
	

	

1	

Distribution Agreement 

 
In presenting this thesis or dissertation as a partial fulfillment of the requirements for an advanced 
degree from Emory University, I hereby grant to Emory University and its agents the non-
exclusive license to archive, make accessible, and display my thesis or dissertation in whole or in 
part in all forms of media, now or hereafter known, including display on the world wide web.  I 
understand that I may select some access restrictions as part of the online submission of this 
thesis or dissertation.  I retain all ownership rights to the copyright of the thesis or dissertation.  I 
also retain the right to use in future works (such as articles or books) all or part of this thesis or 
dissertation. 
 
 
 
 
 
 
Signature: 
 
_____________________________   ______________ 
Erica Shannon Torres    Date 
  



	

	

2	

  



	

	

3	

Investigating the roles of H2A.Z in transcription and nucleosomal organization through its 
relationships with other chromatin proteins. 

By 
Erica Shannon Torres 
Doctor of Philosophy 

 
Graduate Division of Biological and Biomedical Science 

Genetics and Molecular Biology 
 
 

________________________________________ 
Roger B. Deal, Ph.D. 

Advisor 
 
 

________________________________________ 
Victor G. Corces, Ph.D. 

Committee Member 
 
 

________________________________________ 
Meleah A. Hickman, Ph.D. 

Committee Member 
 
 

________________________________________ 
William G. Kelly, Ph.D. 

Committee Member 
 
 

________________________________________ 
Ken H. Moberg, Ph.D. 

Committee Member 
 
 

Accepted: 
 

________________________________________ 
Lisa A. Tedesco, Ph.D. 

Dean of the James T. Laney School of Graduate Studies 
 

____________ 
Date 

  



	

	

4	

Investigating the roles of H2A.Z in transcriptional regulation and nucleosomal organization 
through its relationships with other chromatin proteins. 

 
 
 

By 
 
 
 

Erica Shannon Torres 
B.S. Florida State University, 2011 

 
 

Advisor: Roger B. Deal, Ph.D. 
 
 
 
 
 
 
 
 

An abstract of 
A dissertation submitted to the Faculty of the  

James T. Laney School of Graduate Studies of Emory University 
in partial fulfillment of the requirements for the degree of  

Doctor of Philosophy 
in Genetics and Molecular Biology 

2018 
  



	

	

5	

Abstract 
 

Investigating the roles of H2A.Z in transcription and nucleosomal organization through its 
relationships with other chromatin proteins. 

 
By Erica Shannon Torres 

 
The well-organized chromatin structure of DNA packaged into nucleosomes can 

determine how genetic information encoded by DNA is used in different conditions. Factors 
contributing to DNA accessibility include the activity of chromatin remodeling complexes and 
exchanging histones for variant histones within nucleosomes. The histone variant H2A.Z acts to 
promote or repress transcription by either stabilizing or destabilizing nucleosome structure, but 
the underlying mechanisms are unclear. Therefore, much work is needed to understand the 
context that makes H2A.Z incorporation into chromatin necessary for transcriptional regulation.  

Previous work in Arabidopsis thaliana showed that the repressive function of the BRM 
ATPase of the SWI2/SNF2 complex makes the transcriptional activating function of H2A.Z 
necessary for transcription of the developmental switch gene Flowering Locus C (FLC).  Thus, I 
performed chromatin and transcriptional profiling in Arabidopsis plants to evaluate the genetic 
interaction between BRM and H2A.Z at target genes. I found 8 classes of genes involved in 
transcriptional regulation and responses to stimuli that establish that H2A.Z and BRM directly 
regulate transcription of genes either redundantly or with opposing roles. Profiling genomic 
nucleosomal changes resulting from loss of BRM and/or H2A.Z showed that H2A.Z is associated 
with varying nucleosome dynamics, and BRM tends to destabilize or reposition nucleosomes 
flanking nucleosome-depleted regions.  

To identify additional factors opposing H2A.Z-mediated transcription at the FLC locus, I 
conducted a forward genetic suppressor screen. I identified mutants depleted of H2A.Z-
containing nucleosomes that still showed FLC transcription. By mapping suppressor mutations 
from the screen, I identified 9 candidate H2A.Z antagonists. Further work to distinguish whether 
the candidate mutations identified can suppress H2A.Z-nucleosome depletion phenotypes has 
potential to expand our understanding of what repressive factors make H2A.Z necessary for 
transcription.  

In summary, I comprehensively profiled how H2A.Z and BRM interact to contribute to 
transcriptional regulation and nucleosomal organization and identified additional factors that may 
necessitate the role of H2A.Z for transcriptional regulation. These findings expand our view of 
how H2A.Z interacts with other factors in a complex chromatin context to regulate genomic 
processes, which have biological implications for development and how organisms respond to 
their environment.   
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CHAPTER 1: INTRODUCTION 

 

Chromatin as the mediator of responsive genes 

Building a functional living organism requires the flow of information from genes that are 

encoded by DNA, transcribed into RNA molecules, and then translated into operative proteins to 

carry out metabolism and other processes (Wu 2014). We know that individual steps in this 

progression can feedback to influence previous phases, and countless additional regulatory steps 

occur throughout this highly regulated procedure. (Wu 2014).  In addition to maintaining 

development and homeostatic processes, having the ability to adapt processes from transcription to 

translation to respond to external stressors is crucial for survival. While many organisms can resort to 

fight-or-flight methods of defense response, plants are sessile organisms, so they must modify 

themselves to better suit their living conditions (Rymen and Sugimoto 2012).  Consequently, various 

environmental stimuli trigger changes in the plant’s transcriptome, proteome, and metabolic arsenal 

produced by various proteins (Urano et al., 2010; Wu 2014).  Transcriptional changes in particular 

take advantage of unique gene sets suited to equip plants for specific conditions (Urano et al., 2010; 

Barah et al., 2016). Once a stimulus is perceived, it initiates a signaling cascade that can trigger a 

transcriptional response by these genes that can then be translated into a physiological response 

(Urano et al., 2010; Wu 2014). Governing the expression of these environmentally responsive genes 

is a highly organized chromatin structure consisting of DNA associating with proteins and RNA  

(Mondal et al., 2010; Zhu et al., 2013). Therefore, eliciting a transcriptional response to stimuli 

depends on whether DNA encoding the appropriate genes are in an accessible chromatin 

conformation (Zhu et al., 2013).   

 

Chromatin structure and regulation 

Nucleosomes: DNA + histones 
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The primary unit of chromatin is made up of ~147 base pairs (bp) of DNA wrapped 1.65 

times around an octamer of histones to form nucleosomes (Luger et al., 2000).  Two histone H2A-

H2B dimers and a tetramer of two copies each of histones H3 and H4 associate with DNA to create 

the nucleosome core particle (Burton et al., 1978; Luger et al., 2000). Electrostatic interactions drive 

the association between the negatively charged DNA phosphate backbone and the positively charged 

histone residues (Burton et al., 1978; Luger et al., 1997). Therefore, the thermodynamic interaction 

between DNA and the histone octamer exists in an equilibrium between loosely and more tightly 

associating conformations (Li et al., 2005b; Jimenez-Useche and Yuan 2012). Since the DNA must 

bend to wrap around the histone octamer, some nucleotide sequences combine to form a more flexible 

DNA molecule that is better suited for nucleosome positioning (Fig. 1.1A, Widom 2001; Zhang et al., 

2015; Todolli et al., 2017). Thus, an array of nucleosomes can form along a DNA molecule, which 

can be compared to “beads on a string.”  

These intrinsic properties of nucleosomes establish a certain level of stability that can be 

further altered by external factors (Zhou et al., 2016). In addition to histone-DNA interactions, 

internucleosomal interactions and further trans-acting factors drive higher order chromatin 

organization within the nucleus (Todolli et al., 2017; Vergara and Gutierrez 2017). The structure of 

chromatin can be modified by many different factors, including post-translational modifications to 

histones, incorporation of histone variants into nucleosomes, changes contributed by chromatin 

remodeling complexes, contributions by long non-coding RNA, and modifications to the DNA itself  

(Berger 2007; March-Diaz and Reyes 2009; Mondal et al., 2010; Hargreaves and Crabtree 2011; 

Engreitz et al., 2016; Seymour and Becker 2017). Regulating chromatin structure provides a way to 

modulate how the underlying DNA can be used and has implications for replication, repair, and 

transcription of the DNA (Nagai et al., 2017; Lai and Pugh 2017).  

During transcription or replication of DNA, RNA or DNA polymerases move along 

individual, unzipped DNA strands as a part of larger complexes (Fig. 1.1B, Lai and Pugh 2017). 

These processes that need access to the DNA sequence must perturb the association between DNA 
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and histones. Consequently, the histone-DNA interactions create an energetic barrier that must be 

overcome for the polymerases to pass through (Weber et al., 2014). The level of hindrance however 

can dependent on the presence of histone modifications, the composition of nucleosomes, or the 

activity of chromatin remodelers (Weber et al 20014; Lai and Pugh 2017).  Histones are not just 

obstructions to polymerases, but one study suggests that packaging DNA around nucleosomes can 

help facilitate transcription. This was demonstrated by in vitro work at one yeast locus showing that 

RNA polymerase is more efficient at transcribing genes organized into a chromatin structure than 

along naked DNA (Nagai et al., 2017).  

   

Histone post-translational modifications influence chromatin structure 

DNA wraps around the core octamer of histones, but the C-terminal and N-terminal tails of 

the histones remain unstructured and extend outside of the nucleosome core particle (Luger et al., 

1997). These histone tails as well as the core regions can be post-translationally modified to impart 

additional properties to the nucleosome (Fig. 1.1C, Berger 2007; Tessarz and Kouzarides 2014; Zhao 

and Garcia 2015). Some modifications, such as lysine acetylation, can directly neutralize histone 

amino acid charges and disrupt intra- and internucleosomal interactions (Dion et al., 2005; Shogren-

Knaak et al., 2006; Zhang et al., 2017b), while other modifications serve as signals that can be read 

by proteins equipped with complementary domains dedicated to recognizing specific amino acid 

modifications (Dhar et al., 2017). Although many post-translational modifications to histones have 

been identified, several have well documented functions corresponding with chromatin function 

relating to transcriptional repression (H3K27me3, H3K9me3, H2AK119u1, etc.) or transcriptional 

activity (H3K4me3, H3K36me, H4K16ac, H3K27ac, etc.) (Berger 2007; Zhao and Garcia 2015; 

Davie et al., 2016; Becker et al., 2016; Endoh et al., 2012). For example, the lysine 27 on histone H3 

is tri-methylated (H3K27me3) by Polycomb repressive complex 2 (PRC2) to contribute to gene 

repression (Lafos et al., 2011; Derkacheva and Hennig 2013) and demethylated by the histone 

demethylase REF6 for reactivation (Li et al., 2016). Acetylation and deacetylation of the lysine 27 
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residue on H3 (H3K27ac) contribute to promote transcriptional activity and transcriptional repression, 

respectively, both through the chemical properties of acetylation and by blocking the tri-methylation 

of H3K27 (Berger 2007). The presence of these histone modifications recruit or antagonize additional 

factors such as transcriptional regulators, chromatin remodelers, and splicing factors that can further 

influence chromatin organization and gene activity (Berger 2007; Dhar et al., 2017).  

 

Histone variants confer unique properties to nucleosomes 

Core, or canonical, histones are expressed during the S-phase of the cell cycle when histones 

are needed in mass to accommodate the newly synthesized DNA (March-Diaz and Reyes 2009). 

Histone variants or replacement histones are expressed in cells independently of replication and are 

targeted to specific locations in the genome that correspond with their unique roles in chromatin (Fig. 

1.1D, March-Diaz and Reyes 2009). Histone variants have been identified for each histone except H4, 

with the most diverse family of histone variants coming from H2A variants (March-Diaz and Reyes 

2009).  Histone H2A variant H2A.X is involved in numerous mitotic and meiotic processes, stem cell 

biology, and aging (Turinetto and Giachino 2015). Although its contributions to the process of DNA 

damage repair are not clearly defined, it is best known for its role in marking double stranded breaks 

(Turinetto and Giachino 2015). Still other histone variants are confined to heterochromatic regions 

such as the histone H3 variant Cenp-A and orthologs that are required for centromere function and 

mitosis (Blower and Karpen 2001). The histone H2A variant H2A.Z is one variant in particular that is 

involved in a variety of processes in both euchromatin and heterochromatin, including regulating 

transcription of environmentally responsive genes (Coleman-Derr and Zilberman 2012; Bönisch and 

Hake 2012).  Each of these variant histones influence chromatin organization to contribute to many 

different processes by offering different compositions and unique sets of post-translational 

modifications (Fig. 1.1D, Bönisch and Hake 2012).  

 

Specific enzymes specialize in chromatin remodeling 
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Chromatin remodeling complexes are macromolecular machines containing a DNA-

dependent catalytic subunit that can use the energy of ATP-hydrolysis to disrupt DNA-histone 

interactions (Hargreaves and Crabtree 2011). This hydrolysis empowers the remodelers to reposition 

nucleosomes along the DNA strand, evict histone dimers or whole octamers, or exchange canonical 

histones for histone variants within the nucleosome (Hargreaves and Crabtree 2011; Narlikar et al., 

2013; Clapier et al., 2017). Chromatin remodeling complexes can be broken down into four 

subfamilies based on the conserved domains of their primary ATPases, including SWI2/SNF2, ISWI, 

CHD, and SWR1/INO80 families (Hargreaves and Crabtree 2011). The SWR1/INO80 subfamily is 

primarily involved in inserting or removing the histone variant H2A.Z into or out of chromatin 

(Mizuguchi et al., 2004; Papamichos-Chronakis et al., 2011). INO80 can also position nucleosomes 

around nucleosome-depleted regions (NDR) (Krietenstein et al., 2016).  ISWI chromatin remodelers 

are important for positioning nucleosomes and creating repeated nucleosome position phasing relative 

to chromatin landmarks like transcription start sites (TSSs) (Krietenstein et al., 2016). CHD family 

chromatin remodelers contain ATPases together with chromodomains that are targeted to methylated 

histones. Remodelers in the CHD family are generally associated with nucleosome assembly and 

subsequent remodeling to establish proper positioning and spacing after replication (Liu et al., 2015; 

Torigoe et al., 2013; Hargreaves and Crabtree 2011). The SWI2/SNF2 family of chromatin 

remodelers can bind to nucleosomes and use the energy of ATP hydrolysis to disrupt nucleosome 

structure and translocate nucleosomes in vitro (Zofall et al., 2006).  However, the mechanisms of how 

SWI2/SNF2 complexes contribute to transcriptional regulation of individual genes is more 

ambiguous in vivo (Hargreaves and Crabtree 2011). Two families of chromatin remodelers that have 

proven important to regulate transcription of environmentally responsive genes and that are studied in 

this dissertation research are the SWI2/SNF2 and the SWR1 complexes (Ma et al., 2011).  

