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ABSTRACT OF THE DISSERTATION 

 

Characterization of Arabidopsis thaliana Transcription through an Analysis of Nascent 

Transcripts 

 

by 

 

Jonathan Andrew Hetzel 

Doctor of Philosophy in Biology 

University of California, San Diego, 2016 

Professor Joanne Chory, Chair 

 Plant transcription is simultaneously one of the most unique forms of transcription 

due to the presence of two additional RNA polymerases not found in other eukaryotic 

species, and one of the least well studied model organisms due to the technical difficulty 

of isolating and working with plant nuclei. This dissertation focuses on the use of the 

global run-on sequencing (GRO-seq) technique to study nascent transcripts in 

Arabidsopsis thaliana in order to characterize the distinct aspects of plant transcription 

and the plant-specific RNA Polymerase V. 

By studying nascent transcripts we were able to characterize the core features of 

plant transcription and identify several interesting characteristics that make plants unique 

compared to other eukaryotes. Focusing on the promoter, these studies have utilized the 

whole organism to identify the core promoter of Arabidopsis, demonstrate the 
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unidirectionality of plant transcription, identify the specific DNA motifs found in RNA 

Polymerase II binding, and that promoter proximal pausing is not found within seedlings. 

Looking at the termination site of Arabidopsis genes, these studies have demonstrated a 

much more tightly controlled transcriptional termination compared to mammals, and 

found a distinct feature of plant transcription where polymerase accumulation is 

observed in the 3’ end of genes after the polyA site. Studying non-coding RNAs, we 

found that plants generally do not utilize non-coding RNAs as derived from RNA 

Polymerase II, and show very little putative enhancer RNA expression. 

Capturing and characterizing the nascent transcripts of the plant specific RNA 

polymerases has answered fundamental questions of how these polymerases are acting 

in their roles directing RNA directed DNA methylation and identified the transcripts 

associated with each. The interdependence of RNA Polymerase IV and V is less 

connected than previously thought with the identification of a large number of RNA 

Polymerase V transcripts that are independent of RNA Polymerase IV activity. This 

result may require a reanalysis of the currently accepted model of RNA Polymerase V 

recruitment and activity. These results introduce a new method for future studies in the 

plant biology field and improve the genomic tools available to other researchers. 



  

1 

INTRODUCTION 

 

An individual seed has the ability to take in nutrients, develop into a mature 

flowering plant, and produce seeds of its own. These aspects of the plant lifecycle are all 

possible based solely on the coordinated expression of genes at specific points in time. 

Unsurprisingly, this coordinated expression requires complex cellular machinery that is 

constantly changing expression based on developmental cues, environmental stimuli, 

and any number of other factors. The ability to respond to the environment is particularly 

important for plants as they are rooted in place wherever they grow, and therefore must 

be able to respond to a host of stimuli. Finding ways to study these changes in gene 

expression can be difficult in plants since there are well-established techniques for 

studying steady-state transcript levels, but not nascent transcription. The primary aim of 

this work was to establish a robust method for analyzing nascent transcription in plants 

and use that technique to study the unique characteristics of plant transcription. 

By 2060 the world population is expected to grow to a staggering 10 billion, with 

most of this growth occurring in developing countries [1, 2]. The forecasted growth in 

agricultural yield is currently insufficient to match the needs of the increased population 

as roughly a 60% total increase in agricultural yield would be required and current 

methods are unable to meet this growth [1]. This issue is a result of the lack of additional 

arable land, a smaller labor force engaged in agriculture, and the increased use of crops 

for animal feed resulting in higher energy use for lower total calories for the individual. 

To meet the needs of the growing populace without switching the global food source to 

be purely plant based, more efficient means of production need to be found. Within plant 

biology that means finding improved agricultural traits to increase overall yield. In order 
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to find potential targets for improved traits, we need the ability to understand 

mechanisms of a plant’s response to the environment. 

To study plants we use the model organism Arabidopsis thaliana. Arabidopsis is 

a small tractable member of the mustard family that has a rapid life cycle from an 

individual seed to producing its own progeny within 2-3 months and requires very few 

resources for growth. As many researchers have worked with Arabidopsis for a 

significant length of time, there are a wide variety of computation tools, genetic tools, 

well-characterized methods for performing experiments, and large stocks of mutants 

from individual screens as well as large-scale T-DNA insertion projects [3, 4]. 

Additionally, Arabidopsis shares highly conserved pathways with more agriculturally 

relevant crop species, making it easy to establish signaling models in Arabidopsis and 

then verify them in crops for further applied research [5]. Working directly with crops can 

be difficult with the longer life cycles, higher resource needs, and larger genomes. With 

all of these resources and the large community surrounding Arabidopsis biology, this 

organism is an excellent starting point for understanding transcription in plants and 

eventually applying this knowledge to more complex questions such as how Arabidopsis 

responds to stress.  

Gene expression is one of the fundamental cellular processes of life and is 

responsible for an organism’s ability to develop and adapt to its changing environment. 

Gene expression is controlled by two fundamental processes including the rate at which 

a transcript is being produced and the stabilization of that transcript [6-8]. Transcription 

rate is a result of initiation, elongation, and termination while stabilization is a result of 

processing such as polyadenylation, splicing, export, and addition of the 5’ cap. If any of 

these processes are affected, there can be dramatic differences in the stead state level 

of a transcript and ultimately a change in protein accumulation and cellular function [6-8]. 
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We therefore need to study each of these processes in order to understand gene 

expression mechanisms. 

Generally in eukaryotic systems transcription requires a sequence-specific 

transcription factor that will bind to DNA and aid in the recruitment of the core RNA 

polymerase II machinery along with co-regulators of interactions, chromatin-remodeling 

factors, and a wide array of enzymes responsible for covalent modifications such as 

methylation and acetylation [9]. This area 50bp upstream and downstream of the 

transcriptional start site is known as the core promoter and understanding its 

characteristics and function is arguably the first step in understanding gene expression 

in any system [10-12]. In general, transcription begins with the formation of the 

preinitiation complex binding to the core promoter and recruiting the polymerase and 

additional factors [13-15]. Upon recruitment of the polymerase machinery, transcription 

can occur and nascent transcripts will be produced. As pol II is responsible for mRNA 

transcription, Pol II promoter architecture has been extensively studied in other species 

such as humans, yeast, and bacteria [16-18]. One of the most important features of the 

promoter is the presence of DNA motifs that are targeted by the transcription machinery 

[9, 19]. With all of these studies, strong models of how promoter architecture leads to 

nascent transcripts have been built. How the initiation and termination of transcription 

occurs within plants is inferred from these other systems, but without directly studying 

plants, definitive statements cannot be made. In order to characterize transcription in 

plants, nascent transcripts need to be analyzed through a technique such as PRO-seq 

[20], NET-seq [21], or global run-on sequencing (GRO-seq) [22]. 

The main focus of this research has been on the development of new tools for 

the analysis of whole genome nascent RNA expression through the GRO-Seq method. 

This technique captures nascent RNA that has just been made across the entire 
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genome, which differs from techniques such as RNA-seq that study steady-state RNA 

that was made some time previously and is still stable. In general we can use GRO-seq 

to identify the position, quantity, and orientation of engaged RNA polymerases by 

performing a run-on of transcriptionally active nuclei with labeled nucleotides [22-24]. 

These labeled transcripts can then be sequenced using Illumina sequencing platforms, 

providing large high-resolution data sets of nascent transcripts. This technique has been 

performed in other systems, primarily with cell lines or very simple samples such as 

embryos, but high quality data in plants and other whole organisms in general was 

lacking when we started this project. By identifying nascent transcripts we are able to 

build a more accurate model of which genes are active at a specific point in time as well 

as characterize nascent transcripts to identify aspects of transcription that would 

otherwise be hidden.  

While the GRO-seq method is very powerful, it is not able to accurately identify 

the 5’ ends of nascent transcripts at single nucleotide resolution as we would have 

hoped. Therefore, we also worked on developing a 5’ GRO-seq [25] method in 

Arabidopsis that would allow for precise transcriptional start site (TSS) mapping by 

enriching for and sequencing transcripts fragment that have a 5’ 7meG cap. This 

enrichment was previously performed using a tobacco acid pyrophosphatase (TAP) 

enzyme that would remove the 5’ cap and leave behind a monophosphate, which can 

directly be used for the preparation of sequencing libraries. Unfortunately, this enzyme 

was no longer commercially available so we also set to work finding a replacement for 

this step in the procedure. 

While a definitive plant core promoter model has not been built due to the lack of 

effective methods and poorly annotated transcriptional start sites, several groups have 

worked to define several DNA sequence motifs. Some of the strongest motifs include the 
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TATA box and an initiator, which is also common in other species as some of the 

strongest elements of the core promoter [26]. In addition, some less common DNA 

motifs were identified such as DOF, MYB, and MADS box along with a general 

enrichment of GA sequence content [27]. Later studies that utilized motif discovery tools 

based on promoters found Y-patch, CA, and GA elements and proposed these may be 

similar to the CpG islands that are found in many mammalian promoters allowing for a 

strong prediction of mammalian TSSs [28-33]. While these studies were very valuable 

for laying the groundwork of studying plant promoter architecture, they all suffered from 

poor TSS annotations due to the use of relatively low-throughput techniques such as 

EST/cDNA alignments. Recent work by Morton et al. helped to define TSSs with the 

development of a 3PEAT method, but unfortunately it still has difficulty calling unstable 

or non-coding transcripts [26]. As we have been able to build our own TSS maps 

through direct analysis of TSSs, it has become clear that a more robust method is able 

to capture far more information about the plant promoter and is able to do it with a much 

higher resolution and level of confidence. With directly analyzing nascent transcripts, we 

are also able to capture any unstable or non-coding RNAs and identify new features 

such as regulatory effects that were not shown previously. 

Beyond promoter architecture, the general characteristics of plant transcription 

are largely unknown. For example, studies of mammalian transcription have revealed a 

huge number of non-coding enhancer RNAs (eRNAs) that aid in gene regulation [34]. 

Whether or not eRNAs even exist in plants is still an open question that needs to be 

addressed. Another example is the 5’ pausing of RNA polymerases in mammalian cells 

after initiation but prior to elongation allowing for a rapid transcriptional response at 

specific genes. Whether or not plants show 5’ pausing is still unknown. In general these 

basic questions have been answered in other systems, but not in plants. Given that 
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plants and animals diverged more than 1.6 billion years ago, it stands to reason that we 

can expect to find unique characteristics of plant transcription with an effective method to 

study nascent transcripts. 

Plant transcription is particularly interesting to study due to the presence of two 

additional eukaryotic RNA polymerases not found in other model systems [35, 36]. A 

typical eukaryotic system makes use of three DNA-dependent RNA polymerases with 

RNA polymerase II being responsible for the production of mRNAs [37] and thus the 

most widely studied. RNA polymerase I is responsible for the transcription of rRNA [38] 

while RNA polymerase III is responsible for 5s rRNA, tRNA, and other small RNAs [39]. 

These two polymerases are critical, but as they do not give rise to mRNA and because 

they are considered to be more related to housekeeping genes, they have generally 

received less attention than RNA polymerase II. Interestingly within Arabidopsis and 

other flowering plants, there are also two additional polyermases, RNA polymerase IV 

and RNA polymerase V [35, 36]. These polymerases are the result of duplication events 

and further evolution of specific Pol II subunits resulting in new unique functions over the 

course of divergent evolution [40, 41]. The largest subunits of pol IV and pol V are 

NRPD1 and NRPE1, which differ from the pol II subunit NRPB1 due to substitutions and 

deletions in the active site as well as the C-terminal domains [35, 40, 42, 43]. These 

mutations, particularly in the C-terminal domain, are believed to result in the specialized 

functions of the two plant specific polymerases. While neither polymerase has been 

studied as extensively as pol II, several groups have identified aspects of their function 

and identified several transcripts produced by each. 

The primary function of pol IV is to serve as the starting point of RNA-directed 

DNA methlyation (RdDM) in order to repress transposable elements and maintain the 

integrity of the genome [44, 45]. As a brief overview, Pol IV has been shown to produce 
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transcripts that are processed into double stranded RNAs by RNA-DEPENDENT RNA 

POLYMERASE (RDR2) at which point they are then cleaved by DICER-LIKE3 (DCL3) 

into 24 nucleotide small interfering RNAs (siRNAs) that are responsible for the targeting 

of the RdDM machinery [36, 46-48]. Although pol IV has been shown to be required for 

the production of the 24 nucleotide siRNAs and is transcriptionally active in vitro, there is 

still little known about the production of pol IV dependent transcripts [42]. These 

transcripts are particularly difficult to identify due to their relatively low abundance and 

the rapid cleavage by DCL3 making it difficult to capture before they are processed and 

no longer accessible. A recent study was able to use a dlc2/3/4 mutant to disrupt the 

processing and sequence the RNAs, but there are several substantial caveats to the 

method where they had to use a strong mutant background and relied on substantial 

fragmentation, costing them resolution of the full transcripts [49]. Zhai et al. were instead 

able to directly clone Pol IV transcripts, thus eliminating many of the caveats of a strong 

mutant background [50]. Using GRO-seq, it is possible to disrupt the other polymerases 

to reduce the background signal and increase the relative level of pol IV transcripts for 

easier identification. We are therefore able to validate the proposed pol IV transcripts 

with a second high-resolution method and ideally identify new characteristics of these 

transcripts. 

Pol V on the other hand is believed to transcribe non-coding regions of the 

genome that may then be used as a scaffold for the targeting of the DNA methylation 

machinery [51]. Unlike pol IV, the transcripts produced by pol V are currently not fully 

known as they are low abundance and rapidly processed, nor are the modifications of 

those transcripts characterized. However, ChIP-seq studies have shown that pol V itself 

maps to transposons and repeats that are linked to the 24 nucleotide siRNAs of pol IV 

as well as sites of cytosine methylation, indicating a recruitment and binding preference 
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for the sites of RdDM [52-54]. Additionally, it has been shown that pol V transcription is 

aided by the DDR complex, consisting of several chromatin remodeling factors that 

target it to sites of RdDM and can disrupt pol V function [55]. Overall, while many studies 

have focused on this unique plant specific polymerase pol V, little is known about the 

actual transcripts it produces and few have been mapped. We believed that a modified 

GRO-seq method could be the key tool to build a genome wide map of their transcripts 

and their characteristics such as 5’ modifications. In order to carry out all of these 

studies several substantial plant-specific technical hurdles had to be overcome first.  

