
ABSTRACT 
 
WHEELER, EMILY ANN. A Novel Method for Capturing Nascent DNA Near Early Firing 
Origins and Its Application in Identifying and Characterizing Arabidopsis thaliana DNA 
Replication Initiation Regions. (Under the direction of Dr. William F. Thompson and Dr. 
Linda Hanley-Bowdoin). 
  

Like all organisms, plants must accurately duplicate their genomes during S phase of 

the cell cycle. The selection and firing of origins are thought to play key roles in ensuring 

that fungi and metazoans accurately replicate their genomes. Much less is known about how 

plants regulate DNA replication, in part due to a lack of knowledge of origin sequences and 

locations in plant systems. This work presents a novel method for capturing the earliest 

replicating regions during S phase in Arabidopsis thaliana Col-0 suspension cells. Newly 

replicated DNA is labeled with 5-Ethynyl-2'-deoxy-uridine (EdU) and nuclei just entering S 

phase are captured using two parametric flow sorting. Nascent DNA from these nuclei must 

be close to replication origins, with minimal contamination from DNA elongation processes. 

This very early (VE) S-phase nascent DNA is immunoprecipitated, sequenced and mapped to 

identify regions (initiation regions, or IRs) that are likely to be near or include origins.  

The method presented in this dissertation mapped 4,197 initiation regions with strong 

replication signals (sIRs) that localized predominantly in chromosome arms. The localization 

of sIRs is expected because the chromosome arms replicate early in S phase and because this 

method captures only early firing events. The sIRs are AT-rich with ± 7-kb flanking GC-rich 

sequences. Relative to random expectation, the sIR sequence population is depleted for genes 

and enriched for transposable elements from the Helitron family. The sIRs are also enriched 

for DNase I hypersensitive (DHS) hotspots, although the total coverage of sIRs by DHS 

hotspots is only 6%, suggesting the presence of a DHS hotspot is not a strong selection factor 

for DNA replication initiation. Differential Micrococcal nuclease (MNase) digestion data 



  

suggests the sIRs are depleted for nucleosomes, but exhibit small protein footprints that 

likely reflect replicative protein binding. Chromatin immunoprecipitation followed by deep 

sequencing (ChIP-seq) for acetylated histones show that sIRs are locally enriched for 

H3K9ac, H3K5ac and H3K27ac.  
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CHAPTER 1 – INTRODUCTION 
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The importance and definition of DNA replication origins 

 

Importance of DNA replication 

DNA replication is a foundational biochemical process common to all living organisms. 

As such, there is a vast body of research devoted to all aspects of its regulation, progression, and 

relation to the cell cycle. However, one aspect that has remained elusive is the exact positions at 

which initiation occurs. Replication of eukaryotic DNA must start in many places along the 

chromosome to ensure timely genome duplication, and, with the exception of yeast, the details 

about where or why a stretch of DNA opens and initiates replication are unclear. This chapter 

introduces the concept of DNA replication origins, genome-wide methods to map origins, and 

features that associate with origins. 

 

Genetic origin 

The genetic origin of DNA replication is the location on the chromosome where the 

double helix opens and replication begins (Figure 1.1.A, genetic origin represented by red line). 

In the yeast Saccharomyces cerevisiae, an AT-rich sequence of DNA called the autonomous 

replication sequence (ARS) defines origins (Huang & Kowalski, 1993; Marahrens & Stillman, 

1992). There are more ARS sequences than theoretically necessary for the genome to replicate, 

suggesting that not all genetic origins are used in each round of replication. However, selectively 

deleting ARS sequences impacts rates of replication since nearby ARS are not always able to 

complete replication, suggesting that ARS alone is not sufficient to define a complete origin 

(Dershowitz & Newlon, 1993). In higher eukaryotes, there is no known DNA sequence that is 
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recognized as the genetic basis for an origin, and it is not known if there are more potential 

genetic origins present on the chromosome than are being used.  

 

Functional origin 

A functional origin includes the protein complexes required for DNA to begin replicating 

in S phase. In S. cerevisiae, these proteins are bound to the ARS (Clyne & Kelly, 1997; Huang & 

Kowalski, 1993; Newlon & Theis, 1993). These origins are “licensed” in G1 phase and “fired” in 

S phase. Licensing is the stepwise recruitment of proteins onto the DNA to create the pre-

Replicative Complex (pre-RC), which includes the Origin Recognition Complex (ORC), cell 

division control protein 6 (Cdc6) and Cdc10 target 1 (Cdt1), and Minichromosome maintenance 

proteins 2-7 (MCM2-7) (Figure 1.1.B) (Brand, Faul, & Grummt, 2007; Shultz, Tatineni, Hanley-

Bowdoin, & Thompson, 2007). At the G1 to S phase transition the formation of the pre-Initiation 

Complex (pre-IC) on top of a subset of pre-RCs determines which origins fire. The pre-IC 

includes cell division control protein 45 (Cdc45) and the GINS complex (from Japanese go-ichi-

ni-san meaning 5-1-2-3 after the four related subunits of the complex Sld5, Psf1, Psf2 and Psf3) 

(Figure 1.1.C) (Kanemaki, Sanchez-Diaz, Gambus, & Labib, 2003). This complex is required for 

the recruitment of proliferating cell nuclear antigen (PCNA) and other replisome proteins, which 

when loaded, start replicating DNA and the origin is considered to have fired (Figure 1.1.D).  

Summaries of the literature surrounding the assembly of proteins involved in licensing 

and firing of origins are available in the following reviews (Fragkos, Ganier, Coulombe, & 

Mechali, 2015; MacNeill, 2010; Sanchez Mde, Costas, Sequeira-Mendes, & Gutierrez, 2012).  
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Genome-wide methods currently used to find origins of DNA replication 

 

Difficulties in finding origins 

Initiation sites cover a miniscule proportion of the genome, with an estimated 0.002% 

theoretical maximum yield of origin products in mammalian genomes (Martin et al., 2011). 

Therefore, even small amounts of non-replicating DNA can mask true origin signal in various 

experimental settings. This is a hurdle every method must overcome, and each has several 

techniques for enriching for replication intermediates. Another issue with finding origins is that 

many more functional origins are designated in a cell than are actually used at any one time 

(Cayrou et al., 2011; Dellino et al., 2013; Edwards et al., 2002; Hyrien, Marheineke, & Goldar, 

2003). Additionally, not all methods can distinguish between a potential origin and a fired origin, 

further complicating the conclusions that can be derived from the results. There are many 

excellent reviews on past and current methods for finding replication origins, see especially 

(Gilbert, 2010; Hyrien, 2015; Prioleau & MacAlpine, 2016; Urban, Foulk, Casella, & Gerbi, 

2015). 

Each method has advantages, disadvantages, and intrinsic biases, which are apparent in 

the low overlap of origin datasets generated with different methods. For reviews on the 

comparison between human origin datasets see (Gilbert, 2010, 2012; Urban et al., 2015). For a 

review of origin firing under stress see (Gilbert, 2007). The difficulty of mapping origins on a 

genome-wide level has led to the development of several different methods, the most common of 

which are described below.  
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Chromatin Immunoprecipitation of pre-RC proteins 

A common protocol for identifying DNA and protein interactions is chromatin 

immunoprecipitation (ChIP), in which isolated chromatin is sheared, and fragments containing 

DNA complexed with a particular protein are immunoprecipitated with a selective antibody. 

DNA from the immunoprecipitated chromatin fragments is then analyzed by microarray 

hybridization (ChIP-chip) or deep sequencing (ChIP-seq), and its location on the genome is 

determined.  This method has been used to identify putative replication origins genome-wide by 

mapping the location of pre-RC proteins (Figure 1.2.A). As the base of the pre-RC complex, 

ORC proteins are a logical first choice for ChIP, which has been performed most notably in yeast, 

human, Drosophila, S. pombe and Arabidopsis (Costas et al., 2011; Dellino et al., 2013; Hayashi 

et al., 2007; MacAlpine, Gordan, Powell, Hartemink, & MacAlpine, 2010; Miotto, Ji, & Struhl, 

2016; Wyrick et al., 2001). There are multiple MCMs loaded at origins, and a recent study 

showed that the number of MCMs loaded impacts the timing of origin firing, and indeed sets the 

replication timing profile in S. cerevisiae (Das et al., 2015). In humans the density of ORC 

binding impacts how early a given region of DNA replicates, further coupling origin firing time 

to ORC binding events (Miotto et al., 2016). 

The success of ChIP experiments is highly dependent upon the quality of the antibody.  

To increase the confidence that an identified region is truly an origin versus non-specific pull-

down of DNA, multiple pre-RC proteins can be ChIP-ed. This was done for Arabidopsis ORC1a, 

CDC6a, ORC2, MCM5, and MCM7 (Costas et al., 2011; Shultz, Lee, Allen, Thompson, & 

Hanley-Bowdoin, 2009), human HeLa S3 cells and S. pombe for ORC1 and MCM6 (Dellino et 

al., 2013; Hayashi et al., 2007). Another way to avoid poor antibody quality is to tag the protein 

of interest. Biotin and an antibody to biotin was used to study the Chinese hamster dihydrofolate 
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reductase (DHFR) origin of replication zone (Lubelsky et al., 2011). In Arabidopsis, ORC and 

CDC6 were tagged with Histidine and HA respectively, and in house antibodies were made to 

ORC2, MCM5, and MCM7   (Costas et al., 2011; Shultz et al., 2009). 

Although considering only regions that contain overlapping pre-RC ChIP-seq peaks 

improves the confidence in identifying origins, not all assembled pre-RCs are actually used in S 

phase because ORC and CDC6 binding is not a guarantee that an origin will be fired (Dellino et 

al., 2013; Santocanale & Diffley, 1996). Additionally, proteins in the pre-RC are multifunctional 

and bind to DNA other than origins for non-replication purposes. For example, ORC1 also has a 

role in regulating transcription (de la Paz Sanchez & Gutierrez, 2009; Dellino et al., 2013). Thus, 

ChIP-seq for pre-RC proteins is a helpful technique, but peaks of pre-RC protein binding signal 

are not guarantees of true origin activity. 

 

Short nascent strand mapping (SNS) 

SNS methods are currently the most popular technique in the literature for finding 

replication origins. It is a genome-wide method and does not require synchronous cell 

populations. This method isolates, sequences and maps DNA replicated near origins in the 

leading strand. Given that the 5’ end of the leading strand is the genetic site of replication 

initiation, the goal of SNS protocols is to capture nascent DNA as close as possible to the 5’ end 

of the leading strand, without also capturing Okazaki fragments from the lagging strand or small 

fragments of broken or inadvertently sheared DNA. DNA is denatured, and short fragments, 

usually 300 bp to 1 kb in size, are isolated and mapped. This size range is longer than Okazaki 

fragments but still close to the origin. Because the replication bubble is bi-directional, mapping 

from the forward and reverse leading strands form a peak of sequencing signal at the origins. 
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Application of this simple method may lead to contamination with Okazaki fragments or 

random DNA fragments resulting from shearing or endonuclease nicking (Lucas et al., 2007). To 

address this issue, one or both of two main purification steps are frequently used: lambda 

exonuclease digestion of non-replicating DNA, and 5-Bromo-2′-deoxyuridine (BrdU) labeling 

followed by immunoprecipitation of BrdU-labeled fragments (BrdU-IP). Lambda exonuclease 

digestion removes non-replicating DNA that is not protected by a 5’ RNA primer sequence, 

while BrdU-IP targets recently replicated DNA that has incorporated this precursor (Figure 

1.2.B). 

Synthesis of DNA begins with an RNA primase laying down an RNA primer, which is 

extended by DNA polymerase alpha. This RNA primer protects the subsequent DNA sequence 

from DNA-specific degradation by 5’ exonucleases, such as lambda exonuclease which digests 

DNA from the 5’ end (G. Lee, Yoo, Leslie, & Ha, 2011). The RNA primer is removed later and 

replaced by DNA, but its presence is indicative of recent replication initiation. This is the basis 

for lambda exonuclease purification of SNS preparations: non-replicating DNA fragments are 

digested while RNA primer-protected replicated fragments are not. Many studies include this 

step in their genome-wide SNS experiments in human, mouse and Drosophila (Besnard et al., 

2012; Cadoret et al., 2008; Cayrou et al., 2011; Martin et al., 2011; Picard et al., 2014; Sequeira-

Mendes et al., 2009; Smith et al., 2016). 

A drawback to lambda exonuclease purification is the intrinsic GC bias of lambda 

exonuclease, which could be the reason many origins found using this method are GC rich and 

correlate with CpG islands and G quadraplexes (G4). A recent study has shown that lambda 

exonuclease inefficiently digests G4 structures which causes an enrichment for GC-rich 

sequences (Foulk, Urban, Casella, & Gerbi, 2015). To address artifacts created by enzyme bias, 
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the authors recommend using lambda exonuclease-digested genomic DNA from non-replicating 

cells as a control in such experiments, instead of the usual undigested DNA to determine nascent 

strand enrichment. While origins themselves were not significantly GC rich using lambda 

exonuclease digested DNA as a control, 35% of origins were found to be associated with G4 

quadraplexes. Although 35% is a noteworthy subset of origins, it does not indicate that G4 

structures are a required feature for origin determination.  

However, a recent study describing a new method called ini-seq, for initiation site 

sequencing, labels and immunoprecipitates nascent DNA with digoxigenin-dUTP, a thymidine 

analog. Origins found with this method were also GC rich, validating origins called with lambda 

exonuclease digestions (Langley, Graf, Smith, & Krude, 2016). Because digoxigenin-dUTP is a 

thymidine analog, there could be an AT bias, and so could be used as a future complementary 

purification step to lambda exonuclease digestion. Unlike the thymidine analog BrdU, the DNA 

does not have to be denatured to immunoprecipitate digoxigenin-dUTP, which reduces DNA 

breakage.  

Another improvement on nascent strand techniques was the addition of BrdU labeling of 

nascent DNA (Muller & Grummt, 1991; Staib & Grummt, 1997). After isolating nascent strands 

BrdU immunoprecipitation pulls down all fragments labeled with BrdU. Since BrdU is 

incorporated during both leading and lagging strand synthesis, this purification step does not 

remove Okazaki fragment contamination. This method has been used alone, as a confirmation, or 

together with lambda exonuclease purification in HeLa and primary basophilic erythroblast cells 

(Karnani, Taylor, Malhotra, & Dutta, 2010; Mukhopadhyay et al., 2014). 

Although SNS methods are considered the most accurate, there is surprisingly little 

overlap between the origins found from different research groups in similar human cell lines. For 
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example, there is only 14% overlap between origins from two ENCyclopedia Of DNA Elements 

(ENCODE) projects (Cadoret et al., 2008; Karnani et al., 2010). However, a more recent SNS 

study used very deep sequencing to generate the largest origin dataset reported in human, and 

which encompassed 89-92% of previously published SNS datasets (see Supplementary Table 3b 

(Besnard et al., 2012)). This result suggests that previous studies were capturing only a subset of 

origins due to insufficient sequencing depth. An additional advantage of SNS is that the height of 

sequencing peak signals at replication origins can give origin efficiency information. However, 

in light of the Besnard study, this claim is dependent on sufficient sequencing depth (Cayrou et 

al., 2011; Picard et al., 2014).  

 

Bubble trap   

 Another method to identify replication origins is the bubble trap method, which relies on 

the unique DNA structure formed at initiation sites (Figure 1.2.C). Once origins fire, DNA melts 

and the strands of the double helix separate and are stabilized to allow the DNA primases and 

polymerases to load (Gai, Chang, & Chen, 2010). This results in a unique DNA structure called a 

‘bubble’ where the hydrogen bonds between the double helix are broken, and the melted DNA is 

held together by flanking DNA with intact hydrogen bonds. These bubble structures elongate bi-

directionally during DNA elongation. The DNA is then enzymatically digested to get small 

fragments of DNA. The presence of restriction cut sites in the bubble allow for digestion events 

to break the bubble structure. The larger a bubble becomes the more likely it is to contain a cut 

site and be degraded, therefore the bubbles recovered after digestion are generally small, which 

allows for high-resolution mapping of bubble fragments. DNA fragments containing a bubble 

can be caught and held in place by agarose filaments that form when molten agarose cools to 
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form a gel. When the gel has set, an electrical voltage is applied and linear DNA fragments, or 

fragments containing only a single replication fork, move out of the gel, while DNA with the 

bubble structure caught in the agarose matrix is retained. Then the bubble containing DNA is 

extracted from the gel and either hybridized to a microarray or sequenced. The bubble trap 

method was pioneered by Larry Mesner from the Hamlin lab, and they continue to be the leaders 

in the field with this method (Larry D.  Mesner, Crawford, & Hamlin, 2006; L. D. Mesner, 

Dijkwel, & Hamlin, 2015; L. D. Mesner & Hamlin, 2009, 2015; L. D. Mesner et al., 2013; L. D. 

Mesner et al., 2011). 

An advantage of this method is that it does not require synchronizing of cells, which is 

advantageous because chemically treating or starving cells to synchronize the population’s cell 

cycle stresses cells and could alter native origin use (Courbet et al., 2008; Ge, Jackson, & Blow, 

2007). A disadvantage of this method is that it relies on restriction enzymes to cut the DNA into 

fragments before immobilization in the gel, and non-random spacing of restriction sites may 

introduce bias into the bubbles that can be recovered. While multiple digests could be used, the 

amount of sequencing required is cost prohibitive. This bias also limits conclusions about the 

relative enrichment of fragments being indicators of origin efficiency. 

 

BrdU-seq and Repli-seq 

A stand-alone approach using BrdU to map active origins of replication is BrdU-seq, 

which is deep sequencing of DNA that is labeled by BrdU and immunoprecipitated with an 

antibody against BrdU (Figure 1.2.D). This method captures nascent DNA, but unlike nascent 

strand protocols it does not size fractionate the labeled fragments. Because any BrdU-labeled 

DNA is considered nascent, the length of the BrdU pulse is the primary factor impacting the 
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resolution of this method, and deserves careful consideration. Additionally, synchronization of 

the cells at G1 before releasing into S phase and BrdU labeling is done either by chemicals or 

starvation. The DNA must be denatured prior to immunoprecipitation, to allow antibody access 

to the BrdU, which can damage DNA. This method has been used both as a primary method to 

find origins and as a validation of pre-RC ChIP experiments in Arabidopsis and Drosophila 

(Costas et al., 2011; Schubeler et al., 2002). 

