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SUMMARY

Faithful inheritance of eukaryotic genomes requires
the orchestrated activation of multiple DNA replica-
tion origins (ORIs). Although origin firing ismechanis-
tically conserved, how origins are specified and
selected for activation varies across different model
systems. Here, we provide a complete analysis of
the nucleosomal landscape and replication program
of the human parasite Leishmania major, building on
a better evolutionary understanding of replication
organization in Eukarya. We found that active tran-
scription is a driving force for the nucleosomal orga-
nization of the L. major genome and that both the
spatial and the temporal program of DNA replication
can be explained as associated to RNA polymerase
kinetics. This simple scenario likely provides flexi-
bility and robustness to deal with the environmental
changes that impose alterations in the genetic pro-
grams during parasitic life cycle stages. Our findings
also suggest that coupling replication initiation to
transcription elongation could be an ancient solution
used by eukaryotic cells for origin maintenance.

INTRODUCTION

Eukaryotic organisms replicate their large chromosomes from

hundreds to thousands of DNA replication origins (ORIs). ORIs

are specified by the binding of the origin recognition complex

(ORC) that, in a cell-cycle-specific manner, recruits additional

proteins that enable ORI licensing through the association of

two Mcm2-7 complexes (generating the pre-replication com-

plexes, or pre-RCs). Pre-RC activation occurs at the G1-S

boundary, depending on the activity of Dbf4-dependent kinase

(DDK) and cyclin-dependent kinase (CDK). Several phosphoryla-

tion events and the recruitment of additional proteins trigger

Mcm2-7 helicase activation and the assembling of two divergent

replication forks at each replication origin. The Mcm2-7 helicase

then travels with the replication fork, unwinding the DNA ahead

of it (Fragkos et al., 2015).
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Licensing an adequate number of ORIs before entering the

S phase is essential to avoid genome instability. The number of

licensed ORIs is larger than the number of activated ones, what

has been interpreted as a safeguard mechanism to the many

challenges that can occur during S phase (Blow et al., 2011).

The mechanism of ORI licensing and activation is relatively well

understood and largely conserved among eukaryotes. However,

the precise determinants of ORI specification and the selection of

the licensed ORIs that are chosen for activation in each S phase

are less well known and seem to differ across studiedmodel sys-

tems, suggesting that they have varied across evolution. In the

yeast Saccharomyces cerevisiae, for example, cis-acting ele-

ments at ORIs influence ORC recruitment to initiation sites,

although chromatin environment and other determinants modu-

late origin choice and activation timing (Rhind and Gilbert, 2013).

In Drosophila cells, ORC binds to genomic sites that contain no

common sequence motifs but are characterized by a faster

nucleosome turnover, such as the promoters of actively tran-

scribed genes (Deal et al., 2010; MacAlpine et al., 2010). In

mammalian systems, the scenario appears to be evenmore flex-

ible, and several factors have been related to ORI function, such

as the presence of CpG island promoters (Delgado et al., 1998;

Sequeira-Mendes et al., 2009; Cayrou et al., 2011; Dellino

et al., 2013), G-rich elements with G4-forming potential (Cayrou

et al., 2012; Besnard et al., 2012; Picard et al., 2014), specific

chromatin configurations comprising labile nucleosomes (Lom-

braña et al., 2013; Cayrou et al., 2015), or transcriptional activity

(Cadoret et al., 2008; Sequeira-Mendes et al., 2009; Martin et al.,

2011; Mesner et al., 2011; Lombraña et al., 2015). A plausible

explanation for such flexibility in multicellular organisms might

account for the accommodation of the replication program to

the distinct transcriptional and chromatin patterns arising from

a single genome to provide cell-type identity. A restrictive ORI

specification might lead to spatial and temporal conflicts among

replication, transcription, and chromatin structure that would

result in decreased cell fitness. In contrast, couplingDNA replica-

tion initiation to cellular physiology would enhance the robust-

ness of the replication program while allowing faster adaptation

to environmental or developmental changes (Gilbert, 2010;

Méchali, 2010; Sequeira-Mendes and Gómez, 2012).

To test the hypothesis that the genomic distribution of ORIs is

integrated with other genomic functions, specifically with gene
(s).
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transcription, here we choose a simple model system and

generate a genome-wide high-resolution analysis of functional

replication initiation sites and chromatin configurations from a

eukaryotic human parasite: Leishmania major. Protozoan para-

sites of the genera Leishmania and Trypanosoma branched early

in eukaryotic evolution (Baldauf, 2003). Many discoveries of gen-

eral interest have been made in this group of organisms, empha-

sizing its value for understanding the evolution of core molecular

processes and in particular the simplification and specialization

of transcriptional components for parasitic life (Ivens et al.,

2005). These microbes present an unusual eukaryotic genome

arrangement in which genes are ordered in long polycistronic

transcription units (PTUs) that are transcribed from a single

promoter at the 50 end of the cluster (Martı́nez-Calvillo et al.,

2003). As a result of this genomic organization, most of the

genome isbeingconstitutively transcribedandRNApolymerase II

(Pol II) promoters and termination sites constitute only 1%–2%of

genenumbers,withgeneexpressionbeingprimarily controlledby

post-transcriptional processes (Martı́nez-Calvillo et al., 2004).

This peculiar genomic organization represents a unique scenario

to directly address the interplay between replication and tran-

scriptionon their sharedchromatin template.Researchers started

tackling this issue by measuring DNA sequencing depth ratios

between early-S and G2 cells in Trypanosoma brucei and

L. major (Tiengwe et al., 2012; Marques et al., 2015). These ana-

lyseshave led to theconclusion that thesemicrobes replicate their

genomes from a remarkably low number of ORIs or even from a

single region per chromosome, in the case of Leishmania. How-

ever, the replication profiles inferred from these approaches

lack the resolution to resolve individual initiation sites, thus pre-

venting detailed analysis of the relationships among replication

origin distribution, chromatin structure, and gene expression.