The GRO-seq method relies on the isolation of high quality, transcriptionally 

active nuclei. Each run-on typically uses approximately 106 nuclei per reaction, and poor 

quality nuclei are far less efficient. Unfortunately, the isolation of large quantities of 

transcriptionally active plant nuclei has been difficult for several decades and has been a 

major factor in setting back the study of plant transcription. While other fields were able 

to move forward with the study of transcription using nuclear run-on experiments, plants 

fell behind without the ability to isolate high quality nuclei. This initial challenge needed 

to be overcome before proceeding with any actual studies using the GRO-seq method. 

After optimizing the large-scale nuclei prep, the GRO-seq method then had to be 

optimized for the specific conditions of plant nuclei, which differ dramatically from other 

species due to the presence of contaminants such as chloroplasts, which are an 

abundant source of RNA and DNA. The effects of high chloroplast content leads to 

higher background that needs to be filtered out and less overall useable data, reducing 

the statistical power of any experiments. By overcoming these technical problems in 

plants, we can build a much more robust method for our studies as well as a technique 

that can potentially be used in almost any other species for studying a wide variety of 

tissue types. 
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With an efficient GRO-seq method the nascent transcripts can be used to 

characterize the basic characteristics of plant transcription. GRO-seq is simply a 

modification of the original nuclear run-on protocol to make it genome wide and able to 

be performed in conjunction with high-throughput sequencing. The first successful use of 

GRO-seq was performed by Core et al. to show widespread pausing as well as 

divergent initiation of transcription in human cell lines [22]. While these features of 

mammalian transcription were suspected, this study was the first to demonstrate this 

characteristic with a genome-wide view. With an efficient method in place, we are able to 

characterize everything from the characteristics of the core promoter to the exact site, 

location, and modifications of the transcript made from a specific polymerase. Much like 

the mammalian system, we are able to study characteristics of plants that we suspect 

but cannot prove and see if characteristics of individual plants can be observed genome-

wide. 
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CHAPTER 1 Nascent RNA sequencing reveals distinct features of plant transcription 

 

1.1 Abstract 

Transcriptional regulation of gene expression is a major mechanism utilized by 

plants to confer phenotypic plasticity, yet compared to archaebacteria, eubacteria, and 

other eukaryotes, very little is known about the design principles of plant transcription. 

We generated an extensive catalog of nascent and steady state transcripts in 

Arabidopsis thaliana seedlings using global nuclear run-on sequencing (GRO-seq), 

5’GRO-seq and RNA-seq and reanalyzed published corn GRO-seq data to identify 

general characteristics of plant transcription. Arabidopsis nascent transcripts were used 

for de novo annotation of coding and non-coding RNAs, which resulted in the 

identification of several previously unidentified, unstable transcripts. Both coding and 

non-coding transcripts had comparable promoter chromatin configurations. Motif 

analysis revealed new regulatory DNA elements including a novel conserved ‘TGT’ core 

promoter motif and unreported transcription factor (TF) binding sites. Mapping of 

engaged RNA polymerases revealed a lack of enhancer RNAs, promoter proximal 

pausing, and divergent transcription in Arabidopsis and corn, which are commonly 

present in humans and yeast. In contrast, Arabidopsis and corn genes accumulate RNA 

polymerases adjacent to the polyadenylation site immediately downstream of genes, a 

trend that correlated with increasing gene length and coincided with hypomethylation of 

CpG residues. Lack of promoter proximal pausing and a higher correlation of nascent 

and steady state transcripts suggests Arabidopsis transcript levels are more 

predominantly regulated by transcriptional initiation than in humans. Together, these 

findings provide insight into plant transcriptional mechanisms, but also eukaryotic 

transcription in general. 
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1.2 Significance Statement 

Transcription is a fundamental and dynamic step in the regulation of gene 

expression but the basic characteristics of transcription in plants are poorly understood. 

We adapted the GRO-seq and 5’GRO-seq methods for plants and analyzed nascent 

transcripts in Arabidopsis thaliana seedlings. We confirmed known and identified novel 

transcripts and mapped their transcriptional start sites at single nucleotide resolution. 

This transcript analysis allowed us to identify distinct characteristics of plant transcription 

and put forward a general method for mapping engaged polymerases and nascent 

transcripts genome-wide, a key technique that has been lacking in plants and will 

undoubtedly prove to be valuable for many members of the plant biology field. 

1.3 Introduction 

Gene expression is a hallmark of life and subject to adaptation in changing 

environments Steady state gene expression is a result of RNA synthesis through 

transcription initiation, elongation, and termination, followed by transcript maturation and 

decay. Alterations of any of these events can result in dramatic differences in transcript 

levels and ultimately cellular function. During the past 50 years, much has been learned 

about transcriptional mechanisms using yeast and animal models [12, 56, 57]. In 

contrast, owing to technical difficulties created by plant cell extracts, there remains a 

large gap in our knowledge of the design principles of plant transcription. Plants and 

animals diverged more than 1.6 billion years ago. Studying plant transcription therefore 

will not only contribute to a better understanding of the world’s largest food source, but 

also the evolution of eukaryotic gene expression as a whole. 

The signals recruiting the transcription apparatus to the genome are ultimately 

integrated at the promoter. Sequence-specific transcription factors (TFs) commonly bind 

the proximal promoter around -150 to -50 bp upstream of the transcriptional start site 
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(TSS) [12]. The core promoter, located approximately ±50 bp relative to the TSS, is the 

primary site where basal transcription factors cooperate with conserved DNA sequence 

motifs to orchestrate recruitment of the RNA polymerase [12, 58]. For a number of 

species, transcription by RNA polymerase II has been studied extensively and detailed 

models of the promoter have been developed [12, 56-58]. However, this has not been 

the case for plant model systems. Previous studies in plants have focused on enriched 

sequences at promoters, but a conclusive view of plant transcription has been hindered 

by the lack of precise TSSs [27, 33]. While annotation has been improved dramatically 

through the use of high-throughput sequencing techniques such as 3-PEAT [26], the 

annotation of many plant TSSs still relies exclusively on original 5’RACE or EST/cDNA 

alignment data. This problem is particularly apparent for unstable or non-coding RNAs, 

of which only a fraction have been fully annotated. 

In order to comprehensively study global transcription it can be invaluable to map 

all transcription within the cell, regardless of RNA stability. Nascent RNA sequencing 

methods such as GRO-seq [22], PRO-seq [20] or NET-seq [21] have highlighted the 

abundance of unstable transcripts in some eukaryotes such as yeast and mammals [59, 

60] yet GRO-seq methods have been difficult to perform in plants due to the required 

number of intact and transcriptionally active nuclei. GRO-seq was recently employed in 

corn seedlings and provided insight into monocot transcription, reporting a lack of 

promoter anti-sense transcription typical in mammalian organisms [61]. Profiling nascent 

RNA in Arabidopsis, will facilitate comparisons between monocot and dicot plants and 

enable the identification of the key features of plant transcription that apply to the 

kingdom in general. 

Here we report an optimization of the GRO-seq method facilitating the genome-

wide analysis of engaged RNA polymerases and nascent transcripts in 6-day old 
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Arabidopsis seedlings. In the analysis, we focus on 7meG-capped transcripts as 

generated by RNA polymerase II in order to identify protein-coding genes, miRNAs, and 

other non-coding RNAs. GRO-seq and 5’GRO-seq were paired with RNA-seq to 

investigate the Arabidopsis transcriptome in depth. In addition to stable transcripts, de 

novo annotation of nascent transcripts revealed many unstable non-coding transcripts, 

although these transcripts were underrepresented in Arabidopsis compared to 

mammals. Motif analysis identified previously unreported promoter motifs and revealed 

comparable structures for promoters of coding and non-coding transcripts. Nascent RNA 

sequencing highlighted the lack of divergent transcripts and promoter proximal pausing, 

but revealed an elevated 3’ pausing for RNA polymerase II that was also apparent in 

corn. Together, these data affirm distinct features of plant transcription and demonstrate 

a remarkable diversity in the regulation of eukaryotic transcription. 

1.4 Results 

Global run-on sequencing profiles of nascent transcription in Arabidopsis thaliana 

To comprehensively characterize the general features of transcription in plants, 

we adapted GRO-seq and 5’GRO-seq for use with 6-day old seedlings of Arabidopsis 

thaliana (Fig, 1 A, Fig. S1). GRO-seq captures nascent RNA independent of RNA 

stability thereby providing precise maps of engaged RNA polymerases in an orientation 

specific manner [22]. 5’GRO-seq specifically enriches for cap-protected 5’ ends 

facilitating TSS mapping of nascent transcripts at single nucleotide resolution [25]. We 

also profiled steady state transcripts using conventional RNA-seq for comparison with 

nascent transcript levels. As exemplified for the gene At4g10180, GRO-seq reads cover 

the full transcript including introns, 5’GRO enriches for 5’ fragments of the gene, and 

RNA-seq maps the mature, intron-less transcript (Fig. 1 B). In total we observed active 

transcription covering approximately 35% of the genome by GRO-seq, and 25% by 
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RNA-seq in 6-day old Arabidopsis seedlings. While this number is in part dependent on 

sequencing depth, it remarkably differs from humans where approximately 75% of the 

genome was found to be transcribed across different ENCODE cell lines with no 

individual line transcribing more than 57% [62] (Fig. 1 C). 
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Figure 1.1. GRO-seq reveals distinct features in Arabidopsis thaliana transcription through 
nascent RNA sequencing. 
(A) GRO-seq method in Arabidopsis (B) Browser shot of sample gene At4g10180.1 with 
normalized read densities along the y-axis with 5’GRO-seq (dark blue), GRO-seq (light blue), and 
RNA-seq (green). (C) Percentage of transcribed Arabidopsis genome (6 day old seedlings) 
compared to human ENCODE cell lines [15]. (D) Distribution of RNA-seq and GRO-seq reads 
relative to annotations or extended annotations (±500bp; right side) with human data from IMR90 
cells [8]. (E) Meta plot of GRO-seq signal from annotated genes normalized for reads per bp per 
gene along y-axis for Arabidopsis and human IMR90 cells [8] . (F) Intergenic sites were defined 
by DNAse-seq peaks (FEA4 ChIP-seq for corn [20]) and heatmaps were generated +/- 1kb from 
intergenic sites for signal from DNAse-seq, GRO-seq, RNA-seq, H3K4me3, H3K9/27ac, and 
input in Arabidopsis, corn, and IMR-90 cells [8, 13, 19-26]. Sites are sorted based on the total 

GRO-seq signal observed within 400 bp of the intergenic peak. 
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In addition to the nuclear and mitochondrial genomes, plants contain a third 

densely packed chloroplast genome derived from the cyanobacterial lineage. 

Chloroplast gene expression is controlled by a bacterial type plastid encoded 

polymerase (PEP) and two nuclear encoded plastid polymerases (NEP) [63]. While we 

depleted chloroplasts during nuclei isolation and selected against 5’-

monophosphorylated RNAs, the organelle is so abundant that a substantial number of 

nascent transcripts were still captured. We found approximately 76% of the chloroplast 

genome was actively engaged demonstrating pervasive transcription in this organelle. 

Comparing GRO-seq to RNA-seq revealed novel transcripts in the chloroplast genome 

(Fig. 1 D). This result demonstrates the potential for characterizing prokaryotic or viral 

polymerases using the GRO-seq method even though this was not the goal of our study. 

Analysis of GRO-seq data revealed 83% and 68% of engaged RNA polymerases 

occupy the sense strand of annotated transcripts of the Arabidopsis nuclear and 

chloroplast genomes, respectively. Approximately 4% occupied the antisense strand of 

genes on the nuclear genome and 13% mapped to unannotated regions. These 

numbers were significantly higher for the chloroplast genome with 7% and 25% mapping 

to antisense genic and unannotated regions, respectively (Fig. 1D). By comparison, 98% 

of the RNA-seq mapped to the sense strand of nuclear genes. Together these findings 

suggest that nuclear RNA polymerases are heavily engaged on the sense strand in 

Arabidopsis, particularly when compared to humans [22]. Indeed, expanding the 

annotations by 500bp to either side increases the number of nuclear engaged RNA 

polymerase to 95%, suggesting the majority of non-annotated transcription occur directly 

adjacent to the annotated TSS and transcription termination site (TTS). 

 Strikingly, when compared to other organisms such as humans [22] Arabidopsis 

lacks significant divergent transcription as well as 5’ pausing at transcription start sites 
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(Fig. 1 E). These results contrast previous reports of divergent transcription as an 

inherent feature of eukaryotic promoters [22, 64, 65]. Analzying our Arabidopsis GRO-

seq data with the removal of promoters within 1kb of each other to prevent signal 

overlap appearing as promoter anti-sense transcription and reanalyzing corn GRO-seq 

data [61] conclusively demonstrates the lack of divergent transcription and pausing in 

both systems (Fig. S2). The lack of promoter proximal pausing argues that plant 

transcription is more predominantly regulated at the level of initiation. 

To search for the presence of enhancer RNAs in plants we identified putative 

enhancer elements using published DNase hypersensitivity (DNase-Seq) data [66] for 

Arabidopsis and FEA4 ChIP-seq [67] peaks for corn (due to a lack of DNAse-seq data). 

In total 2,467 putative intergenic enhancers were identified in Arabidopsis and 4,665 in 

corn compared to 21,847 in the IMR-90 human cell line. Each site was sorted based on 

their GRO-seq and RNA-seq signals and heat maps were generated for +/- 1kb from the 

intergenic site of signal for chromatin accessibility, GRO-seq, RNA-seq, and epigenetic 

modifications commonly found at either promoters (H3K4me3) or enhancers 

(H3K9/27ac)(Fig. 1F) [22, 61, 66-73]. Based on the heat map, there is very little GRO-

seq, RNA-seq, or enhancer associated chromatin marks in Arabidopsis and corn 

compared to humans, and both plants lack the distinctive bidirectional transcription 

common at mammalian enhancers. Given these data it would appear that if plants have 

enhancer elements, they rarely, if at all, produce transcripts from these regions. 