 

SWR1 and H2A.Z 

SWR1 chromatin remodeling complex incorporates H2A.Z into chromatin 
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 The SWR1 chromatin-remodeling complex is the primary complex responsible for 

incorporating H2A.Z into nucleosomes (Lu et al., 2009). SWR1 uses the energy from ATP-hydrolysis 

to remove histone H2A/H2B dimers containing canonical H2A from nucleosomes and replaces them 

with histone H2A.Z/H2B dimers (Mizuguchi et al., 2004). The SWR1 complex has been 

characterized extensively in yeast and homologous complexes have also been identified in other 

eukaryotes (Lu et al., 2009; Hargreaves and Crabtree 2011).  The yeast SWR1 complex consists of 

the primary ATPase SWR1 and 14 other subunits (Lu et al., 2009). In Arabidopsis, the SWR1 

complex had not been purified until recently (Sijacic, et al., in preparation). However, work in 

Arabidopsis has shown that orthologs of yeast SWR1 complex subunits interact to form a complex 

that has been functionally characterized as important for H2A.Z incorporation into chromatin (Choi et 

al., 2007; March-Diaz et al., 2007; Deal et al., 2007; Lu et al., 2009; Bieluszewski et al., 2015).  The 

Arabidopsis SWR1 subunits studied so far include the ATPase PIE1 and subunits ARP6, SWC6/SEF, 

SWC2, Rvb1/2, and H2A.Z (Choi et al., 2007; Deal et al., 2007; Lu et al., 2009; Bieluszewski et al., 

2015; March-Diaz et al., 2008).  

Some of the SWR1 subunits are shared between the SWR1 complex, the INO80 complex that 

removes H2A.Z from chromatin, and the NuA4 complex which can acetylate histones including 

H2A.Z (Bieluszewski et al., 2015; Jarillo and Pineiro 2015; Lu et al., 2009).  The ARP6 subunit is 

unique to the SWR1 complex however and is essential for proper H2A.Z incorporation (Deal et al., 

2007; Lu et al., 2009; Hargreaves and Crabtree 2011). Because of its selective role in SWR1 function 

to incorporate H2A.Z into chromatin, arp6 mutants have even been used as a proxy to study H2A.Z 

depletion in the place of H2A.Z mutants (Sura et al., 2017).  

 

H2A.Z regulates chromatin organization and transcription  

Incorporation of H2A.Z into nucleosomes is essential for life in many eukaryotes (Liu et al., 

1996; Clarkson et al., 1999; Faast et al., 2001; Whittle et al., 2008). However, H2A.Z mutants in 

yeast and plants are still viable, making them especially tractable organisms to study H2A.Z function 
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(Jackson and Gorovsky 2000; Coleman-Derr and Zilberman 2012).  The pleiotropic phenotypes 

described for mutants depleted of H2A.Z-containing nucleosomes show that H2A.Z is still crucial for 

many processes in plants, including development, responses to stimuli, and maintaining genomic 

integrity (Jarillo and Pineiro 2015; Coleman-Derr and Zilberman 2012). H2A.Z regulates responses to 

endogenous signals such as salicylic acid, ethylene response, and auxin (Hu et al., 2011; Lee and Seo 

2017; March-Diaz et al., 2008). Transcriptional regulation by H2A.Z affects environmentally 

responsive processes such as immune response, response to temperature changes, and phosphate 

starvation response (March-Diaz et al., 2008; Zilberman et al., 2008; Kumar and Wigge 2010; Smith 

et al., 2010). H2A.Z is also important to regulate transcription of genes that are subject to more stable 

epigenetic regulation such as the developmental switch gene Flowering Locus C (FLC) (Deal et al., 

2007; Choi et al., 2007; March-Diaz et al., 2007; Lazaro et al., 2008). Moreover, the role of H2A.Z in 

chromatin contributes to genomic processes such as meiosis, DNA damage repair, and homologous 

recombination (Rosa et al., 2013).  

Multiple genes can encode H2A.Z proteins, each with their own potential sub-

functionalization. Arabidopsis has three different H2A.Z proteins: HTA8/H2A.Z.8, HTA9/H2A.Z.9, 

and HTA11/H2A.Z.11 (Deal et al., 2007). They function largely redundantly, since depletion of any 

one form of H2A.Z shows no obvious phenotype, but depletion of two or more results in defects in 

development and immune response (Choi et al., 2007; March-Diaz et al., 2008; Coleman-Derr and 

Zilberman 2012). Having multiple forms of H2A.Z is not unique to plants and has been documented 

in many other organisms including humans (Eirin-Lopez et al., 2009).  

The unique properties of H2A.Z make it an important factor for chromatin-associated 

processes (Jarillo and Pineiro 2015). Although 60% of the amino acid sequence is conserved between 

H2A and H2A.Z, H2A.Z has different residues in the docking domain where it interacts with the H3-

H4 tetramer, the L1 loop where it interacts with the other H2A-H2B dimer, and at an acidic patch 

where H2A or H2A.Z interact with other nucleosomes or other chromatin associating proteins (Suto 

et al., 2000). Within chromosomes, histone H2A.Z usually localizes to the 5’ ends of genes near the 
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transcription start sites (TSSs), however it can also localize to the 3’ ends or across gene bodies of 

genes where it opposes transcription (Deal et al., 2007; Coleman-Derr and Zilberman 2012; Sura et 

al., 2017). H2A.Z also plays a role to regulate transcription from distal enhancer regions (Gevry et al., 

2009; Dalvai et al., 2012; Dai et al., 2017).  Histone acetylation, nucleosome free regions, and 

specific nucleotide sequences have all proven important for H2A.Z targeting to chromatin, but it is 

excluded from chromatin where DNA is methylated (Raisner et al., 2005; Coleman-Derr and 

Zilberman 2012; Ranjan et al., 2013). In addition to functioning at transcriptionally active regions of 

the genome, H2A.Z localizes to heterochromatin and opposes the spreading of heterochromatin 

(Meneghini et al., 2003; Swaminathan et al., 2005).  

When H2A.Z is incorporated into chromatin it can act to either promote or repress 

transcription (Marques et al., 2010). The mechanisms of how H2A.Z contributes to transcriptional 

regulation have been the focus of many studies, and yet we still do not fully understand how and 

when H2A.Z assumes transcriptionally repressive or promoting roles.  Correlative work suggests that 

acetylation of H2A.Z and its role at either enhancers or the 5’ end of genes is associated with 

transcriptional activation, while ubiquitination of H2A.Z and its localization across gene bodies 

correlate with transcriptional repression (Marques et al., 2010; Dalvai et al 2012 Dalvai et al., 2012; 

Valdes-Mora et al., 2012; Valdes-Mora et al., 2017; Surface et al., 2016; Ku et al., 2012; Coleman-

Derr and Zilberman 2012). The positional correlations of H2A.Z were shown in plants, however 

H2A.Z acetylation and ubiquitination have not been identified in plants thus far (Coleman-Derr and 

Zilberman 2012). An in vitro study demonstrated that H2A.Z-containing nucleosomes are sufficient 

to mediate +1 nucleosome stability which influences transcriptional initiation and can affect the rate 

of transcriptional elongation through chromatin (Weber et al., 2014; Rudnizky et al., 2016). However, 

conflicting reports about how H2A.Z contributes to chromatin organization in vitro and in vivo 

provide evidence that H2A.Z can stabilize or destabilize nucleosomes as well as promote or inhibit 

nucleosome mobility in different contexts and experimental conditions (Bönisch and Hake 2012;  Hu 

et al., 2012; Park et al., 2004; Rudnizky et al., 2016; Li et al., 2005a; Gevry et al., 2009). Overall, it 
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seems that the DNA sequence, histone modifications, and nucleosome composition context in which 

H2A.Z is found contributes to how H2A.Z modulates nucleosome stability and positioning (Bönisch 

and Hake 2012).  

H2A.Z not only contributes specific properties to nucleosomes, but also interacts with a 

unique set of factors distinct from H2A to influence transcription and chromatin organization, 

resulting in context specific functions (Zhang et al., 2017c; Bönisch and Hake 2012). For example, 

H2A.Z can recruit chromatin-associated proteins that impact chromatin organization (Surface et al., 

2016).  One of the ways that H2A.Z does this is by facilitating access for transcription factor binding 

at regulatory regions, thus influencing transcriptional initiation by mediating transcription factor 

activity (Hu et al., 2012). In yeast, H2A.Z and SWR1 subunits are associated with targeting loci to the 

nuclear periphery for transcriptional regulation (Yoshida et al., 2010; Light et al 2010 Light et al., 

2010).  In Arabidopsis, the SWR1 complex interacts with proteins important for anchoring chromatin 

to the nuclear matrix during transcriptional regulation, suggesting that H2A.Z contributes to nuclear 

localization in Arabidopsis by interacting with other nuclear factors (Lee and Seo 2017). H2A.Z can 

also interact with the Heterochromatin Protein 1 (HP1) to facilitate chromatin compaction (Fan et al., 

2004). Each new study uncovering how H2A.Z interacts with other chromatin associating factors 

helps us get a more comprehensive picture of how H2A.Z regulates chromatin organization and 

transcription. Furthermore, factors antagonizing the function of H2A.Z can help us understand what 

pressures make its function necessary in chromatin.  

 

SWI2/SNF2 and BRM  

SWI2/SNF2 chromatin remodeling  

Another chromatin remodeling complex, SWI2/SNF2, also plays a key role in regulating 

environmentally responsive genes and has been found to create a context that makes H2A.Z 

incorporation necessary for transcriptional activation in Arabidopsis (Farrona et al., 2011; Sarnowska 

et al., 2016). The SWI2/SNF2 complex was first isolated in yeast where it has been extensively 
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characterized and is conserved among yeast, humans, plants, and other organisms (Sarnowska et al., 

2016).  The subunits in Arabidopsis that associate to form the SWI2/SNF2 complex generally consist 

of an ATPase (SPLAYED, BRAHMA, MINU1, or MINU2), two SWI3(A-D) subunits, a 

BAF60/SWP73(A/B) homolog, two actin-related proteins (ARP4 &7), and one SNF5 subunit 

(BUSHY), with additional accessory proteins that can associate as well (Han et al., 2015; Li et al., 

2016; Brzezinka et al., 2016; Vercruyssen et al., 2014).  The SWI2/SNF2 complex thus remodels 

chromatin as well as mediates how other factors interact with chromatin (Sarnowska et al., 2016).  

BRM acts as one of the primary ATPases of the SWI2/SNF2 complex that contributes both to 

transcriptional repression and activation of many genes, depending on context (Bezhani et al., 2007; 

Archacki et al., 2016). These genes are involved in numerous developmental functions such as cell 

proliferation and development, maintaining the root stem cell niche (Yang et al., 2015), leaf 

maturation (Efroni et al., 2013), vegetative growth and flowering time (Farrona et al., 2011, Li et al., 

2015a), proper inflorescence architecture (Zhao et al., 2015), and chlorophyll biogenesis (Zhang et 

al., 2017a). BRM also regulates hormonal responses and responses to environmental stimuli such as 

GA signaling (Archacki et al., 2013), cytokinin response (Efroni et al., 2013), absciscic acid response 

(Han et al., 2012), drought response, and heat stress memory (Brzezinka et al., 2016).  

In mammals, exchanging SWI2/SNF2 subunits provides alternate functions and is crucial for 

proper neural differentiation (Lessard et al., 2007). In Arabidopsis, interchanging subunits of the 

SWI2/SNF2 complex confer unique functions to modulate leaf development, flower development, 

fertility, and flower timing (Vercruyssen et al., 2014, Sacharowski et al., 2015, Buszewicz et al., 

2016). For example, SWI3C preferentially associates with the ATPase BRM over other ATPase 

paralogs, and SWI3D and SWI3C do not purify together even though two such SWI3 subunits usually 

assemble into the SWI2/SNF2 complex (Vercruyssen et al., 2014).  SWP73A and SWP73B have 

distinct functions in developmental processes. SWP73A has more specific functions relating to 

flowering timing, and SWP73B functions more generally in developmental processes (Sacharowski et 

al., 2015). Likewise, the ATPases BRM and SYD have redundant as well as unique roles in 
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developmental processes (Bezhani et al., 2007). The specific role of BRM in chromatin regulation is 

still unclear and most mechanistic insights on SWI2/SNF2 function have been provided by in vitro 

experiments. SWI2/SNF2 is targeted to chromatin by acetylated histone tails and the ATPase function 

of SWI2/SNF2 disrupts nucleosome-DNA interactions to contribute to changes in chromatin 

organization such as repositioning and changes in nucleosome occupancy (Chatterjee et al., 2011; 

Narlikar et al., 2013; Tolstorukov et al., 2013; Clapier et al., 2017).  

In Arabidopsis, BRM has been linked to a variety of nucleosomes changes.  For example, 

some locus-by-locus studies suggest that BRM acts to reposition, destabilize, or stabilize 

nucleosomes (Han et al., 2012; Wu et al., 2015; Brzezinka et al., 2016). Moreover, other SWI2/SNF2 

subunits found in complex with BRM modulate nucleosome positioning and stability (Jegu et al., 

2014; Sacharowski et al., 2015). SWI/SNF can also contribute to disrupting gene loops in 

Arabidopsis during gene repression (Jegu et al., 2014) and mammalian homologs of BRM regulate 

large chromatin loops (Kim et al., 2009). However, in vivo it is difficult to determine whether these 

observations are directly due to the remodeling action of BRM and the SWI2/SNF2 complex or 

whether they are due to factors that interact with the SWI2/SNF2 complex (Kwok et al., 2015).  

BRM can associate with other factors outside of the SWI2/SNF2 complex to influence 

nucleosome organization. Transcription factors can recruit BRM and the SWI2/SNF2 complex and 

reciprocally, the SWI2/SNF2 complex is important for transcription factor binding at some loci (Wu 

et al., 2012, Vercruyssen et al., 2014, Efroni et al., 2013, Zhao et al., 2015, Zhang et al., 2016). The 

transcriptionally activating function of BRM can antagonize the repressive activity of the Polycomb 

Repressive Complex (Yang et al., 2015; Li et al., 2016). BRM also interacts with other histone 

modifiers and co-localizes with the ISWI complex that influence chromatin organization (Li et al., 

2016; Brzezinka et al., 2016). The transcriptionally repressive role of BRM has also been found to 

antagonize the function of H2A.Z in chromatin for at least one locus in Arabidopsis, but the extent of 

this genetic relationship has not been investigated (Farrona et al., 2011). Therefore, BRM interacting 

with additional factors may have an effect on chromatin organization that is not associated with the 
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catalytic functions of BRM but are rather induced indirectly based on how BRM interacts with other 

factors.  

 

SWR1 and SWI2/SNF functions overlap in the genome 

Overlaps between the SWR1 and the SWI2/SNF2 complex 

Several different lines of evidence suggest that the SWR1 and SWI2/SNF2 complexes may 

interact at some level to modulate chromatin structure and contribute to transcriptional regulation. 

The SWR1 complex and SWI2/SNF2 subunits are known to function in the same or related processes 

involving development and responses to stimuli (Ma et al., 2011; Archacki et al., 2016; March-Diaz 

et al., 2008; Coleman-Derr and Zilberman 2012). More directly, Farrona et al. (2011) showed that 

BRM and H2A.Z antagonistically regulate transcription of the FLC gene. In yeast, cooperative 

functions between H2A.Z and the SWI2/SNF2 complex have been proposed, since some genes 

require both for proper transcriptional activation based on a synthetic genetic interaction between 

H2A.Z and the SWI2/SNF2 complex (Santisteban et al., 2000). Furthermore, in mammals, 

SWI2/SNF2 subunits physically interact with H2A.Z, although the implications of this interaction 

have not been explored (Li et al., 2012; Zhang et al., 2017c). Although BRM and H2A.Z have 

overlapping functions in Arabidopsis for some general biological processes and antagonistic functions 

to regulate at least one locus, the extent of their genetic interaction has not been evaluated.  

