). Altogether, both PCA and correlation analysis exclude
the presence of outlier samples in this dataset.

In order to assess the extent of the global changes in mRNA abundance along the cell cycle,
we calculated the correlation of the expression of the 7860 genes between the three phase spe-
cific datasets (Fig 2B). We observed 1* Pearson correlation coefficients above 0.92 for the three
transitions studied, which indicates that the transcriptome is predominantly stable during
these cell cycle transitions. Nevertheless, distinctive degrees of regulation were detected; for
instance, the higher correlation observed between the S and G2/M profiles in comparison with
any of these two phases relative to the G1-phase indicates that G1 gene expression is the most
divergent of the three.

Analysis of the epimastigote cell cycle regulated genes

We then focused on the study of the subset of genes differentially expressed along the epimasti-
gote cell cycle. For that purpose, we obtained a list of differentially expressed genes for the
three cell cycle transitions isolated. Using an amplitude greater than 1.5 as a threshold, we

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 8/27


https://doi.org/10.1371/journal.pone.0188441.g002
https://doi.org/10.1371/journal.pone.0188441

@’PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

221

G2/M

G1

found that 7185 genes (91%) have stable mRNA levels in all three phases. Among the remain-
ing 675 genes (9%), 305 genes reached a p-value lower than 0.01 as calculated by DESeq (see S4
Table for the complete list of genes). The latter genes were therefore defined as the cell cycle
regulated genes in this study, and are also referred as periodically expressed genes. The 305 cell
cycle regulated transcripts display a wide range of abundance, showing an average of 1227
nCounts/phase, corresponding to a median of 3702 total gene reads.

In terms of gene number, we found that the most regulated cell cycle transition was G2/M
to G1, as represented by the largest circle in the Venn diagram of Fig 3A; it accounts for a total
of 221 modulated genes. The largest variation in gene number seen in this transition goes in
agreement with its lowest r* Pearson correlation among the gene sets (Fig 2B). For the S to G2/
M and the G1 to S transition we detected 113 and 99 differentially expressed genes respectively.
Among these, 184 genes were regulated only in one transition, while 121 were implicated in
two transitions and only 7 genes were found to be regulated in the three of them (Fig 3A).

In view of the important proportion of genes that vary their abundance in more than
one cell cycle phase transition, we decided to describe differential gene expression in an
alternative way; we categorized the genes based on the phase in which they show the highest
expression values, thus we later refer to them as phase specific “peaking” genes. Following
this approach, we identified 70, 97 and 138 genes that peaked at G1, S and G2/M-phases
respectively (Fig 3B). When we looked at the proportion of hypothetical proteins within
each phase, we noticed an enrichment of annotated genes at both G1 and S (60 and 57%
annotated proteins respectively) in comparison with G2/M (43% annotated proteins). Since
the control group of 7860 expressed genes had 40% annotated proteins, G1 and S proteins
are probably more similar in sequence to characterized eukaryotic proteins than the average
T. cruzi proteins. In order to validate the RNA-Seq approach, we used RT-qPCR as an inde-
pendent quantification method. We selected 21 DEGs, expressed at high, low, and interme-
diate levels, as determined by the RNA-Seq. The results show a very small deviation among
the three replicates for every individual gene and a high correlation among all the changes
measured by qPCR and RNA-Seq (S2 Fig).

B
138 - G2/M

G1 99 70-G1 97-S peaking genes
peaking genes  peaking genes

40 S

I - Annotated Protein (40% of 7860 dataset)

G2/M 4-/113 [ - Hypothetical Protein (60% of 7860 dataset)

Fig 3. Differential gene expression throughout the T. cruzi epimastigote cell cycle. A. Transcript modulation along the three phase
transitions studied. The three circles of the Venn diagram represent the genes significantly modulated in each of the three phase transitions:
G1-S, S-G2/M and G2/M-G1 (amplitude values higher than 1.5 and p<0.01). The total number of genes modulated are indicated outside the
arrows, whereas the numbers inside the circles indicate the amount of common as well as transition specifically modulated genes. The plot
was generated using the on-line application BioVenn [56]. B. Proportion of hypothetical and annotated genes in each phase. The peaking
genes were counted for each of the cell cycle phases and the number of annotated versus hypothetical proteins was plotted for each group of
genes. TritrypDB gene names were consulted to address the hypothetical annotation of the proteins.

https://doi.org/10.1371/journal.pone.0188441.9003
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Table 1. GO Enrichment Analysis for the cell cycle phase-specific peaking genes.

Phase
G1
G1
G1
G1
G1
G1

nnnunononononon

S
G2/M
G2/M
G2/M
G2/M
G2/M
G2/M
G2/M
G2/M
G2/M
G2/M

GO group
MF
BP
CC
BP
BP
CC
CC
MF
BP
BP
BP
BP
BP
CC
BP
MF
BP
CC
BP
CC
MF
MF
BP
BP
BP
MF
MF
MF
CC
CC

GO Term

carbohydrate kinase activity
carbohydrate metabolic process
glycosome

hexose metabolic process
monosaccharide metabolic process
peroxisome

microbody

galactokinase activity

cellular carbohydrate metabolic process
generation of precursor metabolites and energy
DNA conformation change

DNA metabolic process

DNA packaging

kinetoplast

DNA replication

DNA binding

nitrogen compound metabolic process
mitochondrion

nucleobase-containing compound metabolic process
intracellular membrane-bounded organelle
motor activity

microtubule motor activity
microtubule-based movement
microtubule-based process

cellular component movement

ATP binding

adenyl ribonucleotide binding

adenyl nucleotide binding

cytoskeleton

microtubule associated complex

MF, Molecular function; BP, Biological process; CC, cellular component

https://doi.org/10.1371/journal.pone.0188441.t001

Gene count
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Fold enrichment
34.3
6.5
9.4
9.9
9.5
8.1
8.1
91.4
12.6
8.3
13.6
5.4
14.4
28.8
9.7
4.1
2.3
3.0
2.3
2.0
8.0
9.0
8.8
7.2
7.2
2.7
2.7
2.7
5.1
7.0

Odds ratio
36.5
7.5
10.1
11.0
10.5
8.8
8.8
95.3
13.7
9.2
15.2
6.5
15.8
30.7
10.8
4.8
3.1
3.6
3.0
2.6
9.5
10.4
10.3
8.5
8.4
3.6
3.6
3.6
5.8
7.8

P-value
5.7E-03
6.7E-03
8.8E-03
1.1E-02
1.4E-02
1.4E-02
1.4E-02
2.1E-02
2.3E-02
2.5E-02
1.8E-04
2.8E-04
7.9E-04
8.4E-04
1.4E-03
2.5E-03
7.4E-03
9.4E-03
1.1E-02
1.3E-02
1.8E-05
3.1E-05
3.8E-05
5.2E-05
1.7E-04
4.2E-04
4.3E-04
4.4E-04
1.7E-03
1.8E-03

To explore the functions of the identified cell-cycle regulated genes, the GO terms of the
peaking genes in each of the cell cycle stages were studied (see Table 1 and S5 Table for the
complete list of terms). For the 70 genes that peaked in the G1-phase, cellular functions related
to the metabolism of carbohydrates and energy production were overrepresented. In addition,
three putative chaperons (hsp70 and DNA]J like), four peptidases, one kinesin, one tyrosine
ligase, and one ubiquitin carrier protein peaked at G1. The list also comprises a cyclin-2, a
CDC2 kinase and a Cyclin A/CDK2 associated like-proteins. Finally, six factors related to
DNA modification (topoisomerase, polymerase I, exonuclease, nucleoplasmin, KkDNA associ-

ated protein), three involved in nucleotide metabolism, and an RNA helicase are also present.
A quite distinctive GO list is found for the 97 genes that peaked at S-phase, which, as
expected, is enriched in proteins involved in DNA and chromatin replication and nucleotide
metabolism. mRNAs of enzymes that participate in nuclear and mitochondrial DNA synthesis,
corresponding to the proliferative cell nuclear antigen (PCNA), polymerase theta, mitochon-
drial DNA polymerase beta and DNA primase, DNA ligases and DNA topoisomerase IA, were
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upregulated. In addition, transcripts for proteins that organize chromatin, like histone H2A,
H2A variant, H4 and high mobility group TCHMGB, increase their levels at this stage. Interest-
ingly, the most upregulated transcript found in the 305-gene set is the kinetoplast associated
protein KAP3, whose orthologue in T. brucei is a well characterized cell cycle dependent gene
overexpressed during S phase [57]. Indeed, two other putative kinetoplast associated proteins
are also upregulated. At this phase, an increase of three snRNA associated proteins (U6, U2,
and Sm-F putative) is observed. We also found proteins with roles in translation, such as puta-
tive eukaryotic translation initiation factor 1A and a seryl-tRNA synthetase. A transcript for a
cyclin regulatory subunit was also identified, as well as a wider spectrum of chaperons relative
to G1-phase, composed of five types of chaperons (hsp85, hsp60, hsp70 and DNA]J like). Inter-
estingly, two cyclophilins are shown to be upregulated at this point of the cell cycle. In addi-
tion, the preparation for the massive cytoskeleton reorganization that takes place at G2/M [58]
may be supported by the upregulation of a putative cofilin/actin depolymerizing factor.

Finally, cellular functions related to the mitotic spindle formation and organelles organiza-
tion were found overrepresented in the 138 genes that peaked in the G2/M-phase of the cell
cycle. This is based on the overexpression of several mechanochemical proteins comprising 6
dynein, 6 kinesins and a probable myosin heavy chain. Besides, a T. cruzi orthologue of
TbCPC2 chromosomal passenger gene is upregulated, together with transcripts encoding pro-
teins involved in DNA conformation (helicase), repair (endonuclease, excision/repair) and
packing proteins (histone and histone modifiers, chromosomal passenger), as well as kDNA
binding proteins (UMSP and a putative kDNA associated proteins) and factors related to
nucleotide metabolism. Two putative cyclins (CYC2-like and putative cyclin 6) and a cell divi-
sion related protein kinase 2 transcript are also upregulated during this phase. The mRNA for
the RNA binding protein PUF9 and for an RNA helicase increase their abundance in G2/M-
phase. Among the protein modifying enzymes overrepresented in this phase there are six
kinases, comprising one of the polo-like type and a putative dephospho-CoA kinase, two cal-
pain cysteine peptidases, two phosphatases (tyrosine and Serine/threonine type) and a ubiqui-
tin-conjugating enzyme.