We performed a whole-genome high-resolution analysis of

active replication initiation sites and nucleosome organization in

L. major and integrated these results with all published genomic

datasetsofepigeneticmarksand transcript abundance.We found

that active transcription is a driving force for the nucleosomal or-

ganizationof thegenomeof thisorganismand thatboth thespatial

and the temporal program of DNA replication arise from the dy-

namic genomic features associatedwith gene transcription. Spe-

cifically, we show that replication initiation sites occur at the

genomic locationswherePol II stallsor terminates, strongly linking

transcription kinetics to replication initiation. Thus, the relatively

simple framework of the genome of this parasite is providing a

well-suited model for evidencing the opportunistic nature of the

replication process and its intrinsic robustness. Our findings

also suggest that coupling replication initiation to transcription

elongation is likely an ancient solution used by eukaryotic cells

for ORI maintenance, as suggested in yeast cells defective for

transcriptional termination (Gros et al., 2015) and generalized by

the detailed genome-wide analysis presented here.

RESULTS

Integrative Analysis of L. major Whole-Genome
Datasets
The Leishmania genome comprises 32.8 Mb of DNA distributed

among 36 relatively small chromosomes (range 0.28–2.8 Mb)
that lack clear subtelomeric regions or centromeres. Protein-

coding genes are organized in long PTUs that are exclusively

transcribed from one strand by Pol II, each containing tens to

hundreds of genes (Figure S1) (Ivens et al., 2005). Regions be-

tween PTUs, where polycistronic sense changes, are called

switch strand regions (SSRs) and can be convergent or divergent

regarding the transcription sense (cSSR or dSSR, respectively).

The third type of transcription regulatory region between PTUs,

where transcription finishes and restarts at the same strand, is

denoted as head-tail (HT). Polyadenylation of the upstream

gene and trans-splicing of a capped spliced leader (SL) RNA to

the downstream gene occur at almost all intergenic regions

(IRs) of PTUs’ pre-mRNAs to generate mature mRNAs (De Gau-

denzi et al., 2011; Requena, 2011). Another peculiarity in this

group of parasites is the presence of the non-canonical base J

(b-D-glucosyl-hydroxymetiluracyl) in their genomes. Base J syn-

thesis implies oxidation of thymine to 5-hydroxymethyluracil

(HOMeU) and subsequent glycosylation of the latter modified

nucleotide (Gommers-Ampt et al., 1993). It replaces about 1%

of thymine in the genome of L. major, most of which (99%) are

located at repetitive telomeric regions while the remaining 1%

is located between PTUs and at ribosomal and SL loci (van Lue-

nen et al., 2012). Loss of base J results in Pol II transcription

readthrough at cSSR and HT regions and the generation of anti-

sense RNAs, implying a role of this modified base in transcrip-

tional termination (van Luenen et al., 2012; Reynolds et al.,

2014). Readthrough is modest at cSSRs containing genes tran-

scribed by Pol II, suggesting another mechanism to terminate

Pol II transcription at those positions.

To provide a framework for the high-resolution genome-wide

analysis of nucleosomal organization and replication initiation

sites generated in this study, we integrated and curated the pub-

lished data on AcH3 (Thomas et al., 2009), base J (van Luenen

et al., 2012), and polyadenylated mRNA profiling (Rastrojo

et al., 2013). We also identified miss-annotated genomic regions

on the LmjF v6.0 reference genome by the presence of local

abrupt increases in coverage of sequence reads derived from

genomic DNA from promastigote cells grown to the stationary

phase; these regions (169 regions comprising 5% of the

genome, shade areas) (Table S1) were suppressed from the

analysis. Most of these shade areasmight represent loci contain-

ing genes in higher copy numbers than those currently annotated

in the L. major genome database (GeneDB); similar findings have

been noted in L. donovani regarding its reference genome data-

base (Downing et al., 2011).

The annotated dSSRs were identified by the presence of one

or two large AcH3 peaks, depending on the distance between

the first transcripts of the divergent PTUs, confirming that

AcH3 mark Pol II transcription start sites (TSSs) (Thomas et al.,

2009). Representative examples are shown in Figure 1A

(LmjF.05, position 385, and LmjF.35, position 735). Conversely,

36 of the 37 annotated cSSRs were marked by the presence of

a base J peak (van Luenen et al., 2012) whose signal wideness

correlates with the size of the untranscribed cSSR and the pres-

ence of Pol III-transcribed genes (Figure 1A, LmjF.05, positions

363 and 415, and LmjF.35, position 640, as well as Figure 2A,

LmjF.03, position 259, and LmjF.23, position 227). To accurately

annotate HT regions, where transcription terminates and restarts
Cell Reports 16, 1774–1786, August 9, 2016 1775
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Figure 1. Nucleosomal Organization of L. major Chromosomes

(A) Representative integrative genomics viewer (IGV) snapshots showing the MN-seq coverage and MN Z scores from two biological replicates (micrococcal

nuclease [MN]-1 and MN-2), alongside base J and AcH3 positioning (Thomas et al., 2009; van Luenen et al., 2012), PTUs, processed mRNAs (Rastrojo et al.,

2013), and CDSs (TriTrypDB v.6.0). Numbers indicate chromosomal positions in kilobases. Blue and red PTUs represent Pol II transcription from the + strand or

the� strand, respectively. The same code is used for CDSs. mRNAs are color-coded relative to reported abundance: red, green, and blue for high-, mid-, or low-

abundant transcripts, respectively (Table S1) (Rastrojo et al., 2013).