Nascent Transcript Identification 

Unlike RNA-seq, which measures steady-state levels of RNA species, GRO-seq 

captures nascent transcripts independent of transcript stability [22, 25]. This can be 

exemplified by the miRNA MIR158A, which responds to nitrogen starvation and has 

been predicted to target a pair of fucosyltransferase protein transcripts (Fig. 2 A) [74]. 
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The annotated miRNA used in previous studies is 100 bp while the actual primary 

transcript as mapped by GRO-seq is more than 1kb in length and initiates several 

hundred bp upstream of the current annotation [74]. Additionally, GRO-seq captures 

transcripts previously undetected by RNA-seq or 3-PEAT (Fig. 2 A). 
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Figure 1.2. Genome-wide characterization of nascent transcripts in A.thaliana.  
(A) Browser shot for non-coding transcripts (left) of miRNA MIR158a with 5’ GRO-seq (dark blue) 
and GRO-seq (light blue). Relative read densities for 5’GRO/GRO and RNA-seq (green) were 
scaled by 10% to enable visualization alongside the 3-PEAT TSS mapping data at these loci 
(red). (B) Classification of de novo identified high-confidence transcripts with HOMER. (C) RNA 
stability plot of [log2] RNA-seq reads vs [log2] GRO-seq reads for identified transcript groups in 
Fig. 2 B (D) Representative list of GO terms with p-values identified for the most stable and 
unstable transcripts from Fig. 2 B. Stable transcripts were defined as having 3-fold more RNA-seq 
than GRO-seq, while unstable transcripts were defined as having 3-fold more GRO-seq than 
RNA-seq. (E) Meta plot at the TSS of 8,767 annotated genes and 153 non-coding transcripts 
from Fig. 2 B with normalized reads per bp per TSS for chromatin modifications [19, 24, 26] (top) 
and with RNA-seq and GRO-seq (bottom).  

We next created an unbiased atlas of Arabidopsis transcription using de novo 

transcript annotation based on GRO-seq expression loci. We complemented this 

strategy with 5’GRO-seq to accurately annotate the 5’ ends of each transcript. We 

identified 9200 high confidence transcripts comprised of 8767 annotated protein-coding 

genes, 264 gene-antisense, 16 promoter-antisense, 117 annotated non-coding, and 36 

novel intergenic transcripts (Fig. 2 B, Table S1). The number of intergenic transcription 
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units is significantly less than described in human cell lines [75]. However, gene-

antisense RNAs, which were described as modulators of gene expression, are more 

enriched in Arabidopsis, suggesting an increase in antisense gene regulation in plants 

compared to humans [61, 75, 76]. The TSSs for annotated transcripts called using 

5’GRO-seq showed strong overlap to those also found by 3-PEAT [26], increasing the 

confidence in the data sets (Fig. S3). 

Transcript Stability 

Comparison of GRO-seq and RNA-seq transcript levels provides a measure for 

transcript stability. Stable transcripts were defined as transcripts with a low ratio of GRO-

seq to RNA-seq signal while transcripts with high ratios of GRO-seq to RNA-seq signal 

were assigned as unstable transcripts. Plotting the different transcript classes with 

respect to stability revealed a range of stability for annotated protein-coding genes 

compared to general instability for non-coding annotated RNAs, miRNAs, promoter-

antisense transcripts, and novel non-coding transcripts (Fig. 2 C). Performing the same 

comparison of RNA-seq vs GRO-seq for exon coverage of human IMR-90 cells revealed 

a higher variance than in Arabidopsis (r2 = 0.56 , Human r2 = 0.22 , Fig. S4), underlining 

a much tighter correlation between transcription and steady-state RNA levels in 

Arabidopsis. This correlation suggests Arabidopsis transcription is more predominantly 

regulated at the level of transcription initiation compared to humans. 

To investigate if RNA stability was associated with genes with specific biological 

functions, we performed functional enrichment analysis with annotations from the Gene 

Ontology (GO) of the most stable and unstable transcripts (Fig. 2 D, Table S2). Stable 

transcripts were associated with cell metabolism and photosynthesis functions while 

unstable transcripts were enriched for stimulus response genes that are regulated by 

pathogens, hormones, and other chemicals. These findings are consistent with the 
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biological theme that transcripts associated with essential processes are stable while 

regulated genes tend to be less stable. 

We next analyzed the epigenetic status of chromatin found at the loci of de novo 

transcripts identified using only GRO-seq data. Analysis of the transcript loci found at 

annotated protein-coding genes revealed DNase hypersensitivity and transcription-

related chromatin marks at the expected position relative to the TSS [77-79] (Fig. 2E). 

H3K4me3, H3K27ac, and H3K36me3 peaked in proximity to the +1 nucleosome and 

H3K4me2 slightly downstream [71, 73]. DNase hypersensitivity overlapped with the 

promoter region, and H3K4me1 and H3K36me2 increase along the body of the gene 

[66, 71, 73]. The loci for non-coding transcripts showed a nearly identical pattern of 

chromatin modifications, suggesting they have a similar promoter region to those found 

at protein-coding gene promoters. The non-coding RNAs showed less RNA-seq signal 

compared to GRO-seq as expected while annotated protein-coding genes showed 

similar RNA-seq and GRO-seq signal (Fig. 2 E). 

Arabidopsis promoter structures and identification of promoter motifs 

5’GRO-seq provides high-resolution TSS data allowing for the investigation of 

promoter elements in a distance-specific manner. Using the 9200 transcripts identified 

from GRO-seq and 5’GRO-seq data, we found that the Arabidopsis core promoter region 

(-50 to +50 bp with respect to the TSS) shows GC content at 38%. Arabidopsis 

promoters display a strong A/T-enrichment around -30 bp from the TSS suggesting a 

predominant role of the TATA-box core promoter motif (Fig. 3 A). This contrasts human 

core promoters that are ordinarily GC-rich and only slightly enriched for the TATA box. 

Over 80% of plant transcripts initiated on an A, followed by 13% G, 5% T and 2% C. De 

novo motif analysis using HOMER underlined the strong prevalence of Inr-like motif 

(44.8%) and variations thereof (Fig. 3 B). The Arabidopsis Inr consensus sequences 
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‘TYA(+1)YYN’ and ‘TYA(+1)GGG’ differ from the traditional Inr ‘TCAKTY’ in Drosophila 

[10]. Also notable was the enrichment of guanosine triplenucleotides in proximity to the 

TSS but their functional significance remains to be explored (Fig 3B). Some of the 

elements around the transcripts initiating on ‘C’ matched the reported TCT motif 

consensus sequence, yet no apparent enrichment in the promoters of genes involved in 

translation was observed [80]. 
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Figure 1.3. Arabidopsis promoter features and motifs.  
(A) Meta plot of nucleotide frequency with respect to the +1 TSS as defined by 5’GRO-seq for 
annotated transcripts at the core promoter region of Arabidopsis and human HeLa samples [35]. 
(B) Position restricted de novo motif analysis of Arabidopsis initiating nucleotides using HOMER. 
Percentage of motifs at TSSs as compared to background levels. (C) TGT motif as identified at 
Drosophila S2 and human (HeLa) TSSs [35]. (D) De novo motif analysis of the proximal promoter 
region from -150 to +50 with respect to the TSS using HOMER. Identified motifs with possible 
matches (left) and percent of TSSs containing the motif (right) along with background levels. (E) 
Meta plot of the TF binding sites (left) and simple repeat elements (right) with respect to the 
distance from the TSS along the x-axis. (F) Schematic of regulatory sequence features at 
Arabidopsis promoters. 
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Our analysis further identified a novel ‘initiator’ which we termed the ‘TGT motif’ 

at approximately 4% of Arabidopsis TSSs (Fig. 3 B). Analysis of HeLa [81] and 

Drosophila S2 5’GRO-seq data revealed the TGT motif to be also present in humans 

and flies (Fig. 3 C) where it is rare but conserved. 

The region that mediates the intricate interplay among sequence specific 

transcription factors that modulate gene expression is commonly found in the proximal 

promoter region, located from -150bp to +50bp relative to the TSS. De novo motif 

analysis using HOMER highlighted a predominance of simple sequence repeats in 

Arabidopsis but also identified transcription factor binding sites, some of which are 

unknown (Fig. 3 D,E) The most prevalent sequence patterns were TC- and CKT-repeats 

present around the TSS and just downstream. These may resemble 5′-terminal 

oligopyrimidine tracts (TOPs) which were reported to play a role in mRNA translation 

[82]. The presence of CT-repeats upstream of the initiator has previously been observed 

as the ‘Y-Patch’ [33]. CA- repeats were found dispersed across the core promoter 

region. Simple repeats of polyA/T occur upstream of the TSS with an additional 

enrichment of ‘TATA’ around -30 bp, with respect to the TSS. The polyA/T-enrichment is 

known to inhibit nucleosome formation, and aids DNA flexibility and thus transcription 

factor recruitment [83]. The TATA box was found in 31% of plant promoters, similar to 

the 29% reported previously [27]. This percentage is higher than in Drosophila or 

Humans and suggests that the -30 and +1 regions are particularly relevant in 

Arabidopsis core-promoters. 

The most common transcription factor motifs enriched in Arabidopsis proximal 

promoters were specifically found upstream of the TATA box with the E-box and 

TCP/PCF elements being the most prevalent at 10.5% and 13.2%. Additionally, two 

unidentified motifs were found that have not been reported previously (Fig. 3 D,E). An 
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oversimplified model for the basal Arabidopsis promoter structure is proposed (Fig. 3 F). 

Given our classification of coding, non-coding, and anti-sense transcripts, we compared 

the promoters from each class (Fig. S5). While there were some minor differences, 

overall the classes contained similar sequence motifs and general sequence 

composition. Transcriptional stability and transcript properties are thus unlikely to be 

encoded within the promoter. 

3’ RNA polymerase Accumulation 

Although promoter-proximal pausing in Arabidopsis seedlings was not readily 

apparent, we noticed a sharp transcript termination, possibly due to the compact 

genome, and an accumulation of polymerase at the 3’ polyadenylation site (PAS) of 

genes when compared to Drosophila or humans [22, 84] (Fig. 4 A). To confirm the build-

up of nascent RNA downstream of the PAS, we plotted published Pol II ChIP-seq [85] to 

independently characterize the polymerase pausing in this region genome-wide. While 

the RNA-seq signal goes to zero as expected, Pol II ChIP-seq shows a clear signal 

increase just downstream of the polyA site (Fig. 4 B), in line with previous reports 

describing a connection between 3’pausing and polyadenylation in vitro [84, 86, 87]. 
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Figure 1.4. Arabidopsis shows extensive 3’ RNA polymerase accumulation.  
(A) Meta plot of GRO-seq signal from Tair10 annotated genes for Arabidopsis and human 
samples [8]. Reads were normalized as reads per bp per gene. (B) RNA polymerase II 
accumulation as shown by ChIP-Seq (purple) [39] with RNA-seq (+) (green) and (-) (tan) signal 
around the poly adenlylation site (PAS). (C) 3’ pausing index for expressed genes (gene body 
FPKM>5 and at least ten reads from -250 to 0 relative to the PAS). Index calculated as the ratio 
of the reads from 0 to +250 relative to the PAS compared to the reads from 0 to -250. 
Randomized data is shown in tan and standard deviations calculated based on 1000 
randomizations. (D) Meta plots anchored by TSS (0%) and PAS (100%) of GRO-seq and RNA-
seq for genes >2.0kb (left) and <1kb (right) in total length. Reads were normalized as per bp per 
gene. (E) CpG methylation (left) and CHG methylation (right) [53] were plotted as percent 
methylation along the normalized gene body. 

We found no defining chromatin marks, polyadenylation signals, or nucleotide 

frequency differences between paused and unpaused genes, but found an association 

between 3’ pausing and both gene length and CpG methylation (Fig. 4 C, E). A 

breakdown of genes by length revealed several distinct characteristics between the 
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GRO-seq signal, RNA-seq signal, and amount of 3’ RNA polymerase accumulation (Fig. 

4 D). Longer genes show a higher accumulation in the GRO-seq reads compared to 

RNA-seq, suggesting these transcripts are generally less stable than shorter genes. 

Reanalyzing corn GRO-seq data [61] showed similar strong 3’ accumulation of nascent 

RNA that increased with gene length (Fig. S6) suggesting that the higher level of 3’ 

pausing for longer genes is a distinct characteristic of plant transcription. 

In addition to gene length, CpG methylation was found to be associated with 3’ 

pausing. In Arabidopsis CpG methylation was excluded from the 3’ pausing sites and 

promoter regions of transcribed genes, while it is only excluded from the promoter region 

in mammalian systems [70] (Fig. 4 E). In aggregate, long genes show an average 

maximum of CpG body methylation at approximately 40% in the middle of the gene, 

which drops below 10% at their 5’ and 3’ ends. However, short genes never show a 

body methylation peak above 15% and have a comparatively minimal drop at the 3’ end 

demonstrating a strong connection between CpG methylation and 3’ pausing. In 

contrast, CHG methlyation exhibited a distinctly different pattern with a drop at the 

promoter but no decrease at the pause site, suggesting a specific exclusion of CpG 

methylation from the PAS in Arabidopsis. While a comparable methylC-seq data set 

does not exist in corn, we were able to reanalyze methyl-DNA immunoprecipitation 

(MeDIP) [72] to show that methylation is generally excluded from both the 3’ and 5’ ends 

of genes as seen in Arabidopsis, with a very strong drop at the 3’ end of long genes (Fig. 

S7). The data from corn suggests the connection between 3’ pausing of engaged RNA 

polymerase and CpG methylation is another distinct characteristic of plant transcription. 

1.5 Discussion 

This study has put forward an application of the GRO-seq method for mapping 

engaged RNA polymerases by isolating nascent transcripts at a genome-wide level in 
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Arabidopsis. The identification of nascent transcripts and definition of TSSs revealed 

unique characteristics of Arabidopsis transcription and their connection to other 

eukaryotic systems. The lack of divergent transcription and promoter proximal pausing in 

both corn and Arabidopsis challenges the notion that eukaryotic promoters are inherently 

divergent [22, 64, 65]. The absence of promoter proximal pausing, the rate-limiting step 

after transcriptional initiation in mammals [88], together with higher correlation between 

nascent and steady state transcript levels argues that transcript levels are more strongly 

regulated at the level of initiation in plants, revealing distinct differences among 

Eukaryotes. 