A related application of BrdU-seq is to create genomic replication timing maps. Called 

Repli-seq, this procedure involves immunoprecipitating BrdU pulse-labeled nascent DNA from 

various time points in S phase to track replication activity as a function of time at loci around the 

genome (Hansen et al., 2009). These maps can be used to infer likely regions of DNA initiation 

(Baker, Audit, Yang, Bechhoefer, & Arneodo, 2012; Dellino et al., 2013). This method was 

originally described in human cells (Hansen et al., 2009), and has been used in other human cell 

lines, Drosophila, and Arabidopsis (Dellino et al., 2013; T.-J. Lee et al., 2010; Lubelsky et al., 

2014). While BrdU has been used extensively for these maps, 5-Ethynyl-2'-deoxy-uridine (EdU) 

is becoming the new standard in the field. Replication timing maps based on the repli-seq 

protocol have recently been produced for maize and Arabidopsis (Wear et al., 2017)(Lorenzo 

Concia, unpublished). 

 

Problems in plants  

ChIP-seq of ORC1, CDC6 and MCM is a method for finding and validating origins, but 

plant specific antibodies for these proteins are not commercially available, making this method 

especially difficult in plants. And while there is high conservation among the DNA replication 

machinery proteins between yeast and higher eukaryotes, plants are unique in their duplication of 
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pre-replication complex (pre-RC) proteins, notably Arabidopsis ORC1, CDC6, CDT1 

(Domenichini et al., 2012; Shultz et al., 2007). So far, only the CDT1 proteins have been 

analyzed and show only partial redundancy (Domenichini et al., 2012). Given that it is not 

known how functionally equivalent or divergent ORC1a and ORC1b are to each other, it would 

be prudent to employ transgenic plants containing tagged recombinant proteins of each type, 

making this approach technically challenging. 

Neither MCM 2-7 or ORC2 are duplicated in Arabidopsis, so ChIP-seq for them avoids 

the duplicate protein issue (Shultz et al., 2007). Some years ago, our lab produced in-house 

antibodies to MCM5, MCM7, and ORC2, which were used in immunoblotting and microscopy 

studies to determine the subcellular localization of these proteins throughout the cell cycle 

(Shultz et al., 2009). However, when the same antibodies were used in ChIP-seq experiments, 

many more putative binding sites were found than would be expected if these proteins were only 

associated with origins, a result which suggested that these proteins might have roles in plants in 

addition to replication initiation. Such evidence indicates the unreliability of ChIP for pre-RC 

proteins as a method for mapping origins in plants. 

There are two intrinsic properties of plant systems that make studying DNA replication 

technically difficult – the cell wall and endogenous nuclease activity. The cell wall represents a 

physical barrier to the cell and nucleus. It can be chemically digested or mechanically broken, 

both of which are time consuming, induce stress responses, and may result in DNA degradation. 

In addition, many plants have high levels of endogenous nuclease activity, which can result in 

poor quality DNA products if not carefully inhibited. Avoiding this type of degradation requires 

the use of nuclease inhibitors that also inhibit enzymes such as the lambda exonuclease, which is 

used extensively to enrich for replicating DNA in SNS experiments. 
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Most DNA replication research is carried out in cell cultures, which are often 

synchronized. To study DNA replication initiation, chemicals to synchronize cultures must block 

the G1 to S phase transition. Arabidopsis cell cultures grow in various sized clumps, which 

hinders the amount of chemical exposure each cell receives which results in heterogeneous 

responses to the chemical block (Planchais, Glab, Inze, & Bergounioux, 2000). Additionally, 

cells in Arabidopsis cultures have different growth rates and only about 10% of the cells are in S 

phase at a time, meaning long chemical exposures are needed to accumulate a sufficient number 

of cells in G1 before releasing into S phase. There are side effects from using long chemical 

blocks that are particularly troublesome for DNA initiation studies, including DNA damage, 

inhibition of DNA repair, and changing origin use (Courbet et al., 2008; Ge et al., 2007; 

Planchais et al., 2000). In light of the complications that arise when chemically synchronizing 

plant suspension cultures, flow sorting is a superior choice from a biological perspective and was 

used to isolate replicating cells at the desired time in S phase in this work (Wear et al., 2016).   

 

 

A novel method for finding early firing origins of DNA replication 

 

Method strategy 

This dissertation presents a novel, genome-wide method of identifying potential initiation 

regions in very early S phase using suspension cultures of Arabidopsis thaliana Columbia-0 cells. 

The method can be applied to any system that can incorporate EdU and is amenable to flow 

sorting of cells or isolated nuclei. Cell cultures are particularly suited to this method because of 

their ease of labeling and developmental homogeneity. Cells are labeled with EdU, which is 
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efficiently incorporated by DNA polymerases in the replication fork, and a fluorophore 

(AlexaFluor 488, AF488) is conjugated to the incorporated EdU (Salic & Mitchison, 2008). 

Nuclei are then isolated, and those that initiated DNA replication during the EdU pulse are 

separated using two parametric flow sorting. In this procedure, the flow cytometer sorts nuclei 

based on their DNA content, as measured by DAPI fluorescence, and the amount of EdU they 

have incorporated, as measured by AF488 fluorescence. EdU labeled DNA fragments are 

immunoprecipitated, sequenced and mapped from two S-phase populations (Figure 3.1.B). Peaks 

of sequencing signal from the very early (VE) S phase sorting gate are considered initiating 

regions (IR) (Figure 3.1.D).  

 

Advantages and limitations 

The two main advantages of the present method are the ability to use asynchronous 

cultures and the avoidance of nuclease digestions. Avoiding enzymatic digestions, such as 

lambda exonuclease in SNS or EcoRI used in bubble-seq, entirely removes the possibility of 

missing origins due to digestion biases. This method also avoids the need to synchronize cell 

cultures, thus avoiding starvation or drug treatments that stress cells and likely impact origin 

usage (Courbet et al., 2008; Ge et al., 2007; Merrick, Jackson, & Diffley, 2004; Miotto & Struhl, 

2011; Taylor, 1977). Instead, flow sorting is used to isolate a pure population of nuclei in the 

same phase of the cell cycle. However, the isolation of very early S-phase (VE) nuclei by flow 

cytometry is not a trivial task. A minimum of 125,000 nuclei were needed for each biological 

replicate, which took 12 to 18 hours of sorting to obtain because of the small fraction of nuclei in 

this part of S phase. Since flow cytometry counts all physical objects (such as cell wall fragments, 

plastids, and starch granules in addition to nuclei) in a sample, most of the flow cytometer time 
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in these experiments is spent sorting debris. For plant nuclei preps or cultures with a low 

percentage of S-phase cells the flow sorting step can be time prohibitive. However, there are 

several methods to increase the purity of nuclei before attempting flow sorting, and these 

additional steps can increase the feasibility of the method. In this work, a Percoll gradient was 

used to remove debris and plastids from the crude nuclei preparation (Folta & Kaufman, 2006; 

Wear et al., 2016).  

Along with BrdU and digoxigenin-dUTP based methods, the method presented here 

relies on the incorporation of a thymidine analog, in this case EdU, which could introduce AT 

bias. Additionally, this method is limited to finding early firing origins. There is ample evidence 

in the literature that early and late firing origins are regulated differently and this method will not 

allow the identification of mid- or late-firing origins (Aparicio, Stout, & Bell, 1999; L. D. 

Mesner et al., 2013). However, unlike methods that use replication timing maps to assign firing 

time to origins, this method experimentally identifies origins based on firing time in VE S phase, 

removing any doubt as to their timing.  

 

 

Features associated with origins in eukaryotic systems 

 

Sequence  

 While early DNA replication studies identified an ARS in S. cerevisiae, no such sequence 

specificity has been established in genome-wide origin datasets in higher eukaryotes. One 

method to find a consensus sequence is to use the ChIP-seq products of ORC and MCM 

immunoprecipitation and sequences under peaks of SNS signal in motif finding algorithms. The 
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theory is that ORC and MCM immunoprecipitation, or SNS signal peaks, identifies functional 

origins, and therefore any genetic code for origins must be bound by those pre-RC proteins or at 

SNS sequencing signal peaks. While many labs have attempted this, no consensus sequence has 

been found. There is a divide in the literature as to whether origins are AT rich or GC rich 

sequences. 

 There are several compelling biological reasons to pre-suppose that origins are AT rich. 

The S. cerevisiae ARS sequence is AT rich. While no ORC binding site motif has been found in 

other eukaryotes, some research suggests it preferentially binds to generally AT-rich regions 

(Remus, Beall, & Botchan, 2004). An interesting study of the Drosophila ori-ß origin found an 

AT-rich cis acting element that functions as an activator of origin firing (Lu, Zhang, & Tower, 

2001). DNA unwinding elements (DUEs) are also AT rich, and are thought to be adjacent to 

ORC binding sites (Chowdhury et al., 2010; Gai et al., 2010; Huang & Kowalski, 1993; Ishimi & 

Matsumoto, 1994). In addition, AT-rich regions are nucleosome disfavoring, and origins have 

been found to be in nucleosome free regions (Belsky, MacAlpine, Lubelsky, Hartemink, & 

MacAlpine, 2015; Rodriguez, Lee, Lynch, & Tsukiyama, 2017; Tsai et al., 2014).  

 However, many experimentally defined origin datasets have a GC bias and are associated 

with GC-rich elements such as CpG islands and G4 quadraplexes (Besnard et al., 2012; Cadoret 

et al., 2008; Mukhopadhyay et al., 2014). While it is tempting to attribute this to widespread use 

of lambda exonuclease, which enriches for GC-fragments (Foulk et al., 2015), other protocols 

have also yielded GC rich origins. For example, the ini-seq study, using the thymidine analog 

digoxigenin-dUTP, also found human origins enriched for G quadraplexes (Langley et al., 2016). 

Conversely, there are also origin datasets that do not show an association with CpG islands and 

G4 quadraplexes (L. D. Mesner et al., 2013; Petryk et al., 2016). Notably, a study in human cells 
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comparing lambda exonuclease and BrdU enrichment steps before SNS purification found 

origins to be AT-rich within GC-rich regions (Karnani et al., 2010). In contrast, a study in 

Drosophila found ORC binding sties to be GC-rich within AT-rich regions (Vorobyeva et al., 

2013).  

 The Méchali lab recently searched extensively for sequence motifs in data from human, 

mouse and Drosophila SNS experiments. They used the MEME bioinformatics suite to find and 

describe Origin G-Rich Repeated Elements (OGREs) that are present in 67-90% of animal 

origins (Bailey et al., 2009; Cayrou, Gregoire, Coulombe, Danis, & Mechali, 2012). They also 

found an AC repeat at 40% of mouse origins (Cayrou et al., 2015).  

 

Genes and transcription 

Most origin datasets in the literature are related to genes and transcriptional activity in 

some way. Many reports show that origins and transcription start sites (TSS) correlate spatially 

(Dellino et al., 2013; Karnani et al., 2010; Langley et al., 2016), although some research limits 

the association of origins to actively transcribed TSS and genes (L. D. Mesner et al., 2011; 

Valenzuela et al., 2011). One study found origins excluded from the TSS, but enriched 0.5 kb 

downstream and associated with moderately transcribed genes, but not with highly transcribed or 

non-transcribed genes (Martin et al., 2011).  

While most research shows that genes occupied by an origin have higher transcriptional 

activity, it is not known if origin presence induces transcription, or if high transcription increases 

the origin usage. High transcriptional activity is not widely accepted as a defining characteristic 

of origins as there are numerous reports with data refuting this trend. Reports in the literature 

range from presenting evidence that transcription activity is the driving factor for origin 
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efficiency (Sequeira-Mendes et al., 2009), to showing that active transcription can inhibit origin 

function in active genes (Sasaki et al., 2006). There is also research showing that origins are not 

associated with genes, TSS, or transcription (Besnard et al., 2012; Cadoret et al., 2008; 

Mukhopadhyay et al., 2014; Raghuraman et al., 2001).  

Many DNA replication studies find positive correlations between early replicating 

regions, gene density and transcriptional activity (Farkash-Amar et al., 2008; Hansen et al., 2009; 

Hiratani et al., 2008; Lubelsky et al., 2014; Schwaiger et al., 2009). This association between 

replication timing and transcription may reflect the accessibility of open chromatin to both 

transcription and replication processes, or, alternatively, it could be driven by a relationship 

between origin efficiency and transcriptional activity. Not only are the locations of origins 

related to genes and transcription in many reports, but the pre-RC protein ORC1 has also has 

been shown to play a role in regulating transcription, highlighting the need for future research on 

the relationship between the processes of replication and transcription (de la Paz Sanchez & 

Gutierrez, 2009; Dellino et al., 2013). Teasing apart the cause and effect relationships between 

replication and transcription is still an active area of research.  For further information please see 

the following reviews, (Cook, 1999; Gilbert, 2002; Hiratani, Takebayashi, Lu, & Gilbert, 2009; 

Rivera-Mulia & Gilbert, 2016). 

 

Nucleosome positioning 

 The basic unit of chromatin is the nucleosome, which consists of 146 bp of DNA 

wrapped around a histone octamer containing two molecules each of H2A, H2B, H3, and H4 

(Luger & Richmond, 1998; McGinty & Tan, 2015). Nucleosomes, and spacer H1 histones, are 

arranged along the DNA to create the 10-nm chromatin fibers often referred to as “beads on a 
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string.”. The positions of nucleosomes can be heavily influenced by DNA structure, nucleotide 

composition, and remodeling proteins. The relationship between nucleosomes and origins is an 

area with high agreement in the literature, with the consensus being that origins occur in 

nucleosome depleted regions. There are three notable exceptions, a study in Arabidopsis (Stroud 

et al., 2012) showing that origins are enriched for nucleosomes, an in silico study in mouse and 

Drosophila (Cayrou, Coulombe, et al., 2012) predicting that the GC-rich OGRE sequences at 

origins have high intrinsic nucleosome occupancy, and a study showing  high variability in 

nucleosome architecture among initiation sites in mouse and human (Lombrana et al., 2013).  

It has been shown that AT-rich sequences are nucleosome disfavoring, (Field et al., 2008; 

Hughes, Jin, Rando, & Struhl, 2012; Iyer & Struhl, 1995; Thastrom et al., 1999). The yeast ACS 

and several metazoan origin datasets are AT rich so it is not surprising they are in nucleosome-

free regions. But aside from base composition biases for nucleosome association, there is also 

experimental evidence that origins are in nucleosome free regions (Berbenetz, Nislow, & Brown, 

2010; Eaton, Galani, Kang, Bell, & MacAlpine, 2010; Lubelsky et al., 2011; MacAlpine et al., 

2010; Mavrich et al., 2008). In addition to AT rich sequences, certain GC-rich sequences have 

been shown to exclude nucleosomes. There is an interesting study showing that nucleosome 

phasing around a subset of origins is due to the DNA structure and positioning of G4s (Foulk et 

al., 2015).  

 

Histone marks 

The histones H3 and H4 have long tails that protrude away from the core nucleosome and 

can be chemically modified in various ways (Allfrey, Faulkner, & Mirsky, 1964; Bannister & 

Kouzarides, 2011; Zheng & Hayes, 2003). These modifications can act as signals for regulatory 
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proteins and impact packing of the nucleosomes on the DNA (Biswas, Voltz, Smith, & 

Langowski, 2011; Zheng & Hayes, 2003). There are both large-scale and local effects of these 

histone marks. In general, methylation marks are associated with tightly packed heterochromatin 

and acetylation marks are associated with the more open structure of euchromatin. 

Heterochromatin is usually located in the pericentromere, centromere, and knobs, contains a high 

density of TEs, is repressed for transcription, and late in replication timing. In contrast 

euchromatin is associated with active transcription and early replication timing. In general, 

histone acetylation is associated with active transcription and origin activity (Aggarwal & Calvi, 

2004; Hartl, Boswell, Orr-Weaver, & Bosco, 2007; Unnikrishnan, Gafken, & Tsukiyama, 2010; 

Workman & Kingston, 1998). However, on the local scale there are methylation marks such as 

H3K4me3 that are associated with active transcription (Barski et al., 2007; Zhang, 

Bernatavichute, Cokus, Pellegrini, & Jacobsen, 2009). 

Several marks in particular have been implicated in origin function, including H4K20me1, 

H3K27me3, and H3K4me3 (Cadoret et al., 2008; Cayrou et al., 2015; Costas et al., 2011; Goren, 

Tabib, Hecht, & Cedar, 2008; Rampakakis, Di Paola, Chan, & Zannis-Hadjopoulos, 2009; Smith 

et al., 2016; Tardat et al., 2010). Other marks that are associated with early replication timing 

regions are also under consideration for origin function, especially for early firing origins. These 

marks include H3K5ac, H3K9ac, H3K27ac, H3K56ac, H4K12ac, and H4K16ac (Cayrou et al., 

2015; Costas et al., 2011; Schwaiger et al., 2009; Smith et al., 2016). Several recent reviews 

provide further information about histone marks and origins (Cook, 1999; Corpet & Almouzni, 

2009; Dorn & Cook, 2011; Sherstyuk, Shevchenko, & Zakian, 2014; Unnikrishnan et al., 2010). 

A recent study in mouse analyzed 43 chromatin marks and genomic features to 

comprehensively assess the epigenetic context of origins (Cayrou et al., 2015). They found three 
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classes of origins based not only on their histone mark associations, but also on underlying 

sequence, nucleosome occupancy and transcriptional activity. This type of analysis, which 

includes many genome-wide datasets, is crucial for understanding origin specificity and usage 

and for understanding the variability in origin characteristics.  