(B) Aggregate plots of MN, base J, and AcH3 Z scores within ±2 kb relative to the TTS of cSSR without Pol III genes (n = 22, upper graph) or with Pol III genes

(n = 14, lower graph).

(C) Same as in (B) for HT regions without Pol III genes (n = 38, upper graph) or with Pol III genes (n = 13, lower graph).

(D) Same as in (B) for dSSR (n = 52, upper graph) or HT (n = 38, lower graph) within ±2 kb relative to the TSS.

(E) MN profiling within ±1.5 kb relative to the 50 or 30 UTR of processed transcripts (n = 7,558). A diagram representing an average transcript is shown at the top,

with the 50 and 30 UTRs shown as thin lines and CDS as a thick line.

(F) Same as in (E) for genes with mid-level mRNA abundance (88%of all transcripts, charcoal lines) or highmRNA abundance (10%of all transcripts, orange lines)

(Table S1).
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Figure 2. High-Resolution Mapping of L. major DNA Replication Origins

(A) Representative IGV snapshots showing the SNS-seq coverage and identified ORIs from two biological replicates derived from 300–900 nt SNS (F4) and 300–

1,500 nt SNS (F5). See Figure S2A. Common ORIs between replicates (78%) are shown in red. MN-seq profiles and Z scores are also shown.

(legend continued on next page)
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in the same strand, we cross-analyzed base J peaks of non-

SSRs with the transcriptomic data and AcH3 locations. This

analysis allowed us to identify 51 HT regions defined by the

lack of annotated transcription and a presence of a base J

peak followed by a strong AcH3 signal (Figure 1A, LmjF.35, po-

sition 550; Figure 2A, LmjF.03, position 250, and LmjF.23, posi-

tion 215). In addition, we carefully curated the transcriptomic da-

taset to precisely mark the 50 and 30 UTR boundaries of most

genes, as well as the Pol II TSS and transcription termination

site (TTS) at dSSR, cSSR, and the HT region. Altogether, these

analyses resulted in the compartmentalization of the L. major

genome into two functionally distinct fractions: the 98.9% that

is subjected to ongoing transcription by Pol II and the remaining

�1% (composed of 143 regions of an average length of 2.2 kb),

flanked by the TSS and TTS of the PTUs and frequently contain-

ing clusters of Pol III-transcribed genes (Table S1).

High-Resolution Nucleosomal Landscape of L. major

Chromosomes
A crucial aspect of genome regulation strongly correlated with

gene expression is chromatin structure. To address the chro-

matin configuration at L. major chromosomes, we generated

genome-widemaps of nucleosome positioning byMNase diges-

tion coupled to next-generation sequencing (MNase-seq) from

exponentially growing cells. Briefly, native chromatin was

exposed to MNase digestion, and two independent biological

replicates of mononucleosomal DNA were sequenced at high

depth. The large coverage obtained (>380-fold per nucleotide)

allowed us to examine the nucleosome composition of the

L. major genome with maximal resolution and accuracy. We

found high nucleosome occupancy but little positioning along

the long, constitutively transcribed PTUs comprising most of

the genome of this parasite (Figure 1A). This is in sharp contrast

with the lower nucleosomal occupancy detected at Pol II TTS re-

gions, both at cSSRs and at HT regions (Figures 1B and 1C,

upper panels), and with the strong deterring of nucleosomes

found at Pol III-transcribed gene clusters (Figures 1B and 1C,

lower panels; Figure 2A, LmjF.23, position 226). The extension

of the region with decreased nucleosome occupancy mirrors

the wideness of the base J signal, indicating a possible role of

base J in excluding nucleosomes at TTS regions. The lack of

well-phased nucleosomes along the body of the PTUs likely re-

flects the continuous passage of Pol II, as previously reported

for highly transcribed genes in yeast (Rando and Winston,

2012). Similarly, the reduced nucleosomal occupancy at TTS re-
(B) Percentage of localization of ORIs identified at each SNS-seq library and com

shown (R).

(C) Percentage of genomic regions of each category containing common ORIs

randomized ORI fragments (dashed bars), p < 0.0001. The number and genomic

(D) Efficiency of TTS-ORIs (cSSR and HT) and non-TTS-ORIs (30 UTR, IR, and 50 U
kilobases and to library size. The p values are from Wilcoxon rank-sum test.

(E) qPCR validation of SNS enrichments for representative examples of TTS-OR

independent SNS preparations from two consecutive sucrose gradient fractions o

digestion, as for the SNS samples (open histograms). Fold enrichments were c

enrichments and SD bars are indicated. See Figure S2B and Table S2 for primer

(F) Spatial distribution of G4 motifs (loop size 1–7 bp) within ±1 kb of common O

(G) Aggregate F4 and F5 SNS-seq signal within ±1 kb of ORI-associated (loop size

(lower plot).
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gions is reminiscent of previous findings in yeast (Fan et al.,

2010), thus suggesting that this nucleosome depletion might

involve a transcription-based termination mechanism likely

linked to base J positioning.

Well-positioned nucleosomes were almost exclusively found

surrounding the TSS at Pol II promoter regions (both at dSSRs

and at HT regions) (Figure 1D) and flanking Pol III gene clusters

(Figures 1B and 1C, lower panels). The stereotypical pattern of

nucleosome depletion at the TSS flanked by well-positioned

�1 and +1 nucleosomes resembles the promoter architecture

described in other studied systems (Jiang and Pugh, 2009), sup-

porting the notion that chromatin structure also regulates tran-

scription initiation at the PTUs of this parasite. A well-positioned

nucleosome was also detected at the genomic positions corre-

sponding to the spliced-out regions located between the 30

and the 50 UTR of contiguous genes (IRs) (Figure 1E). Moreover,

the degree of positioning of this IR nucleosome, as charged by

the depth of its flanking depleted region, is higher at the subset

of genes displaying higher mRNA abundances (Figure 1F; Table

S1). Because the positioning of nucleosomes at the intron-exon

boundaries both in fission yeast and in mammalian cells has

been proposed to be particularly relevant for splicing introns

with weak splice sites (Patrick et al., 2013; Spies et al., 2009),

our findings suggest a putative parallel role of chromatin config-

uration in regulating trans-splicing efficiency in this parasite.