 

Scope of the dissertation 

Studying how two chromatin-associating factors interact in vivo, we can understand specific 

facets of their individual functions as they relate to chromatin organization. We are particularly 

interested in exploring how H2A.Z incorporation by the SWR1 complex interacts with other 

chromatin associating factors to contribute to transcriptional regulation of genes important for 

responding to environmental stimuli. Since BRM and H2A.Z both appear to have context specific 

functions and have demonstrated antagonistic roles in transcription, we exploited this genetic 
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relationship to begin parsing out how BRM and H2A.Z contribute to nucleosome organization and 

transcriptional regulation (Fig. 1.2A).  

Since the antagonistic relationship between BRM and H2A.Z was described in Arabidopsis 

and Arabidopsis is a well-established, multicellular model organism used for studying chromatin 

function, we chose to evaluate how H2A.Z function interacts with other chromatin proteins in the 

small flowering plant Arabidopsis thaliana (Farrona et al. 2011; Saez-Vasquez and Gadal 2010). 

Being easily cultivated, transformed, and having extensive functional genomic tools, Arabidopsis 

lends itself to molecular and genetic analyses (Lamesch et al., 2012). In addition to containing 

orthologs for the majority of human genes, the Arabidopsis genome is small (~145 MB), diploid, 

sequenced, and extensively annotated, making genome wide analyses practical (Arabidopsis Genome 

2000; Jones et al., 2008; Lamesch et al., 2012).  

In Chapter 2, I discuss my work that evaluates the genetic intersections of H2A.Z and the 

SWI2/SNF2 chromatin-remodeling complex, and their contributions to nucleosome organization. I 

did this by first evaluating the roles of H2A.Z and BRM in regulating transcript levels of targeted 

genes and then by measuring nucleosome stability and positioning at the genes they transcriptionally 

regulate (Fig. 1.2A).  I was able to identify 8 different antagonistic and coordinate genetic 

relationships between H2A.Z and BRM in how they contribute to transcription. This included sets of 

genes that were not differentially expressed unless both factors were missing. This work did not find a 

consistent type of nucleosomal change associated with depletion of H2A.Z-containing nucleosomes. 

However, I provide evidence that BRM contributes to nucleosome stabilization where it binds and 

contributes to destabilization or repositioning of nucleosomes flanking nucleosome-depleted regions. 

These observations support the idea that BRM and H2A.Z do not interact in a simple antagonistic 

relationship, but each play a part in a much more complex network of factors that contribute to a 

myriad of different types of chromatin regulation.  

As described before, BRM sets up a chromatin environment that makes incorporation of 

H2A.Z by the SWR1 complex necessary for transcriptional activation of the FLC gene (Farrona et al., 
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2011).  It is likely that there are other factors that make the transcriptional activating function of 

H2A.Z necessary at a locus such as FLC that is highly regulated at the chromatin level (He 2012). 

Therefore, I performed a forward genetic suppressor screen to identify additional factors that create a 

chromatin context that requires H2A.Z-containing nucleosomes for transcriptional activation of the 

FLC gene (Fig. 1.2B).  One mutant line was identified from our screen that suppressed the 

requirement for H2A.Z incorporation into chromatin to get high levels of FLC transcription. After 

mutations that segregated with this phenotype were mapped, candidate causal genes were identified 

from the suppressor screen as potentially relieving the need for H2A.Z for FLC transcriptional 

activation. However, the causal gene remains to be validated. This work is discussed in Chapter 3.  

Both of these experimental systems made important strides toward understanding the larger 

context in which H2A.Z functions in vivo. In addition to providing data sets that will be valuable for 

future studies of nucleosome dynamics in Arabidopsis, my findings help to generalize some locus 

specific observations for how BRM impacts nucleosome organization across the genome. By 

identifying co-targeted genes as well as transcription factor binding sites that coincide with both 

H2A.Z and BRM, I was able to generate new hypotheses about ways that H2A.Z and BRM may 

interact to regulate chromatin at light regulated genes. Future directions and greater implications of 

this work are discussed further in Chapter 4.   
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Chapter 1 Figures 

 

Figure 1.1. Many factors influence nucleosome position and stability. (A) Nucleosomes show 

preferences for certain nucleotide sequences. (B) The act of transcription or replication along a DNA 

strand by nucleic acid polymerases applies pressure to the interactions between DNA and 

nucleosomes. (C) Histones are post-translationally modified (shown as a gold diamond) by enzymes 

considered “writers,” removed by “eraser” enzymes, and interpreted by “reader” proteins to regulate 

nucleosomal organization and DNA access. (D) Variants of the canonical histones confer unique 

properties to individual nucleosomes. (E) The catalytic activity of chromatin remodeling complexes 

associate with nucleosomes to modify nucleosome position, composition, and stability.   
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Figure 1.2. Experimental models. (A) Since the transcriptionally repressive function of the 

SWI2/SNF2 complex (orange) can make H2A.Z incorporation by the SWR1 complex (light blue) 

necessary for transcriptional activation, we wanted to test the extent of this antagonism across the 

genome.  We used a three-fold genomics approach on mutants for components of each chromatin 

remodeling complex compared to wildtype plants (relevant experiments are listed to the right of each 

factor tested).  We evaluated localization of a SWI2/SNF2 subunit and H2A.Z with chromatin 

immunoprecipitation followed by sequencing of isolated DNA (ChIP-seq, green), changes in steady 

state transcript levels with RNA-sequencing (RNA-seq, purple), and measured changes in 

nucleosome occupancy and positioning by sequencing nucleosomal DNA after digestion of chromatin 

with Micrococcal nuclease (MNase-seq, red). With the MNase-seq experiment combined with the 

ChIP-seq experiment, we tested whether BRM stabilized or repositioned nucleosomes that H2A.Z 

was responsible for destabilizing (shown as red and green dashed lines). (B) We performed EMS-

mutagenesis (signified by red lightning) to conduct a forward genetic suppressor screen and identify 

additional antagonists (green) of the transcriptional promoting role of H2A.Z incorporation into 

chromatin by the SWR1 complex (light blue).  
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CHAPTER 2: THE HISTONE VARIANT H2A.Z AND CHROMATIN REMODELER 

BRAHMA ACT COORDINATELY AND ANTAGONISTICALLY TO REGULATE 

TRANSCRIPTION AND NUCLEOSOME DYNAMICS.  

 

E. Shannon Torres and Roger B. Deal 

This work is under review for publication in Plant Physiology. 

 

Abstract 

Plants adapt to changes in their environment by regulating transcription and chromatin 

organization. The histone H2A variant H2A.Z and the SWI2/SNF2 ATPase BRAHMA have 

overlapping roles in positively and negatively regulating environmentally responsive genes in 

Arabidopsis, but the extent of this overlap was uncharacterized. Both have been associated with 

various changes in nucleosome positioning and stability in different contexts, but their specific roles 

in transcriptional regulation and chromatin organization need further characterization. We show that 

H2A.Z and BRM act both cooperatively and antagonistically to contribute directly to transcriptional 

repression and activation of genes involved in development and response to environmental stimuli. 

We identified 8 classes of genes that show distinct relationships between H2A.Z and BRM and their 

roles in transcription. We found that H2A.Z contributes to a range of different nucleosome properties, 

while BRM stabilizes nucleosomes where it binds and destabilizes and/or repositions flanking 

nucleosomes. H2A.Z and BRM contribute to +1 nucleosome destabilization, especially where they 

coordinately regulate transcription. We also found that at genes regulated by both BRM and H2A.Z, 

both factors overlap with the binding sites of light-regulated transcription factors PIF4, PIF5, and 

FRS9, and that some of the FRS9 binding sites are dependent on H2A.Z and BRM for accessibility. 

Collectively, we comprehensively characterized the antagonistic and cooperative contributions of 

H2A.Z and BRM to transcriptional regulation, and illuminated their interrelated roles in chromatin 
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organization. The variability observed in their individual functions implies that both BRM and H2A.Z 

have more context-specific roles within diverse chromatin environments than previously assumed.  

 

Introduction 

 As sessile organisms, plants have evolved a plethora of physiological responses to deal with 

adverse environmental conditions. External signals are often transmitted to the nucleus, triggering a 

transcriptional response network that facilitates a multidimensional response to the external stimuli 

(Rymen and Sugimoto 2012; Barah et al., 2016, Urano et al., 2010) In eukaryotes, DNA associates 

with histones and other nuclear proteins to form a highly condensed chromatin structure. The 

arrangement of these proteins can either facilitate or obstruct transcription factor (TF) binding to 

target regulatory sequences, and therefore impact the ability of transcriptional machinery to modulate 

these transcriptional responses (Weber et al., 2014; Lai and Pugh 2017).  

At its most basic level, chromatin is made up of DNA wrapped around an octamer of histones 

to form nucleosomes (Luger et al., 1997). Chromatin-binding proteins such as histone post-

translational modifying enzymes and chromatin remodelers interact with nucleosomes and influence 

their positioning, stability, and and ability to interact with other proteins, thus regulating DNA 

accessibility (Vergara and Gutierrez 2017). Chromatin remodeling complexes (CRCs) use the energy 

of ATP to disrupt the interaction between DNA and histones in order to evict nucleosomes, eject 

histone dimers, slide nucleosomes, or exchange canonical histones for variant forms (Narlikar et al., 

2013; Clapier et al., 2017). Chromatin remodeling is a key part of regulating genome stability, DNA 

replication, DNA damage repair, and transcription, which in turn affects development, homeostasis, 

and how an organism responds to changes in the environment (Probst and Mittelsten Scheid 2015; 

Vergara and Gutierrez 2017). 

The combined effects of many chromatin-regulating proteins at a locus create opposing and 

redundant forces that maintain proper transcription level and integrate a myriad of endogenous and 

exogenous signals (Vergara and Gutierrez 2017). One way to define the individual contributions of 
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chromatin regulating factors in vivo is to evaluate how such proteins coordinately or antagonistically 

contribute to chromatin organization and transcription. Studies in Arabidopsis thaliana evaluating the 

histone H2A variant H2A.Z, which is deposited by the SWR1 CRC, and the SWI2/SNF2 CRC 

separately have revealed that they both modulate chromatin organization and transcription to regulate 

developmental processes and responses to the environment (Wu et al., 2015; Lee and Seo 2017). 

More directly, Farrona et al. (2011) proposed that the SWI2/SNF2 ATPase BRAHMA (BRM) and the 

incorporation of H2A.Z into chromatin by the SWR1 CRC have antagonistic roles to modulate 

Flowering Locus C (FLC) transcription levels and the developmental timing of flowering. In yeast, 

mutations in H2A.Z increase dependence on the SWI2/SNF2 complex for transcriptional activation of 

several genes, implying that the histone variant and chromatin remodeler have cooperative functions 

(Santisteban et al., 2000). Furthermore, in mammals, SWI2/SNF2 subunits interact with H2A.Z, 

although the implications of this interaction have not been explored (Li et al., 2012; Zhang et al., 

2017c). While the SWR1 CRC and the SWI2/SNF2 complex have parallel roles in development and 

environmental responses in plants, there is a dearth of studies that focus on the direct intersection of 

these two complexes in chromatin and transcriptional regulation. Since an antagonistic relationship 

was already established between H2A.Z and BRM at the Arabidopsis FLC gene, we decided to 

characterize the extent to which these two factors interact in chromatin organization and 

transcriptional regulation.  

In this study, we demonstrate that H2A.Z and BRM interact to impact nucleosome 

organization and regulate transcription across the Arabidopsis genome. We assessed the overall and 

direct transcriptional contributions of H2A.Z and BRM by performing transcriptional profiling in 

combination with BRM and H2A.Z localization information in wild type, single, and double mutants. 

Using mutants lacking BRM, mutants for the ARP6 subunit of the SWR1 CRC that are defective in 

H2A.Z incorporation into chromatin, or double mutants depleted for both, we identified 8 different 

classes of co-targeted genes where transcription is coordinately or antagonistically regulated by 

H2A.Z and BRM, including genes that are up- or down- regulated only in double mutants. The genes 
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regulated by both H2A.Z and BRM contribute to a number of biological processes, including 

development and responses to various stimuli. By experimentally verifying that these genes are direct 

targets of H2A.Z or BRM, the regulatory relationships we identified allude to cooperative and 

antagonistic functions between BRM and H2A.Z in chromatin regulation and transcription.  

We further explored how BRM and H2A.Z contribute to nucleosome organization to 

facilitate these transcriptional changes by measuring nucleosome occupancy and positioning. We 

found that BRM is involved in nucleosome stabilization at nucleosome-depleted regions (NDR), both 

distal and proximal to the transcription start sites (TSS), and contributes to destabilization and/or 

repositioning of flanking nucleosomes. On the other hand, H2A.Z-containing nucleosomes show 

highly variable changes in nucleosome properties upon H2A.Z depletion. At loci where both H2A.Z 

and BRM are found together in the genome, BRM usually destabilizes nucleosomes, especially the +1 

nucleosome, while H2A.Z can also destabilize +1 nucleosomes at some loci. In addition, we 

identified binding sites of light-responsive TFs PIF4, PIF5, and FRS9 that are enriched at BRM and 

H2A.Z co-targeted genes, and show that nucleosome occupancy is dependent on BRM and H2A.Z at 

some FRS9 binding sites. These findings point to a role for both H2A.Z and BRM in regulating 

nucleosome positioning and stability in coordinately and antagonistically regulated genes involved in 

light response and other responses to stimuli. Collectively, our findings indicate that the relationship 

between BRM and H2A.Z is more complex than solely antagonizing or complementing the chromatin 

organizing function of the other, and our datasets will be useful for future studies to explore the 

contexts in which BRM and H2A.Z contribute to chromatin organization or transcriptional regulation.  