Comparison of the cell cycle regulated genes among species

The comparison of gene expression datasets is an invaluable tool to interpret and validate
functional genomics data of a given biological condition. In order to apply this tool to the
understanding of the T. cruzi cell cycle we performed a metanalysis of the 305-cell cycle regu-
lated genes in other species. We firstly sought to analyze the similarities in the cell cycle regu-
lated proteins between the two main trypanosomatid human parasites. Of the list of 305
regulated genes found in T. cruzi, we recognized 247 orthologues in the T. brucei genome,
which implies that 58 T. cruzi cell cycle regulated genes (30%) diverge between the two patho-
gens (Table 2). In addition, we determined that T. cruzi periodically regulated genes have

Table 2. Comparison of T. cruziand T. brucei cell cycle regulated genes.

Cell-cycle regulated genes in T. cruzi T. cruzi genes with T. brucei cell-cycle regulated orthologue
PHASE All With T. brucei orthologues All Same-phase Different-phase
G1 70 62 12 (19%) 122 -
S 97 87 31(36%) 6 1 (Early G1) / 24 (Late G1)
G2/M 138 98 32 (33%) 11 5 (Late G1)/16 (S)
All Reg 305 247 75 (30%) 29 (39%) 46 (61%)

&T. brucei G1 genes include the early and late G1 gene lists from Archer, et al.

https://doi.org/10.1371/journal.pone.0188441.t1002
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proportionally more orthologous genes in T. brucei genome than non-regulated genes (p-value
6.0 E-14, Fisher test). Then, we compared the T. cruzi cell cycle transcriptome obtained in this
work with the one published in T. brucei [30]. In this study, the authors used elutriation to iso-
late procyclic parasites (the insect stage) in early G1, late G1, S and G2/M, and found a total of
546 cell cycle regulated genes. However, only 30% (75/247) of them have orthologous genes in
the 305 T. cruzi cell cycle list, of which 39% (29/75) peaked in the exact cell cycle phase,
whereas the other 61% peaked in the phase immediately earlier than the corresponding T.
cruzi phase. The S phase presents the highest number of orthologues between the two organ-
isms and the higher percentage of shared cell cycle genes.

Due to the therapeutic interest of the identification of parasite specific proliferative factors
that are not present in the human host, we compared the T. cruzi periodically regulated tran-
scripts across the two organisms. We first searched for genes homologous to the 305-cell cycle
regulated transcripts on the human genome and we found 117 proteins (38% of periodical
genes). Taking as reference the total number of homologous genes between the two species
(3258 T. cruzi genes, i.e. 31% of total genes), we determined that T. cruzi periodically regulated
genes have proportionally more homologous genes in the human genome than non-regulated
genes (p-value 0.0102, Fisher test). This may indicate a slightly higher conservation of the pro-
liferation related proteins between the two species, relative to other cell processes (1.36 odds
ratio). We then compared the periodically expressed genes, using the already defined 600 cell
cycle dependent human transcripts [59], available at the Cyclebase [25]. We found only 28
(24%) human homologues of the 305 T. cruzi gene set that are also periodically regulated at the
level of transcript along the cell cycle.

Assessment of the regulatory complexity of cell cycle genes by analysis
of T. cruzitranscriptomes

Nuclear-cytoplasmic compartmentalization of RNAs is an active process that regulates genes
expression through the control of the accessibility of the mRNAs to the protein synthesis
machinery. We have recently addressed the sub-cellular distribution of RNAs in T. cruzi by
sequencing the total, nuclear and cytosolic transcriptome of proliferative epimastigotes [60].
We found 444 and 738 transcripts more abundant in the cytoplasm and the nucleus respec-
tively. Seeking to investigate if the 305-cell cycle regulated RNA transcripts are subject to
compartmentalization, we determined how many are expected by chance in the nucleus or the
cytosol and how many were identified in the dataset, and we then calculated the statistical
enrichment observed (Table 3). The T. cruzi cell cycle dependent transcripts turned out to be
enriched twofold in the cytosol of the epimastigotes (p-value 2.2E-03). This over-representa-
tion was found to be more significant for G1, which is the phase more abundant in an asyn-
chronously dividing cell population. As anticipated from the previous observation, the cell

Table 3. Analysis of cell cycle regulated genes in sub-cellular compartments.

Up Cytoplasm Up Nucleus
Phase O&(E) FE (p-value)® O&(E) FE (p-value)?
G1 9(3.1) 3.3 (2.9E-03) 3(5.4) 0.6 (4.9E-01)
S 7 (4.3) 1.7 (2.0E-01) 3(7.4) 0.4 (1.6E-01)
G2/M 9(6.1) 1.6 (2.0E-01) 13 (10.5) 1.4 (3.1E-01)
All Reg 25 (13.3) 2.0 (2.2E-03) 19 (23.4) 0.9 (6.5E-01)

O&(E), observed and expected number of genes in each dataset; FE, Fold enrichment
2 Fold-enrichment and P-values obtained from Fisher contingency test.

https://doi.org/10.1371/journal.pone.0188441.t1003
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Table 4. Analysis of cell cycle regulated genes during parasite development.

Epimastigotes Metacyclic Trypomastigotes
Up Transcriptome Up Translatome Up Transcriptome Up Translatome
Phase O&(E) FE (p-value)® O&(E) FE (p-value)® O&(E) FE (p-value)? O&(E) FE (p-value)®
G1 27 (11.0) 3.9 (2.0E-07) 27 (11.0) 5.5 (2.8E-10) 14 (10.2) 1.7 (7.4E-02) 7(7.1) 1.0 (8.4E-01)
S 48 (15.0) 6.3 (2.8E-17) 48 (15.0) 8.6 (2.4E-22) 2(14.4) 0.1 (3.4E-04) 4(10.0) 0.4 (7.9E-02)
G2/M 28 (21.8) 1.6 (3.3E-02) 28 (21.8) 2.1 (1.3E-03) 19 (20.2) 1.0 (7.0E-01) 11 (14.2) 0.8 (7.7E-01)
All Reg 103 (46.1) 3.4 (1.4E-19) 103 (46.1) 4.6 (1.1E-17) 35 (48.9) 0.8 (2.7E-01) 22 (38.0) 0.6 (3.2E-02)

O&(E), observed and expected number of genes in each dataset; FE, Fold enrichment
2 Fold-enrichment and P-values obtained from Fisher contingency test.

https://doi.org/10.1371/journal.pone.0188441.t1004

cycle transcripts tend to be under-represented in the nucleus (0.9-fold enrichment (FE) and p-
value (6.5E-01)).

As an additional strategy to interpret the T. cruzi cell cycle mRNA regulation, we compared
the 305 transcripts with those regulated in the differentiation from epimastigotes to metacyclic
trypomastigotes, published in a ribosome profiling study by our group [61]. In that study, we
identified 1421 and 1323 genes upregulated at the level of mRNA abundance in epimastigotes
and trypomastigotes respectively. We found that the 305-cell cycle regulated genes are 3.4-fold
significantly enriched in the epimastigote stage, with a higher score in S-phase (Table 4). On the
contrary, there is a significant absence of trypomastigote genes in the 305-gene set, as indicated
by the 0.1- fold enrichment (P-value 3.4E-04) observed for S-phase genes. Since the epimasti-
gote is a replicative developmental stage, while the trypomastigote is a non-replicative stage, the
overrepresentation of epimastigote genes in the cell cycle regulated gene set is biologically con-
sistent. In addition, when we looked at the 305 peaking genes in the ribosome footprint data of
the same study, we also found a significant enrichment of epimastigotes actively translated
mRNAs, which becomes particularly important at S phase (p-value 2.4 E-22).

Analysis of compositional and structural features of the cell cycle
regulated genes

In view of the potential importance of mRNA translational rates for cell cycle dependent tran-
scripts that was underscored by the analysis of the ribosome footprint data [61], we decided to
examine gene structural properties that are known to contribute to mRNA translation, includ-
ing codon usage, GC content and UTR length. Overall, in exponentially growing epimastigotes
cultures, cell cycle mRNAs are significantly more expressed than the average genome coding
transcripts (Fig 4A). We firstly calculated their codon usage, which represent a well-estab-
lished driver of translational rates [62]. As shown in Fig 4B, all the phase specific cell cycle reg-
ulated genes’ average CAls are above the average CAI of the total expressed coding transcripts
with more than 100 reads (denoted as “All”). When contrasting individual phases, it is evident
that G2/M gene set has the lowest CAI, which resembles “All” genes. In addition, a group of
S-phase and G1-phase genes have a well-adapted codon usage, which is showed by the extent
of the upper whiskers of the box plot. Globally, the CAI correlates with the level of expression
of the cell cycle genes. However, G1-phase genes show the highest median expression, whereas
S-phase genes the highest CAI (Fig 4B).

In addition, it is proposed that the coordinated regulation of genes may in part rely on UTR
length and base composition [63]; therefore, we investigated if the 305 peaking transcripts
have any particular biases in these properties. In fact, the examination of the G+C and the
GC3 content of the cell cycle regulated genes showed a statistically significant increase from
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the average G+C content of the mRNAs expressed in epimastigotes (Fig 4C). G+C deviation is
reliant on the S genes trend, whereas GC3 deviation is mostly due to the trend of G2/M genes
(Fig 4D).