Thus, the nucleosomal landscape of L. major reflects the genic

organization and expression constraints of this organism, illus-

trating the active role of both transcription elongation and termi-

nation in dynamically modulating chromatin structure.

High-Resolution Mapping of DNA Replication Origins in
L. major

To identify the genomic sites of DNA replication initiation in

L. major promastigote cells, we adapted the most widely used

high-throughput mapping procedure in metazoans: small lead-

ing nascent strand purification coupled to next-generation

sequencing (SNS-seq) (Figure S2A). The accuracy and resolu-

tion of ORI detection by SNS-seq strongly relies in two steps:

first, on the exclusion of Okazaki fragments by size selection

and, second, on the efficient degradation of contaminant, unre-

plicated DNA by extensive digestion with l-exonuclease,

because the 50 RNA primer of the leading strands specifically

prevents their digestion with this enzyme. SNS-seq has been

applied to ORI analysis in human, mouse, and Drosophila cell

lines, revealing common features of metazoan replication origins
mon ORIs. The distribution of randomized ORI locations across the genome is

(solid bars) and the expected one after distribution of the same number of

percentage represented within each category are shown in Table S1.

TR) measured as read counts normalized to the size of the peak expressed in

Is and non-TTS-ORIs. The qPCR reactions were performed in duplicates on

f the indicated sizes or on G0 DNA subjected to three rounds of l-exonuclease

alculated relative to those obtained at nearby genomic regions. Background

sequences.

RI summits. See also Figures S2C–S2E.

1–7 bp) G4 motifs occurring on the + DNA strand (upper plot) or� DNA strand
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Figure 3. High ORI Density at Early-Replicating Regions

(A) IGV snapshots of the three largest L. major chromosomes showing, from top to bottom, (i) DNA enrichments in early S relative to G2 computed in 2,500 bp bins

(MFA) (Marques et al., 2015), (ii) common ORIs summits, (iii) heatmap of MFA early S relative to G2 in sliding 1,000 bp bins, (iv) MN Z scores, and (v) regions of

(legend continued on next page)
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including association to promoter regions, G-quadruplex motifs,

DNA topology, and chromatin configurations (Besnard et al.,

2012; Picard et al., 2014; Comoglio et al., 2015; Cayrou et al.,

2015).

To map functional replication initiation sites, we purified repli-

cation intermediates of increasing sizes from consecutive su-

crose gradient fractions, subjected them to three rounds of

l-exonuclease digestion, and performed two independent bio-

logical replicates of SNS-seq (Experimental Procedures) (Fig-

ure S2A). This enhanced purification protocol through three

sequential rounds of l-exonuclease digestion was found to

be essential in eliminating contamination with unreplicated

DNA and in minimizing digestion biases (Figure S2B). Deep

sequencing of these SNS preparations showed excellent repro-

ducibility, with 78%of ORI peaks independently detected in both

replicates (n = 5,100) (Figure 2A). This vast number of ORIs likely

reflects the sensitivity of the SNS technique to detect initiation

events occurring in few cells of the population and suggests

that replication initiates alternately within adjacent ORIs so that

each cell in the population uses slightly different combinations

of ORIs at a given cell cycle (described later). Peak-calling anal-

ysis with data from either individual SNS-seq experiments or

common peaks found in both showed a strikingly similar non-

random genomic distribution: 87%–90% of ORIs located at the

boundaries of the trans-spliced regions (30 UTR, IR, and

50 UTR), 5%–10% mapped at coding DNA sequences (CDSs),

and the remaining 3%–4%distributed to SSRs (Figure 2B). How-

ever, when ORI distribution across the annotated genomic

regions was examined, a remarkable picture emerged: 81%–

85% of all Pol II-TTS regions in the genome (cSSR and HT)

contain ORIs, while only 10%–20% of all trans-spliced bound-

aries were associated with initiation sites (Figure 2C). Randomi-

zation of ORI locations across the genome indicated that

these associations were significantly more frequent than

would be expected by chance alone (p < 0.0001). TTS-associ-

ated ORIs showed significant higher firing efficiencies than did

non-TTS-ORIs, as estimated by integrating SNS-seq read

counts (Figure 2D). Altogether, these observations imply that

although the TTS-ORI class accounts for less than 4% of

the identified ORIs, this subset of ORIs is used with higher fre-

quency within the cell population and, conversely, that genomic

TTS regions are highly enriched in ORIs. Location and firing effi-

ciency of a random subset of ORIs from both classes were

confirmed by qPCR on independent preparations of SNS (Fig-

ure 2E; Table S2).