Utilizing 5’GRO-seq, we mapped 9200 high confidence TSSs in 6-day old 

Arabidopsis seedlings yet identified only 36 novel and 117 annotated non-coding 

transcripts. This result suggests plants rely less on non-coding regulatory RNAs as 

generated by Pol II, particularly when compared to mammals. Notably, plants lack 

eRNAs as well as the negative elongation factor (NELF) involved in promoter proximal 

pausing. eRNAs were reported to mediate release of NELF-dependent pausing [89]. 

Therefore, given the absence of NELF, potential eRNAs may not have provided the 

same selective advantages in plants, which would impede eRNA or mammalian-like 

enhancer evolution. In contrast, however, Zhu et al. [73] predicted over 10,000 plant 

enhancers based on chromatin signatures in leaves and flowers. Without tissue-matched 

GRO-seq data for these predicted enhancers or targeted disruption it is difficult to 

validate their in vivo role or potential for enhancer transcription, but future work may be 

able to clarify these results. 

Arabidopsis promoters were strongly enriched for Inr-like motifs and the TATA-

box with an incidence of over 80% and 30%, respectively. The prevalence of strong core 

promoter motifs may suggest Arabidopsis lacks core promoter diversity compared to 
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other systems. Plants, despite commonly containing more than one copy of the TATA-

box binding protein (TBP), lack TBP-related factors (TRFs) [90]. In bilateral symmetric 

animals, TRFs were shown to support different transcription systems enabling regulatory 

diversity through core promoter motif diversity [91, 92]. Arabidopsis on the other hand 

encodes two additional eukaryotic RNA polymerases Pol IV and Pol V, which are 

integral to the repression of a subset of genes and transposons through RNA-directed 

DNA methylation [44]. These additional RNA polymerases may reflect a different 

evolutionary approach to increasing the regulatory diversity of the genome [61]. 

 The improvement in capturing nascent transcripts enabled characterization of the 

basic features of Arabidopsis transcription. RNA polymerase pausing, a major regulator 

of transcription elongation in mammals [88], was observed predominantly downstream of 

the PAS in Arabidopsis and corn. The underlying mechanisms of RNA polymerase 

accumulation observed downstream of the PAS is unknown, but it is likely a common 

feature in plant transcription based on the identical patterns seen in corn GRO-seq. 

Previous in vitro yeast work has proposed that increased pausing downstream of the 

polyA signal results in increased surveillance time for the mRNA and therefore a higher 

chance of degradation [84, 86]. This idea may hold true in plants based on the higher 

GRO-seq signal compared to RNA-seq for longer Arabidopsis genes, which also show 

higher amounts of 3’ pausing compared to shorter genes. How CpG methylation fits in is 

still unclear given our general lack of understanding of gene body methylation in plants, 

but it is clearly excluded from both the 5’ and 3’ ends in plants rather than just the 5’ end. 

In summary, we have described a method for the analysis of nascent 

transcription in primary tissue from Arabidopsis thaliana and used it to provide a high-

resolution map of transcription that has been lacking for plant biology in general. With 

the identification of distinct characteristics of plant transcription we have opened up new 
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avenues of study for plant biology and contributed to a better understanding of our own 

eukaryotic transcription and evolution. 

1.6 Materials and Methods 

Plant Material and Growth Conditions 

The A. thaliana accession Columbia (Col-0) was used as the wild type genetic 

background for experiments. All seeds were sterilized with chlorine gas by mixing 100ml 

of bleach and 5 ml of concentrated HCl then grown on plates containing half Linsmaier 

and Skoog Medium (Caisson Laboratories). Plates were placed at 4°C for 3 days for 

vernalization then placed in growth chambers with 24 hours light and 22°C for 6 days 

before tissue collection. 

Nuclei Isolation 

Approximately 20 grams of 6-day-old seedlings were homogenized with an OMNI 

International General Laboratory Homogenizer in ice cold grinding buffer (300 mM 

sucrose, 20 mM Tris, pH 8.0, 5 mM MgCl2, 5 mM KCl, 0.2% Triton X-100, 5 mM β-

mercaptoethanol, 35% glycerol) at 4°C. Samples were filtered twice through a 250 

micron nylon mesh and miracloth before being split into 50ml conical tubes and spun for 

10 minutes at 5000g. Supernatant was discarded, and the pellets were resuspended in 

grinding buffer using a Kimble loose dounce homogenizer (Fisher Scientific). Wash step 

was repeated twice. Nuclei were resuspended in freezing buffer (50 mM Tris, pH 8.0, 5 

mM MgCl2, 20% glycerol, 5 mM β-mercaptoethanol) and frozen in liquid N2. 

GRO-seq and 5’GRO-seq Library Preparation 

GRO-seq and 5’ GRO-seq were performed similar to described in [22, 25, 81] 

with modifications as follow. Approximately 5x106 nuclei were used for run-ons at room 

temperature for 5’ and CTP concentration was limited to 20nM. After run-on, samples 

were treated with RQ1 DNase (Promega) for 20 minutes at 37°C followed by Trizol LS 
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(Fisher Scientific) extraction. Samples were then treated with Terminator 5’-Phosphate-

Dependent Exonuclease (Epicentre) for 1 hour at 30°C. RNA fragmentation was carried 

out with Fragmentation Reagents kit (Ambion) for 11’ at 70°C. Treatments were used to 

deplete ribosomal and chloroplast RNA. Nascent RNA was enriched by double pull down 

using BrdU antibody beads (Santa Cruz Biotechnology) for 80’, washed three times with 

GRO-Binding buffer (0.25x SSPE, 0.05% Tween, 37.5 mM NaCl , 1 mM EDTA) then 

extracted with Trizol LS (Fisher Scientific). Remaining steps were carried out as 

described previously [81] except de-capping using TAP was replaced with RppH (New 

England Biolabs) and NEB Next Small RNA Library Prep Set (New England Biolabs) 

was used for library preparation. De-capping was performed in 3’ Ligation buffer at 37°C 

in the absence of 3’ adapter. 3’Adapter ligation was performed at 20°C instead of 25°C 

so RppH is inactive.  

RNA-seq Library Preparation 

Total RNA was extracted from seedlings frozen in liquid nitrogen using RNeasy 

Plant Mini Kit (Qiagen). 10µg of total RNA was used for extraction of mRNA with the 

Poly(A)Purist MAG Kit (Ambion) according to manufacturer’s instructions. Isolated 

mRNA was fragmented with Fragmentation Reagents (Ambion) for 14’. Fragmented 

RNA was incubated with T4 polynucleotide kinase (New England Biolabs) in low pH 

buffer (0.1 M MES, 10 mM MgCl2, 10 mM mercaptoethanol, 300 mM NaCl - pH 5.6) for 

3’ repair, then T4PNK buffer for 5’ phosphorylation. The Small RNA Library Prep Set 

was (New England Biolabs) was used for library preparation. 

Analysis for NGS data 

All data generated by this study and previously published data were reanalyzed 

in a consistent manner as described below. Adapter sequences were trimmed from the 

3’ ends of all RNA-seq, GRO-seq, and 5’GRO-seq reads and the reads were then 
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aligned using STAR (v2.4.0k) [93] to the appropriate genome: TAIR10 (Arabidopsis), 

AGPv3 (corn), or hg19 (human). All ChIP-seq and DNase-Seq data was aligned to the 

appropriate genome using Bowtie 2 [94]. Only reads that aligned to the genome at a 

single unique location were considered for downstream analysis. All analysis or 

visualizations of NGS data were normalized to a read depth of 107 total uniquely aligned 

reads per experiment. Genome browser tracks depicting normalized read densities for 

each experiment were generated using HOMER [95] and visualized in IGV [96]. Meta 

gene plots, histograms, heatmaps, GO enrichment analysis, and gene expression values 

containing normalized read densities were generated using HOMER, using gene and 

feature annotations from TAIR10 (Arabidopsis), Ensembl (release 30/AGPv3, corn), and 

RefSeq (human). 

De novo Transcript Identification 

Transcript discovery and annotation were performed using routines in HOMER 

as described below. Transcription units were identified directly from GRO-seq data using 

the HOMER program findPeaks (-style groseq with default parameters) as described in 

Wang et al. [97], which looks for regions of continuous, strand-specific GRO-seq read 

coverage to identify transcripts. Transcription start sites (TSS) were found using 

findPeaks (-style tss) as described in Lam et al. [25], which identifies strand specific 

peaks from 5’GRO-seq data using traditional GRO-seq as a control. Since 5’GRO-seq is 

only an enrichment for capped protected RNA fragments, only peaks containing 3-fold 

more 5’GRO-seq reads compared to traditional GRO-seq were considered as bonafide 

TSS. TSS discovered by 5’GRO-seq were then assigned to GRO-seq transcripts if they 

were found within 1 kb of the 5’ end of the GRO-seq transcript. In cases where multiple 

TSS could be assigned to the same transcript, the TSS with the highest read density 

was used. Only de novo identified transcripts that were assigned a valid 5’GRO-seq TSS 
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were considered in downstream analysis. Transcripts were annotated into different 

classes as follows: First, transcripts that strand-specifically overlap any known transcript 

(TAIR10) were assigned the accession number/annotation of the known transcript. Next 

transcripts that overlapped any known transcript on the opposite strand are assigned as 

‘antisense transcripts’. Next, transcripts found upstream of an annotated TSS in the 

opposite strand of the annotated genes were assigned as ‘promoter-antisense 

transcripts’. Transcripts failing to meet any of these critierion were assigned as ‘novel’ 

transcripts. 

Motif Discovery 

De novo motif discovery and calculation of motif positions were performed using 

HOMER. Two strategies were employed to identify proximal-promoter enriched motifs 

and Initiator elements, respectively. Proximal promoter motifs were identified by applying 

de novo motif discovery to the sequence from -150 to +50 bp relative to TSS discovered 

using 5’GRO-seq, using random regions of the Arabidopsis genome as background. In 

order to identify Initiator motifs, position-restricted motif discovery was performed by 

specifically analyzing the sequences from -4 to +6 bp relative to the TSS for 11 bp 

motifs, using randomly selected 11 bp sequences from the surrounding 100 bp of 

promoter sequences as background. 

Data deposition: The data reported in this paper have been deposited in the 

Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo 
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1.8 Supplemental Information

 

Figure 1.S1 List of Data Sets Used.  

Summary of sequencing experiments performed and published data reanalyzed for this study. 
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Figure 1.S2 Divergent transcription is not seen in either corn or Arabidopsis, but it 
is observed in human IMR-90 cells.  
Meta plot of GRO-seq and RNA-seq signal from unidirectional promoters of annotated genes. 
Only isolated TSS were the closest TSS for another gene is at least 1 kb away were used. 
GRO/RNA-seq data is presented normalized for reads per bp per gene along y-axis for 
Arabidopsis, corn, and human IMR-90 cells [8, 13, 22]. Distance from TSS is plotted along x-axis. 
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Figure 1.S3 Calling transcriptional start sites using 5’ GRO-seq and 3-PEAT show strong 
overlap in signal.  
Distribution of TSSs identified from 5’GRO-seq (blue) and 3-PEAT (red) data relative to the 
TAIR10 TSS annotation. 
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Figure 1.S4 RNA stability of IMR-90 cells.  
RNA stability plot of [log10] normalized RNA-seq reads vs [log10] normalized GRO-seq reads for 
RefSeq genes in IMR-90 cells [8, 22].  
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Figure 1.S5 Multiple classes of transcripts are derived from similar promoter structures 
based on motif analysis.  
The percentage of promoters containing each motif in the region 200bp upstream and 100bp 
downstream of the TSS. Each motif was analyzed for the transcript classes of coding genes 
(purple), non-coding transcripts (green), and gene-antisense transcripts (red) as well as a random 
genomic regions as a control (blue). 
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Figure 1.S6 Corn 3’ Pausing correlates with gene length as seen in Arabidopsis thaliana 
but not IMR-90 cells.  
Meta Gene plots anchored by TSS (0%) and PAS (100%) of corn GRO-seq [13] and RNA-seq 
(unstranded) for genes >2.0kb (left) and <1kb (right). Reads were normalized per bp per gene. 
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Figure 1.S7 Corn 3’ pausing correlates with methylation depletion as seen in Arabidopsis 

thaliana but not IMR-90 cells.  
Methylation of corn using DNA methylation ChIP for long genes >2kb (left) and short genes <1kb 
(right) [25]. Reads were normalized per bp per gene. 
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CHAPTER 2 Identification and Characterization of Pol V Transcripts in A. thaliana 

 

2.1 Introduction 

Plant transcription is unique due to the evolution of two additional non-essential 

eukaryotic RNA polymerases Pol IV and Pol V in addition to the standard three RNA 

polymerases found in other eukaryotic systems Pol I, Pol II, and Pol III. An analysis of 

Pol IV and Pol V using mass spectrometry [40, 98, 99] and phylogenetic analysis [36, 

41, 100] showed these two polymerases are derived from Pol II with distinct large 

subunits NRPD1 and NRPE1 as well as three and six additional distinct subunits 

respectively and are still evolving via a multistep process [101]. It is therefore possible 

that these two polymerases share some characteristics of Pol II, such as sequence-

specific transcription factor binding or preference for specific epigenetic marks along 

DNA, but without a strong definition of these transcripts, there is still a substantial gap in 

our understanding of these polymerases. 