 

DNase I hypersensitivity 

 Deoxyribonuclease I (DNase I) is an endonuclease that cleaves single or double stranded 

DNA phosphodiester linkages preferentially at cytosine or thymine nucleotides (Matsuda & 

Ogoshi, 1966). It is often used to find genetic regulatory elements, such as bound transcription 

factors (TFs) because it will digest any DNA that is not protected by a protein (Boyle et al., 

2008; Neph et al., 2012; Sullivan et al., 2014). Regions of chromatin that are particularly 

susceptible to DNase I digestion are called DNase I hypersensitive (DHS) sites and are usually 

considered to reflect regions lacking nucleosomes, or with a particularly open chromatin 

structure.  Such sites are often associated with TF binding, and more recently, origins (Cadoret et 

al., 2008; Hansen et al., 2009; Martin et al., 2011; Urnov, Liang, Blitzblau, Smith, & Gerbi, 

2002). One bioinformatic study found DHS sites to be the strongest determinants of origin firing 

and replication timing, while another found a strong spatial correlation with origin activity 

(Gindin, Valenzuela, Aladjem, Meltzer, & Bilke, 2014; Urnov et al., 2002). Another recent study 

showed that ORC binding occurs in DHS sites and that ORC density drives replication timing 

(Miotto et al., 2016).  

 However, there are a few studies showing a weaker association between DHS and origins. 

One study found that DHS sites associate with origins but are not required for origin formation 

(Mukhopadhyay et al., 2014), while another showed that only early firing origins are enriched 
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for DHS sites (L. D. Mesner et al., 2013). A recent study comparing origins in eight different 

human cell lines did not find DHS sites co-localizing with origins more than with adjacent 

regions (Smith et al., 2016). This was unexpected given the consensus in the literature that 

origins are enriched for DHS. The authors concluded that previous research calculated absolute 

enrichment of DHS at origins, while they compared DHS in both origin and origin-adjacent 

regions to determine DHS enrichment.  

 

 

Current knowledge about replication origins in plants  

 

Why study plants? 

DNA replication research in plants has lagged behind that for yeast and metazoan 

systems. Partially due to its sequence specific origins, S. cerevisiae is a common system for 

replication research, and the implications of DNA replication in relation to human disease has 

created a large mammalian DNA replication research community. While huge strides have been 

made in identifying and characterizing origins in yeast and metazoan systems, this research 

cannot be assumed to be applicable to the plant kingdom. Indeed, developmental differences in 

human cell lines alone preclude blanket assumptions about origin identity and usage in 

metazoans (Besnard et al., 2012; Smith et al., 2016).  

As mentioned above, Arabidopsis is unique in having two copies of ORC1, CDC6, and 

CDT1. To date only the CDT1 proteins have been analyzed and exhibit partial redundancy 

(Domenichini et al., 2012). In addition, Arabidopsis is missing homologs to HBO1 and Geminin 

(Avvakumov et al., 2012; Ballabeni, Zamponi, Moore, Helin, & Kirschner, 2013; Iizuka, Matsui, 
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Takisawa, & Smith, 2006; Lutzmann, Maiorano, & Mechali, 2006; Miotto et al., 2016; Miotto & 

Struhl, 2010, 2011; Shultz et al., 2007). A potential Geminin functional homolog has been 

postulated in Arabidopsis, but has low amino acid homology and needs further study (Caro, 

Castellano, & Gutierrez, 2007a, 2007b). These differences in replication machinery hint at 

unique identity properties or regulatory processes for origin licensing and firing in plants. It 

follows that plant DNA replication origins must be studied in their own right and not assumed to 

follow yeast or metazoan patterns.  

 

Knowledge in the literature 

The only confirmed DNA replication origin in plants is the ori-r9 in the ribosomal RNA 

genes of the garden pea, Pisum sativum (Van't Hof, 1975; Van't Hof, Lamm, & Bjerknes, 1987). 

Later research in carrot somatic embryos used BrdU labeling and fluorescence microscopy to 

localize newly replicated DNA in nuclei, but origins were not experimentally confirmed (Murata, 

Masuda, Nishiyama, & Nomura, 2005).  

Only one genome-wide origin dataset has been published for a plant. This work was done 

in Arabidopsis and used BrdU-seq to find origins, along with ORC1 and CDC6 ChIP-chip, and 

qPCR of SNS products to validate a few of the putative origins identified (Costas et al., 2011). 

Arabidopsis thaliana MMd2 suspension cells (Landsberg erecta ecotype) were used for BrdU-

seq and SNS experiments, while seedlings (Columbia-0 ecotype) expressing either His-ORC1a 

and HA-CDC6a were used for ChIP-chip. A major disadvantage of this protocol is that cells 

were synchronized by sucrose starvation, and then BrdU labeled for an hour.  The length of the 

labeling period likely over labeled the DNA, lowering the resolution of the data. Recent work in 

a Columbia-0 culture has shown S phase to last two hours, and if MM2d cells have a similar S 
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phase duration then an hour pulse is half the length of S phase (Mickelson-Young et al., 2016). 

Additionally, the sequencing results from MM2d BrdU-IP were mapped to the Columbia-0 

reference genome, raising the possibility that nucleotide polymorphism and genome 

rearrangements may have affected the results. 

After mapping, the MACS peak calling algorithm was used on the BrdU-seq dataset to 

find 1,543 origins that also overlap ChIP-chip peaks. The origins were GC rich, associated with 

the 5’ end of genes, and enriched for the histone marks H3K4me2, H3K4me3, H4K5ac, and 

depleted for H3K9me2. The authors were not surprised by this given that their method likely 

enriched for early firing origins that are believed to be in a more euchromatic environment and 

thus not co-localizing with a heterochromatic mark such as H3K9me2.  

This same dataset was recently re-analyzed with a focus on heterochromatic origins 

associating with TEs (Vergara et al., 2017). Using an updated version of the MACS peak calling 

algorithm, 3,230 origins were found, and only those that overlapped a TE were considered for 

further analysis. These origins are predictably different from the original origins described 

considering TEs are mainly located in the centromere and pericentromere. By limiting the dataset 

to origins overlapping TEs, the emphasis is on heterochromatic origins. This localization is 

probably responsible for the enrichment of H3K9me2 and depletion of association with genes at 

origins overlapping compared to the original origins.  

 

Current research 

In this dissertation, a novel origin mapping technique is described and used to identify 

over 5000 likely initiation regions in the Arabidopsis thaliana genome. Relationships between 

the identified initiation regions (IRs) and several genetic and functional features are explored in 
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detail. The method produces genome-wide maps while avoiding the need for cell synchrony or 

enzymatic digestions. Identified IRs are depleted for nucleosomes, anti-correlated with genic 

annotations, and depleted for transcribed sequences.  They are mainly located in non-gene, non-

TE regions of the genome, although there is a significant positive association between IRs and 

the Helitron TE family.   
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Figures  

 

 
 

Figure 1.1 Steps to origin firing. (A) Genetic origin of replication represented by red line. (B) 
Licensing an origin through the formation of the pre-RC. (C) Formation of the pre-IC right 
before S-phase transition. (D) Origins fire and DNA replication begins.  
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Figure 1.2 Genome-wide methods to map origins of DNA replication. (A) ChIP-seq of pre-
RC proteins. (B) SNS, with either lambda exonuclase digestion or BrdU-IP to enrich for 
replicating fragments. (C) Bubble-seq. (D) BrdU-seq. 
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Introduction 
  

This chapter describes the protocol for growing the Arabidopsis cell cultures, 

isolating nascent DNA near initiation sites, histone mark ChIP-seq, and the data analysis of 

the initiation sites and their relationship to genomic features. This method was motivated by 

the unique challenges of plant systems in applying current origin mapping methods. The 

most popular origin mapping method requires a lambda exonuclease digestion, which has not 

been performed satisfactorily in plants at a genome-wide scale. 

 

Arabidopsis suspension cell growth conditions 

 

Arabidopsis thaliana Col-0 suspension cells were grown in 250-mL baffled flasks 

containing 50 mL of growth medium (3.2 g/L Gamborgs B-5 medium, 3mM MES, 3% 

sucrose, 1.1 mg/L 2,4-dichlorophenoxyacetic acid). The cultures were maintained at 23°C 

under continuous light on a rotary shaker (160 rpm). The cells were sub-cultured at a 1:10 

dilution into fresh medium at 7-day intervals (Lee et al., 2010) (Lorenzo Concia, 

unpublished). 

 

 

EdU labeling and isolation of labeled DNA 

 

EdU labeling and cell collection 

At 7 days after subculture, 25 mL of Arabidopsis suspension culture was diluted 1:1 

into fresh medium and grown under standard conditions for 16 hours, which is the point of 
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peak replication activity in these cultures (Lee et al., 2010). Each diluted culture was then 

labeled with 10 µM 5-Ethynyl-2'-deoxy-uridine (EdU) for 30 minutes under the same 

conditions. Cells from 18-24 flasks were collected by pouring the cultures over two layers of 

miracloth, and washed with cold 1X phosphate buffered saline (PBS). Next, the cells were 

scraped off the miracloth and placed in a 1% solution of paraformaldehyde for 10 min, 

swirling occasionally to keep them from settling. Fixation was stopped by the addition of 

glycine to final concentration of 125 mM with a 5-min incubation. The fixed cells were 

poured over two layers of miracloth and washed with 1X PBS. The cells were divided into 

50-mL tubes, with two flasks worth of cells in each tube. The cells were flash frozen in liquid 

nitrogen and stored at -80°C. For each biological replicate 24 flasks were used. 

 

Nuclei isolation  

All nuclei isolation steps were performed at 4°C. Frozen cell pellets were placed in a 

commercial blender (Cuisinart SmartPower® Series Model SPB-7BK) with Lysis Buffer (15 

mM Tris-HCl, pH 7.5; 2 mM EDTA; 80 mM KCl; 20 mM NaCl; 0.1% Trition X-100; 15 

mM ß-mercaptoethanol pH 7.5). The cells were lysed using the CHOP setting for 60 sec total, 

with a 30-sec rest after 30 sec of lysing, and then incubated for 5 min. The crude nuclei 

extract was poured through three consecutive nylon mesh filters of 100 µm, 50 µm, and 30 

µm. The filtrate was divided into 20-mL aliquots and centrifuged at 400 g for 5 min at 4°C to 

pellet the nuclei. The supernatant was removed and the nuclei were resuspended by pipetting 

50 times in 1X Extraction Buffer (2 M hexylene glycol; 20 mM PIPES-KOH, pH 7; 10 mM 

MgCl2; 5 mM ß-mercaptoethanol) (Lee et al., 2010).  
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Percoll purification of nuclei 

The Percoll gradient protocol from Folta and Kaufman was followed with minor 

modifications (Folta & Kaufman, 2006). Percoll gradients were built by layering 12 mL of 

30% Percoll (P1644 Sigma) on top of 6 mL of 80% Percoll in a 50-mL glass (Pyrex #8422) 

centrifuge tube. The 30% and 80% Percoll suspensions were made by diluting 100% Percoll 

with 5X Gradient buffer (2.5 M hexylene glycol; 25 mM PIPES-KOH, pH 7; 50 mM MgCl2; 

5% Trition X-100; 25 mM ß-mercaptoethanol). The resuspended nuclei were adjusted to a 

25-mL volume with 1X Extraction Buffer and layered on top of a Percoll gradient with a 

glass pipette. The gradient was centrifuged at 1500 g for 30 min at 4°C. The nuclei were 

collected at the 30/80% Percoll interface using a glass pipette, transferred to a clean glass 

tube, and resuspended in 1X Gradient Buffer (0.5 M Hexylene glycol; 5 mM PIPES-KOH, 

pH 7; 10 mM MgCl2; 1% Trition X-100; 5 mM ß-mercaptoethanol) to 15-mL final volume. 

A Percoll cushion was made by sublayering the nuclei with 6mL of 30% Percoll and 

centrifuging at 1500 g for 10 min at 4°C. The supernatant was removed, and the nuclei were 

resuspended in approximately 2 volumes of Modified Lysis Buffer (15 mM Tris-HCl, pH 

7.5; 80 mM KCl; 20 mM NaCl; 0.1% Trition X-100, pH 7.5; 1 Complete Mini PI tablet 

(Roche 11836153001, a protease inhibitor tablet) per 10 mL of buffer) before transfer to 2-

mL micro-centrifuge tubes.  

 

Conjugation of AF488 to EdU 

The nuclei in Modified Lysis Buffer were centrifuged at 200 g for 5 min at 4°C. The 

supernatant was removed and the nuclei were pooled and resuspended in 1 mL of Click-it 

Reaction Mix (Click-iT®EdU Alexa Fluor-488 kit, Life Technologies) per 4 flasks of cells in 
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a 15-mL falcon tube. The samples were incubated in the dark for 30 min at room temperature. 

The nuclei were then aliquoted into 2-mL micro-centrifuge tubes and centrifuged at 400 g for 

5 min at 4°C. The supernatant was removed and the nuclei pellet was resuspended in Lysis 

Buffer made with protease inhibitor tablet (1 C0mplete Mini PI tablet (Roche 11836153001, 

a protease inhibitor tablet) per 10 mL of buffer). The nuclei were combined into one 15-mL 

flacon tube and stored in the dark at 4°C overnight.  

 

Two parameter flow cytometry 

After overnight storage, the nuclei were resuspended by pipetting, divided into 2-mL 

micro-centrifuge tubes and centrifuged at 200 g for 5 min at 4°C. The supernatant was 

removed, and the nuclei were resuspended in 8-12 mL Lysis Buffer containing 2 µg/mL 4',6-

diamidino-2-phenylindole (DAPI) and filtered through a 20-µm filter. The nuclei were sorted 

by flow cytometry into 1X STE buffer (100 mM NaCl; 10 mM Tris-Cl, pH 8.0; 1 mM 

EDTA). The sorting gates were based on EdU incorporation (Alexa Fluor 488 (AF488) 

fluorescence) and DNA content (DAPI).  

All nuclei collected have 2C DNA content, and Gap 1 (G1) nuclei are not replicating 

and so do not have incorporated EdU.  Nuclei in very early S phase (VE) have incorporated 

ten-fold higher levels of EdU than G1 nuclei, while nuclei in early S phase (E) have ten-fold 

higher levels of EdU incorporation than VE nuclei. Three biological replicates were sorted 

with 125,000 to 130,000 nuclei from VE, 400,000 to 460,000 nuclei from E, and 500,000 

nuclei from G1 for each biological replicate. Sorting times ranged from 12-16 h. The sorted 

nuclei were stored at -20°C. 
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DNA isolation for AF488 IP 

The sorted nuclei were thawed on ice and centrifuged at 800 g for 10 min at 4°C. 

Equal volumes of Reverse Crosslinking Mix (per 500 µL mix: 356 µL 1X STE, 100 µL 0.5M 

EDTA, 34 µL 30% SLS, 10 µL 26.7 mg/mL Proteinase K) were added to the nuclei and 

incubated for 1 hour at 42°C. The samples were then incubated overnight at 65°C, after 

which an RNase A treatment was added, 2 µL of 29.9 mg/mL RNase A per 1 mL of sample, 

and incubated for 1 h at 37°C. Next the samples were treated with phenylmethylsulfonyl 

fluoride (PMSF), 40 µL of 0.1 M PMSF was added per 1 mL of sample and incubated for 40 

min at room temperature.  

Total DNA samples were aliquoted by 500 uL of sample into DNA LoBind micro-

centrifuge tubes (Z666548 Sigma) and extracted using a phenol:chloroform protocol. 

Phenol:chloroform:IAA (25:24:1) (500 µL) was added to each micro-centrifuge tube of 

PMSF-treated DNA. The samples were vortexed and centrifuged at 15000 rpm for 5 min at 

room temperature. The top layer containing the DNA was moved to a new tube. Then, 1X 

STE (100 µL) was added to the original tube with phenol:chloroform to capture any residual 

DNA. The solution was vortexed to remix and centrifuged at 15000 rpm for 5 min at room 

temperature. The top layer was transferred to the first tube containing DNA, and the pooled 

sample was extracted twice with 600 and 700 µL chloroform for the first and second 

extractions, respectively. The samples were vortexed and centrifuged at 15000 rpm for 5 min 

at room temperature, and the top layer containing the DNA was moved to a new tube. 

Another 100 µL 1X STE was added to the tube containing chloroform, vortexed to remix, 

and centrifuged at 15000 rpm for 5 min at room temperature. The top layer containing the 

DNA was added to the first tube, and 8 uL of 15-mg/mL glycol blue (final concentration 150 



 48 

µg/mL), and 88 uL of 3 M NaOAc, pH 7 (final concentration 0.3 M NaOAc, pH 7) was 

added to the 800-µL DNA sample. Chilled 100% isopropanol (0.6 v/v) was added to 

precipitate the DNA at -20°C for 4 h. The DNA was pelleted by centrifugation at 15000 rpm 

for 30 min at room temperature, and the supernatant was discarded. The DNA pellet for each 

sample was washed twice with 1 mL of chilled 70% ethanol and centrifuged at 15000 rpm 

for 15 min at room temperature between each wash. The DNA pellet was dried using a 

vacuum rotor at medium heat for 5-10 min. Each pellet was resuspended in 125 µL of TE (10 

mM Tris-Cl, pH 8.0; 1 mM EDTA). The resuspended DNA sample was sheared to 

approximately 250 bp with a Covaris S220 Ultrasonicator, using the SonoLab 6 software, 

with the following parameters: intensity 5, duty cycle 10, cycles per burst 200, time per 

treatment 60 sec, number of treatments 3. 

 

Immunoprecipitation of conjugated EdU-AF488 

The sheared DNA was diluted 1:1 in ChIP Dilution Buffer (167 mM NaCl; 16.7 mM 

Tris-HCl, pH 8; 1.2 mM EDTA; 1.1% Triton X-100) and pre-cleared of non-specific binding 

fragments with 20 µL of Dynabeads Protein G beads (ThermoFisher Scientific 10004D) per 

sample. The beads were captured by a magnet and washed three times with 500 µL of ChIP 

Dilution Buffer. After the third wash, the beads were resuspended in 280 µL of ChIP 

Dilution Buffer and added to the sample containing DNA. The sample and beads were 

incubated on a nutator for 1 h at 4°C. The beads were captured using a magnet for two 2 min, 

and the pre-cleared DNA was moved to a new tube. An anti-Alexafluor488 antibody (5 µL, 

Molecular Probes™, #A-11094) was added to each tube, and the samples were incubated 

overnight on a nutator at 4°C. The next day, 25 µL of beads were washed three times using 
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the method described above, resuspended in 100 µL of ChIP Dilution Buffer, and added to 

the samples. The beads were incubated with the DNA/antibody mixture on a nutator for 2 h 

at 4°C and then captured using a magnet before removal of the unbound DNA supernatant. 