As reported for human, mouse, and Drosophila cell lines

(Cayrou et al., 2012; Besnard et al., 2012; Picard et al., 2014; Co-

moglio et al., 2015), we also found a significant association be-

tween ORIs and predicted G-quadruplex motifs, with up to
significant low MN occupancies. Chromosome sizes are denoted in intervals of 0

late-S and G2 MFA data. The black bars on the top represent shade areas exclu

(B) Representative example of a DNA fiber labeled sequentially for 10 min with

promastigote cells. Scale bar, 10 mm. The corresponding schematic diagram is sh

before labeling was initiated, and Ori2 represents a replication event occurred d

(C and D) Fork rate values (C) and IODs (D) calculated from stretched fibers as sho

the right represent the percentage of replication signals that correspond to a par

replicate experiments and pooled.
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74% of all identified ORIs containing at least one strict (loop

size 1–7 bp) G-quadruplex motif (Figure S2C). Consistent with

those previous findings, G4 motifs are located at both sides of

the SNS apex (Figure 2F). To rule out that this association could

be due to the presence of G4 motifs at the 50 end of the

sequencing reads, which could prevent l-exonuclease digestion

(Foulk et al., 2015), we eliminated those reads from the analysis

and repeated the peak-calling procedure. The number of identi-

fied ORIs diminished only slightly in all categories, and their

genomic distribution did not change significantly (Figures S2D

and S2E). Moreover, we found a similar genomic distribution

for ORIs using all sequenced reads and for only those that do

not overlap with a G4 motif at their 50 end, regardless of the

peak-calling methodology used (data not shown). These results

argue against biases in l-exonuclease digestion toward GC-rich

regions with the potential to formG-quadruplexes when properly

controlled. They also support previous findings in various meta-

zoan genomes, suggesting that G-quadruplexes could be

among the factors contributing to ORI function (Besnard et al.,

2012; Cayrou et al., 2012; Valton et al., 2014). We also examined

whether G-quadruplexes could transiently stall replication forks

in vivo, as reported in Drosophila cells (Comoglio et al., 2015).

Similar to those findings, we observed that SNSs of increasing

sizes were asymmetrically distributed relative to G4-motif loca-

tion, thus suggesting that G4 structures could act as replication

fork barriers in vivo in L. major (Figure 2G).

Higher Origin Density at Early-Replicating Regions
Visual inspection of ORI location along the chromosomes

showed an uneven distribution of replication initiation sites (Fig-

ure 3A, ORI track (ii)). The region of higher ORI density matches

closely the single replicating region identified at each of the

L. major chromosomes by analyzing read depth ratios between

early-S and G2 cell-sorted cells (marker frequency analysis, or

MFA) (Figure 3A, MFA early-S and G2 track (i); Figure S3) (Mar-

ques et al., 2015). Moreover, when early-S and G2 MFA data

along each chromosome was computed at ORI resolution

(sliding windows of 1,000 bp), secondary MFA peaks aligning

to clustered ORIs could be clearly resolved (Figure 3A, MFA

heatmap (iii); see as examples positions 0.25, 1.65, 1.75, 1.9,

or 2.12 Mb in chromosome LmjF.36). Randomization of early-

replicating regions across the genome indicates that the

observed correlation with ORI density is highly significant

(p < 0.001) (Figure S4B). This high degree of consistency is

remarkable given the differences in the methodologies used be-

tween laboratories, constituting an excellent independent vali-

dation of our SNS ORI map. In addition, these results strongly

suggest that early MFA peaks correspond to early-replicating re-

gions containing a high density of ORIs.
.25 Mb. See Figure S3 for data in all L. major chromosomes and Figure S4 for

ded from the analysis (Table S1).

CldU (red) and IdU (green) used to estimate fork rates and IODs in L. major

own underneath. Ori1 and Ori3 represent replication initiation events occurring

uring the initial CldU pulse.

wn in (B). Horizontal lines in the left graphs represent median values. Graphs on

ticular range of replication rate (C) or IOD (D). Data are representative of three
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Figure 4. Low Nucleosome Occupancies at

L. major ORIs

(A) Aggregate profiles of MN, base J, and SNS

Z scores within ±2 kb relative to the TTS of cSSR

and HT region (left and middle panels) or within

±1 kb relative to the 50 UTR of IRs (right panel).

(B) Aggregate profiles of MN, base J, and SNS

Z scores within ±1 kb relative to the ORI summit of

both ORI classes.
The presence of multiple active ORIs per chromosome was

confirmed by single-molecule replication analysis through

sequential labeling of cells for 10 min with the thymidine analogs

chloro-deoxyuridine (CldU) and iodo-deoxyuridine (IdU). Cells

were then lysed on microscope coverslips, and DNA regions

that containedCldUand IdUwere fluorescently labeled via immu-

nochemistry. DNA fibers were counterstained using an antibody

directed against single-stranded DNA to ensure that origin tracks

used to calculate interorigin distance (IOD)were on the same fiber

(Figure 3B). Measurements of fork progression showed that

L. major had a slower DNA synthesis rate (median of 2.87 kb/

min) (Figure 3C) of that reported in T. brucei (median of 3.7 kb/

min) (Calderano et al., 2015). Although the resolution of IODs by

fiberanalysisdoesnotallow resolutionof initiation sitesseparated

by less than 20 kb, making it impossible to address whether the

degree of ORI clustering detected by SNS-seq occurs at the sin-

gle-cell level or only at the cell-population level, the IODs revealed

by this analysis (median of 72 kb) (Figure 3D) demonstrate the

firing of multiple ORIs per chromosome.