Functionally, in Arabidospis thaliana Pol IV is critical for the synthesis of 

noncoding RNAs responsible for transcriptional silencing of transposons, repetitive 

elements, and some genes through RNA directed DNA methylation (RDDM) [35, 36, 44, 

46-48, 50]. The current model proposes that Pol IV transcribes precursor RNAs, RNA-

DEPENDENT RNA POLYMERASE 2 (RDR2) makes the precursors double stranded, 

DCL3 (DICER-LIKE 3) dices the double stranded RNAs, and the resulting siRNAs are 

loaded into ARGONAUTE 4 (AGO4) [36, 42, 46-48]. Recent work by Zhai et al. has 

mapped the Pol IV dependent RNAs and proposed that they are small enough that there 

is generally only one precursor RNA per siRNA produced [50]. The identification of Pol 

IV transcripts is dependent on the disruption of the members of the DCL family, DCL2, 

DCL3, and DCL4. 
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While Pol IV generates the preceursor RNAs for RDDM, Pol V is believed to 

produce noncoding RNAs that serve as a scaffold for the Pol IV siRNAs to target sites 

for methylation by DOMAIN REARRANGED METHYLTRANSFERASE 2 (DRM2). Pol V 

transcription is dependent on a complex known as DDR consisting of DEFECTIVE IN 

RNA-DIRECTED DNA METHYLATION (DRD1), a chromatin remodeling factor, RNA-

DIRECTED DNA METHYLATION 1 (RDM1), a protein that binds single stranded DNA, 

and DMS3 (DEFECTIVE IN MERISTEM SILENCING 3), a cohesin-like protein. After 

transcription RDM1, Pol V, DRM2, and AGO4, all interact to catalyze DNA methylation 

[102]. Pol V transcription is believed to be dependent on the activity of Pol IV through the 

generation of siRNAs and the establishment of DNA methlyation at the sites of interest. 

Though we now have a much stronger understanding of Pol IV transcription 

through the cloning and mapping of Pol IV transcripts by Zhai et al., we are lacking 

similar knowledge for Pol V transcription. Only a few Pol V dependent transcripts have 

been identified and we only know that they have been shown to be potentially 

monophosphorylated [51] and are resistant to alpha-Amanitin treatment, which disrupts 

Pol II transcription [42]. They are believed to be long and noncoding, but their length has 

not yet been validated. Additionally, given that the Pol V transcripts are noncoding, 

traditional methods such as RNA-seq are not effective for their detection. 

In this study, we set out to define the fundamental characteristics of Pol V 

transcripts using a modified version of Arabidopsis GRO-seq. We were able to identify 

Pol V transcripts, demonstrate that these transcripts are on average much shorter than 

predicted at only 50 bp, show that many Pol V transcripts are not dependent on Pol IV 

indicating Pol V is less dependent on RDDM than expected, define the 5’ end of Pol V 

transcripts as being monophosphorylated, demonstrate a strong overlap with Pol V 
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ChIP-seq data, enrich for Pol V transcripts using alpha-Amanitin treatments, and validate 

the method by confirming previously published Pol IV data. 

2.2 Results 

Capture of Pol V RNA transcripts through global run-on sequencing 

In order to characterize transcripts produced by Pol V we used a modified GRO-

seq method with immature floral tissue from Arabidopsis thaliana. GRO-seq captures 

nascent RNA transcripts, which allows for the identification of noncoding RNAs such as 

those produced by Pol V (Figure 2.1A). Immature floral tissue was used for GRO-seq 

library preparation due to the enrichment of Pol IV and Pol V transcripts in those tissues 

[103]. Treatment with alpha-Amanitin was used to deplete Pol II signal, thus enriching for 

Pol V transcript signal and allowing for the calling of these transcripts. Pol V ChIP-seq 

was used for comparison to GRO-seq as an additional way to validate potential Pol V 

transcripts. GRO-seq libraries were prepared from Col, Col with alpha-Amanitin, nprd1-4 

mutants, and nrpe1-11 mutants. NRPD1 and NRPE1 encode the largest subunit of Pol 

IV and Pol V respectively, and their disruption eliminates associated transcripts. A 

sample browser shot shows Pol V dependent transcripts are captured with GRO-seq, 

enriched by alpha-Amanitin, overlap with sites previously identified using NRPE1 ChIP-

seq data, and eliminated in the nrpe1 mutant background (Figure 2.1B). 
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Figure 2.1 Overview of the GRO-seq method. 
A) Overview of the modified GRO-seq method that captures monophosphorylated transcripts 
associated with Pol V. See materials and methods for details. B) Browser shot of sample Pol V 
specific transcripts with normalized read densities along the y-axis. Samples from top to bottom 
are Col treated with alpha-Amanitin (+) and (-) strands, Col untreated, nrpd1 mutant, nrpe1 

mutant, and NRPE1 ChIP-seq. 

Globally, we were able to identify 2,607 Pol V peaks based on the enrichment of 

transcript signal in Col treated with alpha-Amanitin compared to Col with no treatment 

and their depletion in the nrpe1 background (Figure 2.2A). Approximately 1600 
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transcripts were shared by both strands, 570 were plus strand specific, and 425 were 

minus strand specific. Of the 7.6MB regions covered by Pol V ChIP-seq, 2.3MB of Pol V 

GRO-seq sites overlapped and 0.5MB did not (Figure 2.2B). Due to the low resolution of 

ChIP-seq compared to GRO-seq, it is not surprising that the total GRO-seq sites were 

lower, but the additional 0.5MB not found in ChIP-seq was surprising. Overall, the ChIP-

seq served as a validation of the Pol V GRO-seq data. 
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Figure 2.2 Validation of Pol V transcripts. 
A) Called Pol V transcripts were called based on their increase of expression in the alpha-
Amanitin background (two left columns) and their decrease in expression in the nrpe1 
background (two right columns). Differential expression is based on the RPKM of the transcripts. 
B) Overlap of the Pol V ChIP-seq data and the transcripts called by GRO-seq shows 2.3MB of 
overlap with 7.6MB specific to ChIP-seq and 0.5MB specific to GRO-seq. 
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Pol V transcript length 

Without a comprehensive analysis of Pol V transcripts, previous groups assumed 

they were long noncoding RNAs based on the identification of a handful of transcripts. 

With our global analysis of Pol V transcripts we mapped the transcript length distribution 

of our called transcripts to show that the highest frequency appeared at approximately 

50bp for all transcripts that were less than 100bp (Figure 2.3A). When looking at all Pol 

V transcripts that were greater than 100bp there is a very strong peak around 1kb, which 

represents an artifact in the library preparation that is consistently seen across all data 

sets (Figure 2.3B). Based on the lack of peaks for transcripts greater than 100bp it 

appears clear that the strongest peak of Pol V transcripts sits at 50bp in contrast to 

earlier expectations. 

While examining the distribution of transcript lengths there is an unexpected 

bump in the 20 to 35 bp region that persists in the nrpd1 mutant background (Figure 

2.3A). This suggests that there is a class of Pol V transcripts that are independent of 

RDDM mechanisms and are specifically smaller than most of the other identified Pol V 

transcripts. This result may indicate that some sites with CG and CHG methylation 

specifically rely on the use of small transcripts from Pol V. Based on the 25bp and 50bp 

peaks it appears that there are two specific size classifications of Pol V transcripts with 

potentially specific purposes for each class. The 50bp class probably have the standard 

scaffolding RNA role, though we are unable to know the specific details of their function 

without directed disruption. 
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Figure 2.3 Length distribution of Pol V transcripts. 

A) Normalized frequency of Pol V transcript length was plotted for Col, Col treated with alpha-

Amanitin, nrpd1, and nrpe1. Only transcripts less than 100bp in length were plotted. B) Same 

plots from (A) were generated for transcripts greater than 100bp in length. 

Pol V transcripts show a monophosphate 5’ end structure 

Previous analysis of the 5’ end structure of one Pol V dependent transcript 

known as IGN5 showed Terminator Exonuclease (Exo), an enzyme that degrades RNAs 

with a 5’ monophosphate, reduced IGN5 signal as measured by RT-PCR [51]. Tobacco 

Acid Pyrophosphatase (TAP), which converts a 5’ cap to a monophosphate showed 

increased reduction of IGN5 in combination with Exo, suggesting that the majority of 
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IGN5 RNA had a 5’ monophosphate, while some small fraction had a 5’ cap. To analyze 

this in-depth we modified our GRO-seq method to include a shrimp alkaline phosphatase 

(rSAP) step. The rSAP removes 5’ phosphates that are essential for library generation, 

and therefore any 5’ monophosphorylated transcripts will not be detected after an rSAP 

treatment. Analysis of the resulting libraries shows that most Pol V transcripts were 

eliminated or at least substantially reduced (Figure 2.4). Some signal does persist at 

specific loci and whether or not that is the result of Pol II compensation protecting the 

transcripts, or simply inefficiencies of the rSAP enzyme remains to be seen, though 

enzyme inefficiency seems more likely. 

 

Figure 2.4 Pol V transcripts are monophosphorylated. 

Browser shot of sample Pol V specific transcripts with normalized read densities along the y-axis. 

Samples from top to bottom are Col treated with alpha-Amanitin (+) and (-) strands, nrpd1 treated 

with alpha-Amanitin, nrpe1 treated with alpha-Amanitin, NRPE1 ChIP-seq, Col treated with rSAP, 

nrpd1 treated with rSAP, and nrpe1 treated with rSAP. 

Confirmation of Pol IV transcripts 

With the classification of Pol V transcripts, we used previously identified Pol IV 

transcripts [50] to verify the GRO-seq technique was working as expected. Given that 

Pol IV transcripts are believed to have similar monophosphorylated 5’ ends they should 

therefore be identified along with Pol V transcripts. Given the difficulties of identifying the 
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Pol IV transcripts in a wild type background such as Col-0, we examined several of the 

highest expressed transcripts and found that they were indeed cleanly identified as Pol 

IV dependent and Pol V independent (Figure 2.5). With the identification of Pol IV 

transcripts, we increased our confidence in the technique and confirmed previously 

identified transcripts. 

 

Figure 2.5 Identification of Pol IV specific transcripts.  

Browser shot of sample Pol IV specific transcripts with normalized read densities along the y-axis. 

Samples from top to bottom are Col treated with alpha-Amanitin (+) and (-) strands, nrpd1 treated 

with alpha-Amanitin, nrpe1 treated with alpha-Amanitin. 

Identification of Pol IV dependent and independent Pol V transcripts 

Pol V transcription is dependent on the presence of DNA methylation due to the 

feedback between DNA methylation, histone methylation, and recruitment of the DDR 

complex [104]. Therefore while Pol IV transcript expression appears to be primarily 

controlled by Pol IV [50], this is not the case for Pol V transcripts. We set out to identify 

Pol V transcripts that were RDDM dependent and independent using the GRO-seq from 

the nrpd1 mutant background as nrpd1 is deficient in CHH methylation but still maintains 

CG and CHG methylation. These methylation differences are due to DRM2 controlling 

CHH methylation while CG and CHG methylation are largely controlled by CMT3 and 
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MET1. We were able to identify Pol V transcripts that are Pol IV dependent and 

independent (Figure 2.6A,B). Unsurprisingly, a large percentage of Pol V transcripts 

were dependent on Pol IV, suggesting that those Pol V transcription are largely 

dependent on CHH methylation. This result fits with the currently accepted model, but 

the large amount of Pol IV independent transcripts was unexpected (Figure 2.6A). These 

Pol IV independent transcripts suggest Pol V can utilize CHG and CG methylation for 

recruitment at a much higher rate than expected. 

 

Figure 2.6 Pol V transcript dependence on Pol IV activity.  

A) Browser shot of sample Pol V specific transcripts with normalized read densities along the y-

axis. Samples from top to bottom are Col treated with alpha-Amanitin (+) and (-) strands, nrpd1 

treated with alpha-Amanitin, nrpe1 treated with alpha-Amanitin. (B) Same browser shot with the 

same conditions as (A) but demonstrating a Pol IV dependent transcript instead of an 

independent one 

2.3 Discussion 

In this study we have put forward a method for analyzing transcripts produced by 

Pol IV and Pol V in Arabidopsis thaliana and used it to identify previously 
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uncharacterized Pol V transcripts and confirm known Pol IV transcripts. This method is 

an important demonstration of the modification of the GRO-seq technique for a variety of 

applications and the data gained from this study will be valuable for advancing our 

understanding of noncoding RNAs in plants and the possible alternative evolutionary 

pathway plants have taken to achieve regulatory diversity of gene expression without the 

use of enhancers. 

This study is the first global identification of Pol V transcripts and there were 

several unexpected results. The overlap with ChIP-seq is an important validation of the 

called transcripts and also a demonstration of the much higher resolution of GRO-seq 

compared to ChIP-seq given the general overlap between the two data sets with ChIP-

seq being much less specific to the actual transcript. Unexpectedly, there is a small 

amount of GRO-seq signal outside of the ChIP-seq signal. Whether this is simply an 

issue with sequencing depth and peak calling or a poor antibody we cannot say, but it 

will require more in depth validation to determine what is occurring at these sites. 

The length of Pol V transcripts was expected to be several hundred base pairs 

given previous studies focusing on long noncoding RNAs, but our data clearly shows a 

strong peak around 50bp that is much shorter than expected. Additionally, the subset of 

even smaller Pol V transcripts that persist in the nrpd1 background suggest there may 

be two different classes of Pol V transcripts. In the nrpd1 background CHH methylation 

is disrupted, but CG and CHG persist, so it is possible that the smaller Pol V transcripts 

are specifically recruited to these different methylation types. Further work will be 

needed to verify if this is indeed happening, but it would open up new avenues to 

explore regarding the function of Pol V and RDDM. Additionally, this result suggests 

more diversity in transcripts produced and possibly function for Pol V compared to Pol 

IV, which only produces small noncoding transcripts for siRNA production. 
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Interestingly, Pol V transcripts demonstrated a strand preference in less than half 

of the total transcripts called. This result indicates that once the DNA is accessible for 

transcript production, it is less reliant on a specific sequence orientation. In the current 

model of Pol V transcripts being used primarily as a scaffold this result may not be 

particularly surprising, but it is still an important demonstration that Pol V transcripts may 

have faced less evolutionary pressure due to their function. It is also an important point 

regarding how Pol V functions as a polymerase in that it may be less stringent in its 

transcript production. Additional study will be helpful in determining if there is a particular 

motif, or sequence composition at these different transcripts and how they relate to 

function. 

The identification of Pol IV dependent and independent Pol V transcripts 

presents several new questions regarding Pol V function. We have identified roughly half 

of Pol V transcripts to be independent of Pol IV function. This result is unexpected given 

the current model where Pol IV siRNA biogenesis results in the recruitment of Pol V and 

subsequent transcript production. Instead, it would appear that a substantial amount of 

Pol V activity is independent of Pol IV and may be recruited by CG or CHG methylation, 

which are maintained by MET1, CMT3, and CMT2. These results open up new avenues 

to explore in DNA methylation and the role of Pol V transcripts. 