 

Results 

Analysis of transcriptional changes in arp6 and brm mutants 

Both H2A.Z and BRM contribute to transcriptional repression and transcriptional activation, 

but it is unknown how the presence of one might affect the role of the other in transcriptional 

regulation. (Marques et al., 2010; Archacki et al., 2016). To identify the genes in Arabidopsis that are 
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transcriptionally regulated by BRM and H2A.Z, we performed RNA sequencing (RNA-seq) 

experiments. We used plants with the brm-1 allele, since it was previously characterized as a BRM 

null mutant (Hurtado et al., 2006). To study plants with H2A.Z-depleted nucleosomes, we used null 

mutants for the ARP6 component of the SWR1 chromatin remodeling complex (CRC) which is 

responsible for incorporating H2A.Z into nucleosomes (Deal et al., 2007). In Arabidopsis, three genes 

encode the pool of H2A.Z proteins and there are no completely null triple H2A.Z mutants available, 

which complicates genetic work (Coleman-Derr and Zilberman 2012). Other studies have verified 

that ARP6 is required for proper H2A.Z incorporation into nucleosomes and arp6 mutants phenocopy 

H2A.Z mutants, making arp6 mutants a logical proxy for H2A.Z mutants in our genetic study (Sura 

et al., 2017; March-Diaz et al., 2008; Berriri et al., 2016). Therefore, we identified the genes that are 

differentially expressed (DE) in brm-1 mutants, arp6-1 mutants, and arp6-1;brm-1 double mutants 

compared to wild type (WT) plants. We focused our analyses on genes that had >1.5x fold change 

and a false discovery rate of <0.2.  We chose this less stringent cutoff so as to avoid excluding true 

positives while describing general processes regulated by ARP6. We later use additional criteria to 

identify specific genes for downstream analyses. RNA was isolated from above soil, green tissue 

from developmentally staged plants with 4-5 leaves. We collected tissue based on developmental 

stage instead of age of the plant because brm and arp6;brm double mutants present delayed 

developmental progression (Boyes et al., 2001;Hurtado et al., 2006). After performing RNA-seq, we 

identified 2,109 genes that were DE in arp6 (1,036 genes up-regulated and 1,073 genes down-

regulated), 4,250 genes DE in brm (2,317 genes up and 1,933 genes down), and 3,203 genes DE in 

arp6;brm mutants (1,517 genes up and 1,686 genes down) (Fig. 2.1A). To determine the general 

processes influenced by ARP6 and BRM, we identified overrepresented gene ontology (GO) terms 

associated with all DE genes in each mutant compared to WT.  

In Arabidopsis, BRM regulates many developmental processes and responses to 

environmental stimuli, and integrates signals to allocate resources between stress response and growth 

(Farrona et al., 2011; Han et al., 2012; Wu et al., 2012; ; Efroni et al., 2013; Archacki et al., 2013; Li 
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et al., 2015a; Yang et al., 2015; Zhao et al., 2015; Archacki et al., 2016; Brzezinka et al., 2016; Zhang 

et al., 2016). H2A.Z also facilitates the transcriptional activation and repression of environmentally 

responsive genes (Coleman-Derr and Zilberman 2012; Berriri et al., 2016; Sura et al., 2017). In our 

data, we find a similar enrichment for DE genes in arp6 and brm mutants related to responses to 

environmentally regulated genes, development, and transcriptional regulation (Fig. 2.2A-C). GO 

terms specifically overrepresented in the DE genes in arp6 mutants include rRNA 

processing/modification, response to gibberellin stimulus, and defense response to virus (Fig. 2.2A). 

GO terms specific to the DE genes in brm mutants include peptide transport, pollen-pistil interaction, 

cold acclimation, systemic acquired resistance, and translation, and some unique responses to 

hormones and abiotic stimuli (Fig. 2.2C). 

GO terms that were significantly overrepresented among DE gene sets from both brm and 

arp6 mutants include responses to stimuli, regulation of transcription, and regulation of metabolic 

processes (Fig. 2.2B). Stimuli highlighted by the analysis include external biotic stimuli such as 

response to bacterium or fungus, innate immune response, and defense response; endogenous stimuli 

such as hormone stimuli (jasmonic acid or salicylic acid); and abiotic stimuli such as cold, wounding, 

salt, osmotic stress, or oxidative stress, many of which have been reported previously (Coleman-Derr 

and Zilberman 2012; Berriri et al., 2016; Li et al., 2016; Archacki et al., 2016). Although many terms 

are shared between the lists of differentially expressed genes in arp6 and brm mutants, it is worth 

noting that the actual genes that are associated with a shared term are not always the same. This 

suggests that ARP6 and BRM contribute to similar general processes, albeit in some cases by 

affecting different genes. 

  

Assessing H2A.Z and BRM localization 

 Although many genes are DE in arp6 and brm mutants, these are not necessarily direct 

targets of H2A.Z or BRM. Since ‘regulation of transcription’ is a GO term enriched in DE gene sets 

from each mutant, the gene products that are mis-expressed in the mutants may go on to cause 
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secondary changes in transcription. To identify the genes directly targeted by H2A.Z and BRM, we 

analyzed our RNA-seq data in combination with data from BRM and H2A.Z chromatin 

immunoprecipitation experiments followed by sequencing (ChIP-seq). To assess BRM localization, 

we used previously published BRM-GFP ChIP-seq peaks generated from 14 day-old seedlings grown 

on plates (Li et al., 2016). Archacki et al. (2016) compared these ChIP-seq sites to their BRM ChIP-

chip sites generated from 3 week-old plants grown on soil. The authors saw that even in different 

growth conditions and a different developmental stage, which consequently included different tissues, 

BRM was stably associated with similar sites with significant overlap between the two data sets 

(Archacki et al., 2016). Since our WT plants are at the same developmental stage as the published 

BRM ChIP-seq data we selected, we are confident that they sufficiently represent BRM localization 

for our experiments.  

To assess H2A.Z localization relative to DE genes, we performed ChIP-seq for H2A.Z on 

green tissue from developmentally staged plants with 4-5 leaves from arp6 mutants, brm mutants, and 

WT plants. Once sequence reads were mapped to the genome, Homer software (Heinz et al., 2010) 

was used to determine significant peaks in ChIP-seq read signal indicative of H2A.Z localization 

within each genotype. Since we are using arp6 mutants as a proxy for H2A.Z mutants, we plotted 

H2A.Z ChIP-seq read signal from arp6 mutants at H2A.Z peaks and confirmed that nucleosomes that 

normally contain H2A.Z are depleted of it in arp6 mutants (Fig. 2.3A). To focus our analysis on sites 

where H2A.Z localization is dependent on ARP6, we removed the few H2A.Z peaks called in WT 

that overlapped with peaks called in arp6 mutants (n=801). This left us with 11,877 ARP6-dependent 

H2A.Z peaks to assess how H2A.Z localization relates to transcriptional changes observed in the arp6 

mutants.  

 

Identifying differentially expressed H2A.Z and BRM target genes 

To determine which of the transcriptional changes detected in our RNA-seq data are directly 

associated with H2A.Z and BRM localization, we identified DE target genes for either factor by 
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integrating transcriptome data with H2A.Z and BRM ChIP-seq data. If an H2A.Z or BRM ChIP-seq 

peak fell within a gene body or if the closest TSS to a binding site was a DE gene, the gene was 

considered a target of that factor. Only 471 (45%) of up- and 449 (42%) of down-regulated arp6 DE 

genes are directly associated with an ARP6-dependent H2A.Z peak (Fig. 1B,C). In brm mutants, 

1,552 (67%) of up- and 786 (41%) of down-regulated genes are direct targets of BRM (Fig. 2.1B,C). 

In arp6;brm double mutants, the changes in gene expression were considered direct effects of the 

mutations if they were targets for H2A.Z, BRM, or both. Therefore, 1,082 (71.3%) were up- and 

1,058 (62.8%) were down-regulated targets of either factor in the arp6;brm mutants (Fig. 2.1B,C). 

Therefore, we defined H2A.Z and BRM DE target genes 1) by RNA-seq data showing that the genes 

are DE in the arp6, brm, or arp6;brm mutants respectively, as well as 2) using ChIP-seq data to 

confirm that H2A.Z or BRM are normally found at these genes in WT plants. From this point on in 

the study, we focused our analysis on the DE BRM and ARP6-dependent H2A.Z target genes as 

genes whose transcription is directly regulated by H2A.Z/ARP6 and BRM.  Collectively, the defined 

DE target genes support the notion that both BRM and H2A.Z contribute to gene repression and 

activation in different contexts (Marques et al., 2010; Archacki et al., 2016).  

 

H2A.Z and BRM directly regulate transcription of developmental and environmental response genes   

To better understand what types of genes are directly targeted by H2A.Z and BRM, we 

performed a GO analysis on DE genes in each mutant that are direct targets of both factors. We 

identified many interconnected terms for genes targeted by both H2A.Z and BRM that relate to 

development/growth and responses to environmental stimuli (esp. fungal response, osmotic stress, 

cold, and light) and hormones (auxin, ethylene, jasmonic acid, salicylic acid) (Fig 2.2F,G). 

Demonstrating the interconnected nature of these terms, we know that the plant transcriptional 

network for responding to cold shares components with both defense and light stimuli responses 

(Catala et al., 2011; Barah et al., 2016). Also, the hormone response and metabolic process terms 
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identified also relate to various aspects of defense response (Alazem and Lin 2015; Hiruma et al., 

2010; Alazem and Lin 2015).  

The DE genes that are direct targets of either H2A.Z in arp6 mutants or BRM in brm mutants 

are individually enriched for similar GO terms as the list of GO terms that describe the total list of DE 

genes in either mutant. Of note, response to giberellin and red light were processes enriched in the DE 

target genes from either arp6 or brm mutants individually, even though they were not processes that 

were overrepresented in the list of genes that are targets of both H2A.Z and BRM (Fig. 2.2D,E).  

Also, GO terms relating to aging and sensence were enriched in the list of BRM targets uniquely DE 

in brm mutants, but were not identified in the total list of DE genes and have not been reported before 

in BRM studies (Fig. 2.2E). Further work to understand whether any of these transcriptional changes 

produce phenotypes that are present in the arp6;brm double mutants, but not the single mutants will 

show whether BRM and H2A.Z have addititve, redundant, or antagonistic roles in these processes.  

 

H2A.Z and BRM coordinately and antagonistically regulate gene transcription 

Since Farrona et al. (2011) suggested that H2A.Z and BRM antagonistically regulate 

transcription of the FLC gene in Arabidopsis, we wanted to test whether this antagonistic relationship 

extends to other genes across the genome. We also tested the hypothesis that H2A.Z and BRM could 

work together to regulate gene transcription as suggested by their roles in yeast (Santisteban et al., 

2000). After verifying which differentially expressed genes are direct targets of H2A.Z and BRM 

using ChIP-seq data, we identified 8 gene classes that are either coordinately or antagonistically 

regulated by H2A.Z and BRM based on whether their transcript levels changed in one or more 

mutants (Fig. 2.1D). To describe these gene classes, we will refer to genotypes and transcriptional 

changes with the following abbreviations: A=arp6-1, B=brm-1, D=arp6-1;brm-1 double mutant, “+” 

= genes up-regulated in the specified mutant, “-” = genes down-regulated in the specified mutant, “=” 

= genes not DE in the specified mutant, n = number of genes in the class. We first identified genes 

that are coordinately regulated by H2A.Z/ARP6 and BRM. This category includes target genes that 
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are up-regulated in both arp6-1 and brm-1 mutants compared to WT plants (Class 1: A+, B+, n=70), 

targets down-regulated in both arp6 and brm mutants relative to WT (Class 2: A-, B-, n=51), and 

target genes with no change in transcript level in the individual mutants, but that are up- (Class 3: 

A=,B=,D+, n=159) or down-regulated (Class 4: A=, B=, D-, n=88) in the arp6;brm double mutants 

relative to WT (Fig. 2.1D,E). Classes 1 and 2 indicate that both H2A.Z and BRM are independently 

required for the proper regulation of these genes (Fig 2.1E). Classes 3 and 4 are DE target genes in 

the double mutants but not the single mutants, which are particularly interesting because these are 

genes where BRM and H2A.Z are presumed to work redundantly (Fig. 2.1E).  

We also identified different classes of target genes where H2A.Z and BRM act 

antagonistically. This category of genes includes those either up- or down-regulated in a single 

mutant but that are neither DE in the other mutant nor the double mutant (Class 5: A+, B=, D=, n=91; 

Class 6: A-, B=, D=, n=99; Class 7: A=, B+, D=, n=324; Class 8: A=, B-, D=, n=305) (Fig. 2.1D,E). 

Since the loss of the second factor suppresses the change in transcript levels observed in the single 

mutant, H2A.Z and BRM seem to have opposing functions at these genes that become evident in the 

single mutants (Fig. 2.1E). Using class 5 as an example, these are H2A.Z and BRM target genes that 

have increased transcript levels in the arp6 mutants when H2A.Z is depleted from nucleosomes (Fig. 

2.1D). These same genes however are no longer significantly differentially expressed relative to WT 

when BRM is also depleted in the double mutants (Fig. 2.1D). Therefore, it seems that H2A.Z does 

not merely play a repressive role at these genes but does so by opposing the positive regulatory 

contribution of BRM at genes in class 5 (Fig. 2.1E). Alternatively, at genes in class 6, H2A.Z opposes 

the repressive role of BRM (Fig. 2.1E). Reciprocally, BRM also opposes the positive and negative 

contributions of H2A.Z to transcriptional regulation in classes 7 and 8, respectively. The mechanisms 

behind how H2A.Z and BRM positively and negatively regulate transcription at these genes, and how 

one opposes the function of the other still remain to be determined.  

 To determine the processes that may be influenced by each genetic interaction between 

H2A.Z and BRM, we evaluated GO terms for biological processes significantly enriched in our 8 
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coordinately or antagonistically regulated gene sets. Genes in Class 4 (A=,B=,D-) do not have any 

significantly enriched GO terms, but the other classes were enriched for developmental and 

responsive processes. Response to light stimulus is enriched in three gene classes (Class 6: A-, B=, 

D=; Class 7: A=,B+, D=; Class 8: A=,B-, D=), response to karrakin is enriched in 5 classes (Class 3: 

A=, B=, D+;  Class 5: A+ ,B=, D=; Class 6: A-, B=, D=; Class 7: A=, B+, D=; Class 8: A=, B-, D=), 

and plant-pathogen interaction and defense response to fungus are enriched for three gene sets that 

include genes that are up-regulated in one or both genotypes (Class 1: A+, B+; Class 5: A+, B=, D=; 

Class 7: A=, B+, D=). Additionally, sequence-specific DNA binding transcription factor activity was 

enriched for 5 out of the 8 gene sets, emphasizing the roles of BRM and H2A.Z again in modulating 

other processes indirectly by controlling the expression of transcriptional regulators. The GO terms 

collectively enriched for genes in the 8 classes of H2A.Z and BRM co-targets DE in at least one 

mutant are similar to those target genes DE in both mutants (Fig. 2.2F,G).  

 

H2A.Z localization is not dependent on BRM  

One explanation for how BRM and H2A.Z/ARP6 could coordinately regulate gene 

expression (i.e. Figure 2.1E, Classes 1-4) is that BRM may regulate H2A.Z levels in chromatin. To 

assess whether BRM is important for H2A.Z occupancy, we analyzed H2A.Z levels at regions 

significantly enriched for H2A.Z in either WT plants or brm mutants. Some sites with significant 

H2A.Z localization in WT plants were not identified as significant in brm mutants based on peak 

calling parameters, and reciprocally, some sites of enrichment were identified in brm mutants but not 

in WT plants (Fig. 2.3A). To see if sites unique to one genotype represent sites of H2A.Z depletion or 

gain in brm mutants, we plotted the H2A.Z ChIP-seq read signal from WT and brm plants across 

these regions of H2A.Z enrichment unique to either genotype. We observed comparable levels of 

H2A.Z enrichment in both genotypes even though the read signal did not meet the peak calling 

threshold for both genotypes (Fig. 2.3B). Since we only observed marginal differences between in 
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H2A.Z levels in brm mutants and WT plants, this suggests that H2A.Z levels in chromatin are not 

generally dependent on BRM.   