To test whether the location of higher-efficiency TTS-ORIs

might account for the earlier replication of the MFA regions, we

carefully examined the distribution of both ORI classes along

the chromosomes and found no correlation between early-repli-

cating regions and TTS-ORIs. This indicates that the replication

timing profile of L. major likely arise from a high density of ORIs

firing stochastically at a single early-replicating region per chro-

mosome. This interpretation fits well with a model of replication

kinetics in human cells, demonstrating that the timing program

can be explained by the location of initiation sites alone, regard-

less of other factors such as exact initiation probabilities, and

that timing profiles are optimally recapitulated by the distribution

of DNAase hypersensitive sites (Gindin et al., 2014). To test

whether DNA accessibility could predict early replication timing
Cell Re
in L. major, we used the Z scores of our

nucleosomal occupancy datasets to esti-

mate the most exposed genomic regions

(Figure 3A, tracks (iv) and (v)). Sequence

feature analyses of these regions

confirmed, as previously reported for

other eukaryotes, the enrichment of AT-

rich pentamers and the exclusion of GC-

rich sequences in nucleosome-depleted

DNA, supporting the prominent role of

the underlying DNA sequence in nucleo-

some packaging (Kaplan et al., 2009; Tillo

and Hughes, 2009). The density of acces-

sible DNA sites along the chromosomes
is highly correlated with the early-S MFA profile (p < 0.001) but

not with the late-S MFA profile (p = 0.84) (Figure S4). These re-

sults imply that, as observed in human andDrosophila cells (Gin-

din et al., 2014; Eaton et al., 2011), DNA accessibility in L. major

is increased at early-replicating regions of the genome.

Low-Nucleosome Occupancies at Replication Origins
We next analyzed in detail the organization of replication initia-

tion sites and nucleosomes at distinct genomic compartments

and found good correlation between lower nucleosome occu-

pancies and higher SNS enrichments (Figure 4A). This associa-

tion was also observed when analyzing ORIs located at the

trans-spliced regions, despite SNS signals being lower at those

aggregate plots, because they represent Z scores and only

about 20% of these regions in the genome associate with ORIs

(Figure 4A, IR). A similar conclusion was reached when plotting

nucleosome distribution across 2 kb surrounding the apex of

SNS abundance of both non-TTS and TTS-ORI classes (Fig-

ure 4B). In both cases, ORI sites displayed lower nucleosome

occupancies than their surrounding regions, although this

depletion is more obvious at the TTS-ORI class, likely due to

the lower nucleosome occupancy found at regions of transcrip-

tion termination. Thus, similar to other systems, from yeasts to

metazoans (Eaton et al., 2010; MacAlpine et al., 2010; Lombraña

et al., 2013; Cayrou et al., 2015), these results indicate that DNA

accessibility is one of the contributors to ORI activity in L. major.

Transcriptionally Driven DNA Replication Initiation
Landscape
The aggregate plots in Figure 4A show that at most initiation sites

detected, SNS abundance peaks immediately upstream of the

50 UTR of the genes (IR plot), just ahead of the region

where Pol II is expected to pause to allow co-transcriptional
ports 16, 1774–1786, August 9, 2016 1781
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Figure 5. Transcriptionally Driven ORI Activity at TTS Regions

(A) Heatmaps of nucleosome occupancies (MN), base J positioning, and SNS enrichments across ±2 kb relative to the center of 36 cSSRs. Regions were ordered

from top to bottom by the distance from upstream to downstream TTS and analyzed separately when containing or not containing clusters of Pol III-transcribed

genes (Pol III, lower heatmaps). TTS positions are imposed on the SNS heatmaps at the right-most panels (in black or orange when PTUs or tRNA genes are

transcribed from the + strand or the � strand, respectively).

(B) Spatial distribution of the MN, base J, and SNS signals shown in (A).

(C) Same as in (B) for cSSRs containing clusters of Pol III-transcribed genes.

(D) Same as in (A) for 51 HT regions ordered from top to bottom by the distance from upstream to downstream TSS.

(E) Spatial distribution of the MN, base J, and SNS signals shown in (D).

(F) Same as in (E) for HT regions containing clusters of Pol III-transcribed genes.

(G) Same as in (A) for 52 dSSRs ordered from top to bottom by the distance from upstream to downstream TSS. Only two dSSRs contain clusters of Pol III-

transcribed genes (data not shown).

(H) Spatial distribution of the MN, base J, and SNS signals shown in (G).
trans-splicing. In addition, at Pol II termination regions containing

a single TTS (85% of which were positive for replication initiation

activity) (HT plot), SNS maxima occur immediately adjacent to

the base J location and just downstream of the TTS. To dissect

further the effect of PTU transcription directionality both on

nucleosome occupancy and on SNS abundance, we stratified

the cSSR and HT region according to the distance from the

upstream neighbor TTS. The heatmaps in Figure 5 express

nucleosomal occupancies, the base J location, and the SNS

abundance for regions containing either two TTSs (cSSR) (Fig-

ure 5A) or a single TTS (HT) (Figure 5D), comprising or not

comprising clustered Pol III-transcribed genes (lower and upper

panels, respectively). These analyses confirm that nucleosome

occupancies exhibit increased depletion at non-transcribed re-

gions relative to the transcribed PTUs, with the transition from

high occupancy to lower occupancy coinciding with the position

of the TTS. In addition, clustered Pol III-transcribed genes further

exclude nucleosomes and, together with base J, likely act as

anti-nucleosomal barriers from which neighboring nucleosomes

appear to be well phased (Figures 5C and 5F).

Two peaks of maximal SNS abundance were detected at

cSSR, each located immediately adjacent to each TTS (Fig-

ure 5B). This physical arrangement is evenmore striking at HT re-

gions, where a single SNS peak mapped adjacent to the single
1782 Cell Reports 16, 1774–1786, August 9, 2016
TTS (Figure 5E). A similar picture was observed at regions con-

taining Pol III-transcribed genes, with either two or one SNS

peaks detected at regions containing one or two TTSs (Figures

5C and 5F, respectively). In contrast, SNS organization at dSSRs

did not show any particular positioning relative to the nearest

TSS (Figures 5G and 5H). These results are consistent with

Pol II elongation affecting the location of active replication initia-

tion sites.

DISCUSSION

Here we provide whole-genome mapping of DNA replication

initiation sites, together with analysis of both the nucleosomal

landscape and the replication timing of the protozoan parasite

L. major. This study adds a model system that, from an evolu-

tionary perspective, contributes to better understanding of repli-

cation organization in Eukarya. A common feature of L. major

ORIs is their preferential location at genomic positions where

Pol II is expected to slow or stall and eventually disassembles.