Since there was not previous annotation of T. cruzi UTRs, we first determined the length of
the UTRs of the sequenced mRNAs. For that purpose, reads containing the mini-exon
sequence (ME) and poly-adenylated (PA) oligomers were mapped to the genome (54 Fig).
Only reads that mapped on inter-CDS regions with a mapping quality greater than 0 were
retained. A total of 2251093 and 849487 reads were used for the 5 UTR and 3’ UTR determi-
nations respectively. Collapsing reads that corresponded to the same trans-splicing site ren-
dered a total of 14649 5° UTRs distributed among 6678 genes (an average of 2.2 UTRs per
gene). We determined a total of 13362 3° UTRs for 3718 genes (an average of 3.6 UTRs per
gene). When comparing the length in base pairs for the obtained UTRs we observed a geomet-
ric mean of 80.8nt for 5 UTRs, which is the exact length of the 5> UTR calculated previously in
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Fig 4. Analysis of structural characteristics of cell cycle regulated genes. Six parameters were
calculated for five gene groups: phase specific cell-cycle genes at G1 (70), S (97), G2/M (138), the 305 three
phase combined gene dataset (Reg) and the total 7860 expressed genes (All). A. Gene expression levels of
individual datasets. B. Codon adaptation index [54]. C, D. GC and GC3 content respectively. E, F. 5 and 3’
UTR length respectively. The numbers above the bars indicate the number of UTRs that could be assigned to
each group of genes. Box plots show the median and the 25—75 percentiles, whereas the whiskers represent
the 5-95 percentiles. Bar graphs show the median and the interquartile range. Statistical significant
differences were assessed by one-way ANOVA test and multiple comparisons were corrected by Bonferroni
test (*, adjusted p-values lower than 0.01 by nonparametric Mann-Whitney test; **, exact p-value lower than
0.05).

https://doi.org/10.1371/journal.pone.0188441.g004
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T. cruzi by Brandao et al. using 173 UTRs and different from the 35nt length proposed by
Campos et al. [64, 65]. For the 3’ UTR, we found a mean length of 276.6nt, which is again
closer to the 334nt reported by Brandao et al. than the 137nt median found by Campos et al.
Then, we analyzed the length of the UTRs of the cell cycle regulated transcripts determined by
our method (total of 5705 5 UTRs and 3271 for 3 UTR). We observed that cell cycle depen-
dent genes have longer 5° UTR (median 95 vs 82nt) and 3” UTR (median 304 vs 282nt) relative
to the average mRNAs coded in the genome (Fig 4E and 4F). These differences are statistically
significant for the 5 UTRs of genes peaking at G2/M (113 vs 82nt).

Exceptionally among eukaryotes, the trypanosomatids organize and transcribe their genes
in large polycistronic clusters [28]. Evidence obtained by analysis of the T. brucei cell cycle
transcriptome [30] allowed Kelly et al. [66] to propose that the position of a gene in the polycis-
tron contributes to its transcript abundance throughout the cell cycle. In order to assess if that
is also the case for the T. cruzi cell cycle genes, we determined the position of the genes in their
cognate polycistrons. We observed that cell cycle genes tend to be further away from the TSS
in comparison to the average genes (63 vs 57 kb, p-value <0.06). Specifically, G1, S and G2/M
distances to the TSS are 64, 60 and 66 kb respectively. Thus, the longest distance is seen for
G2/M genes, a finding that goes in agreement with T. brucei’s [66]. In fact, when we performed
the analysis done by Kelly et al. [66] using the T. cruzi information instead, we found a similar
proportionality between cell cycle gene expression and the location of the genes in the polycis-
tron, where mRNA abundance increases with the distance to the polycistron start for G2/M,
and decreases for S-phase genes (53 Fig).

Analysis of potential cell cycle regulatory RNA maoitifs in cell cycle
regulated genes

Due to the absence of transcriptional control in the trypanosomatids, the regulation of mRNA
processing, decay and translatability is thought to have a relevant role in gene expression regu-
lation. To investigate the presence of sequence elements in the cell cycle genes we searched for
overrepresented sequences in the mRNAs’ UTRs, since they are known to contain the majority
of the RNA motifs affecting the post-transcriptional regulation of the genes. In order to iden-
tify groups of co-regulated transcripts with near identical expression patterns along the three
cell cycle phases sequenced here, a non-parametric clustering of the 305 cell cycle regulated
genes was carried out, which allowed the definition of 7 clusters (heatmap on Fig 5). We found
six phase specific clusters (two per phase) and one that combines genes of S and G2/M. One
gene (TcCLB.511805.20, Trichohyalin) remained ungrouped in this analysis, being the only
gene strongly down-regulated in S phase compared to G1 and G2/M.

We then used the DREME tool (from MEME suite) to search for enriched motifs within
each cluster. We did not find any enriched RNA sequence at the 5> UTR of the seven gene clus-
ters. However, we found at least two overrepresented RNA sequences in the 3> UTRs. The top-
ranking motif is the seven-nucleotide sequence c/a/tCAUAGA, which is significantly overrep-
resented in the S-phase cluster 1 (p-value 6.7E-25), being borne by 22 of the 31 genes (Fig 5).
In addition, a c/aAUAGA motif, whose sequence is contained in the previous one, is also sig-
nificantly enriched in the S-phase cluster 2 (16 out of 18 genes). Of note, a four nucleotide
RNA element, UAGA, also contained in the previous motifs, is overrepresented in G2/M-
phase cluster 5; however, the significance of the enrichment and the proportion of genes with
the motif are lower than those described for the S-phase clusters. These three motifs are vari-
ants of the octamer consensus sequence called the “cycling control sequence” element (CS),
present in several cell cycle dependent mRNAs, which was originally described in Crithidia fas-
ciculata [67] and later found also in Leishmania major [68] and T. cruzi orthologous of T.
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brucei cell cycle regulated genes [30]. In T. cruzi, this motif is located almost exclusively at the
3" UTR of the 305 cell-cycle regulated transcripts, where it is found at an average distance of
148 bp from the end of the translated region. Fourteen percent of the genes (5/36) have more
than one motif at their 3’UTR, with one gene bearing 3 motifs (TcCLB.509151.130, a dUTP
diphosphatase). In addition, we found 378 genes with CS-elements at their 3’UTR of the total
7860 expressed genes. Interestingly, the 305-cell cycle regulated genes are 5-fold enriched in
the former group (56/378 genes, fisher test, p-value 6.4 E-19). Finally, an eight-nucleotide
sequence ACCCc/gAAA shows a smaller but significant enrichment in cluster 7, being borne
by only 7 genes (13). For the T. cruzi orthologues of the already described CS-element contain-
ing genes (as TOP2, KAP3, DHFR-TS, RPAL1), we looked at the presence of this sequence in
the experimentally defined UTRs (S5 Fig). Contrary to what is described in C. fasiculata and L.
major, the 5 UTRs of DHFR-TS and KAP3 do not bear the CS-element. Indeed, KAP3 does
not present a CS-element within its 3> UTR either. But the remaining UTRs present at least
one CS-element, and TOP2 presents 4 elements on its long 5-UTR, as has been described in
the other species.

Since RNA transcript regulatory elements can rely on a structure instead of an RNA
sequence, we also searched for structural motifs in the UTRs of the co-regulated groups of
genes. We obtained the top 3 conformational motifs for each co-regulated cluster using CMfin-
der. Then, we further selected them based on a threshold of specificity greater than 90%, AG
lower than -8.0 kcal/mol and coverage greater than 50%. The top ranked motif for each cluster
is presented on the right most part of Fig 5 (see S6 Table for the complete list of motifs). Inter-
estingly, all the motifs, except for cluster 7’s motif, are located at the 5 UTRs. These structural
signals are stem-loops interrupted by one to two bulges of various lengths.

Discussion

In the present study, we analyzed the changes in mRNA abundance throughout three stages of
the cell cycle of T. cruzi epimastigotes, seeking to identify gene regulatory patterns and specific
genes involved in parasite proliferation. In order to obtain cultures enriched in different cell
cycle phases, we used a hydroxyurea synchronization protocol previously developed for this
parasite, obtaining a 70% enrichment in synchronic G1, S and G2/M cell cultures. Although
this method has been extensively used in cell cycle studies of many organisms, it has the disad-
vantage of producing chemically perturbed cell cycle phases; therefore, it can be expected that
some of the findings may not reflect the physiological cell cycle [69]. Unfortunately, since syn-
chronic T. cruzi cultures lose synchrony after one division, the second cell cycle after HU
release is not suitable for cell cycle studies. Nevertheless, a vast amount of literature indicates
that the cycle after hydroxyurea arrest is comparable to the natural cycle [70]. Specifically, the
study of the cell cycle transcriptome of T. brucei, obtained with a protocol of serum starvation
(perturbed cycle) or an elutriation method (unperturbed cycle), demonstrated a vast similarity
in transcript regulation amplitude (80% match) and expression chronology (72% match)
between the two methods [30]. In addition, alternative protocols like elutriation or cell sorting,
which are presumed to produce “unperturbed” cell cycle phases, are known to introduce alter-
ations in gene expression [71, 72]. Finally, cell sorting of T. cruzi using permeant dyes is rarely
reported (and for limited application only [73, 74]) in trypanosomatids literature, and would
not supply sorted cell numbers adequate for RNA collection for deep sequencing. Therefore,
HU synchronization is currently a method of choice for transcriptomic studies of the cell cycle
in trypanosomatids.

The high reproducibility of the synchronization protocol used in our study, confirmed by
RT-qPCR of individual replicates, allowed us to sequence pooled equimolar triplicates of each
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cell cycle stage. The global comparison of the three phase specific datasets indicates that the
transcriptome is only slightly modified along the cell cycle. Indeed, in contrast to the >0.9
correlation coefficients among the three cell cycle transcriptomes, developmental changes
throughout the T. cruzi life cycle have shown a massive transcriptome remodeling, accounting
for Pearson correlations of 0.5-0.6 for the epimastigote-trypomastigote transition [55, 61].
Thus, our finding supports the hypothesis of small intra-stage transcriptomic changes that was
recently proposed by Li et al. [55]. Yet, we identified a list of 305 coding gene transcripts that
significantly change their abundance during the three cell cycle transitions analyzed (1.5-fold,
p-value<0.01). They are enriched in GO terms that correctly delineate the central processes of
the corresponding cell cycle stage, which indicates that our approach allowed for a reliable
identification of periodically regulated mRNAs. In addition, the identification of several tran-
scripts for proteins that were already demonstrated to be periodically expressed in trypanoso-
matids, provides an independent validation of our study. These proteins include histones [17],
cyclins [19], proliferative cell nuclear antigen [75], kinetoplast proteins DHFR, TOP2 [67] and
KAP3 [76], Puf9 [77], polo kinase TbPLK orthologue TcCLB.506513.160 [78], and kinetochore
associated protein 1 KKT1 orthologue, TcCLB.507641.190 [79]. Other proteins, like TcHMGB
[80] and putative chromosomal passenger protein TcCPC2, Tc00.1047053506221.110 [81],

are known to participate in the cell cycle but their periodical expression has not been demon-
strated yet. It is worth mentioning that we do not find basal body and flagellar proteins regu-
lated in the 305 periodical genes, in contrast to the cases of T. brucei and Leishmania [30]. That
might indicate divergent levels of gene expression regulation of cell cycle genes with this ontol-
ogy or divergent cellular mechanism for organelle segregation, as has been proposed before
[82]. Additionally, the identification of several kinetoplast specific periodically expressed genes
supports the coordination between the nuclear and kinetoplast replication in T. cruzi that has
been previously suggested [83].