 

BRM contributes to nucleosome stability and positioning at nucleosome-depleted regions. 

The chromatin remodeling roles of BRM as a SWI2/SNF2 ATPase and H2A.Z incorporation 

into nucleosomes by the SWR1 CRC both can affect nucleosome stability and positioning at 

individual loci (Han 2012; Wu et al 2012; Brzezinka et al., 2016; Rudnizky et al., 2016). Identifying 

sites where both H2A.Z and BRM influence chromatin organization allows us to determine whether 

the presence of one could antagonize or enhance the chromatin modulating function of the other. To 

assess the genome wide contributions of H2A.Z and BRM to nucleosome organization, we performed 

Micrococcal Nuclease (MNase) digestion followed by sequencing (MNase-seq) on green tissue from 

4-5 leaf developmentally-staged arp6, brm, and arp6;brm and WT plants. The endonuclease activity 

of MNase specifically digests nucleosome-free DNA and leaves behind nucleosome-protected DNA, 

which provides a measure of where and how often a nucleosome is associated with a locus in our 

material (Allan et al., 2012). Thus, MNase-seq experiments allow us to evaluate how H2A.Z and 

BRM influence nucleosome occupancy and positioning (Allan et al., 2012; Zhang et al., 2015). Using 

H2A.Z and BRM ChIP-seq data, we evaluated nucleosomal changes that occur in our mutants at sites 

enriched for either H2A.Z, BRM, or both in order to focus our analysis and describe ways H2A.Z and 

BRM influence nucleosome stability and positioning.  

 To survey to what extent BRM contributes to nucleosome occupancy and positioning across 

the genome, we evaluated nucleosome dynamics in brm mutants compared to WT plants using 

MNase-seq data. By plotting nucleosome levels across sites where BRM localizes, we found that 

BRM is enriched at nucleosome-depleted regions (NDRs) and is often flanked on either side by well-

positioned nucleosomes (Fig. 2.4A).  Some of these well-positioned flanking nucleosomes become 

more stable in the absence of BRM in the brm mutant, suggesting that BRM contributes to 

nucleosome destabilization at the regions bordering where it binds. These results support previous 
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findings that have shown another SWI2/SNF2 subunit also localizes to NDRs (Jegu et al., 2017). 

They also expand on the observation that BRM localizes between two well-positioned nucleosomes in 

a site-specific study since we show that finding two well-positioned nucleosomes flanking BRM sites 

is a genomic trend (Wu et al., 2015).  

 The well-positioned nucleosomes on either side of the BRM peaks could play a role in 

transcriptional regulation and be impacted specifically where we see transcriptional changes in brm 

mutants. To test whether these well-positioned nucleosomes are impacted by changes in transcription, 

we plotted the nucleosome signals from WT and brm mutants around BRM ChIP-seq peaks that were 

located either upstream of TSSs or spanning the TSSs of genes that are either up- or down-regulated 

in brm mutants relative to WT plants (Fig. 2.4B-D). When BRM localizes to the TSS of a gene that is 

either up- or down-regulated, one well-positioned nucleosome was found up-stream of the TSS, but to 

the downstream side of the BRM ChIP-seq peak DNA was more accessible to MNase digestion (Fig. 

2.4B,D). One explanation for this is that BRM localization actually extends past the defined BRM 

peaks. However, by plotting BRM ChIP-seq signal at defined BRM ChIP peaks, we find that the 

more open chromatin conformation extends past BRM enriched sites in the direction of transcription 

(Fig. 2.5A). Another explanation is that other factors may override the contribution BRM makes to 

nucleosome positioning downstream of BRM peaks, so that there is a more dispersed nucleosome 

signal relative to BRM binding when genes are transcribed. Based on the nucleosome average plot 

profiles, there were no significant changes in nucleosome occupancy at BRM peaks at either up- or 

down-regulated genes in brm mutants compared to WT, although there was some increase in 

nucleosome occupancy directly downstream of where BRM localized (Fig. 2.4B). When BRM is 

found upstream of the TSS, it is still flanked by well-positioned nucleosomes on both sides (Fig 

2.4B). K-means clustering did not indicate that there were any subsets of upstream BRM peaks that 

might show the same degree of directionality that was observed for peaks that associate with TSSs 

(Fig. 2.5B). Together, the nucleosome patterns at BRM peaks support the notion that BRM binds both 

to the NDR adjacent to the TSS and also to upstream sites with open chromatin structure, such as 
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regulatory regions within promoters or enhancers. We do not observe notable changes in nucleosome 

occupancy across all sites where BRM localizes when we compare between WT and brm mutant 

nucleosomes (Fig. 3A). Therefore, in a general sense it seems that BRM is not required to produce 

these NDRs but may perform other functions once targeted there.  

 Since locus specific studies have described roles for BRM and other SWI2/SNF2 subunits in 

nucleosome positioning and destabilization, we decided to quantify how often BRM is associated 

with different types of nucleosome dynamics (Han et al 2012; Wu et al., 2015; Brzezinka et al., 2016; 

Sacharowski et al., 2015). Using DANPOS2 software, nucleosomes were defined as dynamic if they 

had significant changes in nucleosome positioning (different position of nucleosome read summits), 

occupancy (different height of nucleosome read summits), fuzziness (difference in the standard 

deviation of nucleosome read positions), or any combination of the three in mutants relative to 

nucleosomes in WT tissue (Chen et al., 2013). We found that 25% of BRM peaks have significant 

nucleosome changes in brm mutants (based on an FDR cutoff of <0.05) (Fig. 2.6B). The chromatin 

landscape flanking BRM binding sites appears to have different nucleosome occupancy levels in brm 

mutants than those within BRM bindings sites, based on the previous nucleosome read plots (Fig 

32.4A). Therefore, we evaluated whether the types of nucleosome changes at the bordering regions of 

BRM ChIP-seq peaks are enriched for different types of changes than what is observed for 

nucleosomes found where BRM directly associates within peak centers (illustrated in Fig. 2.6A). For 

this purpose, we defined BRM peak borders as a ± 200 bp range around the start or end of a BRM 

ChIP-seq peak to describe how BRM contributes to nucleosome dynamics at the well-positioned 

nucleosomes that flank BRM sites (Fig. 2.6A). We further separated peaks into size quartiles so that 

the largest and smallest peaks would not skew observations at intermediate sized peaks. This also 

allows for a more relative comparison between changes observed within the standard 400 bp sized 

border regions we defined and the BRM ChIP-seq peak centers, which have variable sizes (from 300 

bp to 4kb).  
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To identify how often nucleosome occupancy, positioning, or fuzziness depends on BRM, we 

quantified the proportion of different types of nucleosome changes that are observed among all 

nucleosomes considered dynamic between WT plants and brm mutants. Evaluating the brm mutant 

genome as a whole, 35% of the nucleosomes that change in brm mutants experience a decrease in 

occupancy. However, specifically evaluating changes that take place where BRM localizes directly 

(peak centers, and particularly the smaller ones in Q1 & Q2), 55% of the dynamic nucleosomes show 

decreases in occupancy (Fig. 2.6C). Similarly, 15% of the nucleosomes that change across the 

genome experience an increase in fuzziness in brm mutants, while 25-30% of the nucleosomes in 

smaller BRM peak centers experience an increase in fuzziness (Fig. 2.6D). This enrichment for 

decreased nucleosome occupancy in combination with enrichment for increased nucleosome 

fuzziness at BRM peaks in brm mutants suggests that BRM contributes to the stability of any 

nucleosomes that are found where BRM binds (Fig. 2.6A).  

Next, we measured the types of nucleosomal changes that occur in brm mutants in the regions 

flanking BRM peaks in comparison to the types of changes directly where BRM binds. The 

proportion of dynamic nucleosomes that have increases in fuzziness and decreases in occupancy at 

BRM peak borders is comparable to the levels seen across the genome (Fig. 2.6C,D). However, the 

nucleosomes at BRM peak borders at lower quartiles show a greater proportion of nucleosome 

position changes (30-33%) relative to the proportion observed across the genome (25%) or at BRM 

peak centers (approx.  25%) (Fig. 2.6E). Of the nucleosomes that change at BRM peak borders in brm 

mutants, a greater proportion experience increases in occupancy than decreases in occupancy or 

changes in positioning or fuzziness (Fig. 2.6C-F). Therefore, our MNase-seq data in combination with 

BRM ChIP-seq data demonstrate that BRM localizes to NDRs and contributes more to nucleosome 

stability where it directly associates with chromatin, while contributing more to destabilization or the 

positioning of flanking nucleosomes (Fig. 2.6A). 

 

H2A.Z has a variable influence on the surrounding nucleosome landscape  
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When H2A.Z is incorporated into nucleosomes, it can change both intra-nucleosomal 

interactions as well as the interactions between nucleosomes and other nuclear proteins (Bonisch and 

Hake 2012). Consequently, H2A.Z-containing nucleosomes have been associated with a range of 

nucleosome dynamics including changes in nucleosome stability and positioning (Bonisch and Hake 

2012; Rudnizky et al., 2016). Before assessing whether specific types of nucleosomal changes are 

enriched at sites where H2A.Z is found in relation to BRM function, we used MNase-seq experiments 

to evaluate whether H2A.Z-containing nucleosomes are enriched for specific types of nucleosomal 

changes in arp6 mutants compared to WT plants.  

When we evaluated nucleosome occupancy in the arp6 mutants, we noticed there were large 

gaps in nucleosome read signal (Fig. 2.7). We then compared our arp6 MNase-seq nucleosome 

signals to arp6 genomic DNA and found that the gaps in nucleosome read signal correspond to large 

genomic deletions in the arp6 mutants (Fig. 2.7). These deletions would skew our MNase-seq results, 

making them appear as a loss of a nucleosome in the mutant compared to WT when instead there was 

a loss of genomic DNA in this mutant line. We therefore mapped the mutations using CNVnator 

software which reported 1,545 deletions (>200 bp) compared to the TAIR10 reference genome 

(Abyzov et al., 2011). Although some of these deletions are strain differences since they were also 

missing in our WT plants compared to the reference genome, the total deleted portion collectively 

covers 5.88 megabases of DNA, which is a large portion of the ~145 megabase Arabidopsis genome 

(Bevan and Walsh 2005). To ensure that we are analyzing nucleosome dynamics at regions of the 

genome that are present in arp6 and arp6;brm mutants, we removed nucleosomes from our analysis if 

they were called as dynamic by DANPOS2 but also overlapped with deleted regions. We also 

required a minimum of 1 read per 10 bp area visualized as a cutoff when analyzing nucleosome plot 

profiles to exclude missing regions from our analyses.  

By using MNase-seq data in combination with our H2A.Z ChIP-seq data, we evaluated 

whether specific types of nucleosomal changes (changes in positioning, occupancy, or fuzziness) 

were enriched at nucleosomes that normally contain H2A.Z, but that are depleted of H2A.Z in arp6 
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mutants. Only a fraction of nucleosomes that normally contain H2A.Z in WT plants (14.6%, Fig. 

2.8A) had significant changes when comparing nucleosomes in arp6 plants using the DANPOS2 

software. A similar, yet slightly higher proportion of the H2A.Z sites associated with up- or down-

regulated genes in the arp6 mutants contained significant nucleosome changes of at least one type, 

considering that 17.5% of H2A.Z peaks at genes down-regulated and 18.3% of H2A.Z peaks at gene 

up-regulated have significant nucleosome changes (Fig. 2.8A). After accounting for the deleted 

regions, we quantified the proportion of nucleosomes that changed in arp6 mutants that had changes 

in occupancy, fuzziness, or positioning, using the same definitions we used to analyze nucleosomal 

changes in brm mutants. Using H2A.Z ChIP-seq peaks to focus our analysis, we found that the 

collection of nucleosomes that normally contain H2A.Z in WT but lose H2A.Z in arp6 mutants 

experience both increases and decreases in fuzziness, increases and decreases in occupancy, and 

changes in positioning (these categories are not mutually exclusive) (Fig. 2.8B and Fig. 2.9A-C). We 

further evaluated whether H2A.Z-containing nucleosomes are enriched for any particular type of 

nucleosomal change in comparison to the levels that are observed across the genome. Even though 

H2A.Z has comparable levels of nucleosomes that experience increases and decreases in fuzziness 

upon H2A.Z depletion in arp6 mutants (Fig. 2.8B), the proportion of nucleosomes that become less 

fuzzy in arp6 mutants at H2A.Z peaks (27.4%) is greater than what is observed across the genome 

(19.9%) (Fig 2.9C). This emphasizes the role that H2A.Z plays in nucleosome destabilization in the 

genome. There were no other enrichments of one type of nucleosomal changes where H2A.Z 

localizes compared to changes observed in the arp6 genome as a whole. We also specifically 

evaluated the types of nucleosomal changes that are enriched at subsets of H2A.Z-containing 

nucleosomes where H2A.Z either contributes to transcriptional repression or activation. We observed 

enrichment for nucleosome position changes and a shift toward nucleosome destabilization (a 

depletion of less fuzziness and more with increased fuzziness) at genes that are up-regulated in the 

arp6 mutants (Fig. 2.9A,C). This trend suggests that the role of H2A.Z in transcriptional repression 

has a greater correlation with nucleosome stabilization (decreasing fuzziness and inhibiting position 
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shifts) than with nucleosome destabilization. However, this correlation is consistent with the types of 

changes we would expect to correspond with an increase in transcription and may not be directly due 

to H2A.Z function. 

When assessing the types of changes that coincide with H2A.Z depletion from nucleosomes 

that normally would contain it, it is important to compare them to changes observed at other places in 

the genome. Only 9.38% of total dynamic nucleosomes called between arp6 mutants and WT are 

found where H2A.Z localizes (total dynamic nucleosomes=21,967, those at H2A.Z peaks=2,061). 

This means that other nucleosome changes are taking place in the genome due to secondary effects of 

H2A.Z depletion and SWR1 defects rather than the direct loss of H2A.Z alone. The preference for 

nucleosome occupancy changes in arp6 dynamic nucleosomes may be attributable to changes in 

transcription, changes in chromatin organization/localization within the nucleus, or the direct effects 

of depleting chromatin of H2AZ alone. However, some secondary changes could also be due to some 

unaccounted deletions in the arp6 genome.   

 

BRM contributes to nucleosome destabilization when it is in proximity to H2A.Z.  

Since both BRM and H2A.Z contribute to nucleosome stability and positioning individually, 

we wanted to evaluate whether they work coordinately or antagonistically on nucleosomes where they 

overlap. We defined 2,963 regions of overlap between BRM ChIP-seq peaks and H2A.Z ChIP-seq 

peaks (significant by Fisher’s exact test, p-value < 2.2e-16) (Fig. 2.10A). By plotting the ChIP-seq 

read signal for BRM and H2A.Z at these regions of overlap and dividing them into 4 K-means 

clusters, we determined that these are primarily regions of peripheral overlap instead of sites with 

strong co-localization (Fig. 2.10B). We then identified 88 regions of H2A.Z-BRM overlap that also 

contained significant nucleosome changes in both respective mutants compared to WT nucleosomes. 