Thus, we found that L. major ORIs are mainly located at regions

related to the trans-splicing events (30 UTR, IR, and 50 UTR), and
TTS regions. Although transcription kinetics has not been ad-

dressed in L. major in detail, Pol II pausing near gene promoters

and polyadenylation sites is a general feature of eukaryotic cells,



thought to allow time for co-transcriptional 50 and 30 end pro-

cessing (Moore and Proudfoot, 2009; Perales and Bentley,

2009). In addition, work demonstrates that Pol II pausing may

assist co-transcriptional splicing in S. cerevisiae (Alexander

et al., 2010; Carrillo Oesterreich et al., 2010), likely aided by

nucleosome positioning at the intron-exon boundaries (Patrick

et al., 2013; Spies et al., 2009).

The preferential initiation of DNA synthesis at Pol II pausing or

termination sites suggests a high degree of coupling between

Pol II elongation and ORI activity in L. major. The simplest sce-

nario to accommodate these findings would be that DNA replica-

tion opportunistically initiates from genomic sites that have been

dynamically rendered available by transcription. In agreement

with this, ORI activity occurs at sites with lower nucleosome

occupancies in all cases (Figure 4B). As such, the replication

program would emerge as an adaptation to the chromatin

constraints imposed by transcription. This interpretation fits

well with results from our laboratory showing that in mammalian

cells, local changes in nucleosome positioning due to increased

transcriptional activity at highly efficient TSS-associated ORIs

result in parallel changes at the replication initiation sites (Lom-

braña et al., 2013). Another more provocative scenario would

posit that Pol II activity could drive ORI specification by displac-

ing Mcm2-7 complexes along the PTUs. Evidence for this possi-

bility comes from in vitro biochemical data showing that Mcm2-7

complexes remained attached to DNA when ORC complexes

are eluted and retain their ability to initiate DNA replication after

diffusion along DNA (Gros et al., 2014). Moreover, further work

from the same laboratory elegantly demonstrated that in

S. cerevisiae cells deficient for transcription termination, colli-

sions with Pol II induce a redistribution of Mcm2-7 complexes

along chromosomes, resulting in a shift in replication initiation

sites (Gros et al., 2015). Along the same lines, work in Drosophila

cells showed that Mcm2-7 complexes get redistributed from

ORC binding sites to non-transcribed portions of the genome

in cells blocked at the G1-S transition (Powell et al., 2015). Elon-

gating Pol II machinery pushing Mcm2-7 complexes ahead of it

would accommodate our findings: (1) more than 85% of the TTS

regions in L. major chromosomes contain ORIs (Figure 2C), (2)

this ORI class comprises the most efficient ORIs in the cell pop-

ulation (Figures 2D and 2E), and (3) replication initiation activity at

these regions occurs precisely downstream of the TTS, at the

site of base J-mediated Pol II stalling-induced release or

displacement (Figure 5). Similarly, the encountering of Pol II elon-

gation complexes with natural genomic barriers along the PTUs,

such as positioned nucleosomes at IRs (Figure 1E), or the pres-

ence of G4 structures might impose the stalling and, in some

cells, the eventual disassembly of Pol II that would leave

Mcm2-7 complexes engaged onDNA at those positions. In addi-

tion, although most mapped ORIs are located between genes

(Figure 2B), these replication initiation events occur at less than

20% of all IRs in the genome and are overall less efficiently

used within the cell population (Figures 2D and 2E). Altogether,

these observations suggest that ORIs, as well-defined genetic

loci, might not exist in L. major. This interpretation is consistent

with the long-known observation that L. major supports the

maintenance of plasmids containing virtually any portion of the

genome or even only exogenous DNA (Patnaik, 1997). We pro-
pose that at each cell, there is a certain probability of finding

an ORI at a particular location, a probability strongly linked to

the Pol II transcriptional kinetics of that cell, which at the popu-

lation level, is maximal at the TTS. In agreement with this hypoth-

esis, we found that the probability of finding an ORI at the 30 UTR
of a gene is higher for highly abundant transcripts: 36% versus

25% for high- versus mid-abundant mRNAs (p < 0.00001, chi-

square test), as would be expected if Pol II preferentially stalls

at those positions when encountering a well-positioned nucleo-

some (Figure 1F). This correlation does not exist when consid-

ering the 50 UTR side of the genes (p = 0.2, chi-square test).

Transcriptionally drivenMcm2-7 complex distribution can also

account for the observed replication timing of L. major chromo-

somes. By analyzing DNA sequencing depth ratios between

early-S and G2 cells, it was suggested that each chromosome

was replicated from a single ORI (Marques et al., 2015). We rean-

alyzed those datasets with increased resolution and show that

early-replicating regions correspond to a higher density of low-

efficiency ORIs (Figure 3). These findings provide an explanation

for the small peak amplitude and the large constant width of the

MFA sequencing profiles along L. major chromosomes as likely

due to the heterogeneous, population-averaged firing of adja-

cent origins with similar firing times. However, a replication initi-

ation landscape coupled to transcription kinetics can also help to

explain the remarkable degree of synteny of the timing regions

between related Leishmania species (Marques et al., 2015). In

addition, the spatial resolution of our ORI maps that allows

discernment of individual initiation events, as well as the average

replication profile, might provide additional experimental sup-

port for the replication kinetics framework proposed by Bech-

hoefer and Rhind (2012). This working model posits that

replication timing is a systemic phenomenon that emerges

from the stochastic firing of ORIs at the single-cell level that, in

the case of the genetically defined ORIs of S. cerevisiae, has

been related to an increased number of Mcm2-7 complexes at

early-replicating regions (Das et al., 2015).