When we compared the periodically expressed proteins of the two human parasitic trypa-
nosomatids, we found a relatively low coincidence between them (30% of transcript identity
and only 39% of synchronic expression). Although differences in the methods of parasite isola-
tion, as well as differences in data processing, might account in part for the observed dissimi-
larities, the biology of the two parasites may also contribute to them. In fact, the two organisms
differ in relevant features, such as chronology and structural organization of events along the
cell cycle [5, 82]. Importantly, T. cruzi replicates intracellularly (vertebrate cells) and extracel-
lularly (insect), whereas T. brucei only proliferates in the latter way. Unlike what has been
described for T. brucei, the replication of the kinetoplast in T. cruzi epimastigotes starts later
than the replication of the nucleus, and the kinetoplast divides at late nuclear G2. Likewise, the
elongation of the daughter flagellum and the division of the flagellar pocket occur later in T.
cruzi and the new flagellum does not grow attached to the old one or to the cell body [5]. Addi-
tional diversity between the parasites resides in the nuclear architecture of the DNA synthesis
during S phase [84]. Striking differences between the two species in the structure of the sub-
telomeric regions are also expected to contribute to the divergence in nuclear division [dis-
cussed in 83]. Finally, the distinct response of the two species to the cell cycle arrest induced by
hydroxyurea suggests regulatory differences between the parasites [85].

Given the therapeutic importance of the identification of proliferative differences between
the parasite and the host, we contrasted the periodically expressed genes of both species. We
showed that most of the T. cruzi cell cycle transcript (62%) do not have homologues in man.

In addition, the low proportion of orthologues that are commonly regulated in both species
(24%) points to the divergence of the molecular mechanism driving cell cycle or the divergence
in the level of cell cycle transcripts regulation used in each organism.
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The focus of the present study was not only to identify genes periodically expressed in epi-
mastigotes of T. cruzi, but also to identify putative global gene expression regulatory patterns
that operate on these transcripts. Seeking for an insight on further transcript regulatory steps,
we looked at the distribution of our gene set in the nuclear-cytoplasmic RNA-seq and ribo-
some profiling data on T. cruzi exponentially grown epimastigotes [60, 61]. The finding of an
overrepresentation of cell cycle transcripts at the cytosol indicates that periodically expressed
transcripts are probably actively maintained in the cytosol in replicating epimastigotes. We
also found that cell cycle transcripts are significantly overrepresented in the actively translated
mRNA fraction, with emphasis at S phase and decrease at G2/M. Therefore, periodically
expressed mRNAs may be also controlled at the level of translatability. An assessment of the
translational control of the cell cycle phases has been recently done by Stump et al. [86], who
discovered a widespread translational regulation of molecular complexes involved in cell cycle
progression in human cells. More recently, the reduction of mRNA translatability of a set of
200 gene transcripts during the G2/M transition of mammalian cell cycle has been demon-
strated by ribosome footprint, but most of them do not change their total mRNA abundance
[87]. The authors suggest that gene specific nRNA translatability complements other post-
translational mechanisms to establish the mitotic proteome.

We then investigated if the codon composition of the cell cycle genes could be contributing
to their translatability as inferred from the ribosome footprint data. We found that periodi-
cally expressed genes have CAIs higher than the average for the genome, although their
median CAI are barely above 0.5. This suggests that codon adaptation might be globally con-
tributing to the higher translational efficiency of periodically expressed genes relative to that of
the average genome. However, the CAIs of the 305 genes are still low, which indicates their
preference for non-optimal codons. There is only one study of codon usage along the cell
cycle, but it investigates codon preferences in terms of codon-anticodon binding affinities
[88]. It found that periodically expressed genes have specific codon preferences for non-opti-
mal codons in four distant species. In particular, G1 genes are shown to be biased to optimal
codons. In addition, they demonstrate that tRNA concentration inversely follows the change
in codon preferences in the different phases. Although their results are not directly comparable
to ours, we show that a group of S and G1 peaking genes have high CAls. Nevertheless, the rel-
ative higher expression of G1 genes in the absence of a relatively higher CAI average indicates
that additional forces, like tRNA concentration, ATP availability, structural and sequence
motifs at the UTRs, might be acting on their expression.

In light of previous awareness about the association between gene expression and structural
gene features, we investigated several structural properties of the cell cycle genes. The G+C
content of the genes has been linked with the level of expression in some reports, however the
relevance of these findings is controversial [89]. The fact that T. cruzi 305 periodically
expressed genes are slighter richer in G+C and GC3 and show higher CAIs and transcript
expression level than randomly selected genes, supports that base composition might be con-
tributing to gene expression in this case. There is also mounting evidence showing that the
length of the mRNA, in particular the UTRs, affects gene expression [90-92]. Our data points
out the presence of significant longer UTRs in the G2/M genes. Interestingly, G2/M genes
have been shown to be translationally silenced [87] and the long 5" UTR has been related to
translational inhibition [92]. Many growth-related mRNAs have unusual 5 UTRs, which are
both long and GC-rich, conditions that promote the formation of stable secondary structures
or increase the chances to harbor upstream open-reading frames (uORFs) or internal ribo-
some entry sites (IRESs). This aspect might be an interesting subject of further investigation.

In addition, our study of the dependence of cell cycle gene expression on the position of
the genes along it cognate polycistron supports previous findings in T. brucei [66], thus
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providing further empirical evidence for the importance of the position of the transcript inside
the polycistronic unit in trypanosomatids. It reinforces the concept that gene position is
actively favoring the maintenance of syntheny in these organisms, despite their long evolution-
ary distance.

The coordinated regulation of groups of transcripts can be achieved by the use of common
nucleotide motifs, which can be recognized by RNA binding proteins (RBPs), which in turn
modulate the fate of the RNA in terms of processing, stability and sub-cellular location [93].
When we search for sequence signals at the UTRs, we only found enriched RNA sequence
motifs at the 3> UTRs, the region which is thought to hold the majority of the cis-elements that
modulate mRNA abundance [94, 95]. The most enriched motif found here is a variant of the
CS-element, previously characterized in cell cycle genes. The high coverage of the motif in the
3" UTR of the 305 genes indicates that T. cruzi might strongly rely on this sequence for periodi-
cally gene expression regulation. Several CS-element binding proteins (CSBPs) have been
identified and characterized as cell cycle regulators in Crithidia fasciculata [96], however the
molecular mechanism of their action is not completely understood.

Finally, several putative stem-loops at the UTRs of the clusters of co-regulated genes were
identified. Their high specificity together with their high coverage suggests their potential use
in gene regulation as RNA structural motifs. Moreover, their preference for the 5 UTR indi-
cates a role related to translation which remains to be investigated.

Conclusions

We have identified 305 cell cycle regulated mRNAs in proliferative epimastigotes of T. cruzi
using the most sensitive experimental approach currently available. The enriched GO terms of
the cell cycle differentially expressed genes strongly supports their cell cycle-specific functions.
In addition, our study assigns a cell cycle regulatory role for several hypothetical and previ-
ously unstudied proteins. The identification of the molecular networks driving parasite specific
proliferation is an important step towards the design of improved chemotherapies to treat
Chagas disease. It might also facilitate the characterization of parasite specific individual
proteins.

In the absence of transcriptional control of gene expression, trypanosomatids constitute an
interesting model to discover new patterns of post-transcriptional regulation of gene expres-
sion. In this scenario, our results strongly indicate that the periodically expressed mRNA tran-
scripts are actively subject to control at least at three levels: nuclear-cytosolic distribution,
RNA abundance and translatability. They also indicate that genome positioning, nucleotide
composition, mRNA length, as well as specific sequence and conformational elements at the
UTRs, contribute to the periodical gene expression in T. cruzi. The multi-step control of gene
expression of proteins involved in a specific biological process has been scarcely analyzed in
the literature, thus our study shows how functional genomics can be used to uncover inte-
grated RNA transcript control mechanisms.

Supporting information

S1 Fig. Assessment of sequence depth threshold for reliable gene count.
(DOCX)

S2 Fig. RT-qPCR validation of cell cycle regulated genes.
(DOCX)

S3 Fig. Influence of the gene localization in the polycistronic unit on cell-cycle expression.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 20/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s003
https://doi.org/10.1371/journal.pone.0188441

@° PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

$4 Fig. Determination and length distribution of the UTRs.
(DOCX)

S5 Fig. Localization of the CS-element in T. cruzi in comparison to previously studied try-
panosomatids.
(DOCX)

S1 Table. Sequencing and Mapping data of T. cruzi epimastigote cell cycle phases.
(XLSX)

$2 Table. Primer sequence and PCA input data (normalized AACt and read counts).
(XLSX)

$3 Table. Pearson correlation of individual replicates and pooled RNA-Seq samples of T.
cruzi epimastigote cell cycle phases.
(XLSX)

$4 Table. Read ncounts of G1, S and G2/M T. cruzi cell cycle phases and list of DEGs.
(XLSX)

§5 Table. GO enrichment analysis for the cell cycle peaking genes.
(XLSX)

S6 Table. RNA structural motifs on clusters of co-regulated cell cycle genes.
(XLSX)

Acknowledgments

We acknowledge all members of the Laboratorio de Interacciones Moleculares at UDELAR
and the Department of Genomics at IIBCE for constant discussion and technical support. We
kindly appreciate the technical support on DNA content analysis provided for Dr. Lucia Pia-
cenza at UDELAR at the beginning of this study. We would like to thank Martin Ciganda,
PhD. for the professional language revision and editing of the final manuscript version. We
also thank several colleagues that have provided critical insight in this study during scientific
meetings.

Author Contributions
Conceptualization: Beatriz Garat, José Roberto Sotelo-Silveira, Maria Ana Duhagon.
Data curation: Santiago Chavez, Guillermo Eastman, Pablo Smircich.