These regions allow a more direct comparison between the roles that BRM and H2A.Z play in 

nucleosome dynamics. At these regions of shared overlap, H2A.Z and BRM both contribute to 

significant changes in nucleosome positioning at 42% (37/88) of nucleosomes, however only 21% 
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(19/88) of these nucleosomes are changed in both genotypes. H2A.Z contributes evenly to increases 

and decreases in the degree of nucleosome occupancy changes (Fig 2.10C) and fuzziness changes 

(Fig 2.10D) in regions of BRM/H2A.Z overlap. These observations demonstrate that H2A.Z has a 

range of contributions to nucleosome stability at these sites, consistent with what is observed at 

H2A.Z sites alone (Fig. 2.8B). 

Alternatively, brm mutants have a greater proportion of nucleosomes with an increase in 

occupancy and decrease in fuzziness compared to WT at regions of H2A.Z/BRM overlap. These data 

indicate that BRM plays a greater role in nucleosome destabilization at sites where it overlaps with 

H2A.Z (Fig. 2.10C, D). This is consistent with the fact that there are more increases in nucleosome 

occupancy at BRM peak borders than at the centers (Fig. 2.4A and Fig. 2.6F) and that H2A.Z and 

BRM have more peripheral overlaps (Fig 2.10B). Collectively, these observations indicate that 

H2A.Z and BRM do not solely antagonize the function of the other in chromatin, but can also cause 

similar changes in nucleosome organization.  

 

BRM contributes to nucleosome destabilization of +1 nucleosomes at genes coordinately regulated 

with H2A.Z.  

To asses the roles of H2A.Z and BRM in nucleosome stability as they relate to transcriptional 

regulation, we plotted the average profiles of nucleosome read signals from WT, arp6, brm, and 

arp6;brm plants surrounding the transcription start sites (TSS) of DE genes (Fig. 2.11 and Fig. 2.12). 

We focused our analysis on TSSs from the 8 antagonistically or coordinately regulated DE 

H2A.Z/BRM target gene classes we identified earlier in the study based on their transcriptional 

changes in the mutants (Fig. 2.1C). While there are some nucleosome occupancy changes detected 

within gene bodies in mutants, we primarily focused our analysis on changes observed for the +1 

nucleosome because it acts as a first physical barrier for transcriptional regulation (Weber et al., 

2014).  
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At these DE gene classes, brm, arp6 and arp6;brm mutants showed an increase in +1 

nucleosome occupancy, with the most dramatic changes seen in the coordinately regulated gene 

Classes 1 and 2 (Fig. 7A and Fig. S6). The brm and arp6;brm mutants also show +1 nucleosome 

occupancy increases at gene Classes 3 and 4 (Fig. 2.11A and Fig. 2.12). It is interesting to note that 

the role of BRM in +1 nucleosome stabilization is unaffected by the direction of transcriptional 

change (Fig. 2.11A and Fig. 2.12).  In arp6 mutants, +1 nucleosome occupancy is mostly unchanged 

at genes DE in arp6 or arp6;brm mutants (Classes 3-6) but show slight increases in nucleosome 

stability where H2A.Z opposes the regulatory functions of BRM at DE genes in brm mutants (Classes 

7 and 8;  Fig. 2.11A,D and Fig. 2.12). Although the loss of BRM results in +1 nucleosome occupancy 

increases at genes, especially in Class 3 and 4, significant changes in transcription do not happen in 

these gene classes until there is a loss of both H2A.Z and BRM in the arp6;brm mutants (Fig. 2.11A 

and Fig. 2.12). This means that at these gene classes (3 and 4), the increase in nucleosome stability in 

the BRM mutants is not sufficient to cause significant changes in transcription until the loss of 

H2A.Z.  

BRM is enriched at the NDR just upstream of the +1 nucleosome at our 8 gene classes (Fig. 

2.11B), so it may be influencing +1 nucleosome stability by interacting with the +1 nucleosome either 

peripherally or through recruiting other chromatin modifying factors to interact with the +1 

nucleosome. Having more stable +1 nucleosomes at BRM targets in brm mutants is consistent with 

our observations that BRM contributes to nucleosome destabilization at the borders/flanking regions 

where it localizes and particularly when it co-localizes with H2A.Z (Fig 2.6D,F and Fig 2.10C,D). 

Further work to determine whether BRM destabilizes the +1 nucleosomes or whether it recruits or 

blocks other factors which indirectly contribute to +1 nucleosome stabilization will help us better 

understand the role of BRM in transcriptional regulation.  

 

BRM and H2A.Z may interact with TFs to facilitate transcriptional regulation 
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We originally wanted to expand on the work of Farrona et al (2011) to test the extent of the 

antagonistic relationship between BRM and ARP6/H2A.Z beyond what was observed at the FLC 

gene. Our work presenting variable nucleosome changes where the two factors overlap as well as at 

DE co-targeted genes (Fig. 2.10 and 2.11) suggest that the BRM-H2A.Z relationship is more complex 

than a simple antagonism. H2A.Z and/or BRM may have more consistent roles in chromatin 

regulation as they relate to the functions of specific transcription factors (TFs). For example, both 

H2A.Z and the SWI2/SNF2 complex have been implicated in regulating chromatin accessibility for 

TFs (John et al., 2008; Sacharowski et al., 2015; Jegu et al., 2017). H2A.Z eviction from +1 

nucleosomes is regulated by the HSFA1a TFs to regulate heat response genes (Cortijo et al., 2017) 

and conversely BRM can be recruited to chromatin by TFs (Wu 2012; Efroni et al., 2013; 

Vercruyssen et al., 2014; Zhao et al., 2015; Buszewicz et al., 2016; Zhang et al., 2016). These 

previously defined relationships between H2A.Z, BRM, and TFs prompted us to evaluate how H2A.Z 

and BRM contribute to nucleosome organization surrounding TF binding sites where they co-localize.  

To identify TFs that may be associated with specific regulatory relationships between H2A.Z 

and BRM, we identified significantly enriched sequence motifs found in accessible chromatin regions 

associated with the 8 DE gene classes we identified (Fig 2.1D,E). Accessible chromatin sites were 

defined in a previous study using an ATAC-seq data set from leaf mesophyll cells, which is the 

predominant cell-type in our tissue (Sijacic et al., 2017). The motifs enriched at accessible regions 

across 7 of our DE gene classes are statistically similar to the target motifs for 78 different TFs (none 

were enriched for gene class 1) (Table 2.1). Of the factors identified, 15 have previously been 

reported to associate with the SWI2/SNF2 complex in Arabidopsis (Table 2.1; Efroni et al., 2013, 

Jegu et al., 2017; Zhang et al., 2017a).  

Several of the TFs identified are involved in responses to light (SOC1, FRS9, HY5, MYC2, 

CIB2, BZR1, BIM1/2/3, and PIF1/3/4/5/7). These factors are intriguing because they are consistent 

with the multiple GO terms relating to responses to light stimuli that are enriched in our 8 classes of 
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DE H2A.Z-BRM target genes (Fig. 2.2).  Both H2A.Z and BRM also independently regulate genes in 

response to various light stimuli.  

One family of light responsive TFs that was predicted to associate with both coordinately-

regulated and antagonistically-regulated gene classes is the basic helix-loop-helix, 

PHYTOCHROME-INTERACTING FACTOR (PIF) family of transcription factors (PIF1, 3, 4, 5, 

and 7) (Table 2.1). These TFs act as both positive and negative regulators of transcription, similar to 

H2A.Z and BRM (De Lucas and Prat 2014; Lee and Choi 2017). PIFs also integrate light response 

and hormone signals in plants to regulate growth and development in response to changes in light 

stimuli similar to the types of genes that are DE targets of H2A.Z and BRM (Fig 2.2) (De Lucas and 

Prat 2014; Lee and Choi 2017).  Relationships between PIF TFs and either H2A.Z or the SWI2/SNF2 

complex have been described before, making the PIF TFs interesting candidates for follow-up 

analyses (Efroni et al., 2013; Wigge 2013; Galvao et al., 2015; Jegu et al., 2017; Zhang et al., 2017a). 

Before testing whether BRM or H2A.Z affect chromatin organization at PIF TF binding sites, 

we assessed the degree of overlap between BRM, H2A.Z and previously reported binding sites for 

PIF4 and PIF5 (Pedmale et al., 2016). We found that PIF4 and PIF5 peaks overlap with a 

combination of H2A.Z and BRM together, H2A.Z only, BRM only, or neither, with a slight 

preference toward overlapping with BRM rather than H2A.Z (Fig. 2.13A, Fig. 2.14A).  To evaluate 

H2A.Z and BRM localization relative to PIF4 sites that overlap with H2A.Z and BRM, we plotted 

H2A.Z and BRM ChIP-seq signals (normalized to input) from WT plants relative to WT nucleosome 

patterns across the PIF4 ChIP-seq peaks (Fig 2.13B). Using K-means clustering to separate the 

nucleosome profiles around PIF4 sites into four different subsets, we found that BRM is enriched at 

the center of PIF4 peaks and H2A.Z is enriched at one or both sides of the PIF4 peaks (Fig. 2.13B).  

This suggests that BRM preferentially interacts with PIF4 binding sites and H2A.Z has a more 

peripheral interaction, consistent with BRM binding to NDR and H2A.Z localizing within flanking 

nucleosomes. 
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To evaluate whether chromatin organization surrounding PIF4 binding sites is dependent on 

H2A.Z or BRM, we plotted the nucleosome read signal from WT plants, arp6 mutants, brm mutants, 

and arp6;brm double mutants across size-scaled PIF4 binding sites (Fig. 2.13C). We specifically 

plotted nucleosome read signals across PIF4 peaks that overlap with BRM ChIP-seq peaks (without 

H2A.Z), H2A.Z ChIP-seq peaks (without BRM), both, or neither (Fig. 2.13C-F).  By K-means 

clustering the nucleosome profiles around PIF4 sites into four different clusters, we measured 

nucleosome changes at binding sites that are flanked by less accessible chromatin on one or both 

sides as well as sites that are found in more accessible chromatin (Fig. 2.13C-F). However, there are 

no clear differences in nucleosome occupancy around PIF4 sites when comparing the mutant 

nucleosomes to those in WT (Fig. 2.13C-F). This implies that BRM and H2A.Z do not necessarily 

impede or facilitate accessibility to PIF4 binding sites.  

We did observe differences in the chromatin architecture inherent to the PIF4 binding sites 

that are associated with either BRM or H2A.Z. The clustered profiles demonstrate that more distinct 

nucleosome peaks flank PIF4 binding sites found in combination with H2A.Z sites (Fig. 2.13C, E, G). 

This suggests that well-phased nucleosomes surround PIF4 binding sites where H2A.Z is found. PIF4 

binding sites found with BRM tend to be more accessible regions, consistent with BRM localizing to 

NDRs (Fig. 2.13C, D). We also compared WT nucleosome patterns at all PIF4 sites divided into 

whether they overlap with BRM alone, H2A.Z alone, both, or neither. It appears that BRM and 

H2A.Z localization additively correlate with more open chromatin conformations at PIF4 sites (Fig. 

2.13G). This observation suggests that both function at more open PIF4 binding sites rather than 

maintaining a closed chromatin conformation. We also evaluated how the accessibility of PIF5 

binding sites is affected in arp6, brm and arp6;brm mutants and discovered similar results as what we 

observed for PIF4 sites (Fig. 2.14). This is consistent with the fact that PIF4 and PIF5 have 

overlapping functions at many shared sites (De Lucas and Prat 2014). Thus, our results indicate that 

BRM localizes to PIF4 and PIF5 sites that are accessible, H2A.Z correlates with PIF4 and PIF5 sites 

within well-phased nucleosomes, and accessibility to PIF4 and PIF5 sites are not dependent on BRM 
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and H2A.Z. Since there are no changes in the accessibility of these PIF binding sites in brm mutants, 

BRM may be recruited to these sites after PIF4 or PIF5 binds and another factor makes the region 

available.  

 

Nucleosome organization at FRS9 sites is dependent on BRM and H2A.Z 

FAR1-Related Sequence 9 (FRS9), a member of the FRS far-red light responsive TF family 

was also predicted to interact with 6 of our classes of DE H2A.Z-BRM target genes based on our 

motif discovery analysis (Lin et al. 2004). Little is known about FRS9 function, but it is expressed in 

young rosette tissue and regulates the inhibition of hypocotyl elongation by red light (Lin et al. 2004). 

Also, other FRS9 paralogs bind PIF4 target genes to repress their transcription (Ritter et al., 2017). 

Using publically available FRS9 binding sites from DAP-seq experiments (O'malley et al., 2016), we 

tested whether nucleosome organization at FRS9 binding sites is dependent on H2A.Z or BRM. For 

this analysis, we plotted MNase-seq nucleosome signals from arp6, brm, arp6;brm and WT plants 

across sized-scaled FRS9 binding sites. Similar to how PIF4 and PIF5 were analyzed, we divided 

FRS9 binding sites into those sites that overlapping H2A.Z ChIP-seq peaks (without BRM), 

overlapping BRM ChIP-seq peaks (without H2A.Z), overlapping both, or neither (Fig. 2.15). In 

contrast to how BRM and H2A.Z showed more peripheral interactions at PIF4 binding sites, BRM 

and H2A.Z have a great degree of overlap at the FRS9 binding sites that overlap with both BRM and 

H2A.Z (Fig. 2.15B). This may indicate a more coordinated function between BRM and H2A.Z in 

nucleosome organization at these sites. 

Since relationships between nucleosomes and TF binding sites do not follow a simple 

presence-absence pattern, we evaluated how 4 K-means clustered nucleosome patterns associated 

with FRS9 binding sites are affected in arp6, brm, or arp6;brm double mutants compared to those in 

WT plants. At FRS9 sites overlapping with both BRM and H2A.Z peaks, there was an increase in 

nucleosome occupancy in the brm and arp6;brm mutants with a notable subset of nucleosomes that 

also have increased occupancy in arp6 mutants (Fig. 2.15 C-F). These occupancy changes 
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demonstrate that both factors can contribute to nucleosome destabilization at FRS9 binding sites (Fig 

2.15C).  

These changes in occupancy were not detected at FRS9 sites that have neither H2A.Z nor 

BRM present (Fig. 2.15F), demonstrating that changes in nucleosome stability observed in the 

mutants can be attributed to losing H2A.Z and BRM. To better understand the individual 

contributions of BRM and H2A.Z, we plotted the average nucleosome signal in the arp6, brm and 

arp6;brm mutants and WT plants at FRS9 sites that overlapped with BRM and not H2A.Z and, 

conversely, those that overlap H2A.Z and not BRM. In the brm and arp6;brm mutants, FRS9 sites 

overlapping with BRM but not H2A.Z had increased occupancy for bordering nucleosomes, but a 

decrease in occupancy within the more accessible regions of FRS9 binding sites (Fig. 2.15D, clusters 

2 and 3). Since we see an increase and decrease in nucleosome occupancy so close together, BRM 

may be responsible for moving nucleosomes from the bordering regions into the FRS9 binding sites 

to maintain more specific control of FRS9 or other TFs binding there. Both the peaks that are 

associated with H2A.Z but not BRM and those that have H2A.Z and BRM display more nucleosome 

phasing than what is observed in the peaks that do not have H2A.Z, similar to the nucleosome 

patterns we observed surrounding PIF4 binding sites (Fig. 2.13B, and Fig. 2.15C,E). Since this 

phasing is not disrupted in the arp6 mutants, but rather we observed an increase in the occupancy of 

the already well-positioned nucleosomes, H2A.Z may be needed at FSR9 sites to modulate chromatin 

accessibility in response to these already well-positioned nucleosomes (Fig. 2.15C).  