While this study cannot establish a causal relationship be-

tween transcription elongation and ORI activity, the work

described here is consistent with the view that both the replica-

tion initiation and the replication timing landscape of the L. major

genome can be explained as arising from Pol II transcription dy-

namics, without the need to invoke specific regulatory mecha-

nisms. If this hypothesis is correct, this simple solution would

provide this organism with the required flexibility and robustness

to deal with the environmental changes that impose alterations in

the genetic programs that the parasite should tackle along its

digenetic life cycle. Addressing whether this scenario is a curios-

ity of Leishmania or whether it represents an ancient solution

used by eukaryotic cells for ORI maintenance constitutes an

interesting open question.

EXPERIMENTAL PROCEDURES

Cell Culture

L. major strain Friedlin promastigote cells were grown at 26�C in M199

medium (Sigma-Aldrich) supplemented with 10% heat inactivated fetal bovine

serum, 40 mM HEPES (pH 7.4), 0.1 mM adenine, 10 mg/ml hemin, 1 mg/ml

biotin, 2 ng/ml biopterin, 100 U/ml penicillin G, and 0.1 mg/ml streptomycin

sulfate.
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Mononucleosomal DNA Purification

For each nucleosome preparation, 100 ml cultures of L. major cells were

harvested at an exponential phase of growth (6 3 106 cells/ml) and

lysed gently, and nuclei were purified through a sucrose cushion as previ-

ously described (Gong et al., 1996). Nuclei aliquots corresponding to 1.7 3

107 cells were digested with increasing concentrations of MNase over

6 min at 25�C, and DNA samples were electrophoretically separated.

Mononucleosomal-sized fragments from samples containing a 80:20

mononucleosome-to-dinucleosome ratio were purified and subjected to

standard library preparation (Illumina). Only paired reads with intermate

distances of 150 ± 10 nt were retained for the analysis to ensure that

reads derive from mononucleosome-protected DNA. For a complete

description of the experimental procedures, see Supplemental Experi-

mental Procedures.

SNS Purification

For each SNS preparation, two independent 500 ml cultures of L. major

cells were collected at an exponential phase of growth. Nuclei were

obtained as described earlier and lysed gently, and nucleic acids were

purified through careful phenol/chloroform extractions. SNS fractionation

was performed by ultracentrifugation on SW40Ti rotors over 20 hr at

24,000 rpm and 20�C as previously described (Gómez and Antequera,

2008). Pooled fractions from individual gradients containing 300–900

and 300–1,500 nt SNS were subjected to three sequential rounds of T4

polynucleotide kinase (PNK) phosphorylation and l-exonuclease digestion

(custom-made, Thermo Scientific) to specifically enrich in replication

intermediates. SNS were prepared for sequencing by random priming

second-strand synthesis as previously described (Cadoret et al., 2008),

followed by RNA-primer digestion with RNase A/T1 Mix (Thermo

Scientific). DNA libraries were prepared with the NBNext kit (NE Biolabs)

following the manufacturer’s instructions, and library fragments of 400–

1,500 bp were purified from polyacrylamide gels. For a complete descrip-

tion of the experimental procedures, see Supplemental Experimental

Procedures.

Genomic Annotations, Data Analysis, and Statistical Significances

L. major reference genome and genomic coordinates of CDSs were

retrieved from TriTrypDB v.6.0 (http://www.tritrypdb.org). TSS and TTS co-

ordinates were defined by intersecting Rastrojo et al. (2013) gene annota-

tions with the coordinates of AcH3 (Thomas et al., 2009) and base J (van

Luenen et al., 2012) datasets. MNase digestion coupled to next-generation

sequencing (MN-seq) reads were aligned following the RUbioSeq pipeline

(Rubio-Camarillo et al., 2013). Nucleosome occupancy maps were gener-

ated by applying NUCwave (Quintales et al., 2015). SNS-seq reads were

aligned using Bowtie (Langmead et al., 2009), and peaks were obtained

after applying the callpeak function from MACS2 (Zhang et al., 2008).

G-quadruplex motif occurrences were predicted with QuadParser (Huppert

and Balasubramanian, 2005). To account for the observed genomic distri-

butions, number and sizes of ORI peaks for each chromosome were

compared with the expected proportion calculated from genomic intervals

randomly sampled from throughout the genome. The procedure was

repeated 10,000 times, and statistical significances were determined by

computing the empirical p value from the sampling distribution. For a com-

plete description of the analysis procedures, see Supplemental Experi-

mental Procedures.

Fiber Stretching

Analysis of DNA replication by fiber stretching was adapted from Terret et al.

(2009), except that exponentially growing cells were pulsed for 10 min with

each nucleotide analog. For a complete description of the experimental proce-

dures, see the Supplemental Experimental Procedures.
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tion origin activation in space and time. Nat. Rev. Mol. Cell Biol. 16, 360–374.

Gilbert, D.M. (2010). Evaluating genome-scale approaches to eukaryotic DNA

replication. Nat. Rev. Genet. 11, 673–684.

Gindin, Y., Valenzuela, M.S., Aladjem, M.I., Meltzer, P.S., and Bilke, S. (2014).

A chromatin structure-basedmodel accurately predicts DNA replication timing

in human cells. Mol. Syst. Biol. 10, 722.
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Sequeira-Mendes, J., and Gómez, M. (2012). On the opportunistic nature of

transcription and replication initiation in the metazoan genome. BioEssays

34, 119–125.
1786 Cell Reports 16, 1774–1786, August 9, 2016
Sequeira-Mendes, J., Dı́az-Uriarte, R., Apedaile, A., Huntley, D., Brockdorff,
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