Formal analysis: Santiago Chavez, Guillermo Eastman, Lorena Lourdes Becco, Carolina Oli-
veira-Rizzo.

Funding acquisition: Santiago Chavez, Beatriz Garat, José Roberto Sotelo-Silveira, Maria Ana
Duhagon.

Investigation: Santiago Chavez, Lorena Lourdes Becco, Carolina Oliveira-Rizzo, Rafael Fort.
Methodology: Mariana Potenza, José Roberto Sotelo-Silveira.

Project administration: Beatriz Garat, José Roberto Sotelo-Silveira, Maria Ana Duhagon.
Resources: Mariana Potenza.

Software: Santiago Chavez, Pablo Smircich.

Supervision: Maria Ana Duhagon.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 21/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188441.s011
https://doi.org/10.1371/journal.pone.0188441

@° PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

Visualization: Santiago Chavez, Lorena Lourdes Becco, Carolina Oliveira-Rizzo.

Writing - original draft: Santiago Chavez, Maria Ana Duhagon.

Writing - review & editing: Santiago Chavez, Pablo Smircich, Mariana Potenza, Beatriz

Garat, José Roberto Sotelo-Silveira, Maria Ana Duhagon.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Savioli L, Daumerie D. Sustaining the drive to overcome the global impact of neglected tropical dis-
eases: second WHO report on neglected tropical diseases. World Health Organization. Department of
Control of Neglected Tropical Diseases.,: World Health Organization,; 2013. xii, 138 pages p.

Bustamante JM, Tarleton RL. Methodological advances in drug discovery for Chagas disease. Expert
Opin Drug Discov. 2011; 6(6):653—61. https://doi.org/10.1517/17460441.2011.573782 PMID:
21712965; PubMed Central PMCID: PMCPMC3122921.

Crowther GJ, Shanmugam D, Carmona SJ, Doyle MA, Hertz-Fowler C, Berriman M, et al. Identification
of attractive drug targets in neglected-disease pathogens using an in silico approach. PLoS Negl Trop
Dis. 2010; 4(8):e804. https://doi.org/10.1371/journal.pntd.0000804 PMID: 20808766; PubMed Central
PMCID: PMCPMC2927427.

McKean PG. Coordination of cell cycle and cytokinesis in Trypanosoma brucei. Current opinion in
microbiology. 2003; 6:600—7. PMID: 14662356.

Elias MC, da Cunha JPC, de Faria FP, Mortara Ra, Freymiiller E, Schenkman S. Morphological events
during the Trypanosoma cruzi cell cycle. Protist. 2007; 158:147-57. https://doi.org/10.1016/j.protis.
2006.10.002 PMID: 17185034.

De Souza W. Basic Cell Biology of Trypanosoma cruzi. Current pharmaceutical design. 2002; 8:269—
85. PMID: 11860366.

Hammarton TC, Mottram JC, Doerig C. The cell cycle of parasitic protozoa: potential for chemothera-
peutic exploitation. Progress in cell cycle research. 2003; 5:91-101. PMID: 14593704.

Naula C, Parsons M, Mottram JC. Protein kinases as drug targets in trypanosomes and Leishmania.
Biochimica et biophysica acta. 2005; 1754:151-9. https://doi.org/10.1016/j.bbapap.2005.08.018 PMID:
16198642.

Hammarton TC. Cell cycle regulation in Trypanosoma brucei. Molecular and biochemical parasitology.
2007; 153:1-8. https://doi.org/10.1016/j.molbiopara.2007.01.017 PMID: 17335918.

Grant KM. Targeting the cell cycle in the pursuit of novel chemotherapies against parasitic protozoa.
Current pharmaceutical design. 2008; 14:917-24. PMID: 18473840.

El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, Tran AN, et al. The genome
sequence of Trypanosoma cruzi, etiologic agent of Chagas disease. Science. 2005; 309(5733):409-15.
https://doi.org/10.1126/science.1112631 PMID: 16020725.

Parsons M, Worthey Ea, Ward PN, Mottram JC. Comparative analysis of the kinomes of three patho-
genic trypanosomatids: Leishmania major, Trypanosoma brucei and Trypanosoma cruzi. BMC geno-
mics. 2005; 6:127. https://doi.org/10.1186/1471-2164-6-127 PMID: 16164760.

Zhou Q, Hu H, Li Z. New insights into the molecular mechanisms of mitosis and cytokinesis in trypano-
somes. Int Rev Cell Mol Biol. 2014; 308:127—-66. https://doi.org/10.1016/B978-0-12-800097-7.00004-X
PMID: 24411171; PubMed Central PMCID: PMCPMC4374570.

Calderano SG, de Melo Godoy PD, Motta MCM, Mortara Ra, Schenkman S, Elias MC. Trypanosoma
cruzi DNA replication includes the sequential recruitment of pre-replication and replication machineries
close to nuclear periphery. Nucleus (Austin, Tex). 2011; 2:136—45. https://doi.org/10.4161/nucl.2.2.
15134 PMID: 21738836.

Calderano S, Godoy P, Soares D, Sant’/Anna OA, Schenkman S, Elias MC. ORC1/CDC6 and MCM7
distinct associate with chromatin through Trypanosoma cruzi life cycle. Mol Biochem Parasitol. 2014;
193(2):110-3. https://doi.org/10.1016/j.molbiopara.2014.03.004 PMID: 24681203.

Recinos RF, Kirchhoff LV, Donelson JE. Cell cycle expression of histone genes in Trypanosoma cruzi.
Molecular and biochemical parasitology. 2001; 113:215-22. PMID: 11295175.

Sabaj V, Aslund L, Pettersson U, Galanti N. Histone genes expression during the cell cycle in Trypano-
soma cruzi. J Cell Biochem. 2001; 80(4):617—-24. PMID: 11169746.

Nardelli SC, da Cunha JPC, Motta MCM, Schenkman S. Distinct acetylation of Trypanosoma cruzi his-
tone H4 during cell cycle, parasite differentiation, and after DNA damage. Chromosoma. 2009;
118:487-99. https://doi.org/10.1007/s00412-009-0213-9 PMID: 19396454.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 22/27


https://doi.org/10.1517/17460441.2011.573782
http://www.ncbi.nlm.nih.gov/pubmed/21712965
https://doi.org/10.1371/journal.pntd.0000804
http://www.ncbi.nlm.nih.gov/pubmed/20808766
http://www.ncbi.nlm.nih.gov/pubmed/14662356
https://doi.org/10.1016/j.protis.2006.10.002
https://doi.org/10.1016/j.protis.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17185034
http://www.ncbi.nlm.nih.gov/pubmed/11860366
http://www.ncbi.nlm.nih.gov/pubmed/14593704
https://doi.org/10.1016/j.bbapap.2005.08.018
http://www.ncbi.nlm.nih.gov/pubmed/16198642
https://doi.org/10.1016/j.molbiopara.2007.01.017
http://www.ncbi.nlm.nih.gov/pubmed/17335918
http://www.ncbi.nlm.nih.gov/pubmed/18473840
https://doi.org/10.1126/science.1112631
http://www.ncbi.nlm.nih.gov/pubmed/16020725
https://doi.org/10.1186/1471-2164-6-127
http://www.ncbi.nlm.nih.gov/pubmed/16164760
https://doi.org/10.1016/B978-0-12-800097-7.00004-X
http://www.ncbi.nlm.nih.gov/pubmed/24411171
https://doi.org/10.4161/nucl.2.2.15134
https://doi.org/10.4161/nucl.2.2.15134
http://www.ncbi.nlm.nih.gov/pubmed/21738836
https://doi.org/10.1016/j.molbiopara.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24681203
http://www.ncbi.nlm.nih.gov/pubmed/11295175
http://www.ncbi.nlm.nih.gov/pubmed/11169746
https://doi.org/10.1007/s00412-009-0213-9
http://www.ncbi.nlm.nih.gov/pubmed/19396454
https://doi.org/10.1371/journal.pone.0188441

@° PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Potenza M, Schenkman S, Laverriere M, Tellez-lnon MT. Functional characterization of TcCYC2 cyclin
from Trypanosoma cruzi. Exp Parasitol. 2012; 132(4):537—45. https://doi.org/10.1016/j.exppara.2012.
09.002 PMID: 22982808.

Di Renzo MA, Laverriere M, Schenkman S, Wehrendt DP, Tellez-Inon MT, Potenza M. Characterization
of TcCYC®6 from Trypanosoma cruzi, a gene with homology to mitotic cyclins. Parasitol Int. 2015; 65
(3):196—204. https://doi.org/10.1016/j.parint.2015.12.007 PMID: 26709077

Santori MI, Laria S, Gomez EB, Espinosa |, Galanti N, Tellez-Inon MT. Evidence for CRK3 participation
in the cell division cycle of Trypanosoma cruzi. Mol Biochem Parasitol. 2002; 121(2):225-32. PMID:
12034456.

Gomez EB, Santori MI, Laria S, Engel JC, Swindle J, Eisen H, et al. Characterization of the Trypano-
soma cruzi Cdc2p-related protein kinase 1 and identification of three novel associating cyclins. Mol Bio-
chem Parasitol. 2001; 113(1):97-108. PMID: 11254958.

Munoz MJ, Santori MI, Rojas F, Gomez EB, Tellez-Inon MT. Trypanosoma cruzi Tcp12CKS1 interacts
with parasite CRKs and rescues the p13SUCH1 fission yeast mutant. Mol Biochem Parasitol. 2006; 147
(2):154-62. https://doi.org/10.1016/j.molbiopara.2006.02.006 PMID: 16530862.

Povelones ML. Beyond replication: division and segregation of mitochondrial DNA in kinetoplastids. Mol
Biochem Parasitol. 2014; 196(1):53—60. https://doi.org/10.1016/j.molbiopara.2014.03.008 PMID:
24704441.

Santos A, Wernersson R, Jensen LJ. Cyclebase 3.0: a multi-organism database on cell-cycle regulation
and phenotypes. Nucleic Acids Res. 2015; 43(Database issue):D1140-4. https://doi.org/10.1093/nar/
gku1092 PMID: 25378319; PubMed Central PMCID: PMCPMC4383920.