The beads were then washed three times, once quickly and twice with 5 min incubations on a 

nutator at 4°C, with each of the following buffers, in this order: Low Salt Wash (150 mM 

NaCl; 0.1% SDS; 1% Trition X-100; 2 mM EDTA; 20 mM Tris-HCl, pH 8), High Salt Wash 

(500 mM NaCl; 0.1% SDS; 1% Trition X-100; 2 mM EDTA; 20 mM Tris-HCl, pH 8), LiCl 

Wash (0.25M LiCl; 1% NP-40; 1% sodium deoxycholate; 1 mM EDTA; 10 mM Tris-HCl, 

pH 8), and TE Buffer (1 mM EDTA; 10mM Tris-HCl, pH 8) (Lee et al., 2010). 

 

DNA purification after AF488 IP 

After the washing steps, the DNA was eluted off of the beads by incubation in 200 µL 

of Elution Buffer (1% SDS, 0.1 M Sodium bicarbonate) for 15 min at 65°C. This step was 

repeated resulting in a final elution volume of 400 µl. The eluted DNA was purified using a 

Qiagen PCR Purification kit (28106) according to manufacturer’s centrifuge (not vacuum 

pump) instructions. The DNA was eluted off the column by incubating with 30 µL of Qiagen 

EB buffer, warmed to 37°C, on the column for 1 min. The DNA was stored at -20°C until 

library preparation. Due to the low EdU incorporation and low nuclei count in VE, the 

AF488-IP-ed DNA was not quantified prior to library preparation to conserve product. 
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Chromatin immunoprecipitation 

 

Chromatin extraction 

Arabidopsis suspension cells were grown and fixed as described above but without 

EdU labeling. For every biological replicate one-half flask was used. The cells were flash 

frozen in a pre-chilled mortar and ground to a powder under liquid nitrogen, and the cell 

powder was stored in a 50-mL falcon tube at -80°C. To extract chromatin, the cell powder 

was suspended in 30 mL Extraction Buffer 1 (0.4 M sucrose; 10 mM Tris-HCl, pH 8; 10 mM 

MgCl2; 5 mM ß-mercaptoethanol; 100 mM PMSF; c0mplete Tablet (04693116001 Roche, a 

protease inhibitor tablet)) to a final 50-mL volume and incubated at 4°C for 30 min on a 

rocker or until clumps disappeared. The sample was poured over two layers of miracloth, and 

the filtrate was centrifuged at 3000 rpm for 20 min at 4°C. The pellet was resuspended in 1 

mL Extraction Buffer 2 (0.25M sucrose; 10 mM Trish-HCl, pH8; 10 mM MgCl2; 1% trition; 

5 mM ß-mercaptoethanol; 0.1M PMSF; c0mplete Tablet (04693116001 Roche, a protease 

inhibitor tablet)) and centrifuged at 12000 g at 4°C for 10 min. The pellet was then 

resuspended in 400 µL Extraction Buffer 3 (1.7 M sucrose; 10 mM Trish-HCl, pH8; 2 mM 

MgCl2; 0.15% trition; 5 mM ß-mercaptoethanol; 100 mM PMSF; c0mplete Tablet 

(04693116001 Roche, a protease inhibitor tablet)) and layered on a 400 µL cushion of 

Extraction Buffer 3 and centrifuged at 16000 g at 4°C for 1 h (Lee et al., 2010). The resulting 

chromatin pellet was resuspended in 200 µL of Nuclei Lysis Buffer (50 mM Tris-HCl, pH 8; 

10 mM EDTA; 1% SDS; c0mplete mini Tablet (04693159001 Roche, a protease inhibitor 

tablet)) and sheared to approximately 250 bp with a Covaris S220 Ultrasonicator, using 
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SonoLab7 software, with the following parameters: peak incident power 200, duty cycle 10, 

cycles per burst 200, time per treatment 60 sec, number of treatments 3. 

 

Immunoprecipitation of histone post-translational modifications 

Sheared chromatin was transferred to 1.5-mL micro-centrifuge tubes and centrifuged 

at 12000 g for 10 min at 4°C. A 10-µL fraction of the supernatant for the input control was 

transferred to a new tube and stored at -20°C to serve as an input control. The remaining 

supernatant (110-120 µL) was transferred to a new micro-centrifuge tube and diluted 1:10 

(v/v) with ChIP Dilution Buffer (16.7 mM Tris-HCl, pH 8; 1.2 mM EDTA; 167 mM NaCl; 

1.1% Trition). The chromatin was pre-cleared with ChIP Dilution Buffer by adding 40 µL of 

Dynabeads Protein G beads (ThermoFisher Scientific 10004D) to each sample. The beads 

were captured by a magnet and washed three times with 500 µL of ChIP Dilution Buffer. 

After the third wash, the beads were resuspended in 50 µL of ChIP Dilution Buffer and 

added to the sample containing chromatin. The sample and beads were incubated on a nutator 

for 1 h at 4°C. The beads were then captured for two min, and the pre-cleared DNA was 

moved to a new tube. The appropriate primary antibody was added and the samples were 

incubated overnight on a nutator at 4°C. The antibody volumes were: anti-H4K5ac (Abcam 

ab51997) 4 µL, anti-H3K27ac (Abcam ab4729) 1 µL, anti-H3K9ac (Abcam ab12179) 4 µL. 

The next day, 50 µL of the beads were washed three times using the method described above, 

resuspended in 50µL of ChIP Dilution Buffer, and added to the samples. The beads were 

incubated with the DNA and antibody on a nutator for 2 h at 4°C. The beads were captured 

and the unbound DNA supernatant was removed. The beads were then washed three times 

each, once quickly and twice with 5 min incubations on a nutator at 4°C, with the following 
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buffers (in this order): Low Salt Wash (150 mM NaCl; 0.1% SDS; 1% Trition X-100; 2 mM 

EDTA; 20 mM Tris-HCl, pH 8), High Salt Wash (500 mM NaCl; 0.1% SDS; 1% Trition X-

100; 2 mM EDTA; 20 mM Tris-HCl, pH 8) , LiCl Wash (0.25 M LiCl; 1% NP-40; 1% 

sodium deoxycholate; 1 mM EDTA; 10 mM Tris-HCl, pH 8), and TE Buffer (1 mM EDTA; 

10 mM Tris-HCl, pH 8) (Lee et al., 2010). 

 

DNA purification 

After washing, the chromatin was eluted from the beads by incubating in 250 µL of 

Elution Buffer (1% SDS, 0.1 M Sodium bicarbonate) for 15 min at 65°C. This step was 

repeated, resulting in a final volume of 500 µL. The crosslinks were reversed overnight in a 

65°C water bath.  

The next day, the DNA was purified using RNase A and Proteinase K treatments. The 

following reagents were added in order to each sample: 20 µL 1 M Tris-HCl, pH 6.5; 10 µL 

0.5 M EDTA; 1 µL 10 mg/mL RNase A. The samples were then incubated at 37°C for 1 h. 

Next, 1 µL of 26.7 mg/mL Proteinase K was added and the sample incubated at 42°C for 1 h. 

The DNA was then purified using a Qiagen PCR Purification kit (28106) following the 

directions for using a centrifuge. The DNA was eluted from the column by incubating 40 µL 

of Qiagen EB buffer on the column for 1 min followed by centrifugation. DNA was stored at 

-20°C until library preparation. 
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Differential nuclease sensitivity assay 

 

Cell collection, nuclei isolation  

 Arabidopsis suspension cells were grown and fixed as described for the ChIP-seq 

experiments. Four biological replicates were collected and nuclei were isolated using the 

blending and Percoll method described for the AF488 experiment. After the second Percoll 

gradient, the nuclei were placed in a 15-mL tube and brought to 15 mL volume with MNase 

Digestion Buffer (50 mM HEPES pH7.6; 12.5% glycerol; 25 mM KCl; 4 mM MgCl2; 1 mM 

CaCl2). Nuclei were washed twice by centrifuging at 2000 g for 15 min at 4°C and the 

supernatant discarded. Nuclei pellets were then resuspended in 500µL MNase Digestion 

Buffer per flask of cells and flash frozen for 80°C storage.  

 

Digestion, library prep and sequencing 

MNase digestion profiles of light, moderate, and heavy digests were done in four 

biological replicates following the Vera et. al 2014 protocol. Libraries were prepared from 

non-size-selected MNase digests with the NEBNext Ultra II kit, modifying the size-selection 

parameters to retain small fragments in the light digest, and to keep moderately-large 

fragments in all libraries (<1000 bp, but note that small fragments always are 

overrepresented). Libraries were amplified using eight rounds of PCR. Aliquots of light 

replicates for a given digestion level were pooled and size selected with a pippin HT to 

remove adapter dimers. The light, moderate, and heavy pools were pooled to make a single 

library pool which was quantified by qPCR and sequenced on one lane of an Illumina HiSeq 

2500 rapid-run flow cell using paired-end 50 sequencing.  
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Data analysis 

 

Software 

All data were hosted at iPlant, now Cyverse (http://www.cyverse.org/), and then 

loaded onto the Stampede supercomputer at the Texas Advanced Computing Center (TACC) 

(Goff et al., 2011). Data were analyzed on the Stampede supercomputer or locally on a Mac 

OSX 10.12.3 machine. The following software versions were used for analysis: 

• Fastqc/0.11.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

• Cutadapt/1.11 (https://github.com/marcelm/cutadapt, (Martin, 2011)) 

• Bwa/0.7.12 (https://arxiv.org/pdf/1303.3997.pdf, https://github.com/lh3/mem-paper/) 

• Samtools/1.2 and /0.1.19 (http://www.htslib.org/, (Li et al., 2009)) 

• deepTools/2.3.5 (https://github.com/fidelram/deepTools, (Ramirez et al., 2016)) 

• bedTools/2.25.0 (https://github.com/arq5x/bedtools2, (Quinlan, 2014; Quinlan & Hall, 

2010)) 

• kentUtils (https://github.com/ENCODE-DCC/kentUtils) 

• R/3.3.1 (R Core Team (2013). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. URL 

http://www.R-project.org/) 

• RStudio/1.0.44 (RStudio Team (2015). RStudio: Integrated Development for R. 

RStudio, Inc., Boston, MA URL http://www.rstudio.com/.) 

• Python/2.7.12 (Python Software Foundation, https://www.python.org/) 

• GenometriCorr/1.1.17 (http://genometricorr.sourceforge.net/, (Favorov et al., 2012)) 

• Lorenzo Concia R script for local maxima (Lorenzo Concia, unpublished) 
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Read pre-processing and merging biological replicates 

Reads were trimmed of adapter sequences and reads shorter than 40 bp were 

discarded (Cutadapt/1.11). Reads were mapped to the Arabidopsis reference genome 

(TAIR10) using the bwa mem algorithm (BWA/0.7.12) default settings. PCR duplicates and 

improperly paired reads were removed (samtools/1.2 and /0.1.19). The final number of reads 

and the coverage for each biological replicate were calculated, and the correlation between 

biological replicates was calculated in 5-kb bins using Spearman’s correlation 

(deepTools/2.3.5). The AF488-IP biological replicates had correlation coefficients greater 

than 0.97 within each sorting gate, but no greater than 0.81 between the different gates. This 

shows the high correlation in biological replicates from each sorting gate and the low 

correlation between sorting gates. The MNase biological replicates for the heavy digestion 

had Spearman correlation coefficients greater than 0.93, the moderate digestion greater than 

0.76, and the light digestion greater than 0.86. The third biological replicate in H3K5ac did 

not correlate well to the other replicates, therefore the third biological replicate was dropped 

from all histone mark experiments. The three remaining biological replicates, for each mark 

independently, had correlation coefficients greater than 0.86. Due to the high correlation 

values, all the biological replicates from the AF488-IP and MNase digestions were merged, 

and three replicates from the ChIP experiments were merged (samTools/1.2). 

 

Read depth normalization, and sequenceability normalization 

After merging the biological replicates for each experiment, the read coverage was 

normalized to 1X (deepTools/2.3.5), and sample read coverage was normalized to total G1 

DNA reads (from sorted AF488 experiment) or total genomic input (ChIP-seq and MNase-
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seq samples) using 1 kb, 300bp or 20 bp bins. It is worth noting that this normalization 

process results in similar signal ranges for VE and E signal even though there is 

approximately tenfold higher EdU incorporation in E than VE nuclei. The ChIP-seq data 

were analyzed using both 300 bp and 1 kb bins, in order to visualize both individual 

nucleosomes and local chromatin trends. The MNase-seq data were analyzed using 20 bp 

bins. 

Prior to read normalization, the MNase-seq data from each level of digestion was 

subsetted by read length; reads 140-200 bp in length and 1-140 bp were independently 

analyzed. This allowed the analysis of total chromatin accessibility (when using all reads), 

nucleosome positioning (when only considering reads 140-200bp in length, which is 

approximately the length of DNA bound by a nucleosome) and sub-nucleosome sized protein 

binding (when only including reads less than 140 bp). To measure differential chromatin 

sensitivity to MNase digestion, the total normalized read signal from the heavy digestion was 

subtracted from the total normalized read signal from the light digestion. The difference 

between the heavy and light digestion gives a genome-wide map of differential nuclease 

sensitivity (Vera et al., 2014). 

 

Identifying local maxima   

Local maxima were defined with a custom R script using VE EdU signal data within 

a 15.3-kb window, divided into 51 300-bp bins. The 15.3-kb window was moved in 300-bp 

steps along the genome. When the center bin contained the highest signal in the 15.3-kb 

window, that 300-bp bin was called a local maximum.  



 57 

Many window sizes for calling local maxima were assessed. The number of local 

maxima returned as a function of the size of the window was plotted and a logarithmic 

pattern observed (Figure 2.2.A). The 15.3-kb window size was chosen to balance being 

conservatively into the plateau without losing true local maxima. Another reason to use a 

15.3 kb window was that average plot analysis of EdU signal at local maxima showed that 

regardless of the size of the window in the plateau region, the average peak width around 

local maxima was approximately 15 kb wide (Figure 2.2.B). 

After identifying local maxima using the 15.3-kb window, several filtering steps were 

applied. Nineteen local maxima that overlapped gaps in the genome assembly were excluded 

because these regions are favorable to mapping due to their N designation which could cause 

an artefactual increase in coverage that confounds this method. Thirteen local maxima were 

excluded in low coverage regions (G1 ratio signal < 0.01) and in a 7500-bp total flanking 

area around the low coverage regions, in order to ensure that at least half of the window used 

to identify local max is not low coverage. This resulted in 5597 total local maxima identified.  

 

Defining initiation regions 

The local maxima were then divided into quartiles using the VE EdU signal intensity, 

with the bottom quartile of local maxima being analyzed separately from the rest of the local 

maxima. The signal values for the bottom quartile of local maxima ranged from 0.2368 to 

0.9194 and contained 1,400 local maxima. The top three quartiles of local maxima were 

combined and had a range of signal intensity between 0.9195 to 10.42 and contained 4,197 

local maxima. Since the local maxima are presumed to be close to DNA replication origins, 

they are called initiation regions, or IRs. The local maxima in the top three quartiles were 
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called strong signal initiation regions, or sIRs, while the bottom quartile was called weak 

signal initiation regions, or wIRs. 

 

Distribution of IRs among and across the chromosomes 

Unix commands, bedTools, and R were used to calculate and graph the number of IRs 

per chromosome length, the next nearest IR, the distance from each IR to the centromere, and 

the coverage of IRs in 10% bins from the centromere to the end of the chromosome arm. 

BedTools and IGV was used to create a density map of IR coverage in 100-kb static bins.  

 

AT content of IRs 

The bedTools nuc program calculated the nucleotide content of the IRs, the 

nucleotide content of each 300-bp bin in the Arabidopsis genome, and of the putative origins 

described by Costas et al. (Costas et al., 2011). The R program in RStudio was used to plot 

the distribution profiles of AT content within each set of sequences. The AT contents at and 

around each of the IRs, as well as for regions in shuffled datasets used as controls, were 

plotted using the deepTools suite. To determine if the AT content of IRs was significantly 

higher than the genome content, a t-test bootstrapped around the means of both the genome 

and IRs was employed.  

The mean AT content of the local maxima was higher than the 95% confidence 

interval around the genome AT content mean, leading to the conclusion that the mean AT 

content for the local maxima is statistically higher than the mean AT content of the 

Arabidopsis genome. The opposite was true for the Costas 2011 origins, which were below 

the 95% confidence interval for genome AT content.  
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Generating shuffled datasets 

To compare the IRs to random genomic regions, 10 independent random genomic 

datasets were generated based on IR criteria designed to make them comparable to IRs in  

size (300 bp) and number (4197  for sIRs or 1,400 for wIRs), using bedTools shuffle. 

Because of the significantly higher AT content of IRs in comparison to the Arabidopsis 

genome, 10 additional independent random datasets were generated from regions in the 

genome that fall within the interquartile range of AT content for each set of IRs, while the 

IRs themselves were excluded. These shuffled datasets allowed for the comparison of the IRs 

to datasets with comparable AT content, in order to determine the effect of high AT content 

alone. These datasets are referred to as CAT (Comparable AT) datasets, 

 

Average analysis plot of EdU incorporation, AT content, histone marks and nucleosomes  

Average plot profiles were created with the deepTools suite. The AT content and EdU 

incorporation profiles were averaged in 300-bp bins and plotted across a 30-kb window 

(Figurse 3.5.B and C, 2.2.B, and 3.3). The MNase digestion data were averaged in 20-bp bins 

over a 12-kb window (Figures 3.12, 3.13, 3.14, 3.15, 3.16.A and B). The epigenetic histone 

mark data were averaged in both 300-bp and 1-kb bins and plotted across a 30-kb window 

(Figure 3.17). Image resizing and labels were refined using Adobe Illustrator CS6. 