Clustering FRS9 binding sites into four categories with K-means clustering allowed us to see 

the distribution of well-positioned nucleosomes at either side of the FRS9 binding sites (Fig. 2.15C). 

The nucleosome position that experiences the most dynamic changes at FRS9 sites in the mutant lines 

corresponds with nucleosomes that would normally contain H2A.Z (Fig 2.15B,C). H2A.Z appears to 

contribute to nucleosome occupancy, since we see increased nucleosome occupancy in arp6 and 

arp6;brm mutants at FRS9 sites with H2A.Z but not BRM (Fig 2.15E).  Although H2A.Z was not 

sufficient to destabilize nucleosomes in a way that resulted in nucleosome occupancy changes in the 
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arp6 mutants where H2A.Z overlaps with BRM, its presence could still correlate with and contribute 

to the role of BRM destabilizing nucleosomes. However, we see that nucleosomes at many of the 

borders of FRS9 peaks still accumulate in the brm mutants even at FRS9 binding sites where BRM 

localizes without H2A.Z (Fig. 2.15D). Thus, it seems that H2A.Z is not necessary for BRM to 

destabilize nucleosomes at FRS9 binding sites.  

 

Discussion 

H2A.Z and BRM have similar and redundant roles as well as antagonistic roles in regulating 

transcription 

Originally, we set out to test the hypothesis that BRM antagonizes the activating function of 

H2A.Z by stabilizing or repositioning nucleosomes which was first proposed in response to their 

antagonistic relationship regulating FLC transcription (Farrona et al., 2011). Through the work 

reported here, we learned that the relationship between BRM and H2A.Z in transcriptional regulation 

is not a simple antagonism, but includes several different relationships. We identified gene sets where 

BRM antagonizes the repressive function and the activating function of H2A.Z (Classes 7 and 8), and 

reciprocally, where H2A.Z antagonizes the activating and repressive functions of BRM (Classes 5 

and 6). We also identified genes that depend on either ARP6 or BRM to modulate transcript level 

(Classes 1 and 2) and genes where the additive function of both factors contributes to transcriptional 

repression or activation (Classes 3 and 4).  

H2A.Z levels in chromatin are independent of BRM 

 One hypothesis that would explain how BRM and H2A.Z coordinately or antagonistically 

regulate transcription is that one factor may regulate the ability of the other factor to associate with 

the loci that they both target. Others have observed H2A.Z protein levels increase in nuclear fractions 

in RNAi knock down plants for the BAF60 SWI2/SNF2 subunit, however they measured nuclear 

H2A.Z levels not necessarily H2A.Z levels in chromatin (Jegu et al., 2014). Since brm mutants do not 
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have a consistent increase or decrease in H2A.Z-containing nucleosome levels in our ChIP-seq 

experiments (Fig. 2.3A), our results indicate that BRM does not affect H2A.Z levels in chromatin. An 

alternative hypothesis would be that H2A.Z and BRM interact to regulate transcription by H2A.Z 

recruiting BRM, because H2A.Z plays a role in recruiting the SWI2/SNF2 complex to at least one 

locus in human cells (Gevry et al., 2009). However, this seems unlikely since BRM and H2A.Z have 

a relatively small (yet significant) overlap in the genome (Fig 2.10A).   

BRM and H2A.Z destabilize +1 nucleosomes 

At DE BRM-H2A.Z co-targeted genes, BRM localizes just upstream of the TSS and H2A.Z 

is enriched at the +1 nucleosome (Fig. 2.11B). When H2A.Z and BRM coordinately regulate gene 

transcription, they both contribute to +1 nucleosome destabilization (Fig. 2.11A, Classes 1 and 2). At 

other DE gene classes, BRM usually destabilizes +1 nucleosomes, while H2A.Z must contribute in 

other ways to transcriptional regulation. BRM and H2A.Z have been associated with +1 nucleosome 

stability in combination with other factors as well. Mutants for the FORGETTER1 TF that interacts 

with BRM perturb +1 nucleosome occupancy of genes involved in heat stress memory (Brzezinka et 

al., 2016). Our data showing an increase in +1 nucleosome occupancy in brm mutants supports a role 

for BRM in contributing to how FORGETTER1 destabilizes +1 nucleosomes after heat exposure. At 

the +1 nucleosomes of some heat responsive genes, H2A.Z eviction contributes to nucleosome 

destabilization, emphasizing a role for H2A.Z in +1 nucleosome stability (Cortijo et al., 2017). We 

found however that when H2A.Z is found proximal to BRM, H2A.Z tends to destabilize +1 

nucleosomes of DE genes (Fig. 2.11A,D).   

While the +1 nucleosome presents a barrier to transcription (Weber et al., 2014), the direction 

of transcriptional changes observed in BRM mutants is not inherently coupled to the change in 

nucleosome stability caused by BRM. For example, in classes 3 and 4 of co-regulated genes, +1 

nucleosome occupancy increases in BRM mutants at genes transcriptionally regulated by BRM and 

H2A.Z, but there are no significant transcription changes until the genome is depleted of H2A.Z-
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containing nucleosomes in arp6;brm double mutants (Fig. 2.11A). Changes in transcriptional 

regulation can also correspond with changes in the accessibility of the DNA that is associated with 

the +1 nucleosome without changing the nucleosome occupancy (Huebert et al., 2012). Additionally, 

changes in occupancy can be uncoupled from transcription changes (Mueller et al., 2017). This means 

that although +1 nucleosomes appear to have an increase in nucleosome occupancy in BRM mutants, 

and H2A.Z does not show a consistent change in nucleosome occupancy at these gene classes, the 

actual DNA that associates with them may have different degrees of accessibility depending on other 

factors such as histone modifications or interactions with other chromatin interacting proteins. In 

addition to contributing to transcriptional initiation, H2A.Z can help facilitate transcriptional 

elongation in Arabidopsis (Rudnizky et al., 2016; Weber et al 2014).  The overall destabilization role 

of both factors in co-regulated genes may also allude to both H2A.Z and BRM contributing to 

transcriptional elongation rather than strictly transcriptional initiation at co-targeted genes.  

BRM destabilizes nucleosomes flanking NDRs 

 The specific role of BRM in chromatin regulation to date has been evaluated locus by locus, 

so we are the first to assay how BRM contributes to global nucleosome organization in Arabidopsis 

(Wu et al., 2015; Han 2015; Brzezinka et al., 2016). We demonstrate that BRM localizes to NDRs 

across the genome and is flanked by well-positioned nucleosomes whose stability often depends on 

BRM. These results expand on previous locus specific studies by both finding that well-positioned 

nucleosomes surrounding BRM binding sites is a general genomic trend and that the stability of many 

of these flanking nucleosomes depends on BRM (Sacharowski et al., 2015; Wu et al., 2015). Since 

the BAF60 subunit of the SWI2/SNF2 complex has been observed localizing to open chromatin, we 

provide further evidence that the SWI2/SNF2 complex binds to NDRs by finding that the BRM 

SWI2/SNF2 ATPase binds to NDRs (Jegu et al., 2017). The fact that we see an increase in +1 

nucleosome occupancy in the absence of BRM and H2A.Z at genes where both are needed for proper 

transcriptional regulation (especially Classes 1 and 2) is consistent with studies that show that both 
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factors disrupt interactions between DNA and nucleosomes (Schnitzler et al., 2001; Rudnizky et al., 

2016). It is interesting to note that although BRM localizes to NDRs, it appears that other factors 

established the open confirmation of these regions and BRM may further modulate how other factors 

interact with the regions as we observed at PIF4 and PIF5 binding sites (Fig. 2.13 and Fig. 2.14) 

Other chromatin factors may contribute to the roles of BRM and H2A.Z in chromatin organization 

and transcriptional regulation 

Some of the changes that we observed may not be due to the specific catalytic functions of 

BRM or inherent properties of H2A.Z incorporation into chromatin by the SWR1 complex but rather 

be contributed by other chromatin regulating factors that interact with them. The SWI2/SNF2 

complex is known to interact with a histone acetyl transferase (HD2C), a H3K27me3 histone 

demethylase (REF6), and potentially the ISWI CRC (Brzezinka et al., 2016; Buszewicz et al., 2016; 

Li et al., 2016). BRM also antagonizes the function of the Polycomb Repressive Complex 2, so some 

of the nucleosomal changes we observe may not be due to a direct contribution by BRM but a result 

of nucleosomal changes that come with Polycomb repressive complex associated silencing activity 

(Li et al., 2015a). Additionally, interchanging subunits of the SWI2/SNF2 complex can confer unique 

functions to modulate specific developmental processes (Vercruyssen et al., 2014; Sacharowski et al., 

2015). This could mean that some of the variability in BRM’s role in chromatin regulation could 

correspond with which SWI2/SNF2 subunits co-localize with it. BRM and the paralogous 

SWI2/SNF2 ATPase SPLAYED have both unique and redundant roles in Arabidopsis, so some 

contributions from BRM that are redundant with SPLAYED will be obscured from our analyses 

(Bezhani et al., 2007).  

In other organisms, post-translational modifications to H2A.Z, such as ubiquitination and 

acetylation, have been shown to correlate with the role of H2A.Z in transcriptional repression and 

activation, respectively (Marques et al., 2010; Dalvai et al., 2012; Valdes-Mora et al., 2012). 

Assuming that similar post-translational modifications to H2A.Z exist in Arabidopsis, they likely 
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contribute to some of the variability in nucleosome positioning and stability that we describe for 

H2A.Z. However, more work is still needed to create a clear and comprehensive description of how 

histone-modifying enzymes interact with H2A.Z and SWR1 to affect chromatin organization and 

regulate transcription. 

Although many of the SWR1 complex subunits are shared with other CRCs, ARP6 is unique 

to the SWR1 complex and is essential for proper H2A.Z incorporation (Deal et al., 2007; Lu et al., 

2009; Hargreaves and Crabtree 2011). This highlights the fact that the primary function reported for 

ARP6 in Arabidopsis is to incorporate H2A.Z into chromatin as part of the SWR1 complex (Deal et 

al., 2007; Sura et al., 2017). Thus, we used arp6 mutants as a proxy for H2A.Z mutants in this study. 

ARP6 does however have functions independent of H2A.Z in yeast to localize some chromatin 

regions to the nuclear periphery, and some SWR1 complex subunits in Arabidopsis appear to have 

non-overlapping roles in regulating defense response (Yoshida et al., 2010; Berriri et al., 2016). 

Therefore, we specifically focused our analyses on regions of the genome that normally contain 

H2A.Z and were depleted of H2A.Z-containing nucleosomes in arp6 mutants, thus excluding any 

effects from ARP6 functions that may be independent of H2A.Z and, conversely, effects from H2A.Z 

that may be ARP6-independent.  However, it is still possible that some of our observations describe 

ARP6 function in addition to H2A.Z function, since we cannot parse the individual contributions of 

ARP6 and H2A.Z in our study.  

BRM and H2A.Z interact with binding sites for light responsive TFs 

Based on our GO analyses, H2A.Z and BRM regulate transcriptional networks of genes that 

are involved in defense, temperature and light responses as well as growth (Fig. 2.2). This supports 

the idea that both H2A.Z and BRM contribute to the balancing act plants go through to choose 

between normal growth and responses to stimuli. More specifically, overlapping DE target genes 

suggest that H2A.Z and BRM are important to integrate signals and regulate transcription in response 

to light stimuli. Since we show that BRM and H2A.Z co-localize with FRS9, PIF4, and PIF5 binding 
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sites (Fig. 2.13, Fig. 2.14 and Fig. 2.15), our findings indicate that interacting with light responsive 

TFs is one way that H2A.Z and BRM respond to light stimuli.  

We are the first to suggest a relationship between FRS9 with either BRM or H2A.Z, but 

relationships between different PIF TFs and either H2A.Z or the SWI2/SNF2 complex have been 

reported previously. Yeast two-hybrid experiments demonstrate that BRM itself actually interacts 

with PIF1 and to some extent with PIF3 and PIF4 (Zhang et al. 2016), and mass spectrometry 

experiments show that the SWI2/SNF2 complex associates with PIF1 and 3 as well (Efroni et al., 

2013). PIF1 is at least partly responsible for recruiting BRM to particular loci, however whether PIF4 

and PIF5 TFs interact with BRM or H2A.Z in vivo was previously unknown (Zhang et al., 2017a; 

Efroni et al., 2013). In addition to the SWI2/SNF2 complex, H2A.Z and PIF proteins have a moderate 

genetic overlap in regulating flowering timing and growth in response to temperature changes, but the 

details of this relationship are not well understood (Wigge 2013; Galvao et al., 2015). By finding PIF 

TF binding sites enriched at genes co-regulated by and H2A.Z and BRM, we expand on these 

previously described relationships and provide resources to further explore their interactions.  

Our finding of PIF TF binding at DE BRM-targeted genes provides further support for these 

interactions between the SWI2/SNF2 complex and PIF TFs (Table 2.1, Fig. 2.13-2.14). We also 

discovered that chromatin accessibility at PIF4 and PIF5 TF binding sites is not dependent on BRM 

nor H2A.Z (Fig. 2.13-2.14). Although BRM is not necessary for nucleosome organization 

surrounding the PIF TF binding sites, BRM may act to antagonize the function of PIF4/5 at sites 

where they both bind. Setting the precedent for this, the BAF60 subunit of SWI2/SNF2 competes 

with PIF4 for binding sites to oppose its role in hypocotyl elongation (Jegu et al., 2017).  

Although in vitro work shows that the SWI2/SNF2 complex from other organisms repositions 

nucleosomes toward bound TFs to evict them (Li et al., 2015b), we did not see changes in 

nucleosome occupancy or positioning at PIF TF binding sites in brm mutants to suggest that this is 

the case for these TF binding sites. Alternatively, FRS9 sites can be occupied by nucleosomes and 

both H2A.Z and BRM regulate nucleosome occupancy at FRS9 binding sites (Fig 2.15B). Expanding 
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what we know about FRS9 binding sites, we demonstrate that they overlap with BRM and H2A.Z in 

the genome and are found at target genes distributed across the 8 classes of DE co-targets of H2A.Z 

and BRM.  

In other organisms, the SWI2/SNF2 CRC and H2A.Z both contribute to enhancer function to 

regulate transcription by regulating where TFs bind (Euskirchen et al., 2011; Brunelle et al., 2015; 

Alver et al., 2017). Recent work also suggests that H2A.Z may function at enhancers in Arabidopsis 

(Dai et al., 2017). However as of yet, only a small number of enhancers have been identified and 

characterized in plants (Zhu et al., 2015). The fact that BRM localizes to NDR more distal to TSSs 

and that H2A.Z and BRM are associated with TF binding sites and transcriptional regulation may 

indicate a role for BRM and H2A.Z in enhancer regulation in plants as well. 