Grant GD, Brooks L, 3rd, Zhang X, Mahoney JM, Martyanov V, Wood TA, et al. Identification of cell
cycle-regulated genes periodically expressed in U20S cells and their regulation by FOXM1 and E2F
transcription factors. Mol Biol Cell. 2013; 24(23):3634-50. https://doi.org/10.1091/mbc.E13-05-0264
PMID: 24109597; PubMed Central PMCID: PMCPMC3842991.

Bertoli C, Skotheim JM, de Bruin RA. Control of cell cycle transcription during G1 and S phases. Nat
Rev Mol Cell Biol. 2013; 14(8):518-28. https://doi.org/10.1038/nrm3629 PMID: 23877564; PubMed
Central PMCID: PMCPMC4569015.

Clayton C. Life without transcriptional control? From fly to man and back again. EMBO Journal. 2002;
21:1881-8. https://doi.org/10.1093/emboj/21.8.1881 PMID: 11953307

Eser P, Demel C, Maier KC, Schwalb B, Pirkl N, Martin DE, et al. Periodic mRNA synthesis and degra-
dation co-operate during cell cycle gene expression. Mol Syst Biol. 2014; 10:717. https://doi.org/10.
1002/msb.134886 PMID: 24489117; PubMed Central PMCID: PMCPMC4023403.

Archer SK, Inchaustegui D, Queiroz R, Clayton C. The cell cycle regulated transcriptome of Trypano-
soma brucei. PLoS One. 2011; 6:e18425. https://doi.org/10.1371/journal.pone.0018425 PMID:
21483801.

Cura Cl, Duffy T, Lucero RH, Bisio M, Peneau J, Jimenez-Coello M, et al. Multiplex Real-Time PCR
Assay Using TagMan Probes for the Identification of Trypanosoma cruzi DTUs in Biological and Clinical
Samples. PLoS Negl Trop Dis. 2015; 9(5):e0003765. https://doi.org/10.1371/journal.pntd.0003765
PMID: 25993316; PubMed Central PMCID: PMCPMC4437652.

Galanti N, Dvorak JA, Grenet J, McDaniel JP. Hydroxyurea-induced synchrony of DNA replication in
the Kinetoplastida. Experimental cell research. 1994; 214:225-30. https://doi.org/10.1006/excr.1994.
1252 PMID: 8082726

Dvorak JA. Analysis of the DNA of parasitic protozoa by flow cytometry. Methods in molecular biology
(Clifton, NJ). 1993; 21:191-204. https://doi.org/10.1385/0-89603-239-6:191 PMID: 8220715.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402-8. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609.

Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington M, et al. TriTrypDB: a func-
tional genomic resource for the Trypanosomatidae. Nucleic acids research. 2010; 38:D457-62. https://
doi.org/10.1093/nar/gkp851 PMID: 19843604.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol. 2009; 10(3):R25. Epub 2009/03/06. gb-2009-10-3-r25
[pii] https://doi.org/10.1186/gb-2009-10-3-r25 PMID: 19261174

Anders S, Pyl PT, Huber W. HTSeg—a Python framework to work with high-throughput sequencing
data. Bioinformatics. 2015; 31(2):166-9. https://doi.org/10.1093/bioinformatics/btu638 PMID:
25260700; PubMed Central PMCID: PMCPMC4287950.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 23/27


https://doi.org/10.1016/j.exppara.2012.09.002
https://doi.org/10.1016/j.exppara.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22982808
https://doi.org/10.1016/j.parint.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26709077
http://www.ncbi.nlm.nih.gov/pubmed/12034456
http://www.ncbi.nlm.nih.gov/pubmed/11254958
https://doi.org/10.1016/j.molbiopara.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16530862
https://doi.org/10.1016/j.molbiopara.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24704441
https://doi.org/10.1093/nar/gku1092
https://doi.org/10.1093/nar/gku1092
http://www.ncbi.nlm.nih.gov/pubmed/25378319
https://doi.org/10.1091/mbc.E13-05-0264
http://www.ncbi.nlm.nih.gov/pubmed/24109597
https://doi.org/10.1038/nrm3629
http://www.ncbi.nlm.nih.gov/pubmed/23877564
https://doi.org/10.1093/emboj/21.8.1881
http://www.ncbi.nlm.nih.gov/pubmed/11953307
https://doi.org/10.1002/msb.134886
https://doi.org/10.1002/msb.134886
http://www.ncbi.nlm.nih.gov/pubmed/24489117
https://doi.org/10.1371/journal.pone.0018425
http://www.ncbi.nlm.nih.gov/pubmed/21483801
https://doi.org/10.1371/journal.pntd.0003765
http://www.ncbi.nlm.nih.gov/pubmed/25993316
https://doi.org/10.1006/excr.1994.1252
https://doi.org/10.1006/excr.1994.1252
http://www.ncbi.nlm.nih.gov/pubmed/8082726
https://doi.org/10.1385/0-89603-239-6:191
http://www.ncbi.nlm.nih.gov/pubmed/8220715
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/nar/gkp851
https://doi.org/10.1093/nar/gkp851
http://www.ncbi.nlm.nih.gov/pubmed/19843604
https://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1371/journal.pone.0188441

@° PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Anders S, McCarthy DJ, Chen Y, Okoniewski M, Smyth GK, Huber W, et al. Count-based differential
expression analysis of RNA sequencing data using R and Bioconductor. Nat Protoc. 2013; 8(9):1765—
86. https://doi.org/10.1038/nprot.2013.099 PMID: 23975260.

Metsalu T, Vilo J. ClustVis: a web tool for visualizing clustering of multivariate data using Principal Com-
ponent Analysis and heatmap. Nucleic Acids Res. 2015; 43(W1):W566—-70. https://doi.org/10.1093/nar/
gkv468 PMID: 25969447; PubMed Central PMCID: PMCPMC4489295.

Duhagon MA, Smircich P, Forteza D, Naya H, Williams N, Garat B. Comparative genomic analysis of
dinucleotide repeats in Tritryps. Gene. 2011; 487(1):29-37. https://doi.org/10.1016/j.gene.2011.07.022
PMID: 21824509; PubMed Central PMCID: PMCPMC4465130.

Andersson B, Aslund L, Tammi M, Tran AN, Hoheisel JD, Pettersson U. Complete sequence of a 93.4-
kb contig from chromosome 3 of Trypanosoma cruzi containing a strand-switch region. Genome
research. 1998; 8:809-16. PMID: 9724326.

Mclnerney JO. GCUA: general codon usage analysis. Bioinformatics. 1998; 14(4):372-3. Epub 1998/
06/20. btb044 [pii]. PMID: 9632833.

Supek F, Vlahovicek K. INCA: synonymous codon usage analysis and clustering by means of self-orga-
nizing map. Bioinformatics. 2004; 20(14):2329-30. Epub 2004/04/03. https://doi.org/10.1093/
bioinformatics/bth238 PMID: 15059815.

Sharp PM, Li WH. The codon Adaptation Index—a measure of directional synonymous codon usage
bias, and its potential applications. Nucleic Acids Res. 1987; 15(3):1281-95. Epub 1987/02/11. PMID:
3547335.

Bailey TL. DREME: motif discovery in transcription factor ChiP-seq data. Bioinformatics. 2011; 27
(12):1653-9. Epub 2011/05/06. btr261 [pii] https://doi.org/10.1093/bicinformatics/btr261 PMID:
21543442.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif dis-
covery and searching. Nucleic Acids Res. 2009; 37(Web Server issue):W202—8. Epub 2009/05/22.
gkp335 [pii] https://doi.org/10.1093/nar/gkp335 PMID: 19458158.

Nawrocki EP, Kolbe DL, Eddy SR. Infernal 1.0: inference of RNA alignments. Bioinformatics. 2009; 25
(10):1335-7. Epub 2009/03/25. btp157 [pii] https://doi.org/10.1093/bicinformatics/btp157 PMID:
19307242.

Yao Z, Weinberg Z, Ruzzo WL. CMfinder—a covariance model based RNA moitif finding algorithm. Bio-
informatics. 2006; 22(4):445-52. Epub 2005/12/17. btk008 [pii] https://doi.org/10.1093/bioinformatics/
btk008 PMID: 16357030.

Lorenz R, Bernhart SH, Honer Zu Siederdissen C, Tafer H, Flamm C, Stadler PF, et al. ViennaRNA
Package 2.0. Algorithms Mol Biol. 2011; 6:26. Epub 2011/11/26. 1748-7188-6-26 [pii] https://doi.org/10.
1186/1748-7188-6-26 PMID: 22115189.

Peng X, Wood CL, Blalock EM, Chen KC, Landfield PW, Stromberg AJ. Statistical implications of pool-
ing RNA samples for microarray experiments. BMC Bioinformatics. 2003; 4:26. https://doi.org/10.1186/
1471-2105-4-26 PMID: 12823867; PubMed Central PMCID: PMCPMC166151.

Rapaport F, Khanin R, Liang Y, Pirun M, Krek A, Zumbo P, et al. Comprehensive evaluation of differen-
tial gene expression analysis methods for RNA-seq data. Genome Biol. 2013; 14(9):R95. https://doi.
org/10.1186/gb-2013-14-9-r95 PMID: 24020486; PubMed Central PMCID: PMCPMC4054597.

Allison DB, Cui X, Page GP, Sabripour M. Microarray data analysis: from disarray to consolidation and
consensus. Nat Rev Genet. 2006; 7(1):55-65. https://doi.org/10.1038/nrg1749 PMID: 16369572.

Liu'Y, Zhou J, White KP. RNA-seq differential expression studies: more sequence or more replication?
Bioinformatics. 2014; 30(3):301—4. https://doi.org/10.1093/bioinformatics/btt688 PMID: 24319002;
PubMed Central PMCID: PMCPMC3904521.

Rajkumar AP, Quist P, Lazarus R, Lescai F, Ju J, Nyegaard M, et al. Experimental validation of methods
for differential gene expression analysis and sample pooling in RNA-seq. BMC Genomics. 2015;
16:548. https://doi.org/10.1186/s12864-015-1767-y PMID: 26208977; PubMed Central PMCID:
PMCPMC4515013.