 

Relationship to genomic features 

Relative and absolute distance, K-S tests, Jaccard tests, and projection tests were 

performed using the GenometriCorr R Package (Favorov et al., 2012).   
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Figures 

 

 

 

Figure 2.1 Schematic of Percoll purification. 
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Figure 2.2 Effect of window size on the number of local maxima identified and the EdU 
incorporation profile of local maxima. (A) The number of local maxima called as a 
function of the window size used to call local maxima. (B) Average plot analysis of VE EdU 
signal at local maxima called with various window sizes. 
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Introduction to a new origin mapping protocol 

 

This section introduces the new method developed to map origins and gives an 

explanation for several important steps. Nascent DNA is labeled and immunoprecipitated 

from nuclei as they enter S phase to capture newly synthesized DNA at initiation sites. A 

flow chart of the major steps is outlined in Figure 3.1.A.  

 

Nuclei preparation and flow sorting  

Suspension cultures were diluted 1:1 into fresh media and allowed to incubate for 16 

hours, which is where replication activity in these cultures peaks (Lee et al., 2010). The 

cultures were then labeled with 5-Ethynyl-2'-deoxy-uridine (EdU) for 30 minutes, followed 

by fixation and nuclei isolation. The EdU incorporated into DNA was conjugated to 

AlexaFluor-488 (AF488). Nuclei were then sorted by a flow cytometer on the basis of total 

DNA content, as measured by DAPI fluorescence, and EdU incorporation, as measured by 

AF488 fluorescence. 

The cell cycle profile of the cell culture is represented by a flow cytometry snapshot 

image (Figure 3.1.B). The G1 and G2 nuclei populations are separated by their DNA content 

(also seen in the DNA content histogram Figure 3.1.C) and sit near the bottom of the profile 

due to their lack of EdU incorporation. The nuclei in S phase have high EdU incorporation 

because they are replicating and are in a cloud spanning between the G1 and G2 DNA 

contents. The nuclei at the top of the S-phase cloud with DNA content similar to G1 were 

considered to be in early (E) S phase. The nuclei above the G1 nuclei with less EdU 

incorporation than E nuclei are considered to be in very early (VE) S phase. The lower levels 
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of EdU incorporation in these nuclei means they must have initiated DNA replication during 

the EdU pulse, hence, the labeled DNA in VE nuclei should be closer to initiation regions 

than that in E nuclei. 

 

AF488 Immunoprecipitation, sequencing and signal processing 

DNA from sorted nuclei was purified, immunoprecipitated and sequenced. 

Replication signals were divided into 300-bp bins and normalized to the G1 reference to 

control for collapsed repeats and variations in sequenceability. Separately visualizing the 

EdU incorporation signal from the two S-phase gates shows broad regions of enrichment in E, 

but sharper, more discrete peaks in VE (Figure 3.1.D, E).  

 

Defining initiation regions by EdU signal quartile 

Local maxima in the sequencing signal for the AF488-IP DNA from the VE flow 

sorting gate were identified using a 15.3-kb sliding window with 300-bp steps, and analyzed 

as candidates for regions in which DNA replication initiates at the beginning of S phase 

(Figure 3.1.D, E, bottom tract; Figure 3.2, second tract). Local maxima were divided into 

quartiles on the basis of the strength of the VE sequencing signal. The top three quartiles 

were combined and are designated as strong initiation regions (sIRs), while the bottom 

quartile of local maxima are referred to as weak initiation regions (wIRs) (Figure 3.2). 

Both the VE and E EdU signals decrease from the distal arms to the centromere. This 

pattern resembles previous replication timing studies in Arabidopsis in which the “Early” 

replicating signal was highest in the distal arms and decreased towards the centromere (Lee 

et al., 2010) (Lorenzo Concia, unpublished). Given that the current method was designed to 
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capture early firing origins, it was not surprising that VE signal has a similar chromosomal 

profile to E signal. Consistent with the low VE signal in the centromere, most of the wIRs 

localize to the centromere. It is not clear whether the wIRs are real initiation regions or 

background. As will be seen below, there are marked differences between the wIRs and sIRs, 

which could be due to the low signal IRs coming from noise, or because initiation regions in 

the heterochromatic centromeres are organized or behave differently than those in 

euchromatic arms.  

 

EdU incorporation at VE and E-phase time points   

 The change in EdU incorporation at and around the IRs was compared during VE and 

ES in an average analysis plot. The sIRs are enriched in EdU compared to flanking regions in 

VE but in E there is no enrichment, suggesting that initiation occurred in VE and replication 

of those regions completed by ES (Figure 3.3.A).  In contrast, the level of EdU incorporation 

during E is stable around the wIRs, even though it is enriched above the G1 control, 

suggesting that even if wIRs are true initiation regions, elongation has not begun (Figure 

3.3.B).  

 Similar plots were generated for ten sets of randomly generated genomic sequences 

(genomic shuffle datasets) and 10 sets of sequences of comparable AT (CAT) content to the 

IRs. These plots showed that the sIRs are enriched for EdU incorporation relative to both the 

shuffled genomic regions and the CAT regions in VE (Figure 3.3.C). The CAT regions show 

a less pronounced increase in EdU incorporation that is wider than the VE local maxima and 

dips to the genomic shuffle level. EdU incorporation of the wIRs is depleted relative to the 

shuffled genomic regions and the CAT regions (Figure 3.3.D).  
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 During E S phase, EdU incorporation is lower and displays a different pattern, which 

is unsurprising since most replication has already initiated in these locations. The sIRs have a 

narrow peak of enrichment of EdU incorporation in a generally stable region of signal. The 

CAT regions also have a small peak within fairly uniform regions of EdU incorporation 

(Figure 3.3.E). Similar to EdU incorporation in VE, incorporation in ES at the wIRs is lower 

than the genomic shuffle and CAT regions (Figure 3.3.F). 

 

 

Inter and intra-chromosomal distribution of IRs 

 

A positive linear relationship exists between the length of each Arabidopsis 

chromosome and the number of sIRs on each chromosome (Figure 3.4.A). The wIRs display 

very little association between chromosome length and number of wIRs, which is likely due 

to their localization to the centromeres which are similar sizes in all chromosomes. A 100-kb 

bin heat map of IR coverage shows the wIR clustered at the centromeres and the sIR depleted 

at the centromeres (Figure 3.4.C). This is consistent with the replication timing profile of 

Arabidopsis and the use of two parametric flow sorting VE gate to identify early replicating 

regions. Centromeric regions replicate during late S phase (Lorenzo Concia, unpublished), 

and it is expected that these regions would be depleted for early firing origins.  

To explore further the relationship between IRs and the centromere, each 

chromosome arm was divided into 10 bins, irrespective of arm length, and coverage by IRs 

was calculated for each bin relative to its distance from the centromere (Figure 3.4.B). An 

advantage of this analysis is that the distribution of IRs is normalized for asymmetry that 
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exists for chromosomes II and IV where the centromere location is in not in or near the 

middle of the chromosome. The distribution of coverage for each window mirrors the pattern 

seen in the density heat maps, with the wIRs clustered in the first two windows nearest the 

centromere and the sIRs are less abundant in these windows, and the sIRs concentrated in the 

distal arms (Figure 3.4.C) 

 

 

AT content   

 

Bootstrapping 

The percent AT content was calculated for both sIRs and wIRs as well as for each 

300-bp bin across the Arabidopsis genome. The distributions are displayed as box plots in 

Figure 3.4.A. The mean AT-content values for the entire genome, wIR, and sIR are 63.9%, 

66.8%, and 70.0%, respectively. Bootstrap analysis showed that mean AT content is 

significantly higher for both sIRs and wIRs compared to the genome as a whole. 

 

AT content average analysis plot 

To compare IRs to randomly selected regions in the genome, 10 independent, random 

datasets were generated from the entire genome for each set of IRs, and the AT content 

distribution for each dataset was plotted (Figure 3.5.A, grey boxes). Given that EdU is a 

thymidine analog, using it to label nascent DNA raises concerns of AT bias in the data due to 

higher labeling efficiency of AT-rich DNA potentially increasing the immunoprecipitation 

efficiency of AT-rich fragments. To address this possibility, 10 independent, random datasets 
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were generated for genomic regions with an AT content within the IR’s interquartile range 

(IQR). These comparable AT (CAT) datasets allow for the comparison of the AT-rich IRs to 

other comparably AT-rich regions as a comparison for the effect of high AT content. This 

comparison was done for both the sIR and wIR, and the AT content distribution was plotted 

for each CAT comparison dataset (Figure 3.5.A, light grey boxes).  

Average plot analysis of AT content around the IRs and each shuffled dataset showed 

that both the wIR and sIR are AT-rich and flanked by ± 7 kb of GC-rich sequences while 

CAT regions are not flanked by GC-rich regions (Figure 3.5.B and C). This suggests that AT 

content at the IR site does not, by itself, define an initiation region, and that AT to GC 

nucleotide skew on a 30-kb scale may be a hallmark of initiation sites. The wIR displayed a 

narrower and less AT-rich footprint, and has a slightly higher flanking GC content than the 

sIR. This is likely due to their location in pericentromere and centromere regions which have 

lower AT content overall.  

 

 

Genomic features  

 

This section evaluates the relationship between IRs and genomic features such as 

genes, TEs, replication timing, chromatin state maps, and DNase I hypersensitive sites.  
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Araport 11 annotations 

The updated Araport 11 annotations were used to explore the relationship between 

genic features and IRs (Cheng et al., 2017). The percent of the Arabidopsis genome and of 

each set of IRs covered by each feature was calculated and plotted in a bar graph (Figure 3.6).  

Three types of statistical tests were used to quantify the relationships between IRs and 

each annotation – a relative distance test, a projection test and a Jaccard test (Favorov et al., 

2012). The Kolmogorov-Smirnov (K-S) test compares the relative distances between a query 

and a reference set of genomic regions. When combined with permutation analysis, it 

produces a p-value to determine the level of independence between the datasets and plots an 

Empirical Distribution Cumulative Function (EDCF), from which a correlation-like measure 

is calculated to show the direction of correlation. The projection test is a two-sided binomial 

test, which looks at the probability of the query dataset intersecting the reference dataset, 

compared to the null expectation of random intersection. The Jaccard approach is a 

permutation test between intervals that looks at the correlation of overlap between the query 

and reference datasets as a ratio of their intersection and union. 

To explore asymmetry in correlations, the IRs and annotations were interchanged as 

query and reference for each test. For example, when the sIRs were the query and genes were 

the reference, it was found that the sIRs are farther away from genes and intersect/overlap 

genes less than expected. When the genes were the query and the sIR were the reference, it 

was found that genes are also farther away from sIRs and intersected/overlap less than 

expected. (Table 3.1) The overall pattern for both sIRs and wIRs with respect to genic 

annotations is that they are anti-correlated. There is also a corresponding enrichment of IRs 

in non-genic, non-TE regions.  
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Transcription  

There are many reports linking gene transcription with origin activity (Cadoret et al., 

2008; Danis et al., 2004; Dellino et al., 2013; Karnani, Taylor, Malhotra, & Dutta, 2009; 

Lubelsky et al., 2014; MacAlpine, Rodriguez, & Bell, 2004; Tiengwe et al., 2012). While 

statistical analysis found a negative relationship between IRs and genes, 34% of sIRs overlap 

a gene, and there is approximately 20% of coverage of genes in both classes of IRs (Figure 

3.6), warranting a closer a look at the relationship between IRs and genes.  

At the beginning of this experiment there were no working RNA pol II antibodies to 

study active transcription in plants. Therefore, RNA-seq was used as a proxy for transcription. 

RNA obtained from RNA-seq includes steady state RNA, and thus can include older 

transcripts and excludes recently degraded RNA (i.e., not directly “active” transcription). 

RNA-seq data was mapped to the entire genome and normalized to a whole genome control. 

An aggregate profile of the transcription signal at and around both sIRs and wIRs was plotted 

(Figure 3.7). The sIRs and CAT regions are depleted for transcriptional activity, but the IRs 

have flanking regions of higher transcriptional activity than the random genomic shuffle 

(Figure 3.7.A). The wIRs show a general depletion of transcriptional activity relative to the 

genomic shuffle and CAT regions (Figure 3.7.B). The genome-wide RNA-seq signal was 

divided between genes and non-gene locations, and the average values around IRs were 

calculated. For the sIRs, the levels of genic transcription (red line) show the depletion and 

flanking enrichment pattern, while transcription from non-genic regions (blue line) is 

uniformly depleted around IRs (Figure 3.7.C). The wIRs also show uniform depletion of non-

genic transcription, and the genic level of transcription is higher and has a similar sporadic 

pattern as the total transcription signal (Figure 3.7.D). 
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TAIR 10 Transposable element annotations 

The same approach was applied to transposable element (TE) annotations from the 

TAIR 10 resource (Huala et al., 2001; Lamesch et al., 2012). Twenty percent of the 

Arabidopsis genome is covered by TEs, and a similar percent of the sIRs is also covered by 

TEs. However, the wIRs have 50% coverage by TEs (Figure 3.8). This elevated TE coverage 

most likely reflects co-localization of the wIRs and TEs in the centromere. The same pattern 

is not found for all TE families, suggesting there are associations between specific TE 

families and specific groups of IRs. These associations could be driven by genomic location, 

for example, wIRs are in pericentromere and centromere regions where TEs are more likely 

to be found. 

The significance of these associations was assessed (Table 3.2) using the statistical 

tests described above. The relative distance analysis showed that sIRs are closer than would 

be expected to TEs as a group, but when evaluating individual TE families an association 

was only found with Helitrons. Conversely, the relative distances between the wIRs and TEs 

as a whole and for every family are statistically independent.  

The sIRs have more overlap, as shown by the projection and Jaccard tests, with TEs 

as a whole and with the Helitron family specifically, but overlap less with the LINE1, Copia 

and Gypsy families. The wIRs overlap all TEs, Helitrons, En_Spm, MuDr, and Gypsy 

families more than would be expected by chance. 

Interestingly, TEs as a whole and the Helitron, En_Spm, and MuDR, families overlap 

both sets of IRs more than would be expected. And LINE1 and Copia families overlap sIRs 

less than would be expected. 
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Replication timing 

DNA replication is an orderly process with each region of the genome replicating 

reliably in a certain fraction of S phase. The IRs were compared to a high-resolution 

replication timing map of the Arabidopsis genome that divides S phase into five main classes 

from earlier to later in S phase (Lorenzo Concia, unpublished). Broadly speaking, the 

chromosome arms replicate in the early (E) and early-mid (EM) classes, while the 

pericentromeres and centromeres replicate in mid-late (ML) and late (L) S phases. Given that 

the present strategy focuses on very early S phase, it is not surprising that sIRs localize to 

regions of the genome previously defined as replicating early. The sIRs are depleted for mid 

(M) replicating segments, which are short segments scattered throughout the chromosome 

arms, which suggests that most M replication activity is due to fork elongation. The total 

coverage of the genome and IRs by each RT class was plotted (Figure 3.9). The sIRs are 

enriched for E and EM classes (Table 3.3). The wIRs are clustered in the centromere with the 

ML and L classes and are enriched for those RT classes (Table 3.3). 

 

Chromatin states 

The chromatin state map created by Wang et al. (Wang et al., 2015), which describes 

six chromatin states, was used to assess the chromatin environment surrounding IRs. The 

percent coverage by each chromatin state was calculated for the genome as a whole and for 

each set of IRs (Figure 3.10). Both sets of IRs have the highest coverage by chromatin state 4 

(CS4). However, the projection test determined that coverage by CS4 is only significant for 

the sIRs. Both sets of IRs were significantly enriched for CS0, which does not contain any of 

the 16 epigenetic marks included in the study (Table 3.4). The wIRs are not significantly 
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enriched by CS4, but are enriched for CS3 and CS6, both of which are heterochromatic states, 

with CS3 containing more H3K9me2 and H3K27me1. Although sIRs and CS4 both have an 

AT bias, it is interesting that sIRs are enriched for CS4 considering that state is not enriched 

for any particular epigenetic mark queried and was classified as intermediate between 

euchromatic and heterochromatic states. However, recent replication timing data shows that 

CS4 is enriched for early replicating segments, suggesting CS4 is more euchromatic than 

Wang et al. assert (Lorenzo Concia, unpublished). 

 

DHS hotspots 

DNase I hypersensitivity (DHS) has been strongly associated with replication origins 

in other systems (Cadoret et al., 2008; Gindin, Valenzuela, Aladjem, Meltzer, & Bilke, 2014; 

Martin et al., 2011; Urnov, Liang, Blitzblau, Smith, & Gerbi, 2002). The IRs were compared 

to two biological replicates of DHS hotspots from Arabidopsis light-grown seedlings 

(Sullivan et al., 2014). While only 6% of the total length of sIRs are covered by DHS 

hotspots (Figure 3.11), the projection and Jaccard tests indicated that this is more than would 

be expected by random chance (Table 3.5). The DHS hotspots are also enriched for sIRs. The 

reverse pattern is seen between the wIR and DHS hotspots. 

 

 

Differential MNase digestion 

 

As the functional unit of chromatin, nucleosomes were assessed to describe chromatin 

dynamics around IRs. Unsorted nuclei were subjected to heavy, moderate or light digestion 



 76 

by micrococcal nuclease (MNase) and all the DNA products were sequenced. Sequencing 

signal represents the DNA protected by chromatin and by digesting at different levels, 

nucleosomes resistant and sensitive to MNase can be distinguished. A heavy digestion shows 

stable and persistent nucleosomes, while light digestion reveals the presence of unstably 

bound or labile nucleosomes. Another level of assessment is fractionation of the digestion 

products by fragment size, with 140-200 bp fragments representing nucleosome bound DNA, 

and fragments shorter than 140 bp representing DNA bound by smaller proteins, such as 

transcription factors (TFs) or pre-replication complexes (pre-RCs) (Belsky, MacAlpine, 

Lubelsky, Hartemink, & MacAlpine, 2015; Vera et al., 2014). From each digestion level, 

sequencing signal was averaged in 20-bp bins over a 6-kb window encompassing 3 kb on 

either side of each IR, which are represented by the black box labeled C. 