2.4 Materials and Methods 

Plant Material and Growth Conditions 

The A. thaliana accession Columbia (Col-0) was used as the wild type genetic 

background for this study. The mutant alleles of nrpd1-4 [46] and nrpe1-12 [48] used in 

this study have been characterized previously and were in the Col-0 background. All 

plants were grown on soil under long day conditions (16 hours light, 8 hours dark). 



55 
 

 

 

Inflorescence tissues was collected and used for the GRO-seq protocol. 

Nuclei Isolation  

Approximately 10 grams of inflorescence and meristem tissue was collected from 

plants and immediate placed in ice cold grinding buffer (300 mM sucrose, 20 mM Tris, 

pH 8.0, 5 mM MgCl2, 5 mM KCl, 0.2% Triton X-100, 5 mM β-mercaptoethanol, 35% 

glycerol). Nuclei were isolated as described previously (Hetzel et al. 2016). Briefly, 

samples were ground with an OMNI International General Laboratory Homogenizer at 

4°C until well homogenized, filtered through a 250µm nylon mesh, 100µm nylon mesh, 

miracloth, and finally a 40µm cell strainer before being split into 50ml conical tubes. 

Samples were spun for 10 minutes at 5250g, the supernatant was discarded, and the 

pellets were pooled and resuspended in 25ml of grinding buffer using a dounce 

homogenizer. The wash step was repeated at least once more and nuclei were 

resuspended in 1ml of freezing buffer (50 mM Tris, pH 8.0, 5 mM MgCl2, 20% glycerol, 5 

mM β-mercaptoethanol). 

GRO-seq Library Preparation 

GRO-seq was performed as described previously (Lam et al. 2013, Duttke et al. 

2015) with modifications as follows. Approximately 10^7 nuclei were run-on at room 

temperature for 4 minutes with 20nM limiting CTP concentration. When indicated, 5-10 

µg/ml αAmanitin was added to inhibit Pol II transcript elongation, thereby increasing the 

signal from Pol V. Following the run-on, samples were treated with RQ1-DNAse 

(Promega) for 20’ and subsequently stopped with 80 µl of STOP mix (20mM EDTA; 200 

mM NaCl; 1% SDS; 0.3 mg/mL glycogen; 0.3 mg/mL ProteinaseK) and incubated at 

room temp for 30’. RNA was extracted using Trizol LS Reagent (Thermo Fisher 

Scientific) as described by the manufacturer. Purified RNA was resuspended in H2O + 

0.05% Tween20 and, if indicated, fragmented using RNA fragmentation reagents 
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(Ambion). Nascent RNA was enriched through two IPs against BrdU (Santa Cruz 

Biotechnology). When fragmented, 3’ repair and 5’ kinasing were performed as 

described in Duttke et al. (2015). If indicated, samples were de-capped using RppH 

(New England Biolabs), phophatase treated using Polyphosphatase (Epicentre) or 

dephosphorylated with rSAP (New England Biolabs). Preparation of the sRNA libraries 

for Illumina platforms using the NEBNext Small RNA Library Prep Set (New England 

Biolabs). 

For the small RNA_GRO, fragmentation and RppH treatment were skipped in order to 

enrich for small, monophosphorylated transcripts associated with Pol IV and Pol V. 

Analysis for NGS data 

All data generated by this study and previously published data were reanalyzed 

in a consistent manner as described below. Adaptors and primers were trimmed with 

cutadapt from raw reads. Trimmed reads were then mapped to Tair10 genome with 

Bowtie [94] by setting seeds length to 25 (-l 25) and allowing 3 mismatches for seeds (-n 

3). Only paired end reads aligned within 1kb of each other were kept.  

Only reads that aligned to the genome at a single unique location were 

considered for downstream analysis. All analysis or visualizations of NGS data were 

normalized to a read depth of 107 total uniquely aligned reads per experiment. Genome 

browser tracks depicting normalized read densities for each experiment were generated 

using HOMER [95] and visualized in IGV [96]. Meta gene plots, histograms, heatmaps, 

GO enrichment analysis, and gene expression values containing normalized read 

densities were generated using HOMER, using gene and feature annotations from 

TAIR10. 

De novo Transcript Identification 
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Transcript discovery and annotation were performed using routines in HOMER 

as described below. Transcription units were identified directly from GRO-seq data using 

the HOMER program findPeaks (-style groseq with default parameters) as described in 

Wang et al. [97], which looks for regions of continuous, strand-specific GRO-seq read 

coverage to identify transcripts. 
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CHAPTER 3 Functional Analysis of Critical Residues in the Brassinosteroid Receptor 

BRI1 

 

3.1 Abstract 

The leucine rich repeat receptor like kinase (LRR-RLK) BRI1 is the primary 

receptor for the plant steroid hormones brassinosteroids (BR) in Arabidopsis thaliana. 

Significant advances in the understanding of early BR signaling events came with the 

resolution of the crystal structure of BRI1, its coreceptor BAK1, and the most biologically 

active brassinosteroid brassinolide (BL) in a ternary complex. Using this structure as a 

model for early BR signaling we worked to test the predicted critical amino acid residues 

in the extracellular domain of BRI1 involved in N-linked glycoslyation, steroid perception, 

and coreceptor interaction. Each residue was tested with single amino acid changes in 

the BRI1 protein and subsequent complementation of a bri1-null mutant. 

Complementation of the bri1-null was followed by protein localization and accumulation 

using an mCITRINE tag, etiolated growth, steroid binding, and coreceptor interaction. 

We were able to identify a single glycosylation site at BRI1N154 that has a role in protein 

stability, two critical residues of the steroid-binding pocket at BRI1Y597 and BRI1Y599 that 

reduce binding affinity, and one site at BRI1M727 that is critical for coreceptor interaction. 

Our study supports a model of early BR signaling where BRI1 binds to BL and is then 

able to bind to BAK1, provides insight into the post translational regulation of BRI1, and 

demonstrates the use of structural data to tune BR signaling. 

3.2 Introduction 

Brassinosteroids are a group of steroid hormones that are required for proper 

growth and development in plants. These hormones have been shown to be involved in 

a number of processes including cell elongation and differentiation, pathogen defense, 

reproductive development, and general growth. When the endogenous BR signaling 
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pathway is disrupted the resulting plants have severe growth defects including short 

hypocotyls and petioles, dark green leaves, dwarfed stature, and reduced male 

fertility[105, 106]. In Arabidopsis thaliana the BR signaling pathway has been extensively 

studied and the pathway is connected from ligand perception by the receptor at the 

plasma membrane to the transcription factor response in the nucleus [107]. 

At the molecular level BR signaling begins with steroid perception by the plasma 

membrane localized receptor BRI1 and subsequent interaction with the coreceptor BAK1 

[108-110]. BRI1 was first identified as a plasma membrane localized leucine rich repeat 

receptor-like kinase from forward genetic screens for BR insensitivity more than ten 

years ago [105, 111]. The extracellular domain contains 25 leucine rich repeats with a 70 

amino acid island domain between LRRs 21 and 22, which was identified as the steroid 

binding pocket [112]. Several gain and loss-of-function mutations mapped to the region 

encoding the island domain and provided further evidence for it as the site of hormone 

interaction. The intracellular domain contains a kinase domain, an activation loop, and 

the C-terminal tail, which has auto-inhibitory effects on the kinase domain in low BR 

conditions[113].  

Recently, x-ray crystallography work has shown the interactions between the 

extracellular domains of BRI1, the coreceptor BAK1, and the steroid brassinolide (BL) 

expressed in insect cells [114-117]. The crystal structure of the BRI1 extracellular 

domain showed the LRRs forming a super helix with the island domain forming a BL 

binding surface with the LRR. A later crystal structure of the ternary complex showed BL 

interacting with both the BRI1 and BAK1 extracellular domains to hold them together and 

allow the interaction of their kinase domains.  

In this current study we used the BRI1 extracellular domain crystal structure to 

select several residues for study related to N-linked glycosylation, steroid binding, and 
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potential sites of interaction with the coreceptor BAK1. Using site directed mutagenesis, 

we disrupted each of these residues to determine their function through phenotypic 

analysis and characterization. We found one glycosylation site that is critical for protein 

stability at BRI1N154, two sites in the binding pocket that are important for BL perception 

at BRI1Y597 and BRI1Y599, and one site involved in the interaction with the coreceptor 

BAK1 at BRI1M727. These findings support the proposed interaction sites seen in the 

crystal structure of BRI1, BAK1, and BL in complex, provide evidence for BRI1 and BL 

binding occurring before BRI1 and BAK1 interact, and gives insight into post-translation 

regulation of BRI1. 

3.3 Results 

A Single Glycosylation Site is Critical for BRI1 Stability 

Based on the crystal structure of the extracellular domain of BRI1, nine N-

glycosylation sites were predicted to mask large surfaces of the N-terminal half of the 

extracellular domain but not the C-terminal portion where the steroid binds (Figure 1a). 

Two of these sites were particularly interesting as they mapped to the interior of the 

super helix, which was predicted to play a role in stability, and one site was found that 

has contact with the island domain, suggesting a possible role in steroid binding (Table 

S1). 
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Figure 3.1. The glycosylation mutant BRI1N154Q-mCITRINE shows a dwarf phenotype in the 
bri1-null background caused by a lack of protein accumulation and localization.  
(a) Nine predicted N-linked glycosylation sites mask large surfaces of the BRI1 extracellular 
domain. BRI1 residues are colored lavender and the glycans are colored yellow. (b) BRI1N154Q-
mCITRINE is not able to rescue the bri1-null mutant phenotype and the os-9 background cannot 
rescue the phenotype of the double mutant. (c) Transcript levels were analyzed with semi-
quantitative PCR using primers spanning BRI1 and the mCITRINE tag. Actin primers were 
analyzed as a standard. (d) Protein accumulation was analyzed by western blot using anti-GFP 
antibodies on microsomal fractions derived from seven day-old seedlings. A four-hour 50µM 
MG132 treatment was used to inhibit protein degradation. Cross-reacting bands from the anti-
GFP antibodies were used as loading controls. (e) Protein localization and accumulation of 
BRI1N154Q-mCITRINE in root tips from seven day-old seedlings was visualized by confocal 
microscopy. 
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To disrupt these N-glycosylation sites, mutations resulting in Asp to Glu were 

made to prevent glycosylation while minimizing the impact on neighboring residues. 

Each of the glycosylation mutant proteins was tagged with mCITRINE, a monomeric 

yellow variant of GFP, and expression was under the control of the endogenous 1.7kb 

BRI1 promoter. Constructs were transformed into a heterozygous bri1-null mutant of 

Arabidopsis yielding more than 20 T1 plants per construct. The bri1-null mutant was a T-

DNA insertion in the BRI1 gene GABI_134E10 and showed the characteristic severe 

dwarfism and BR deficient phenotype [109]. A minimum of five homozygous lines was 

selected for independent transformation of each construct and characterized to select 

lines expressing BRI1 similar to wild type levels. Phenotypes in a homozygous bri-null 

background were scored and protein accumulation and localization was determined by 

western blot and confocal microscopy respectively. BRI1-mCITRINE without any 

mutations rescues the bri1-null mutant phenotype [109], accumulates and localizes to 

the plasma membrane and endosomes as shown for wild type [118], and was used as a 

control during these analyses. 

Each construct complemented the bri1-null phenotype with the exception of the 

BRI1N154Q-mCITRINE lines, which were severely dwarfed and appear to have a similar 

phenotype to bri1-null (figure 1b). Transcript levels of BRI1N154Q-mCITRINE were similar 

to the BRI1-mCITRINE control, which was previously shown to rescue the bri1-null 

phenotype (figure 1c). BRI1N154Q-mCITRINE protein levels however, were almost 

undetectable by western blot or confocal microscopy (Figure 1d, e). This low level of 

protein may account for the inability to complement bri1-null. All other glycosylation 

mutant proteins accumulated and localized to the plasma membrane (Supplemental 

Figure 1,2). The BRI1N154Q-mCITRINE construct was crossed to an endoplasmic-

reticulum-associated protein degradation (ERAD) mutant known as os-9 (Figure 1b). 



63 
 

 

 

The os-9 mutant was previously shown to be able to rescue the phenotype of bri1-5, 

which has a mutation in the N-terminal cap causing ER retention and a dwarf phenotype 

[119, 120]. The os-9 mutant background, however, did not rescue BRI1N154Q-mCITRINE 

function. The main difference between bri1-5 and BRI1N154Q-mCITRINE is that the BRI1 

protein is still detected in bri1-5 even though it is not secreted. The BRI1N154Q-mCITRINE 

and os-9 double mutant phenotype suggests that degradation rather than retention is the 

likely cause of the dwarf phenotype. 

To investigate degradation of the BRI1N154Q-mCITRINE protein, seven day-old 

seedlings were treated with 50µM MG132 for four hours and protein accumulation was 

analyzed by western blot (Figure 1c). MG132 reduces protein degradation and was 

predicted to rescue the BRI1N154Q-mCITRINE protein. Whole seedlings were used for 

western blot analysis and the mutant protein accumulates, though it does not reach the 

same levels seen in the wild type BRI1-mCitrine lines. Together these results suggest 

that protein degradation is the reason BRI1N154Q-mCITRINE cannot complement the bri1-

null mutant. 

Mutational Analysis of the BL Binding Site Within BRI1 

The structure of the extracellular domain of BRI1 bound to BL shows a binding 

pocket formed by the BRI1 island domain and the last five LRRs (Figure 2a). To 

characterize these potential steroid interaction sites we made mutations to remove 

interactions between BL and BRI1 (Table S1). The constructs were tagged and 

transformed as described for the glycosylation mutants. Three of the BRI1 mutants 

BRI1W564H-mCITRINE, BRI1M657A-mCITRINE, and BRI1F681A-mCITRINE complemented 

the bri1-null mutant with wild type protein accumulation and localization (Supplemental 

Figure 3, 4). Two lines BRI1Y597V-mCITRINE and BRI1Y599V-mCITRINE showed a semi-

dwarf phenotype, which is not as severe as a bri-null and is still fertile. These mutant 
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proteins accumulated and localized to plasma membrane similar to wild type BRI1 

across multiple lines (Figure 2c, d). 