Li Y, Shah-Simpson S, Okrah K, Belew AT, Choi J, Caradonna KL, et al. Transcriptome Remodeling in
Trypanosoma cruzi and Human Cells during Intracellular Infection. PLoS Pathog. 2016; 12(4):
e€1005511. https://doi.org/10.1371/journal.ppat. 1005511 PMID: 27046031; PubMed Central PMCID:
PMCPMC4821583.

Hulsen T, de Vlieg J, Alkema W. BioVenn—a web application for the comparison and visualization of
biological lists using area-proportional Venn diagrams. BMC Genomics. 2008; 9:488. https://doi.org/10.
1186/1471-2164-9-488 PMID: 18925949; PubMed Central PMCID: PMCPMC2584113.

de Souza FS, Rampazzo Rde C, Manhaes L, Soares MJ, Cavalcanti DP, Krieger MA, et al. Knockout of
the gene encoding the kinetoplast-associated protein 3 (KAP3) in Trypanosoma cruzi: effect on

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 24/27


https://doi.org/10.1038/nprot.2013.099
http://www.ncbi.nlm.nih.gov/pubmed/23975260
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1093/nar/gkv468
http://www.ncbi.nlm.nih.gov/pubmed/25969447
https://doi.org/10.1016/j.gene.2011.07.022
http://www.ncbi.nlm.nih.gov/pubmed/21824509
http://www.ncbi.nlm.nih.gov/pubmed/9724326
http://www.ncbi.nlm.nih.gov/pubmed/9632833
https://doi.org/10.1093/bioinformatics/bth238
https://doi.org/10.1093/bioinformatics/bth238
http://www.ncbi.nlm.nih.gov/pubmed/15059815
http://www.ncbi.nlm.nih.gov/pubmed/3547335
https://doi.org/10.1093/bioinformatics/btr261
http://www.ncbi.nlm.nih.gov/pubmed/21543442
https://doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
https://doi.org/10.1093/bioinformatics/btp157
http://www.ncbi.nlm.nih.gov/pubmed/19307242
https://doi.org/10.1093/bioinformatics/btk008
https://doi.org/10.1093/bioinformatics/btk008
http://www.ncbi.nlm.nih.gov/pubmed/16357030
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1186/1748-7188-6-26
http://www.ncbi.nlm.nih.gov/pubmed/22115189
https://doi.org/10.1186/1471-2105-4-26
https://doi.org/10.1186/1471-2105-4-26
http://www.ncbi.nlm.nih.gov/pubmed/12823867
https://doi.org/10.1186/gb-2013-14-9-r95
https://doi.org/10.1186/gb-2013-14-9-r95
http://www.ncbi.nlm.nih.gov/pubmed/24020486
https://doi.org/10.1038/nrg1749
http://www.ncbi.nlm.nih.gov/pubmed/16369572
https://doi.org/10.1093/bioinformatics/btt688
http://www.ncbi.nlm.nih.gov/pubmed/24319002
https://doi.org/10.1186/s12864-015-1767-y
http://www.ncbi.nlm.nih.gov/pubmed/26208977
https://doi.org/10.1371/journal.ppat.1005511
http://www.ncbi.nlm.nih.gov/pubmed/27046031
https://doi.org/10.1186/1471-2164-9-488
https://doi.org/10.1186/1471-2164-9-488
http://www.ncbi.nlm.nih.gov/pubmed/18925949
https://doi.org/10.1371/journal.pone.0188441

@° PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

kinetoplast organization, cell proliferation and differentiation. Mol Biochem Parasitol. 2010; 172(2):90—
8. https://doi.org/10.1016/j.molbiopara.2010.03.014 PMID: 20363262.

Heng YW, Koh CG. Actin cytoskeleton dynamics and the cell division cycle. Int J Biochem Cell Biol.
2010; 42(10):1622-33. https://doi.org/10.1016/j.biocel.2010.04.007 PMID: 20412868.

Whitfield ML, Sherlock G, Saldanha AJ, Murray JI, Ball CA, Alexander KE, et al. Identification of genes
periodically expressed in the human cell cycle and their expression in tumors. Mol Biol Cell. 2002; 13
(6):1977-2000. https://doi.org/10.1091/mbc.02-02-0030. PMID: 12058064; PubMed Central PMCID:
PMCPMC117619.

Pastro L, Smircich P, Di Paolo A, Becco L, Duhagon MA, Sotelo-Silveira J, et al. Nuclear Compartmen-
talization Contributes to Stage-Specific Gene Expression Control in Trypanosoma cruzi. Frontiers in
Cell and Developmental Biology. 2017; 5(8). https://doi.org/10.3389/fcell.2017.00008 PMID: 28243589

Smircich P, Eastman G, Bispo S, Duhagon MA, Guerra-Slompo EP, Garat B, et al. Ribosome profiling
reveals translation control as a key mechanism generating differential gene expression in Trypanosoma
cruzi. BMC Genomics. 2015; 16:443. https://doi.org/10.1186/s12864-015-1563-8 PMID: 26054634;
PubMed Central PMCID: PMCPMC4460968.

Sharp PM, Li WH. An evolutionary perspective on synonymous codon usage in unicellular organisms. J
Mol Evol. 1986; 24(1-2):28—-38. PMID: 3104616.

Pesole G, Mignone F, Gissi C, Grillo G, Licciulli F, Liuni S. Structural and functional features of eukary-
otic mRNA untranslated regions. Gene. 2001; 276(1-2):73-81. PMID: 11591473.

Brandao A. Trypanosomatid EST: a neglected information resource regarding flagellated protozoa?
Mem Inst Oswaldo Cruz. 2008; 103(6):622—6. PMID: 18949338.

Campos PC, Bartholomeu DC, DaRocha WD, Cerqueira GC, Teixeira SM. Sequences involved in
mRNA processing in Trypanosoma cruzi. Int J Parasitol. 2008; 38(12):1383-9. https://doi.org/10.1016/
j.iipara.2008.07.001 PMID: 18700146.

Kelly S, Kramer S, Schwede A, Maini PK, Gull K, Carrington M. Genome organization is a major compo-
nent of gene expression control in response to stress and during the cell division cycle in trypanosomes.
Open Biol. 2012; 2(4):120033. https://doi.org/10.1098/rsob.120033 PMID: 22724062; PubMed Central
PMCID: PMCPMC3376733.

Pasion SG, Hines JC, Ou X, Mahmood R, Ray DS. Sequences within the 5’ untranslated region regulate
the levels of a kinetoplast DNA topoisomerase mRNA during the cell cycle. Mol Cell Biol. 1996; 16
(12):6724-35. PMID: 8943327; PubMed Central PMCID: PMCPMC231675.

Zick A, Onn |, Bezalel R, Margalit H, Shlomai J. Assigning functions to genes: identification of S-phase
expressed genes in Leishmania major based on post-transcriptional control elements. Nucleic Acids
Res. 2005; 33(13):4235—-42. https://doi.org/10.1093/nar/gki742 PMID: 16052032; PubMed Central
PMCID: PMCPMC1181863.

Cooper S. Rethinking synchronization of mammalian cells for cell cycle analysis. Cell Mol Life Sci.
2003; 60(6):1099-106. https://doi.org/10.1007/s00018-003-2253-2 PMID: 12861378.

Spellman PT, Sherlock G. Reply: whole-culture synchronization—effective tools for cell cycle studies.
Trends Biotechnol. 2004; 22(6):270-3. https://doi.org/10.1016/j.tibtech.2004.04.010 PMID: 15158053.

Nishimoto KP, Newkirk D, Hou S, Fruehauf J, Nelson EL. Fluorescence activated cell sorting (FACS)
using RNAlater to minimize RNA degradation and perturbation of mRNA expression from cells involved
in initial host microbe interactions. J Microbiol Methods. 2007; 70(1):205-8. https://doi.org/10.1016/j.
mimet.2007.03.022 PMID: 17512621.

Richardson GM, Lannigan J, Macara IG. Does FACS perturb gene expression? Cytometry A. 2015; 87
(2):166—75. https://doi.org/10.1002/cyto.a.22608 PMID: 25598345.

Siegel TN, Hekstra DR, Cross GaM. Analysis of the Trypanosoma brucei cell cycle by quantitative DAPI
imaging. Molecular and biochemical parasitology. 2008; 160:171—4. https://doi.org/10.1016/j.
molbiopara.2008.04.004 PMID: 18501977.

Kabani S, Waterfall M, Matthews KR. Cell-cycle synchronisation of bloodstream forms of Trypanosoma
brucei using Vybrant DyeCycle Violet-based sorting. Mol Biochem Parasitol. 2010; 169(1):59-62.
https://doi.org/10.1016/j.molbiopara.2009.08.008 PMID: 19729042; PubMed Central PMCID:
PMCPMC2855956.

Kaufmann D, Gassen A, Maiser A, Leonhardt H, Janzen CJ. Regulation and spatial organization of
PCNA in Trypanosoma brucei. Biochem Biophys Res Commun. 2012; 419(4):698-702. https://doi.org/
10.1016/j.bbrc.2012.02.082 PMID: 22387477.