For both sIRs and wIRs, the average heavy, moderate and light digestion signals for 

all subsets of fragment sizes were plotted across a 6-kb viewing window (Figure 3.12). The 

signals for heavy and moderate digestion profiles at sIRs (Figure 3.12, A, B left column) are 

lower than surrounding regions, suggesting that IRs are nucleosome depleted. The light 

digestion has a symmetric double peak in all size subsets, although it is most prominent in 

the 0-140 bp sized fragments (Figure 3.12.D, left column).  

For wIRs, the average heavy and moderate digestions profiles are similar for the 

different fragment sizes, suggesting the wIRs are also local areas of open chromatin structure 

(Figure 3.12.A, B, right column). In the light digest the average 140-200 bp fragment signal 

is higher than the total fragments and sub-nucleosome sized fragments subsets, although the 

signal for all three size categories is relatively uniform throughout the 12-kb viewing window 

and there is no double peak structure as found in the sIRs (Figure 3.12.C, right column.) 
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The same data can be used to compare the levels of digestion within fragment size 

classes. The average total signals from heavy digestions at sIRs show a dip in signal around 

sIRs, while the light and moderate digestions have a uniform signal throughout the 12-kb 

viewing window (Figure 3.13.A, left column). This pattern is repeated in the 140-200 bp 

fragment subset, which represents nucleosomes (Figure 3.13.B, left column). The sub-

nucleosome sized fragments, 0-140 bp long, show a dip in signal around sIRs in the heavy 

digestion, uniform signal around sIRs in the moderate digestion, and a double peak of signal 

flanking sIRs (Figure 3.13.C, left column).  

The patterns for the average digestion signals at and around the wIRs are different 

than described for the sIRs. In this case, the heavy digestions show a dip in signal around 

wIRs in all fragment subsets while the moderate and light digestion signal remains relatively 

uniform around wIRs (Figure 3.13.A, B, C, right column). 

Each level of digestion and fragment size class was next assessed at sIRs and their 

corresponding CAT regions and genomic shuffled datasets. While the genomic shuffled 

datasets maintained fairly uniform signal levels across the viewing window at every level of 

digestion and fragment size class, the CAT datasets showed more interesting patterns. The 

CAT regions of the sIRs showed a dip in heavy digestion signal in all fragment classes that is 

similar to sIRs but with a thinner width (Figure 3.14, left column). The average moderate 

digestion signal pattern at and around the CAT regions and the sIRs are very similar (Figure 

13.4, center column). The light digestion signal from all fragment sizes and sub-nucleosome 

sized fragments at CAT regions show a symmetric double peak similar to the signal around 

sIRs, however light digestion signal about 2 kb and beyond is higher for sIRs than for the 

CAT regions (Figure 13.4.A, C right column). The nucleosome sized fragments in the light 
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digestion show a very similar pattern between the CAT regions and the sIRs (Figure 13.4.B, 

right column). While the CAT regions have similar patterns to the sIRs, there are differences 

to suggest that sIRs are not simply randomly selected AT rich regions. 

Similar to the sIRs, the genomic shuffle datasets for the wIRs maintain a uniform 

signal throughout the 12-kb window. And the relationship between the CAT regions and the 

wIRs in the heavy digestion is similar to the sIRs (Figure 3.15, left column). However, the 

CAT regions and genomic shuffle regions are nearly identical in the moderate digestion 

(Figure 3.15, center column). The CAT regions have a peak of light digestion signal for all 

fragment sizes and sub-nucleosome fragment sizes, while the wIRs have a uniformly low 

signal (Figure 3.15.A.C, right column). The CAT regions have the same uniform nucleosome 

sized light digestion signal as the genomic shuffle regions, but the wIRs have a dip in signal 

(Figure 3.15.B, right column). 

 

Differential nuclease signal 

The total chromatin signal from the MNase heavy digestion was subtracted from the 

total chromatin signal from the light digestion to create a genome-wide differential nuclease 

signal (DNS) map. In maize, the DNS correlates with gene activity and general openness of 

the chromatin. Regions with strong positive signal are generally upstream of active genes and 

represent open chromatin, while strong negative signals are associated with gene bodies and 

heterochromatin (Vera et al., 2014). In Arabidopsis, the DNS track across a chromosome 

shows that positive signals predominate in chromosome arms, while the pericentromere and 

centromere regions have predominantly negative signals (Figure 3.16.C). However, a closer 



 79 

look at a chromosome arm shows high variability in DNS (Figure 3.16.D) that appears to 

correlate with genes (Figure 3.16.E, F). 

A composite plot of DNS signal tracks at and around IRs shows that both sIRs and 

wIRs are centered in peaks of DNS signal. However, the peak of DNS signal at sIRs is wider 

than their genomic shuffle datasets, while the wIRs and their genomic shuffle sets have 

similar levels of signal (Figure 3.16.A, B). The wIRs are mainly located in the 

heterochromatic centromere, while their genomic shuffle and CAT datasets are randomly 

selected from the whole genome; therefore, the flanking depletion of DNS at wIRs is due to 

the heterochromatic nature of their location and even though the absolute levels of DNS at 

wIRs and genomic shuffle datasets are similar, it is reasonable to conclude that wIRs are 

local regions of more open chromatin in the pericentromere and centromere regions. 

 

 

Histone marks 

 

Three ChIP-seq datasets, for the histone marks, H3K5ac, H3K9ac and H3K27ac, 

were used to generate composite plots of the relative frequency of these marks around IRs. 

The signals for the marks were calculated in 300-bp bins and 1-kb bins. The 300-bp bins are 

similar in size to nucleosomes with DNA linker regions, while the 1-kb bins correspond to 

regions containing 3-5 nucleosomes. The smaller bin sizes, which allow for a tighter 

resolution of nucleosome positioning, give similar patterns for the genomic shuffle and CAT 

regions. The 300-bp bins also exposed a sharp peak of enrichment of acetylation upstream of 
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the IRs. Using 1-kb bins results in smoothing of the sequencing signal and reveals a general 

trend of histone acetylation mark signal depletion around IRs (Figure 3.17.B, D).  

When 300-bp bins are used for the analysis, the signals for all three marks at sIRs 

show genome level of enrichment. However, a peak of signal at the sIRs can be detected 

(Figure 3.17.A). For H3K27ac, the peak is in a slightly depleted region (Figure 3.17.A, right 

column). In 1-kb bins, each mark shows a symmetrical pattern of depletion at sIRs, although 

for H3K5ac this depletion is to genomic shuffled levels and for the other marks it is below 

genomic shuffled regions (Figure 3.17.B). Flanking histone mark signals are above genomic 

shuffled level for all marks. The CAT regions show similar levels of signals as the sIRs, but 

do not show similar flanking enrichment of signal in 1-kb bins (Figure 3.17.B). 

In 300-bp bins, the wIRs show erratic patterns of histone mark enrichment, which are 

matched by the genomic shuffle and CAT profiles (Figure 3.17.C). However, for each mark 

there is a jagged peak of signal at wIRs. When the data are analyzed in 1-kb bins a very 

different pattern emerges. For H3K5ac and H3K27ac there is uniform depletion of signal at 

and around wIRs.  The H3K9ac signal around wIRs is similar to the genomic shuffle regions 

and shows a dip in signal close to wIRs (Figure 3.17.D). 
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Figures 

 

 

 

Figure 3.1 Outline of strategy. (A) Protocol. (B) Flow cytometry sorting gates. (C) 
Snapshot of DNA content histogram during flow sorting, colored by sorting gate, insert is 
zoom of the S-phase gates. (D, E) IGV tracks of E and VE sequencing signal, and local 
maxima in 1 Mbp and 0.5 Mbp windows, scale is 0-5. 
  



 82 

 

 

Figure 3.2 VE EdU signal and local maxima. The top orange track is the EdU sequencing 
signal from the VE gate for chromosome 5, scale is 0-5. The dark grey track shows all the 
called local maxima. The next four tracks (pink) show local maxima in separate quartiles, 
ordered from least to highest EdU signal intensity. The first pink tract is the wIRs. The 
bottom orange tract contains the local maxima from the Q2, Q3 and Q4 tracts, which 
collectively are designated sIRs. The centromere is designated with an asterisk (*). 
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Figure 3.3 EdU incorporation average profiles of sIRs (orange) and wIRs (pink) 
compared to their genomic shuffle (grey) and CAT regions (light grey). Comparison 
between VE (orange) and E (blue) EdU incorporation signal at (A) sIRs and (B) wIRs. (C) 
Average VE EdU incorporation signal (orange) at the sIRs and (D) wIRs, compared to their 
genomic shuffle (grey) and CAT regions (light grey). (E) Average E EdU incorporation at 
the sIRs (orange) and (F) wIRs, compared to their genomic shuffle (grey) and CAT regions 
(light grey). Note the different y-axis scales. The black box on the x-axis is scaled to 300-bp 
and represents the length of IRs, genomic shuffle regions, and CAT regions, and is labeled C 
for the Center. 
  



 84 

 

 

Figure 3.4 Genomic distribution of sIRs (orange) and wIRs (pink). (A) The number of 
IRs as a function of chromosome length. (B) Coverage of IRs in 10% bins from the 
centromere, the leftmost boxplot represents the bin closest to the centromere. (C) Coverage 
heat maps in 100-kb static bins across the chromosome for sIRs (orange) and wIRs (pink), * 
is the centromere.   
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Figure 3.5 AT content at and around sIRs (orange) and wIRs (pink). (A) Box plots of the 
distribution of AT content for the sIRs, the wIRs, the genome (dark grey), the 10 genomic 
shuffle datasets (grey), and 10 CAT datasets (light grey) for both the wIR and sIR. (B) 
Average AT content plot of sIRs compared to its 10 genomic shuffle datasets (grey), and 10 
CAT datasets (light grey) regions. (C) Average AT content plot of the wIRs compared to its 
10 genomic shuffle datasets (grey), and 10 CAT datasets (light grey) regions. C is the center. 
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Figure 3.6 Percent coverage of the genome and IRs by Araport 11 annotations. The 
percent coverage of the genome (dark grey), the sIRs (orange), and the wIRs (pink) for 
several Araport 11 annotations. The NGT group is an extrapolated annotation of any genomic 
region that is not covered by a gene or TE. 
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Figure 3.7 Average analysis plots of genome-wide transcription data at and around IRs. 
(A) Average transcriptional activity at the sIRs (orange) and (B) wIRs (pink), compared to 
their genomic shuffle (grey) and CAT (light grey) regions. (C) Total transcription (black), 
genic transcription (red), and non-genic (blue) average transcription signal at sIRs, and (D) at 
wIRs. C is the Center. 
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Figure 3.8 Percent coverage of the genome and IRs by TAIR 10 TE family annotations. 
The percent coverage of the genome (dark grey), the sIRs (orange), and the wIR (pink) for 
several TE families. The first group of bars is coverage by all the TEs.  
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Figure 3.9 Percent coverage of the genome and IR by RT classes. The percent coverage 
of the genome (dark grey), the sIR (orange), and the wIRs (pink) for each RT class. E, early 
S phase; EM, early-mid S phase; M, mid S phase; ML, mid-late S phase; L, late S phase; EL, 
early-late S phase; EML, early-mid-late S phase, and RTU, replication timing undefined. 
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Figure 3.10 Percent coverage of the genome and IRs by chromatin states. The percent 
coverage of the genome (dark grey), the sIR (orange) and the wIR (pink) for each chromatin 
state (Wang 2015) is shown. 
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Figure 3.11 Percent coverage of the genome and IRs by DHS hotspots. The percent 
coverage of the genome (dark grey), the sIR (orange) and the wIR (pink) by each DHS 
hotspot biological replicate.  
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Figure 3.12 Average plots comparing the fragment sizes for the heavy, light, and 
moderate digestions. For both sIRs (left column) and wIRs (right column). (A) Average 
heavy digestion signal by different fragment sizes (dark to light shades of red). (B) Average 
moderate digestion signal by different fragment sizes (dark to light shades of green). (C) 
Average light digestion signal by different fragment sizes (dark to light shades of blue). The 
plots are in 12-kb windows using 20-bp bins. C is the Center. 
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Figure 3.13 Average plots comparing heavy, moderate, and light digestions by fragment 
size. (A) For both sIR and wIR, heavy (red), moderate (green) and light (blue) MNase 
digestion. (B) Only fragments 140-200 bp long. (C) Only fragments 80-140 bp long. (D) 
Only fragments 0-80 bp long. The plots are in 12-kb windows using 20-bp bins. C is the 
Center. 
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Figure 3.14 Average profiles of different MNase digestions classified by fragment length 
at sIRs compared to their genomic and CAT regions. Average signal plots of 12-kb 
regions using 20-bp bins from heavy, moderate and light MNase digestions of sIR (orange) 
compared to their random genomic regions (dark grey) and CAT regions (light grey. (A) 
Signals for all fragment sizes. (B) Signal from 140-200 bp fragments. (C) Signals from 80-
140 bp fragments. (D) Signals from 0-80 bp fragments. C is the Center. 
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Figure 3.15 Average profiles of different MNase digestions classified by fragment length 
at wIR compared to their genomic and CAT regions. Average signal plots of 12-kb 
regions using 20-bp bins from heavy, moderate and light MNase digestions of wIR (pink) 
compared to their random genomic regions (dark grey) and CAT regions (light grey). (A) 
Signals for all fragment sizes. (B) Signal from 140-200 bp fragments. (C) Signals from 80-
140 bp fragments. (D) Signals from 0-80 bp fragments. C is the Center. 
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Figure 3.16 Average plots of differential nuclease digestion signal.  (A) DNS signal at 
sIRs (orange) compared to their random genomic regions (dark grey) and CAT regions (light 
grey). (B) DNS signal at wIRs (pink) compared to their random genomic regions (dark grey) 
and CAT regions (light grey). The plots are in 12-kb windows using 20-bp bins. C is the 
Center. (C) DNS signal across chromosome 5. (D) DNS signal in a 1-Mbp window and (E, 
F) 10-kb window with genes in the bottom tract. IGV scale is -2 to 3.   
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Figure 3.17 Average analysis plot of histone marks at IRs. (A) H3K9ac, H3K5ac, 
H3K27ac signal data in 300-bp, and (B) 1-kb bins for sIRs. (C) H3K9ac, H3K5ac, H3K27ac 
signal data in 300-bp (D) and1-kb bins for wIRs. The plots show 30-kb windows. C is the 
Center. 
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Tables 

 

Table 3.1 Statistical results comparing IRs to Araport 11 annotations. Relative distance, 
projection and Jaccard tests were performed bidirectionally with each set of IRs and each 
Araport 11 annotation. 
 

 

 

  

Query vs. 
Reference Test Gene Exon Intron UTR5 UTR3 mRNA Not gene or 

TE

sIR vs. Araport
11 annotation

Rel. distance Farther Farther Farther Farther Farther Farther Closer

Projection Less Less Less As expected Less Less More

Jaccard Less Less Less Less Less Less More

Araport 11 
annotation vs. 

sIR

Rel. distance Farther Farther Farther Farther Farther Farther Closer

Projection Less Less Less Less Less Less More

Jaccard Less Less Less Less Less Less More

wIR vs. Araport
11 annotation

Rel. distance Farther Farther As expected As expected As expected Farther Closer

Projection Less Less Less Less Less Less More

Jaccard Less Less Less Less Less Less More

Araport 11 
annotation vs. 

wIR

Rel. distance As expected Closer Closer As expected As expected As expected Farther

Projection Less Less Less Less Less Less More

Jaccard Less Less Less Less Less Less More
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Table 3.2 Statistical results comparing IRs to TE families. Relative distance, projection 
and Jaccard tests were performed bidirectionally with each set of local maxima and each 
TAIR 10 TE family. 
 

 

 

Query vs. 
Reference Test All TEs Helitron En_Spm HAT MuDR LINE1 Copia Gypsy

sIR vs. TAIR 10 
TE annotation

Rel. distance Closer Closer As Expected As Expected As Expected As Expected As Expected As Expected

Projection More More As Expected As Expected As Expected Less Less Less

Jaccard More More As Expected As Expected As Expected Less Less Less

TAIR 10 TE  
annotation vs. 

sIR

Rel. distance Closer Closer Closer As Expected Farther As Expected As Expected As Expected

Projection More More As Expected As Expected More As Expected As Expected Less

Jaccard More More As Expected As Expected As Expected Less Less Less

wIR vs. TAIR 
10 TE  

annotation

Rel. distance As expected As expected As Expected As Expected As Expected As Expected As Expected As Expected

Projection More More More As Expected More As Expected As Expected More

Jaccard More More More As Expected More As Expected As Expected More

TAIR 10 TE 
annotation vs. 

wIR

Rel. distance As expected As expected As Expected As Expected As Expected As Expected As Expected As Expected

Projection More More As Expected As Expected More As Expected As Expected More

Jaccard More More More As Expected More As Expected As Expected More
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Table 3.3 Statistical results comparing IRs to RT classes. Projection tests were performed 
bidirectionally both sIR and wIR and each RT class. 
 

 

 

Query vs. 
Reference Test E EM M ML L EL EML RTU

sIR vs. RT 
class Projection More More Less Less Less More More As	Expected

wIR vs. RT 
class Projection Less Less As	Expected More More As	Expected Less As	Expected
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Table 3.4 Statistical results comparing IRs to chromatin states. Projection tests were 
performed bidirectionally with both sIR and wIR and each chromatin state. 
 

 

 

  

Query vs. 
Reference Test CS1 CS2 CS3 CS4 CS5 CS6 CS0

sIR vs. 
Chromatin 

states
Projection Less Less As Expected More Less As Expected More

wIR vs. 
Chromatin 

states
Projection Less Less More As Expected Less More More
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Table 3.5 Statistical results comparing IRs to DHS hotspots. Relative distance, projection 
and Jaccard tests were performed bi-directionally for sIR and wIR and each DHS hotpot 
biological replicate. 
 