 

 

 

 

 

 

 

 

 

 

 



65 
 

 

 

 

Figure 3.2. Two BR binding mutant proteins BRI1Y597V-mCITRINE and BRI1Y599V-mCITRINE 
lead to a semi-dwarf phenotype caused by a reduced binding affinity for BL.  
(a) Five potential steroid binding residues were disrupted to test their functions. The BRI1 
residues are colored lavender, the BL steroid is colored green, and the five target residues are 
colored yellow. (b) BRI1Y597V-mCITRINE and BRI1Y599V-mCITRINE show a semi-dwarf phenotype 
in a bri1-null background. (c) Protein accumulation was analyzed by western blot using anti-GFP 
antibodies on microsomal fractions purified from seven day-old seedlings. Multiple independent 
lines were compared for each construct. Cross-reacting bands from the anti-GFP antibodies were 
used as loading controls. (d) Confocal microscopy images of root tips of seven day-old seedlings 
show accumulation and localization of the protein to the plasma membrane. (e) Hypocotyl length 
of six day-old etiolated seedlings was measured under varying concentration of BRZ. Error bars 
represent the standard error from N=25 samples measured for one independent transformation 
and BL concentration. (f) Using [3H]-BL, specific binding was determined from 100 µg of total 
protein of microsomal fractions of seven day-old seedlings. Non-specific binding was determined 
using 100-fold cold inhibitor and subtracted from total binding. (g) Hypocotyl growth of six-day 
etiolated seedlings was measured under increasing concentrations of exogenous BL. Error bars 
represent the standard error from N=25 samples from one independent transformation and BL 
concentration. 
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BR deficient mutants show reduced etiolated growth, which can be quantified 

with a dose response of the BR biosynthesis inhibitor brassinazole (BRZ) [121]. We 

measured, etiolated growth for these mutant proteins in the presence of BRZ at a 

concentration of 0 nM, 10 nM, 100 nM, and 1 µM (Figure 2e). In both wild type and 

mutant plants the etiolated growth was significantly impaired with higher concentrations 

of BRZ. However, while the semi-dwarf plants expressing BRI1Y597V-mCITRINE and 

BRI1Y599V-mCITRINE have reduced etiolated growth as expected, they are not 

hypersensitive to BRZ. This result makes their inability to complement bri-null likely from 

a reduced ability to perceive endogenous BR rather than an unknown mechanism. There 

is no gain of function or resistance to BRZ seen in any other BL binding site mutants 

(Figure 2e). 

To directly test the steroid binding abilities of these mutants, tritium-labeled BL 

was used for saturation binding experiments and the calculation of Kd values (Figure 2f). 

The calculated Kd of wild type BRI1 using microsomal fractions from 7 day-old seedlings 

was 16.9 ± 2.2 nM, which is in agreement with previously published results [122]. As a 

control for the mCITRINE tagged lines, BRI1-mCITRINE had a Kd of 19.0 ± 1.4 nM, 

which is also in agreement with previously published results. For BRI1Y597V-mCITRINE 

the calculated Kd was 188.2 ± 27.2 nM and BRI1Y599V-mCITRINE had a Kd of 203.4 ± 

45.1 nM. This significant reduction in binding affinity resulting in a reduced ability to 

respond to endogenous BRs provides an explanation for the semi-dwarf phenotype seen 

in these two mutants lines. No significant binding affinity differences were seen in the 

other mutants compared to BRI1-mCITRINE (Table S2). 

To confirm the reduced binding affinity, increased concentrations of exogenous 

BL were used to rescue the etiolated growth phenotype of BRI1Y597V-mCITRINE and 
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BRI1Y599V-mCITRINE expressing lines (Figure 2g). As expected, higher concentration of 

BL had the characteristic growth inhibition effects in wild type [123]. However, the 

etiolated growth phenotype of BRI1Y597V-mCITRINE and BRI1Y599V-mCITRINE 

expressing lines was partially rescued with exogenous BL, and higher concentrations of 

BL are required to cause growth inhibition. Together, these results suggest the semi-

dwarf phenotype of the mutant protein expressing lines results from a reduced ability of 

the mutant proteins to bind BL. 

Identification of the BAK1 Interaction Surface 

Prior to the resolution of the BRI1, BAK1, and BL ternary structure, the BRI1 

extracellular domain was used to build a homology model predicting sites of BRI1 and 

BAK1 interaction. Mutations disrupting candidate amino acid residues were made as 

described for the glycosylation mutants (Table S1). Lines expressing BRI1M727D-

mCITRINE, showed a semi-dwarf phenotype in the bri1-null background (Figure 3a). 

Protein accumulation and localization appeared similar to wild type by western blot and 

confocal microscopy across multiple lines of this mutant (Figure 3b, c). 
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Figure 3.3. BRI1 residue 727 is critical for coreceptor interaction but not ligand binding.  
(a) The mutant BRI1M727D-mCITRINE shows a semi-dwarf phenotype in a bri1-null background. 
(b) Protein accumulation of BRI1M727D-mCITRINE in seven day-old seedlings was analyzed by 
western blot of microsomal fractions using anti-GFP antibodies. Cross-reacting bands from the 
anti-GFP antibodies were used as loading controls. (c) Confocal microscopy of root tips from 
seven day-old seedlings shows BRI1M727D-mCITRINE accumulation and localization to the 
plasma membrane. (d) Total protein from microsomal fractions of seven day-old seedlings was 
immunoprecipitated with anti-GFP antibody conjugated magnetic beads and subjected to 
immunoblot as indicated. (e) [3H]-BL was used to determine the BR binding affinity for BRI1M727D-
mCITRINE and BAK1prom:bak1elg-mCITRINE from seven day-old seedlings. 
 

We next crossed the BRI1M727D-mCITRINE line with another line expressing 

BAK1prom::BAK1:6xHA for co-immunoprecipitation experiments (Figure 3d). For 

controls, BRI1R702D-mCITRINE, which complemented the bri1-null, and BRI-mCITRINE 

were also crossed with BAK1prom::BAK1:6xHA. BAK1::6xHA coimmunoprecipitated 

with both BRI1R702D-mCITRINE and BRI-mCITRINE, but not with BRI1M727D-mCITRINE. 

These results suggest BRI1 residue M727 is necessary for BAK1 interaction. 

To ensure the phenotype of BRI1M727D-mCITRINE expressing lines was not due 

to a deficiency in steroid binding, saturation binding experiments were performed using 
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the tritium-labeled BL (Figure 3e). The calculated Kd value of 14.9 ± 1.4 nM was not 

significantly different compared to wild type suggesting that BRI1M727D-mCITRINE 

disrupts the BRI1-BAK1 interaction and not BRI1-BL interaction. This data also supports 

a model where BRI1 activation by steroid binding occurs before coreceptor interaction 

because steroid binding is not affected in the BRI1M727D-mCITRINE mutant. To further 

test this model, saturation binding experiments were also performed in plants expressing 

BAK1prom:bak1elg::CITRINE in a bak1-3 background (Figure 3e). bak1elg is a gain-of-

function mutant, which is hyper sensitive to BR treatment and displays long twisted 

petioles and elongated leaves [124]. The calculated Kd of 18.1 ± 2.5 nM also is not 

significantly different compared to wild type, which provides further evidence that BR 

binding by BRI1 is independent of BAK1. 

3.4 Discussion 

In conclusion, this study has identified key BRI1 residues related to protein 

stability, steroid interaction, and BAK1 coreceptor binding. This work tests the models of 

interaction proposed by the crystal structures of BRI1, BAK1, and BL in a ternary 

complex with in vivo evidence of functional importance of key residues. This study also 

supports a model in which BRI1 steroid perception precedes coreceptor interaction and 

downstream signaling. 

It was unexpected that only one N-glycosylation site in BRI1 was determined to 

be critical when compared to other LRR-RLKs such as the mammalian TLR2 which has 

four such residues, all of which were determined to be functionally important for protein 

stability and secretion [125]. Based on the TLR2 work we expected to see similar 

functional importance of N-glycosylation in BRI1, but this was not the case with the 

identification of only one critical residue. In general the importance of N-glycosylation 

marks on plant proteins is not fully understood and is still being studied. It is possible 
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that while the plant and mammalian N-glycosylation pathways are highly conserved, 

plant proteins may not rely as strongly on glycosylation sites for quality control [126]. It is 

also possible that the BRI1 protein is unique in that it shows significant glycosylation but 

we do not yet understand its function.  

While we do not see dwarf phenotypes from the removal of most glycosylation 

sites in BRI1, the degradation of the BRI1N154Q-mCITRINE protein provides evidence for 

a quality control mechanism that has not yet been identified. Genetic screens that 

suppress the phenotype of the lines expressing BRI1N154Q-mCITRINE may yield insight 

into the targeting and degradation of aberrantly glycosylated proteins. The identification 

of members of this pathway could be critical for understanding the importance of 

glycosylation in plants. It may also be the case that only specific sequences or structures 

are accessible by the degradation machinery, hence only one critical site was found in 

BRI1. Further study with analysis of additional glycoproteins and mutant backgrounds 

deficient in glycosylation in Arabidopsis would be necessary to further address this topic. 

The BRI1 steroid-binding pocket was previously shown to be critical for steroid 

perception, but we lacked details of how BL was being bound by BRI1. This study tested 

the structure of the pocket by directly targeting individual amino acids and reducing 

steroid binding affinity without abolishing protein activity. It also further emphasizes the 

importance of the BRI1 island domain for steroid perception. Of the mutants tested, only 

the island domain connection was shown to affect steroid binding even though several 

candidate residues in the LRR core were also tested. It is possible that multiple 

simultaneous mutations made in the LRR core would show BR deficient phenotypes, but 

individual amino acid substitutions are not sufficient on their own. Most importantly, 

these results validate the BRI1 structure steroid binding pocket in vivo and demonstrate 

the ability to manipulate the BR growth pathway through minor mutations. These results 
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open up the possibility of targeting the steroid-binding pocket for inhibition with a small 

molecule or through using the genetic data to design minimal mutations to control growth 

in agriculturally relevant plants. 

Finally, this study provides evidence for the early activation of BR signaling being 

dependent on BRI1 perception of BL followed by interaction between BRI1 and BAK1. 

The BL binding of BRIM727D and BAK1elg is similar to wild type BRI1 despite their BR 

hyposensitive and BR hypersensitive phenotypes respectively. If BL binding was 

dependent on the BRI1-BAK1 interaction we would expect to see a decrease in binding 

affinity for plants expressing BRI1M727D and in increase in binding affinity for plants 

expressing BAK1elg. The BRIM727D inability to stably bind BAK1 also shows in vivo 

evidence of the interaction surface between the two proteins. Further mutations in the 

BAK1 structure to disrupt BL-BAK1 and BRI1-BAK1 interactions would also serve to 

confirm this interaction surface. It is important to note that it may be difficult to see a 

phenotype based on redundancy of other members of the SERK family. It may also be 

possible to modify the BL structure to only bind to BRI1 but not BAK1 to further 

characterize this interaction. 

3.5 Materials and Methods 

Plant Material and Growth Conditions 

The A. thaliana accession Columbia (Col-0) was used as the wild type genetic 

background for experiments. All seeds were sterilized and grown on plates containing 

half Linsmaier and Skoog Medium (Caisson Laboratories) supplemented with basta 

selection for BRI1 mutant expressing lines. For etiolated growth assays plants were 

exposed to white light for 2 hours at 22° to induce germination then transferred to the 

dark at 22° for 6 days. For phenotypic observation plants were grown on soil under long 

day conditions (16 hours light, 8 hours dark). 
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Construction of BRI1 Vectors 

The vectors for transgenic BRI1 were constructed with MultiSite Gateway Three-

Fragment Vector Construction Kit (Invitrogen). All BRI1 mutants were generated with 

PCR based mutagenesis of BRI1 in pDONR221 using the primers listed in Table S1. 

PCR mutagenesis was achieved by outcompeting the template DNA with primers 

containing the mutation of interest. The 1.7kb native BRI1 promoter was subcloned into 

the pDONRP4-P1R vector and the mCitrine tag was subcloned into the pDONRP2R-P3 

vector. The three components were subcloned into the destination vector pB7CWG2 and 

transformed into the GV3101 agrobacterium strain. Completed vectors were used to 

transform Arabidopsis through floral dip of agrobacterium using 0.05% Silwet-L77. 

Microsomal Fraction Isolation 

100 mg of tissue from seven day-old seedlings was ground in ice-cold sucrose 

buffer [20 mM Tris, pH 8; 0.33 M Sucrose; 1 mM EDTA, pH 8; protease inhibitor 

(Roche)] using a polytron (Brinkman). Samples were centrifuged at 5,000 x g for 10 

minutes at 4°C and the supernatant was saved. Samples were centrifuged again at 

20,000 x g for 45 minutes at 4°C to pellet microsomes. Pellets were resuspended in 1 ml 

of immunoprecipitation buffer (50 mM Tris pH 8, 150 mM NaCl, 1% Triton X-100) using a 

2-mL potter-Elvehjem homogenizer (Wheaton). Finally, samples were pelleted again at 

20,000 x g for 10 minutes at 4°C and the supernatants that contained microsomal 

associated proteins were saved. Total protein in each sample was quantified by Bradford 

assay and used for further experiments. 

BL Binding Assays 

Tritium-labeled BL was made by Perkin Elmer with a specific activity of 3.4 

Ci/mmol. Microsomal fractions were prepared from 7 day-old seedlings grown on LS 

medium plates and resuspended at 2mg/ml of protein in BL binding buffer (0.25 M 
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mannitol, 10 mM Tris-2-[N-morpholino] ethanesulphonic acid (MES), pH 5.7, 5 mM 

MgCl2, 0.1 mM CaCl2 and cOmplete mini EDTA-Free protease inhibitor cocktail from 

Roche). Each reaction contained 100 µg of protein in a total reaction volume of 100 µl 

and was incubated for 30 minutes at 22°C with the indicated amount of [3H]-BL and 

unlabelled steroid. After incubation the reactions were filtered through a glass-fibre filter 

(Whatman GF/F) and washed with 10ml of cold BL binding buffer. The bound fraction 

was quantified by scintillation counting. Specific binding was determined by subtracting 

binding with 100-fold excess of unlabeled steroid from total binding. Binding data was 

analyzed and plotted with GraphPad Prism 6.0. All experiments were repeated a 

minimum of three times with minimal variation. 