Avliyakulov NK, Hines JC, Ray DS. Sequence elements in both the intergenic space and the 3’ untrans-
lated region of the Crithidia fasciculata KAP3 gene are required for cell cycle regulation of KAP3 mRNA.
Eukaryot Cell. 2003; 2(4):671-7. https://doi.org/10.1128/EC.2.4.671-677.2003 PMID: 12912886;
PubMed Central PMCID: PMCPMC178339.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 25/27


https://doi.org/10.1016/j.molbiopara.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20363262
https://doi.org/10.1016/j.biocel.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20412868
https://doi.org/10.1091/mbc.02-02-0030.
http://www.ncbi.nlm.nih.gov/pubmed/12058064
https://doi.org/10.3389/fcell.2017.00008
http://www.ncbi.nlm.nih.gov/pubmed/28243589
https://doi.org/10.1186/s12864-015-1563-8
http://www.ncbi.nlm.nih.gov/pubmed/26054634
http://www.ncbi.nlm.nih.gov/pubmed/3104616
http://www.ncbi.nlm.nih.gov/pubmed/11591473
http://www.ncbi.nlm.nih.gov/pubmed/18949338
https://doi.org/10.1016/j.ijpara.2008.07.001
https://doi.org/10.1016/j.ijpara.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18700146
https://doi.org/10.1098/rsob.120033
http://www.ncbi.nlm.nih.gov/pubmed/22724062
http://www.ncbi.nlm.nih.gov/pubmed/8943327
https://doi.org/10.1093/nar/gki742
http://www.ncbi.nlm.nih.gov/pubmed/16052032
https://doi.org/10.1007/s00018-003-2253-2
http://www.ncbi.nlm.nih.gov/pubmed/12861378
https://doi.org/10.1016/j.tibtech.2004.04.010
http://www.ncbi.nlm.nih.gov/pubmed/15158053
https://doi.org/10.1016/j.mimet.2007.03.022
https://doi.org/10.1016/j.mimet.2007.03.022
http://www.ncbi.nlm.nih.gov/pubmed/17512621
https://doi.org/10.1002/cyto.a.22608
http://www.ncbi.nlm.nih.gov/pubmed/25598345
https://doi.org/10.1016/j.molbiopara.2008.04.004
https://doi.org/10.1016/j.molbiopara.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18501977
https://doi.org/10.1016/j.molbiopara.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19729042
https://doi.org/10.1016/j.bbrc.2012.02.082
https://doi.org/10.1016/j.bbrc.2012.02.082
http://www.ncbi.nlm.nih.gov/pubmed/22387477
https://doi.org/10.1128/EC.2.4.671-677.2003
http://www.ncbi.nlm.nih.gov/pubmed/12912886
https://doi.org/10.1371/journal.pone.0188441

@° PLOS | ONE

The transcriptome of the T. cruziproliferative cycle

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

95.

Archer SK, Luu VD, de Queiroz RA, Brems S, Clayton C. Trypanosoma brucei PUF9 regulates mRNAs
for proteins involved in replicative processes over the cell cycle. PLoS Pathog. 2009; 5(8):e1000565.
https://doi.org/10.1371/journal.ppat.1000565 PMID: 19714224; PubMed Central PMCID:
PMCPMC2727004.

Umeyama T, Wang CC. Polo-like kinase is expressed in S/G2/M phase and associated with the flagel-
lum attachment zone in both procyclic and bloodstream forms of Trypanosoma brucei. Eukaryot Cell.
2008; 7(9):1582—-90. https://doi.org/10.1128/EC.00150-08 PMID: 18621923; PubMed Central PMCID:
PMCPMC2547065.

Akiyoshi B, Gull K. Discovery of unconventional kinetochores in kinetoplastids. Cell. 2014; 156
(6):1247-58. https://doi.org/10.1016/j.cell.2014.01.049 PMID: 24582333; PubMed Central PMCID:
PMCPMC3978658.

Cribb P, Perozzi M, Villanova GV, Trochine A, Serra E. Characterization of TcCHMGB, a high mobility
group B family member protein from Trypanosoma cruzi. Int J Parasitol. 2011; 41(11):1149-56. https://
doi.org/10.1016/j.ijpara.2011.06.009 PMID: 21854779.

Li Z, Lee JH, Chu F, Burlingame AL, Gunzl A, Wang CC. Identification of a novel chromosomal passen-
ger complex and its unique localization during cytokinesis in Trypanosoma brucei. PLoS One. 2008; 3
(6):2354. https://doi.org/10.1371/journal.pone.0002354 PMID: 18545648; PubMed Central PMCID:
PMCPMC2396291.

Elias MC, Nardelli SC, Schenkman S. Chromatin and nuclear organization in Trypanosoma cruzi.
Future Microbiol. 2009; 4(8):1065—74. https://doi.org/10.2217/fmb.09.74 PMID: 19824794.

da Silva M.S. dSRCV, Perez A.M., Monteiro J.P., Calderano S.G., Cunha J.P., Elias M.C., Cano M.I.N.
Nuclear DNA Replication in Trypanosomatid Protozoa. In: Leitner RP, editor. DNA Replication and
Mutation. DNA and RNA: Properties and Modifications, Functions and Interactions, Recombination and
Applications: Nova Science Publishers 2012. p. 123-78.

Marques CA, Tiengwe C, Lemgruber L, Damasceno JD, Scott A, Paape D, et al. Diverged composition
and regulation of the Trypanosoma brucei origin recognition complex that mediates DNA replication ini-
tiation. Nucleic Acids Res. 2016; 44(10):4763—-84. https://doi.org/10.1093/nar/gkw147 PMID:
26951375; PubMed Central PMCID: PMCPMC4889932.

Chowdhury AR, Zhao Z, Englund PT. Effect of hydroxyurea on procyclic Trypanosoma brucei: an
unconventional mechanism for achieving synchronous growth. Eukaryot Cell. 2008; 7(2):425-8. https:/
doi.org/10.1128/EC.00369-07 PMID: 18083826; PubMed Central PMCID: PMCPMC2238168.

Stumpf CR, Moreno MV, Olshen AB, Taylor BS, Ruggero D. The translational landscape of the mam-
malian cell cycle. Mol Cell. 2013; 52(4):574-82. https://doi.org/10.1016/j.molcel.2013.09.018 PMID:
24120665; PubMed Central PMCID: PMCPMC3959127.

Tanenbaum ME, Stern-Ginossar N, Weissman JS, Vale RD. Regulation of mRNA translation during
mitosis. Elife. 2015; 4. https://doi.org/10.7554/eLife.07957 PMID: 26305499; PubMed Central PMCID:
PMCPMC4548207.

Frenkel-Morgenstern M, Danon T, Christian T, Igarashi T, Cohen L, Hou YM, et al. Genes adopt non-
optimal codon usage to generate cell cycle-dependent oscillations in protein levels. Mol Syst Biol. 2012;
8:572. https://doi.org/10.1038/msb.2012.3 PMID: 22373820; PubMed Central PMCID:
PMCPMC3293633.

Semon M, Mouchiroud D, Duret L. Relationship between gene expression and GC-content in mammals:
statistical significance and biological relevance. Hum Mol Genet. 2005; 14(3):421-7. https://doi.org/10.
1093/hmg/ddi038 PMID: 15590696.

Kozak M. An analysis of 5’-noncoding sequences from 699 vertebrate messenger RNAs. Nucleic Acids
Res. 1987; 15(20):8125-48. PMID: 3313277; PubMed Central PMCID: PMCPMC306349.

Willis AE. Translational control of growth factor and proto-oncogene expression. Int J Biochem Cell Biol.
1999; 31(1):73-86. PMID: 10216945.

Pickering BM, Willis AE. The implications of structured 5’ untranslated regions on translation and dis-
ease. Semin Cell Dev Biol. 2005; 16(1):39-47. https://doi.org/10.1016/j.semcdb.2004.11.006 PMID:
15659338.

De Gaudenzi JG, Noe G, Campo VA, Frasch AC, Cassola A. Gene expression regulation in trypanoso-
matids. Essays Biochem. 2011; 51:31-46. https://doi.org/10.1042/bse0510031 PMID: 22023440.

Vindry C, Vo Ngoc L, Kruys V, Gueydan C. RNA-binding protein-mediated post-transcriptional controls
of gene expression: integration of molecular mechanisms at the 3’ end of MRNAs? Biochem Pharmacol.
2014; 89(4):431—-40. https://doi.org/10.1016/j.bcp.2014.04.003 PMID: 24735612.

De Gaudenzi JG, Carmona SJ, Aguero F, Frasch AC. Genome-wide analysis of 3’-untranslated regions
supports the existence of post-transcriptional regulons controlling gene expression in trypanosomes.
Peerd. 2013; 1:e118. https://doi.org/10.7717/peerj.118 PMID: 23904995; PubMed Central PMCID:
PMCPMC3728762.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 26/27


https://doi.org/10.1371/journal.ppat.1000565
http://www.ncbi.nlm.nih.gov/pubmed/19714224
https://doi.org/10.1128/EC.00150-08
http://www.ncbi.nlm.nih.gov/pubmed/18621923
https://doi.org/10.1016/j.cell.2014.01.049
http://www.ncbi.nlm.nih.gov/pubmed/24582333
https://doi.org/10.1016/j.ijpara.2011.06.009
https://doi.org/10.1016/j.ijpara.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21854779
https://doi.org/10.1371/journal.pone.0002354
http://www.ncbi.nlm.nih.gov/pubmed/18545648
https://doi.org/10.2217/fmb.09.74
http://www.ncbi.nlm.nih.gov/pubmed/19824794
https://doi.org/10.1093/nar/gkw147
http://www.ncbi.nlm.nih.gov/pubmed/26951375
https://doi.org/10.1128/EC.00369-07
https://doi.org/10.1128/EC.00369-07
http://www.ncbi.nlm.nih.gov/pubmed/18083826
https://doi.org/10.1016/j.molcel.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24120665
https://doi.org/10.7554/eLife.07957
http://www.ncbi.nlm.nih.gov/pubmed/26305499
https://doi.org/10.1038/msb.2012.3
http://www.ncbi.nlm.nih.gov/pubmed/22373820
https://doi.org/10.1093/hmg/ddi038
https://doi.org/10.1093/hmg/ddi038
http://www.ncbi.nlm.nih.gov/pubmed/15590696
http://www.ncbi.nlm.nih.gov/pubmed/3313277
http://www.ncbi.nlm.nih.gov/pubmed/10216945
https://doi.org/10.1016/j.semcdb.2004.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15659338
https://doi.org/10.1042/bse0510031
http://www.ncbi.nlm.nih.gov/pubmed/22023440
https://doi.org/10.1016/j.bcp.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24735612
https://doi.org/10.7717/peerj.118
http://www.ncbi.nlm.nih.gov/pubmed/23904995
https://doi.org/10.1371/journal.pone.0188441

o ®
@ ' PLOS | ONE The transcriptome of the T. cruziproliferative cycle

96. Mittra B, Sinha KM, Hines JC, Ray DS. Presence of multiple mRNA cycling sequence element-binding
proteins in Crithidia fasciculata. J Biol Chem. 2003; 278(29):26564—71. Epub 2003/05/06. https://doi.
org/10.1074/jbc.M304322200 PMID: 12730192.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188441 November 28, 2017 27/27


https://doi.org/10.1074/jbc.M304322200
https://doi.org/10.1074/jbc.M304322200
http://www.ncbi.nlm.nih.gov/pubmed/12730192
https://doi.org/10.1371/journal.pone.0188441