 

 

  

Query vs. 
Reference Test DHS1 DHS2

sIR vs. DHS
Rel. distance As Expected As Expected

Projection More More

Jaccard More More

DHS vs. sIR
Rel. distance Closer Closer

Projection More More

Jaccard More More

wIR vs. DHS
Rel. distance As Expected As Expected

Projection Less Less

Jaccard Less Less

DHS vs. wIR
Rel. distance Farther Farther

Projection Less Less

Jaccard Less Less
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CHAPTER 4 – DISCUSSION 
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Method 

 

Finding origins in plants 

Methods such as chromatin immunoprecipitation (ChIP) and short nascent strand 

(SNS) mapping that are currently used to construct genome-wide origin maps in animals 

have not proven suitable for use in plant systems. It is also worth noting that these methods 

are not particularly reproducible in metazoan systems either, for a review see (Gilbert, 2010), 

thus not only will the new method presented here advance plant research, but also the wider 

field of DNA replication origin research. Plants have multiple copies of the proteins in the 

pre-Replicative Complex (pre-RC) to which there are no antibodies available. Regardless of 

the downstream method, rigorous nuclei isolation protocols are required to break through the 

cell wall and high endonuclease activity both reduce the quality of DNA products isolated 

from plants. Endogenous plant endonucleases create frequent nicks in the DNA, making 

DNA fragments prone to breaking. For protocols, such as SNS, where DNA is size selected, 

these broken DNA fragments can cause high non-specific background. There is also a report 

of GC bias in the standard lambda exonuclease enzyme used in SNS experiments, reducing 

its suitability as a primary method to confirm origins unless coupled with the proper controls 

(Foulk, Urban, Casella, & Gerbi, 2015).  

The method presented here to recover nascent DNA near initiation sites is an 

extension of the traditional Repli-seq protocol, modified to focus more closely on regions 

where DNA synthesis initiates early in S phase. The method is somewhat similar to older 

methods based on the incorporation of 5-Bromo-2′-deoxyuridine (BrdU), but instead uses 5-

Ethynyl-2'-deoxy-uridine (EdU) to label replicating DNA (Figure 3.1.A). EdU offers several 
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important advantages. To begin with, it is incorporated into the cells, and DNA, more rapidly 

than BrdU. After incorporation and fixation of cells, EdU can be conjugated to AF488 via 

Click chemistry, allowing fluorescent detection of nascent DNA and the application of two 

parametric flow sorting to capture nuclei as they enter S phase (Figure 3.1.B and C). 

Traditional Repli-seq protocols using BrdU and flow sorting by DNA content only do not 

distinguish between G1, very early (VE) and early S-phase (E) nuclei at the sorting step, 

thereby lowering the resolution of the data. To visualize BrdU the DNA must be degraded, 

therefore BrdU cannot be used as parameter in flow sorting; nuclei must first be sorted by 

DNA content and then IP-ed for BrdU. EdU on the other hand can be clicked to AF488 

without damaging the DNA, allowing for its use as a second parameter in flow sorting to 

distinguish between G1 and early S-phase nuclei.  

Because EdU can be visualized by coupling to a fluorophore without denaturing or 

degrading the DNA, it is possible to purify a population of very early S-phase nuclei prior to 

DNA extraction, limiting the sample to (a) nuclei in which some DNA synthesis has occurred, 

but, (b) nuclei in which very little DNA synthesis has occurred, so that the nascent DNA 

must be near points of initiation. These purification steps are necessary because EdU will be 

incorporated anywhere DNA polymerases are active, which includes DNA replication 

elongation and termination processes, as well as DNA repair synthesis. A final purification 

step is then achieved by immunoprecipitating the labeled DNA, eliminating most un-

replicated DNA from the sample. Because the DNA is still double stranded at this stage, it 

can be used directly to construct sequencing libraries. This method can be used in any 

biological system that can take up and incorporate EdU and for which a robust nuclei 

preparation protocol is available. 
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Processing the sequencing data  

Although it may seem logical to analyze the VE sequencing data using a chromatin 

immunoprecipitation (ChIP-seq) pipeline, there are important differences from a ChIP-seq 

experiment that require a different approach. A ChIP experiment queries protein-DNA 

interactions, the IP antigen is a protein, and a no-antibody control is used. In the VE 

experiment, the antigen is a fluorophore conjugated to an incorporated EdU nucleotide, so 

DNA without incorporated EdU is the correct control. Sorted G1 nuclei have no EdU 

incorporation and, thus, provide an ideal control population. In addition, because the 

“sequenceability” of the genome is not uniform, it is necessary to correct observed read 

densities in the experimental sample by calculating the ratio of the experimental coverage to 

the G1 coverage after normalizing the two datasets to the same number of reads.  

Given that the VE nuclei started S phase during the 30-minute pulse, the peaks of 

EdU incorporation are more likely due to initiation events and not elongation. After 

accounting for the sequenceability of the genome, any local increase in the signal from 

immunoprecipitated, EdU-containing DNA isolated from nuclei in the VE flow sorting gate 

were identified as regions where initiation occurs, which were designated as initiation 

regions (IRs).  

 

 

Comparison with previous Arabidopsis origin map 

 

Costas et al. (2011) describe an attempt to map DNA replication origins in the MM2d 

suspension culture line of Arabidopsis thaliana using a BrdU-seq approach. Their protocol 
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synchronized cells with a 24-hour sucrose starvation, followed by the addition of sucrose and 

2.5-hour incubation. Next, replication was slowed down and nascent DNA labeled during a 

60-minute BrdU/hydroxyurea pulse, and then the BrdU labeled DNA was 

immunoprecipitated and sequenced (Costas et al., 2011). This highly stressful 

synchronization step, combined with hydroxyurea to slow DNA replication, muddles results 

for two reasons; first, 24 hours is ample time for cells to be stressed and to induce stress 

responses, which could alter origin use (Ge, Jackson, & Blow, 2007; Gilbert, 2007; Taylor, 

1977). Second, hydroxyurea damages DNA and induces DNA repair activity, which will 

incorporate BrdU and be immunoprecipitated down with “origins” (Banh & Hales, 2013; 

Sakano, Oikawa, Hasegawa, & Kawanishi, 2001). Two biological replicates were attempted, 

but due to low correlation between the two, only one replicate was selected for analysis. 

The MM2d cells used in this study come from the ecotype Arabidopsis thaliana 

Landsburg erecta, but, in the absence of an assembled genome for this ecotype, the 

sequencing results were mapped to the Arabidopsis thaliana Columbia-0 ecotype reference 

genome (Menges & Murray, 2002). The implications of this cross-ecotype mapping are 

unknown for this dataset, although an early comparison between the genomes calculated a 

large (100-20,000 bp) insertion or deletion event could be found every 14.2 kb on average 

(Ziolkowski, Koczyk, Galganski, & Sadowski, 2009).  

The putative origins described by Costas et al. (2011) are GC rich, associated with the 

5’ end of genes, and enriched for the histone mark H4K5ac. In contrast, the current work 

shows that early S-phase initiation regions are AT rich, and anti-correlated with genes. IRs 

and portions of their flanking regions do show some weak association with H4K5ac, 

although the patterns are complicated (Figure 3.17).  
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Employing two parameter flow sorting allows nuclei with approximately 2C content 

to be distinguished into different cell cycle phases, G1, VE, and E. Combined with EdU 

labeling, this procedure defines a population of nascent DNA sequences at the very 

beginning of S phase. This approach limits the results to nascent DNA near early firing 

origins, but focuses on a well-defined population of nuclei. This new method also uses the 

local maxima approach to detect IRs as opposed to MACS2 peak calling. Interestingly, the 

original origin paper from the Gutierrez lab found 1,534 origins, but a follow-up analysis 

found 3,230 origins, which is still 24% fewer origins than this study (Costas et al., 2011; 

Vergara et al., 2017). The differences in cell culture labeling protocols and flow sorting are 

likely the main reasons for the discrepancies between the two datasets.  

 

 

Are the IRs true origins of replication? 

 

Validation of the method 

 As a potential new origin mapping method, the results from this method need 

corroboration with an established origin mapping protocol. The method presented here labels 

nascent DNA near fired origins, therefore, the bubble-seq method is the most analogous 

protocol and should be attempted. Bubble-seq is a method that does not require DNA 

labeling or cell synchronization and focuses on capturing DNA near fired origins. However, 

it is not expected that the results from the two methods will overlap exactly. The method 

described here is limited to early firing origins and so should be a subset of the bubble-seq 

origins. Additionally, bubble-seq requires restriction endonuclease digestion which can 
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introduce its own bias, so bubble-seq origins themselves are necessarily a subset of all 

origins. While SNS should capture all fired origins, it has not been reproducible in our hands, 

likely due to the high native endogenous nuclease activity in plants that degrades DNA and 

contaminates the SNS with genomic degradation products. 

 

Validation of origins in Arabidopsis cell culture 

The initiation regions identified from Arabidopsis in this work have not been 

validated as origins. Several methods, including 2D-gels and SNS, were attempted but did 

not yield trustworthy results. Overlap between IRs presented in this work and the Costas et al. 

origin map was low. However, as described above, there are questionable aspects of their 

method that preclude their origin map from being considered the benchmark to compare the 

IRs against. While not a genome-wide method, DNA combing or single-molecule analysis of 

replicating DNA (SMARD) (Norio & Schildkraut, 2001) coupled with fluorescent in situ 

hybridization (FISH), could be used to validate a select number of putative origins found 

using this method (Drosopoulos, Kosiyatrakul, Yan, Calderano, & Schildkraut, 2012). 

However, as described previously, all methods to identify and validate origins have their own 

biases and limitations, which limit their use to be true validation for this method which is 

itself limited to early firing origins.  

 

EdU incorporation at IRs 

Absent data from an additional method, there is evidence in the conclusions of this 

work to support the presumption that the IRs identified are likely to be origins. An 

assumption of this method is that nuclei initiate DNA replication in VE S phase, and EdU is 
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labeling nascent DNA. Therefore, comparing EdU incorporation at the IRs during VE and E 

S phase should show high EdU incorporation in VE S phase due to initiation, and lower EdU 

incorporation at the same loci in E S phase, when replication forks should have moved out of 

the initiation region. That is indeed what is observed when plotting average EdU profiles at 

sIRs for both the VE and E portions of S phase, with sIRs incorporating more EdU in VE S 

phase and less in E S phase (Figure 3.3.A). However, EdU incorporation at wIRs in both VE 

and E S phase is similar, a result which does not support the idea initiation followed by 

elongation for wIRs (Figure 3.3.B). 

 The CAT regions corresponding to sIRs have higher EdU incorporation than 

randomly shuffled genomic segments. This result was expected, considering that EdU is a 

thymidine analog. However, differences between the profiles for sIRs and CAT regions show 

that not all AT-rich regions of the genome incorporate EdU in the same pattern, strongly 

suggesting that EdU local maxima in the VE profiles identify functionally unique regions of 

very early replication.  

Peaks of nascent DNA from genome-wide EdU incorporation profiles from VE were 

used to identify IRs, and the aggregate profiles described show that the IRs are at peaks of 

EdU incorporation. This is expected, if peaks of EdU are used to find IRs, then naturally IRs 

should be at peaks of EdU incorporation, verifying that the method is performing as 

anticipated, and the assumptions that origins fire in VE S phase and EdU is incorporating 

near initiation regions in VE S phase are likely accurate. This is a circular analysis: genome 

coordinates corresponding to peaks of VE EdU incorporation were selected and defined as 

IRs, and then the VE EdU incorporation at and around the IRs was calculated and IRs were 

found to be peaks of VE EdU incorporation (Figure 3.3.B). However, there is no peak of E 
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EdU incorporation at and around IRs (Figure 3.3.C), which demonstrates the progression of 

DNA replication activity that initiates at IRs in VE is done at IRs by E S phase. This loss of 

EdU enrichment at IRs in E S phase indicates that there are differences in DNA replication 

activity in VE and E S phase, and that by E S phase initiation has already occurred for at least 

some regions. 

Arabidopsis sIRs are located mostly in the arms of chromosomes. Comparison of IRs 

in 10% bins from the centromere shows this pattern in a meta-chromosome fashion (Figure 

3.4.B). The wIRs are mostly located in the three bins closest to the centromere, while sIRs 

show a corresponding depletion and are found in the more distal bins. This is consistent with 

the focus of this method on very early S-phase nuclei and only early firing origins. DNA 

replication timing data that show replication starts in the arms and finishes replicating 

centromeres in late S phase (Lee et al., 2010) (Lorenzo Concia, unpublished). There are 

several ways to describe the wIRs, they could simply be noise in the data because no true 

origin firing activity takes place in the centromere in VE S phase, or they could be true 

origins that are only active in a small subset of cells in culture. The wIRs could also be 

origins firing in VE S phase, but due to the heterochromatic nature of the centromere and 

pericentromere regions elongate slowly and therefore only accumulate low levels of EdU 

incorporation. 
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Distribution of origins in Arabidopsis and other genomes 

 

This method found 5597 local maxima of EdU incorporation in very early S phase. 

Local maxima in the bottom quartile of EdU signal strength, which localize primarily in the 

centromere and pericentromere, were removed, leaving 4197 robust local maxima. These are 

designated as strong initiation regions (sIRs). In human, the initiation sequencing (ini-seq) 

protocol found 25,054 origins (Langley, Graf, Smith, & Krude, 2016), the study comparing 

the overlap of short nascent strands from BrdU-IP and lambda exonuclease purification steps 

origins found 985 origins in 1% of the human genome (Karnani, Taylor, Malhotra, & Dutta, 

2010), while bubble-seq found over 100,000 origins (Mesner et al., 2011). A more recent 

human SNS study, using greater sequencing depth than had been used before, found 250,000 

origins in a tissue culture cell population. That leads to an estimate for an average interorigin 

distance of 11 kb (Besnard et al., 2012), which is slightly closer than the 15-kb interorigin 

distance found with this the method presented here in Arabidopsis. However, it must be 

emphasized that, in both these and the previously cited cases, the numbers given refer to 

averages in a large population of cells.  As origin usage can vary from cell to cell, and not 

every potential origin fires in every round of replication distances between active origins 

(which can also be described as replicon sizes) are likely to be much greater when observed 

on an individual cell level. 
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AT richness of origins of replication 

 

There is consensus in the literature that metazoan origins are GC rich and associate 

with GC elements such as G4 quadraplexes and CpG islands  (Cayrou et al., 2011; Langley et 

al., 2016). Even in the AT-rich genome of Arabidopsis, origins were described as GC rich 

Costas et al., although as discussed above, this conclusion is questionable. However, a 

notable human study (Karnani et al., 2010) identified AT-rich origins in GC-rich regions, 

similar to the IRs found in this work. Another study showed that flanking G4 structures were 

important for nucleosome phasing, suggesting a function for adjacent but non-overlapping 

GC rich elements in origin selection (Foulk et al., 2015). Although in the present work GC 

rich segments were approximately ± 6-kb away from sIRs (Figure 3.5.B), and in the 

referenced study G4s were within ± 1-kb of origins, further analysis of G4s neighboring IRs 

in Arabidopsis is needed to further pursue possible parallels. 

Previous work on G4s in plants show that different types of G4 structures have 

different genomic distributions and regulatory roles. Some G4 types are genic and are 

associated with transcriptional activity, however, since the Arabidopsis IRs presented in this 

work are strongly intergenic, it is the intergenic G4s will be most interesting to query for 

relationships to origin function (Garg, Aggarwal, & Thakkar, 2016; Mullen et al., 2010; 

Yadav, Hemansi, Kim, Tuteja, & Yadav, 2017). 

Both BrdU, which is used in Repli-seq and as an additional purification step in some 

SNS protocols, and EdU are thymidine analogs, which raises the question as to whether their 

labeling introduces AT bias in the data. Additionally, the Arabidopsis genome content is 63% 

AT. Hence, it is important to ask if IRs are really AT rich, or if the results reflect the use of 
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EdU, or the intrinsically high AT content of the genome? To address this, EdU labeling 

patterns and other features of the IRs were compared not just to randomly selected regions of 

the genome, but also to randomly selected regions with similar AT content to the IRs 

(designated Comparable AT, or CAT, regions). The CAT datasets address the effect of high 

AT content alone. While the AT content of origins and CAT regions are similar, their 

genomic contexts are different. The sIRs have flanking AT depletions around ± 7 kb, while 

the CAT regions maintain higher than genomic levels of AT content for ± 30 kb (Figure 

3.5.B). These results indicate that the high AT content of IRs is not due solely to the use of a 

thymidine analog to identify initiation regions.   

 

 

Genomic features 

 

Genes, transcription, and TEs  

The updated Araport11 annotation was used to look at IRs and their relationships to 

various genomic features (Cheng et al., 2017). Many studies show that origins overlap with 

actively transcribing genes. In contrast, only 34% of sIRs overlap a gene, and their gene 

coverage is 24% (Figure 3.6). Both projection and Jaccard tests indicated that sIR sequences 

are significantly depleted for gene sequences, and relative distance tests showed a reciprocal 

exclusion of sIRs and genes. Consistently, sIRs were depleted for introns, exons, untranslated 

regions (UTRs), and mRNA sequences, but enriched in non-genic and non-TE regions. On 

average, the wIRs were further from genes, exons, and mRNA than random expectation, but 

were randomly arranged relative to introns and UTRs (Table 3.1).  
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Average profiles from RNA-seq experiments showed relatively few transcripts in an 

approximately 6-kb region surrounding the sIRs, with transcript abundance in flanking 

regions rising above the genomic average (Figure 3.7.A). This result is consistent with other 

data suggesting IRs are spatially anti-correlated with genes. In contrast, although CAT 

regions are also associated with fewer transcripts, their flanking regions are not transcribed 

above the average level for the genome as a whole.  