Confocal Microscopy of BRI1 Lines 

To observe the fluorescent signal from the mCitrine YFP, root tips from 7 day-old 

seedlings were imaged using a Zeis 710 microscope with 40x objective lens. 
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3.7 Supplemental Information 

Table 3.1S. List of BRI1 Mutants.  

List of mutants analyzed for glycosylation, steroid interaction, and coreceptor binding. 

Glycosylation Mutants 

N112Q N401Q 

N154Q interior of superhelix N438Q 

N233Q N545Q island domain contact 

N275Q interior of superhelix N573Q 

N351Q  

 

Steroid Binding Mutants 

W564H M657A 

Y597V F681A 

Y599V  

 

Coreceptor Binding Mutants 

R702D 

M727D 
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Figure 3.1S. Verification of BRI1 expression by western blot for glycosylation mutants. 
Probing with an anti-GFP antibody, protein accumulation was analyzed by western blot for 
multiple lines of each glycosylation mutant.  Lines expressing similar to wild type were used for 
further analysis. 
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Figure 3.2S. Verification of BRI1 localization for glycosylation mutants by confocal 
microscopy.  
Protein localization and accumulation in root tips from seven day-old seedlings was visualized by 
confocal microscopy for each glycosylation mutant. 
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Figure 3.3S. Verification of BRI1 expression by western blot for BR binding and coreceptor 
binding mutants.  
Probing with an anti-GFP antibody, protein accumulation was analyzed by western blot for 
multiple lines of each BR binding and coreceptor binding mutant. 
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Figure 3.4S. Verification of BRI1 localization for BR binding and coreceptor binding 
mutants by confocal microscopy.  
Protein localization and accumulation in root tips from seven day-old seedlings was visualized by 
confocal microscopy for each BR binding and coreceptor binding mutant. 
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Table 3.2S. BL Binding Assay Kd Values. 
Using [3H]-BL, specific binding was determined from 100 µg of total protein of microsomal 
fractions of seven day-old seedlings. Non-specific binding was determined using 100-fold cold 
inhibitor and subtracted from total binding. 

  Kd (nM) 

BRI1W564H-mCITRINE 24.6 ± 3.7 

BRI1M657A-mCITRINE 21.0 ± 2.7 

BRI1F681A-mCITRINE 15.4 ± 2.0 
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Table 3.3S. BRI1 mutagenesis primers.  
List of primers used for the generation of the various BRI1 mutants 
 
Phos-CAAGGCTCCGTTTCTGGCTTC N112Q Forward 

Phos-GATGTGTGAGTTTGAGAGAAA N112Q Reverse 

Phos-CAGGTCTCTTCCAATACACTT N154Q Forward 

Phos-AAGAAACTTCAGACCGGAGCA N154Q Reverse 

Phos-CAATTCTCCACTGGGATTCCT N233Q Forward 

Phos-GTTGGAGGAAACATCGAGAAA N233Q Reverse 

Phos-CAGATCTCTAGTAACCAATTC N275Q Forward 

Phos-CAACAACTTGAGCTCTGTGCA N275Q Reverse 

Phos-CAGTTCTCTGGCGAGTTACCG N351Q Forward 

Phos-GTTACTCGACAACGCGAGTGA N351Q Reverse 

Phos-CAATTCTCCGGTCCGATTCTC N401Q Forward 

Phos-GTTGGAGCTGAGATCTAACGT N401Q Reverse 

Phos-CAGTGTTCTGAGCTGGTTTCG N438Q Forward 

Phos-GCTTAAAGTCGGTGGAATCTT N438Q Reverse 

Phos-CAGAATTCATTCTCCGGGAAC N545Q Forward 

Phos-GCTTAGCTTGAGGATAGCGAG N545Q Reverse 

Phos-CAAGGAACGATTCCGGCGGCG N573Q Forward 

Phos-GAAGAGATTGGTGTTGAGATC N573Q Reverse 

Phos-CAUCTTGATCTCAACACC W564H Forward 

Phos-GATTAAGCTTCTGCAGTC W564H Reverse 

Phos-GUCGTTTATATCAAAAAC Y597V Forward 

Phos-CCTCTTACCGGCGATGAA Y597V Reverse 

Phos-GTTATCAAAAACGATGGG Y599V Forward 

Phos-AACGTACCTCTTACCGGC Y599V Reverse 

Phos-GCGTTTCTGGACATGTCT M657A Forward 

 



81 
 

 

 

Table 3.3S. BRI1 mutagenesis primers.  
List of primers used for the generation of the various BRI1 mutants, continued 
 
Phos-CATCGAACCATTGTTATC M657A Reverse 

Phos-GATATTCTCAATTTGGGT F681A Forward 

Phos-CAGATAAGGCATCGAACC F681A Reverse 

Phos-GACGGTTTAAACATTCTT R702D Forward 

Phos-TAGATCACCTACCTCATC R702D Reverse 

Phos-GACCTTACGGAAATCGAT M727D Forward 

Phos-AGTAAGAGCTGACATAGC M727D Reverse 
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PERSPECTIVES 

 This dissertation has focused on the development and applications of a method 

to study nascent transcripts in plants. Plant biology has largely fallen behind in the study 

of transcription due to technical difficulties in handling plant extracts, but we are 

fortunate in how powerful modern genomic techniques are and how quickly we can catch 

up with other systems. These first studies are an important first step to demonstrating 

the power of the technique and providing insight into the fundamental steps of gene 

expression in the plant kingdom. 

 Using GRO-seq we have identified general characteristics of plant transcription 

that differ substantially from mammalian and other model systems. We have 

demonstrated that plants in general do not appear to use divergent transcription or 

promoter proximal pausing, and these results imply that gene expression is primarily 

regulated at the level of initiation in plants. The significance of this finding is rather 

important given the debate between the role of transcription and translation in regulating 

the overall level of proteins. More recent statistical analysis shows a much stronger 

connection to transcriptional regulation rather than translational and post-translational 

regulation [127-129]. With plants showing an even higher connection between nascent 

transcription and steady state RNA levels compared to humans, we can say that plants 

are almost certainly placing the emphasis of their regulation on the basic recruitment of 

the transcriptional machinery for initiation. 

 One important caveat to the plant GRO-seq work identifying the basic 

characteristics of plants transcription has all been carried out in seedling tissue for 

Arabidopsis and corn. I believe the next important step for understanding plant 

transcription will be to start looking at specific tissue types and multiple developmental 

time points to see if the general characteristics hold true. If aspects such as promoter 
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pausing and divergent transcription actually differ based on developmental time points it 

would imply that these characteristics of transcription are regulated by other factors 

beyond the genomic sequence which would open up very interesting new areas to 

explore. 

In the more general study of plant transcription, the identification of 3’ 

polymerase pausing is an exciting new feature of gene regulation that is seen more 

prominently in Arabidopsis compared to any other model system. It is not the first time 

this phenomenon has been observed, but it is definitely pronounced in plant systems 

and therefore may be a more integral form of transcription regulation. As we have not 

been able to identify a transcription factor, histone mark, DNA sequence, or any other 

regulatory element associated with the 3’ polymerase accumulation, we are left with 

more questions than answers at this point and can only say that pausing correlates with 

gene length and the exclusion of CpG methylation. However, with the identification of 

this feature of plant transcription we hope that it will open up a new area of study and 

eventually determine the function of this 3’ polymerase accumulation.  

 Alongside the use of normal GRO-seq, we have been successful with the 

application of 5’ GRO-seq. With 5’ GRO-seq we now have a much better annotation of 

TSSs across the Arabidopsis genome and have confirmed a technique to study changes 

in TSSs with environmental responses. While this was not explored in this work, it is an 

area that needs further attention to identify additional types of regulation of transcription. 

This technique also addresses one of the major weaknesses in plant biology that can be 

seen when cloning genes for study where most researchers will include the 5’UTR up 

until the next gene to ensure the whole promoter was captured simply because they lack 

a strong annotation of the TSS. Now when designing constructs for genes of interest, it 

can be done with more precision and an actual understanding of the full length of the 
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transcript. While this development may not seem critical, a complete and accurate 

annotation of a gnome of interest improves the overall quality of scientific endeavors 

based on these general resources. 

 While 5’ GRO-seq is one of the more powerful techniques presented in this 

dissertation, it is also one of the most technically challenging as well. Typically, 5’ GRO-

seq requires a fairly high minimum level of gene expression in order to cleanly call 

transcripts of interest. As a result, it is necessary to repeat this protocol using different 

developmental time points as well as different environmental conditions to cover the full 

range of the Arabidopsis transcriptome. As it is currently the most technically challenging 

of the various GRO-seq variations, it may be a more difficult undertaking than 

anticipated. Currently myself and other researchers are working on ways to increase the 

efficiency of the technique and hopefully further work is able to reduce the required level 

of gene expression. In my hands the best results have come from increasing the number 

of dephosphorylation steps to reduce the background of non-capped transcription 

fragments, but there are many avenues to consider and hopefully these technical 

limitations will be overcome. 

 One of the important features of 5’ GRO-seq is that it allows for the identified of 

unstable transcripts such as miRNAs that are very difficult to annotate correctly. A 

simple literature search of some of the most commonly studied Arabidopsis miRNAs 

such as mir158a shows that only the mature miRNA has been identified and studied, 

while our data clearly shows the primary transcript is significantly longer. The results of 

the 5’ GRO-seq are important for improving the general knowledge within the plant 

biology field, but also open up the possibility for new and interesting studies that were 

not possible before as seen with the annotations of miRNAs. We would imagine that the 

use of the mature RNA is probably sufficient for most studies, but it is possible that 
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additional regulatory information could be found from a more in depth study of the 

primary transcript. Again, these tools will help other researchers in the plant biology field 

and allow for better experimental design. 

With the optimization of the GRO-seq method, we have been able to show 

application of the technique through the characterization of pol IV and pol V transcripts. 

It is a relatively simple experiment that has been able to answer several decade old 

questions about the transcripts they produce and their function. With a new reliable 

method to study the transcripts produced by these two polymerases, studies of how 

various mutants affect RDDM can move forward well beyond what was possible several 

years ago. 

The validation of known Pol IV transcripts from Zhai et al. [50] supports their 

model of Pol IV transcription being dependent on very small transcripts that only give 

rise to one siRNA each. This validation is important because it supports the application 

of the GRO-seq method for Pol V transcription and actually provides new insights into 

the Pol IV function. In the Col background we were only able to identify 10 Pol IV targets, 

which should have been much higher. This result provides evidence that most Pol IV 

transcripts are immediately being bound by the dicer like complexes and processed into 

siRNAs. Rapid processing was always suspected given the difficulty of capturing Pol IV 

transcripts, but now we have an additional line of evidence. 

With the identification of Pol V transcripts we have gained insight into RDDM and 

will hopefully open up the field a bit more. One of the most interesting points was the 

high number of Pol V transcripts that were not dependent on Pol IV, suggesting that Pol 

V transcription can be guided by non-CHH methylation. What exactly Pol V is doing in 

these cases is still unclear. It may be the case that any DNA methylation is able to 

recruit Pol V transcription, or that we are missing something fundamental about Pol V 
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activity. Additionally, the lack of strandedness for many Pol V sites indicates that Pol V 

simply needs to be recruited and may have less specificity compared to other RNA 

polymerases such as Pol II. The higher error rate of Pol V also supports this model 

where it is less specific due to the nature of its transcripts being used for scaffolding. 

Most importantly, the success of this technique demonstrates the additional applications 

it can be used for. 

 With the tools to analyze nascent transcription, we are now able to look at an 

environmental response within minutes and without the complication of filtering out 

stable transcripts seen in RNA-seq. Most early studies of responses have been on the 

order of hours and therefore included several thousand gene targets. Using GRO-seq, 

the total number of target genes is reduced dramatically and we can now identify primary 

responses, which may be key to manipulating entire pathways rather than just the end 

targets. Additionally, many of the common pathways studied in plants such as light 

signaling and hormone signaling are incredibly interwoven because they make use of 

many of the same downstream targets for phenotypes such as hypocotyl growth. By 

identifying the earliest responders of pathways we can begin to differentiate what is 

actually an environmental response and what is simply a target gene that is used by 

multiple pathways. We have tested several environmental responses including shade, 

heat, and high temperature and the preliminary results are promising that we will be able 

to identify new gene targets for manipulating these pathways. By combining GRO-seq, 

RNA-seq, and proteomic studies, plant biology can move forward with building high-

resolution signal transduction pathway models and therefore identify better targets for 

use in applied studies such as increasing crop yield. 

Along with the plant specific work, the robustness of the method developed for 

Arabidopsis opens up the study of other species and whole tissue types. Previous GRO-
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seq studies largely focused on cell lines and embryos due to the ease of the nuclei 

isolation and the relatively cleanliness of the method prep. With the method in this 

dissertation it is possible to use this technique for species ranging from sea slugs to 

whole honey bees. We have tested many of these species ourselves and will hopefully 

complete an in-depth study in future work. The ability to study a wide variety of species 

means developing an incredibly comprehensive view of transcription across evolutionary 

branches and the prospect of identifying new regulatory elements, TSSs, and more in a 

wide variety of model organisms that may be poorly annotated or difficult to work with. 

As we are continuously drawing on models developed in other model systems, it would 

be exciting to be able to see how plants compare to other eukaroytes and what makes 

them unique. 

Overall, this work will hopefully provide new tools and a method for future 

researchers to take advantage of. It is an incredibly exciting time in the world of biology 

as technology continues to move forward making experiments possible that could only 

be dreamed of as little as 10 years ago. With the ability to study crops directly and to 

establish pathways in model systems like Arabidopsis we can build models of growth, 

yield, resistance, and any other traits we desire and leverage this information into the 

next generation of agricultural endeavors to face the challenges of our booming 

population. The field still has a substantial amount of work to do given the rapid growth 

rate and our inability to match it with crop yield, but every study is another step forward, 

and every new method is a valuable tool to be considered for future work. 
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