The wIRs have a lower average transcription signal, which probably reflects the 

reduced number of genes in the pericentromeric and centromeric regions (Figure 3.7.B). 

When the transcriptional activity was classified by whether it was from genes or non-genic 

sequences, non-genic transcription was uniformly depleted around all IRs, while the geneic 

transcription pattern followed the same profile described for total transcriptional activity 

(Figure 3.7.C and D). This suggests that the average transcriptional activity plot is driven by 

genic transcription.  

The TAIR 10 annotation was used to explore the relationship between TE annotations 

and IRs. IRs associate with TEs as a whole group more than would be expected by chance. 

However, when looking at IRs and individual TE classes, only the Helitron family shows a 

statistically significant association with IRs. A previous report using Arabidopsis claims 

origins in heterochromatic centromere regions to be associated with retrotransposons, mainly 

the Gypsy, Copia, and LINE families (Vergara et al., 2017). However, the present method 

focuses on regions replicating in very early S phase, which are depleted in the centromere 

where most TEs are located. The difference in distribution between the datasets could explain 

the discrepancy between results. 
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Chromatin states 

Projection and Jaccard tests show that sIRs are associated most strongly with 

chromatin state four (CS4) as defined by Wang et al. (Wang et al., 2015). Wang et al. 

describe this state as intermediate between euchromatin and heterochromatin. However, 

recent replication timing data suggest that CS4 is more euchromatic than originally thought 

due to its early replication time (Lorenzo Concia, unpublished). It is also intergenic, which is 

consistent with results from this work showing that IRs on average have low coverage by 

transcripts and genes (Figure 3.7.A and B).  

 

DHS hotspots 

DNase I hypersensitive (DHS) sites are DNA sequences that are susceptible to 

digestion by DNase I, which are primarily near transcriptional regulatory regions and in open 

chromatin environments. Recently, DHS sites have been shown to have strong association 

with origins. A study modeling replication timing in metazoans reported that DHS “are the 

optimal and interdependent determinates of DNA replication initiation” (Gindin, Valenzuela, 

Aladjem, Meltzer, & Bilke, 2014). The sIRs overlap with DHS hotspots identified in 

Arabidopsis seedlings more than expected by chance (Table 3.5) (Sullivan et al., 2014). 

However, the overlap of DHS hotspots with sIRs was only 20% and 18% for each biological 

replicate respectively. This rate of overlap does not support the idea that initiation events in 

Arabidopsis are determined by DHS. 
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Replication timing 

Previous work has generated a genome-wide, high-resolution replication timing map 

for Arabidopsis (Lorenzo Concia, unpublished). By the projection test, sIRs are enriched in 

all timing classes that included signal from early S phase. Considering that our method is 

associated with very early S phase, it was expected that sIRs would be found in E and EM 

RT classes. 

 

 

Chromatin 

 

Differential nucleosome digestions 

Conventional nuclease digestion studies have indicated that transcription start sites 

(TSS) of genes are generally nucleosome free (Cairns, 2009; Field et al., 2008; Goh, Orlov, 

Li, & Clarke, 2010; Luger & Richmond, 1998; Tirosh & Barkai, 2008; Weiner, Hughes, 

Yassour, Rando, & Friedman, 2010). However, recent studies using low levels of MNase 

digestion have yielded evidence of nucleosomes at TSS in both yeast and maize, indicating 

that standard digestion levels may miss subtle chromatin dynamics at these regions (Henikoff, 

Belsky, Krassovsky, MacAlpine, & Henikoff, 2011; Vera et al., 2014; Weiner et al., 2010; Xi, 

Yao, Chen, Li, & He, 2011). By using multiple levels of MNase digestion, it is possible to 

examine variability/stability of nucleosome occupancy. Heavy digestion shows footprints 

produced by stable and consistent nucleosome occupancy, while light digestion can detect 

transient or unstable nucleosome associations. Fractionating the MNase signal by fragment 

size into nucleosomal and subnucleosomal classes also permits detection of DNA-bound 
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proteins smaller than nucleosomes, allowing a more nuanced analysis of chromatin dynamics 

(Pass et al., 2017; Vera et al., 2014).  

In this work, chromatin from asynchronous Arabidopsis cell cultures was subjected to 

three levels of MNase digestion. Given that 70% of cultured cells have 2C DNA content, the 

dominant patterns from this nuclease data should provide a representative view of chromatin 

during G1, which is when origin licensing occurs. MNase digestion degrades DNA not 

protected by proteins, therefore, to determine separately the pattern of nucleosome binding 

from other small protein protection of DNA reads from fragment sizes 140-200 bp and 0-140 

bp respectively were analyzed for each level of MNase digestion. 

For sIRs and their flanking sequences, the average heavy and moderate digestion 

profile for all fragment sizes show a similar a dip in signal at the sIRs (Figure 3.12.A, left 

column, Figure 3.13.A,B, left column). The light digestion pattern can identify DNA and 

non-nucleosome protein interactions, especially in the fragment sizes categories smaller than 

a nucleosome footprint. The distribution of 0-140 bp fragments from the light digest has a 

double peak of enrichment surrounding the sIRs (Figure 3.12.C, left column, Figure 1.13.C, 

left column). The cells for this experiment were not synchronized or flow sorted prior to 

MNase digestion. However, approximately 10% of the cells are in S phase, so the flanking 

peaks of light digestion enrichment in 0-140 bp fragments could be due to replisome proteins 

in the 10% subset of replicating cells (Figure 3.12.C, left column; Figure 3.14.C, right 

column). The broadness of the enrichment signal around sIRs could be due to the asynchrony 

of S phase in these cells since few of the 10% of replicating cells would still have replication 

fork proteins near the sIRs. 
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Sequences of DNA with high AT content are known to disfavor nucleosome 

formation (Awazu, 2017; Chua, Vasudevan, Davey, Wu, & Davey, 2012; Giancarlo, Rombo, 

& Utro, 2015; Lorch, Maier-Davis, & Kornberg, 2014; Rodriguez, Lee, Lynch, & Tsukiyama, 

2017; Thastrom et al., 1999; Tsai et al., 2014). The heavy digest signal for CAT regions for 

all fragment sizes and for 140-200 bp fragments (the size range for nucleosomes) reflect this 

negative AT bias (Figure 3.14). In the light digest, the opposite pattern is seen, with the CAT 

regions and flanking sequences enriched for MNase resistant fragments. Taken together, 

these results indicate that, although the sIR and CAT regions are nucleosome depleted, they 

are not naked DNA.  

The differential nuclease sensitivity (DNS) at each position in the Arabidopsis 

genome was calculated by subtracting the heavy digest signal from the light digest signal. 

Regions with more signal from the light digest are positive and highlight MNase sensitive 

chromatin that may mark fragile nucleosomes or other protein binding sites in the vicinity of 

sIRs. In maize, there is a positive correlation between the strength of DNS signal upstream of 

genes and gene expression (Vera et al., 2014). Negative signal, or higher levels of signal 

from the heavy digest, are often regions of tightly packed nucleosomes, making them more 

resistant to MNase digestion and thus only released by heavy digestion (Vera et al., 2014). In 

contrast, the sIRs are centered under a peak of positive DNS signal, suggesting they and their 

immediate flanking regions have an open chromatin structure. CAT regions for the sIRs also 

show a positive signal, although the peak in this case is higher and tighter than that for the 

sIRs (Figure 3.16.A). The differences in the two profiles suggest that sIRs occupy broader 

regions of open chromatin than the CAT regions, which could reflect the need for accessible 

chromatin around the sIRs for the formation of pre-RCs and pre-ICs, as well for the 
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recruitment of replisome proteins. The wIRs have DNS signal similar to genomic levels, but 

the flanking signal is negative (Figure 3.16.B) and characteristic of tightly packed 

heterochromatin in pericentrometic and centromeric regions. The heterochromatic nature of 

centromeres is demonstrated in the expansive negative signal of the MNase differential tract 

at the centromere (Figure 3.16.C). The increased DNS of wIRs and their flanking sequences 

suggests they are relatively open chromatin regions embedded in heterochromatin. 

 

Epigenetic histone marks 

The associations of IRs with three acetylation histone marks, H3K9ac, H3K5ac and 

H3K27ac, were explored. These histone mark datasets were analyzed using two bin sizes, 

300 bp which is similar size of a nucleosome, and 1 kb which would include approximately 4 

nucleosomes and results in some smoothing of the signal. The 1-kb bins show a general trend 

of histone mark depletion at IRs, while the 300-bp bins show a small enrichment of H3K5ac 

and H3K27ac flanking the IRs (Figure 3.17). The H3K9ac signal at IRs is depleted to 

genome levels, which follows the CAT profile. In contrast, the H3K5ac and H3K27ac signals 

show greater depletion at IR, as do their CAT regions. The depletion of both sIR and CAT 

regions of all histone marks likely reflects a reduction in nucleosome occupancy.  

There is a notable difference in the genomic and CAT region signals between the 

300-bp and 1-kb bins. This is likely due to the fact that these histone marks are not randomly 

distributed, and likely not very frequent, in the genome and when queried at 300-bp bins this 

results in higher variability between comparison datasets.  
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Introduction 

 

The field of DNA replication initiation is in an exciting phase; the decreasing cost of 

high-throughput deep sequencing has allowed a proliferation of genome-wide studies in 

many metazoan model systems. While several well-known individual origins, such as the c-

myc (McWhinney & Leffak, 1990), ß-globin locus (Kitsberg, Selig, Keshet, & Cedar, 1993), 

and Lamin B2 locus (Biamonti et al., 1992) in human have been well characterized, genome-

wide characterization of origins in higher eukaryotes is still a new field with little consensus. 

The increase in the number of species with origin maps will enable studies on the 

evolutionary history of origin selection. The increasing availability of genome-wide datasets 

and bioinformatics tools will facilitate larger scale analysis of origins and incorporate more 

and more genomic, proteomic, and epigenomic features. This type of integrated approach to 

characterizing origins has been attempted in mouse, resulting in a description of three classes 

of origins based on histone mark association, underlying sequence, nucleosome occupancy 

and transcriptional activity (Cayrou et al., 2015). This type of analysis, which includes many 

genome-wide datasets, is the future of origin research.  

 

 

Defining origins  

 

Sequence motifs 

Although highly sought after, no origin consensus sequence has been found in higher 

eukaryotes. Recently, motif finding algorithms that were originally designed for identifying 
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transcription factor (TF) binding motifs have been applied to searching for common motifs in 

origins (Bailey et al., 2009; Cayrou et al., 2015). It was found that mouse embryonic stem 

cells had G-rich motifs, alternating GT or AC motifs, and motifs mainly comprised of strings 

of C, A, or T. Although each of these motifs are enriched in the population of origin 

sequences being studied, the variety of motifs is evidence against a unifying “origin sequence” 

being used to define origins. From preliminary work in Arabidopsis IRs it seems unlikely 

that plants will have sequence defined origins, but how closely plants have followed the same 

evolutionary path toward non-sequence specific origins as metazoan systems is not currently 

known.  

 

Nucleotide skew 

It is unlikely that a common sequence motif for origins in higher eukaryotes will be 

found, but that does not mean that DNA sequence information in some form does not 

contribute to origin selection. While the literature is divided about whether origins are AT or 

GC-rich, some research is focused on defining origins based on the change from AT to GC 

rich sequences. Mapping nucleotide skew shows that origins often occupy positions where 

there are abrupt switches between AT richness and GC richness (Brodie Of Brodie et al., 

2005; Langley, Graf, Smith, & Krude, 2016; Petryk et al., 2016). Biologically, this local 

skew could arise from the asymmetric intrinsic mutation rates between leading and lagging 

strand DNA polymerases (Chen et al., 2011; Touchon et al., 2005). This type of analysis is 

becoming more common and will be interesting to apply in genomes with globally 

unbalanced nucleotide content, such as the AT-rich Arabidopsis genome. The abundant 

nucleotides may mask the skewing presence of the minority nucleosomes, requiring 
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optimization of the length of sequence used to calculate skew. Mapping nucleotide skew in 

Arabidopsis could be challenging due to the AT richness of the genome, but could confirm 

experimentally derived IRs and reveal novel regions that could have origin function. 

 

DNA conformation 

An exciting direction of origin research is the increasing appreciation of DNA 

conformation, topology, melting behavior, and amenability to protein binding as factors 

contributing to origin determination (reviewed by (Rampakakis, Gkogkas, Di Paola, & 

Zannis-Hadjopoulos, 2010)). DNA conformation is impacted by nucleotide sequence, 

epigenetic marks and local chromatin dynamics. Research in Drosophila showed that ORC 

has a 30-fold higher affinity for supercoiled DNA than relaxed or linear DNA. Such evidence 

shows the importance for origin determination of properties of DNA molecules not directly 

related to sequence motifs (Remus, Beall, & Botchan, 2004). Algorithms are currently being 

developed to predict the structure of DNA from nucleotide sequence, and their application to 

origin function will be an emerging topic in the near future (Afzal, Shahid, Shehzadi, 

Nadeem, & Husnain, 2012; Chiu et al., 2016; Patro, Kumar, Kolimi, & Rathinavelan, 2017). 

Although not examined in this work, methylation of cytosine also impacts DNA 

conformation (Yoo, Kim, Aksimentiev, & Ha, 2016) and could likely play a role in origin 

determination both as an epigenetic mark and as an influence on DNA conformation. 

Considering plant genomes are generally more methylated than animal genomes it will be 

especially interesting to compare the function of methylation in origin determination between 

plant and animal genomes.   
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Early Initiation in the pericentromere and centromere 

 The method presented in this work was designed to detect early S-phase initiation 

events, and as seen from replication timing maps, the majority of those events should be in 

the flanking chromosome arms (Lorenzo Concia, unpublished). However, EdU signal was 

present across the chromosome, even in the pericentromere and centromere region, albeit 

with a much lower signal intensity than those in the chromosome arms. Because the 

pericentromere and centromere regions replicate in mid-late and late S phase, it is 

unexpected that nascent DNA from very early S phase would be mapping to those regions. 

Local peaks of weak signal in the centromere/pericentromere region were called weak 

initiation regions (wIRs). It is unclear if these wIRs represent true initiation events, as 

opposed to noise in these regions of very low overall EdU incorporation.  

There were a few peaks of strong EdU signal, called strong initiation regions (sIRs), 

found in the pericentromere and centromere, hinting at possible early S-phase initiation in 

heterochromatic late replicating regions. These regions could still be late replicating if 

replication forks either stall or progress slowly due to the compact nature of 

heterochromatin. This could be queried using microscopy, as the AlexaFluor488 (AF488) 

fluorophore used in flow cytometry and immunoprecipitation can also be used in 

fluorescent microscopy. The nuclear distribution of nascent DNA, labeled by EdU which 

is conjugated to AF488, can be compared to the distribution of heterochromatic epigenetic 

marks. Such microscopic analysis of nuclei throughout S phase could potentially confirm 

very early initiation events in heterochromatic regions.  Such a disconnect between origin 

firing and replication timing would be an interesting development and deserves further 

analysis.  
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Characterizing origins 

 

GC rich elements 

Currently, the field is awash with reports on the relationship between origins and G-

quadruplexes (G4s). While G4s were first described in the early 1960s, they had to be 

experimentally defined and so analysis of their relationship to other genomic features was 

limited (Gellert, Lipsett, & Davies, 1962). However, bioinformatic tools now allow in silico 

genome-wide predictions of G4s in sequenced genomes (Bedrat, Lacroix, & Mergny, 2016; 

Huppert & Balasubramanian, 2005; Takahashi et al., 2012). The proliferation of tools to 

predict G4s led to a recent surge in their inclusion in genome-wide analyses, including origin 

characterization studies. There are many reports that G4s are associated with origins, or 

subsets of origins, in different systems (Bartholdy, Mukhopadhyay, Lajugie, Aladjem, & 

Bouhassira, 2015; Besnard et al., 2012; Cadoret et al., 2008; Cayrou et al., 2015; Foulk, 

Urban, Casella, & Gerbi, 2015; Mukhopadhyay et al., 2014), with the reservation that some 

origin data sets could be artificially enriched for GC sequences, and therefore GC-rich motifs 

such as G4s (Foulk et al., 2015). Other GC-rich sequences that have been associated with 

origins are origin G-rich repeated elements (OGREs) and CpG islands (Cadoret et al., 2008; 

Cayrou et al., 2015; Cayrou et al., 2012; Picard et al., 2014; Sequeira-Mendes et al., 2009). 

The OGRE motifs are a type of predicted G4s, but have yet to be experimentally confirmed. 

G4 structures were first studied in Arabidopsis in 2010 and found to be associated 

with genes (Mullen et al., 2010). Recent research comparing G4s in different plant species 

found dicots, including Arabidopsis, to have fewer G4s than monocots (Garg, Aggarwal, & 
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Thakkar, 2016), suggesting the function(s), if any, of G4s in plant genomes are not conserved 

in evolution. If true, that would suggest they are not likely to be crucial to origin function.  

Another GC-rich motif sometimes implicated in origin use is CpG islands. These are 

not as common in plant as in animal genomes. Preliminary work in Arabidopsis showed that 

IRs are depleted for CpG islands, but are symmetrically flanked by CpG islands. Whether 

this pattern is merely a reflection, or the cause, of the AT/GC content profile of IRs remains 

to be elucidated. A human study found that origins are strongly associated methylated CpGs 

but only weakly associated with unmethylated CpGs, strengthening the case for incorporating 

methylation data into Arabidopsis IR analysis (Martin et al., 2011). 

 

Genes and transcription 

Although IRs and genes are anti-correlated in the Arabidopsis genome, it will be 

interesting to further analyze those genes and IRs that do overlap. In the animal and yeast 

literature, there is some consensus that origins often overlap highly expressed genes. Further 

analysis of the transcription levels of genes overlapped by IRs should indicate if early 

Arabidopsis IRs follow this trend, or if there is any correlation between the levels of 

transcription and replication initiation. It would also be interesting to know if the IRs 

overlapping genes have higher EdU signal, indicating higher efficiency of usage. Gene 

ontology analysis of IR overlapped genes could expose a connection between gene function 

and initiation sites.  
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