Large deletions in SWR1 mutants may account for an over estimation of nucleosome occupancy 

decreases 

To our knowledge no one has ever reported that there are a considerable number of large 

genomic deletions in SWR1 mutants in Arabidopsis. Our discovery of these deletions is in line with 

the roles of the SWR1 complex and H2A.Z in maintaining genome stability and previous reports that 

specifically show that arp6 mutants have a greater crossover density, are more susceptible to DNA 

damage, and have meiotic defects (Choi et al., 2013; Rosa et al., 2013). Contrary to our observations 

of nucleosome occupancy, other groups have reported a general decrease in nucleosome occupancy in 

arp6 mutants, which could be due to changes in the genome rather than changes to chromatin 

organization (Dai et al., 2017). In our analysis of nucleosome occupancy, we controlled for the loss of 

genomic regions in arp6 mutants so that we did not erroneously report a deleted region as a decrease 

in nucleosome occupancy. Future studies that measure chromatin accessibility in SWR1 mutants 

should take care to account for similar genomic differences.  

3-D nuclear organization in Arabidopsis may involve H2A.Z and BRM 

While BRM and H2A.Z localize to a large portion of genes in the genome, only a fraction of 
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these target genes is differentially expressed in the mutants, which is consistent with observations 

from previous studies of BRM (Li et al., 2016). In addition to how they directly impact the 

remodeling of individual nucleosomes, the roles of BRM and H2A.Z in transcriptional regulation 

may contribute to or be a consequence of larger nuclear organization of chromatin. Transcription can 

be oversimplified if viewed as an isolated linear process of initiation, elongation, and termination 

proceeding down a DNA molecule. In reality, transcription is one of many processes that take place 

in a highly regulated chromatin environment that is organized in an intricate 3-dimensional space 

within the nucleus (Vergara and Gutierrez 2017; Barneche and Baroux 2017). Both H2A.Z and the 

SWI2/SNF2 complex have been implicated in regulating larger scale nuclear organization in other 

organisms, contributing to chromatin looping and chromosome localization within the nucleus 

(Yoshida et al., 2010; Light et al., 2010; Maruyama et al., 2012; Kitamura et al., 2015; Imbalzano et 

al., 2013). The fact that H2A.Z and the SWR1 complex associate with nuclear scaffold/matrix 

attachment regions in Arabidopsis suggests that similar functions for both are yet to be described in 

plants (Lee and Seo 2017). Likewise, the SWI2/SNF2 complex has been implicated in chromatin 

looping in Arabidopsis and other organisms, as well as in vitro (Jegu et al., 2014, Kim et al., 2009, 

Bazett-Jones et al., 1999). Therefore, changes in higher order structure may be affected by depleting 

the plants of BRM and H2A.Z-containing nucleosomes, which could explain some of the variable 

changes in nucleosome stability we observed in brm and arp6 mutants and why some H2A.Z and 

BRM associated nucleosomes do not dramatically change. Additionally, plants respond to changes in 

light signals with chromatin de-condensation and nuclear reorganization, so a deeper mechanistic 

understanding of BRM and/or H2A.Z may elucidate how chromatin changes occur on a larger scale 

in response to changes in light or other stimuli (Van Zanten et al., 2010; Bourbousse et al., 2015).  

Concluding statements 

Within the nucleus, combinatorial effects from a range of factors regulate chromatin 

organization in different contexts. This can make it difficult to understand the extent to which any one 
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factor contributes to chromatin organization as a whole. In vitro studies work to simplify the system 

to understand individual chromatin-influencing components, but they are far removed from the 

constant flux of regulatory pressures that a locus experiences in vivo. In our study, we attempted to 

parse the chromatin regulatory contributions of H2A.Z and BRM in vivo and chose to simplify our 

approach by identifying and then specifically evaluating direct target loci of H2A.Z and BRM where 

they antagonistically or coordinately regulate transcription through multiple regulatory relationships 

(Fig 2.1E). We found that not only do H2A.Z and BRM work at co-targeted genes to positively and 

negatively regulate genes, but some of their roles are functionally redundant (Fig. 2.1E). In addition, 

we identified genes where H2A.Z and BRM act either negatively or positively to affect transcript 

level in ways that are opposed by the other factor (Fig. 2.1E). We discovered that BRM contributes 

more to stabilizing nucleosomal changes where it directly binds to chromatin with more destabilizing 

effects on flanking nucleosomes. However, H2A.Z-containing nucleosomes have no clear enrichment 

for a specific type of nucleosome dynamic when it is found on its own or in association with BRM. 

At co-targeted DE genes, BRM and H2A.Z contribute to nucleosome stability to varying degrees, but 

they appear to both regulate +1 nucleosome occupancy where either is required for transcriptional 

regulation (Fig. 2.11A). Some of the variability in H2A.Z and BRM function may be explained by 

their interactions with specific TFs, such as the three TFs we identified (Fig. 2.13-2.15). While these 

datasets help us better survey how both H2A.Z and BRM contribute to transcription and nucleosome 

organization, more cell-type and locus-specific studies are needed to understand their full contribution 

to chromatin.  

These genetic dissections indicate that the relationship between BRM and H2A.Z is more 

complicated than one property of each factor contributing to or antagonizing a single function of the 

other. Therefore, the influence of additional factors must make the roles of H2A.Z and BRM 

necessary to regulate transcription levels in different contexts. Further in vivo genetic and molecular 

studies will help us identify which factors define the context dependent functions of BRM and 

H2A.Z, while in vitro studies would help simplify the experimental system and define the direct 
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interactions between H2A.Z and BRM as well as additional identified factors. This highlights the 

challenge we face in chromatin research to create simple enough systems to understand the true 

complexity of how individual chromatin associating factors function on a sophisticated chromatin 

template within the nucleus (Probst and Mittelsten Scheid 2015). 

 

Materials and Methods 

Plant material 

We used previously characterized Arabidopsis T-DNA insertion lines arp6-1 (GARLIC_599_G03; 

Deal et al., 2005) and brm-1 (SALK_030046, Hurtado et al., 2006) and genotyped the strains using 

primers described previously (Deal et al., 2005; Hurtado et al., 2006). The arp6-1;brm-1 mutant was 

generated from genetic crosses of arp6-1 homozygous and brm-1 heterozygous lines. Plants were 

sown on soil, stratified at 4 °C for two days, and then moved to grow at 20 °C in long day light 

conditions (16 hr light/8 hr dark). Above ground plant tissue for all genomic experiments was 

collected at 10 hrs after dawn from 4-5 leaf developmentally staged plants (Boyes et al., 2001) from 

the following genetic backgrounds: WT (collected 12-13 days post stratification (dps)); arp6-1 (12-14 

dps); brm-1 (13-16 dps); and arp6;brm (16-24 dps, delayed collection due to delayed germination). 

One cotyledon was removed from each plant to use for genotyping with the PhireTM Plant Direct PCR 

Kit (Thermo Scientific).  

 

RNA-seq material 

Three plants each for three biological replicates of 4-5 leaf developmentally staged above soil 

seedling material were collected and pooled for WT, arp6, brm, and arp6;brm plants. RNA was 

isolated using the Spectrum Plant Total RNA Kit (Sigma) and incubated at 37 °C for 30 min with 

DNase to remove DNA using the Turbo DNA-free kit (Ambion). The integrity of the RNA was 

confirmed on a 2% agarose gel in 1x TAE visualized with GELRED nucleic acid stain (Sigma), and 
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the samples were quantified with a spectrophotometer. Libraries were prepared from 100 ng of RNA 

from each sample using the Ovation RNA-seq for Model Organisms kit (NuGEN), which is a strand 

specific library preparation kit that depletes the transcripts of rRNA. Libraries were quantified with 

qPCR (NEB), pooled, and sequenced with the Illumina NextSeq500 to generate paired-end 36-nt 

sequence reads.  

 

RNA-seq data analysis 

Sequencing reads were mapped to the TAIR10 Arabidopsis thaliana reference genome using 

Tophat2 (using the second strand option and default parameters), generating an average of 75.5M 

mapped reads per library. The accepted hits file was name-sorted (option –n) rather than position 

sorted and indexed using SAMtools (Trapnell et al., 2012; Li et al., 2009). Read counts were 

quantified for each exon using the htseq-counts program, with name order and strict intersection 

options (Anders et al., 2015). Differential expression was calculated using edgeR software (Robinson 

et al., 2010; Mccarthy et al., 2012). Differentially expressed genes were determined with a false 

discovery rate (FDR) cutoff of <0.2 and a log2 fold change of ± 0.6 (~1.5 x fold change). GO terms 

were generated using AgriGO for the total set of genes that were DE in the mutants relative to WT 

plants. GeneCodis was used to analyze GO terms for DE direct target genes of H2A.Z and BRM 

(Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009; Tabas-Madrid et al., 2012; Tian et al., 

2017). These two separate programs were used for GO analyses based on how generally (AgriGO) or 

specifically (GeneCodis) they summarized the overlap between gene lists. 

 

ChIP-seq material 

For ChIP-seq experiments, we collected at least 0.5 g of tissue from two biological replicates 

each of WT, arp6-1, and brm-1 plants. (WT, 12-13 dps; arp6, 12-14 dps; brm, 13-16 dps; arp6;brm 

16-24 dps). Above ground developmentally staged 4-5 leaf plant tissue was collected at 10 hrs after 

dawn, cross-linked as described previously (Gendrel et al., 2005), frozen, and ground in liquid 
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nitrogen. Nuclei were isolated as previously described (Gendrel et al., 2005). Chromatin was 

sonicated using a Bioruptor® (Diagenode) (40 min on high (45 sec on/ 15 sec off)). Each sample was 

diluted in 1.1 mL of ChIP dilution buffer (described in Gendrel et al., 2005) and 50 µl was saved as 

the input sample. Then H2A.Z-containing chromatin was immunoprecipitated from the 1.1 mL of 

chromatin solution using 2 µg of H2A.Z antibody purified to specifically recognize unmodified 

H2A.Z peptides (Deal et al., 2007). The chromatin solution was incubated with the H2A.Z antibody 

for 2 hr then for 1 more hour in combination with 60 µl of DynabeadsTM Protein-A magnetic beads 

(Invitrogen).  DNA collected from the immunoprecipitation and from the inputs was purified using 

1.8x volume of SPRI beads (Beckman Coulter) then quantified with Quant-ITTM Picogreen® dsDNA 

Assay Kit (Invitrogen). Sequencing libraries were prepared from 1 ng of DNA per sample with the 

Accel-NGS® 2S Plus DNA Library kit (Swift Biosciences) and sequenced on an Illumina 

NextSeq500 using 76 nt single-end reads.  

 

ChIP-seq data analysis 

ChIP-seq reads were mapped to the TAIR10 A. thaliana reference genome with Bowtie2, 

using default parameters (Langmead and Salzberg 2012). An average of 13.9 M reads were converted 

to binary files, sorted, indexed and quality filtered (with the –q 2 option) using SAMtools software 

(Li et al., 2009). H2A.Z peaks were called with Homer findpeaks software, using options “style 

histone” and “–region” (Heinz et al., 2010). H2A.Z peaks from two biological replicates were 

intersected to find the regions that were called in both replicates for each genotype using Bedtools 

software (Quinlan 2014). H2A.Z peaks in WT that overlapped with H2A.Z peaks called in arp6 

mutants with less than a 2-fold difference in enrichment between the two genotypes were removed 

from the analysis to ensure that the datasets analyzed represent ARP6-dependent H2A.Z peaks. These 

were the H2A.Z peaks we used throughout the study. We integrated BRM-GFP ChIP-seq peaks into 

our analysis from a previously published data set (Li et al., 2016). Also, we used previously published 

ChIP-seq data for PIF4 (AT2G43010) (SRX1005830) and PIF5 (AT3G59060) (SRX1495297) 



	

	

63	

(Pedmale et al., 2016) and DAP-seq peaks for FRS9 (O'malley et al., 2016). H2A.Z and BRM ChIP-

seq peaks were annotated based on the genes that they overlapped (-u ODS option) or were assigned 

to the nearest TSS (-u TSS option) using PeakAnnotator software (Salmon-Divon et al., 2010). 

Before preparing bigwig files, we first used the SAMtools view command (with option –s) to scale 

data sets so that all samples had same number of reads. We also combined the two biological 

replicates with SAMtools merge. Using the deepTools software suite, we then prepared bigwig files 

using default parameters for the bamCoverage program, then we subtracted the input signal from the 

ChIP signals by 10 bp bins with the bamCompare command for each genotype (Li et al., 2009; Li 

2011; Ramirez et al., 2014). Heatmaps and average profile plots were generated from these bigwigs 

using deepTools computeMatrix, plotHeatmap, and plotProfile programs (Ramirez et al., 2014).  

 

MNase-seq material 

Tissue from two biological replicates of 100 mg of pooled above ground 4-5 leaf stage plants 

was collected from WT, arp6-1, brm-1, and arp6-1;brm-1 plants grown on soil in long day light 

conditions (16 hr light/ 8 hr dark). Nuclei were isolated as described previously (Gendrel et al., 2005).  

After purification, nuclei were resuspended in 500 µl of TM2 solution (10 mM Tris (pH 7.5), 2 mM 

MgCl2, and 1X Roche Complete protease inhibitor tablet). We spun nuclei down at 3,000 x g for 10 

min then removed the supernatant and re-suspended the pellet in 500 µl of MNase reaction buffer (16 

mM Tris-Cl (pH 8.0), 50 mM NaCl, 2.5 mM CaCl2, 1 mM EDTA, Protease inhibitor tablet). Samples 

consisting of 500 µl of nuclei were incubated with 7.5 U MNase for 7.5 min at 37 °C, and then the 

reaction was stopped by adding EDTA to a final concentration of 10 mM. Nuclei were lysed by 

adding SDS (to 1% of the final sample volume). The solution was mixed and spun down at 1,300 x g 

for 3 min to remove insoluble debris. After moving the supernatant to a new tube, samples were 

treated with RNase A (1 mg/mL, Ambion) and then with Proteinase K (Invitrogen) to remove RNA 

and proteins, respectively. DNA fragments were purified with MinElute PCR purification kit 

(Qiagen). To purify nucleosome associated DNA fragments that were <400 bp, we used a 0.6x bead-
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to-sample ratio of SPRI beads prepared as described previously (Faircloth and Glenn 2014). 

Sequencing libraries were prepared with the ThruPLEX® DNA-Seq Kit (Rubicon Genomics), using 

25 ng of MNase-digested DNA as the input. Purified, indexed libraries were pooled and sequenced on 

an Illumina NextSeq500 generating 76 bp paired-end reads.  

 

MNase-seq data analysis 

Sequence reads were mapped to the TAIR10 Arabidopsis thaliana reference genome using 

Bowtie2 (using default parameters except for -p 6) and were then further sorted and indexed using 

SAMtools (Li et al., 2009; Langmead and Salzberg 2012). We filtered reads using the SAMtools view 

command, with the –q 2 option to filter for quality and option –f 0x02 to filter for properly paired 

reads. Libraries were subsampled using the SAMtools –s parameter to normalize all samples to the 

same number of reads (30.46 M reads). We analyzed the mapped reads from each biological replicate 

for each of the four genotypes to generate nucleosome peak files and nucleosome occupancy wiggle 

files using the DANPOS2 dpos program (Chen et al., 2013). Values in the *.allPeaks.xls file output 

from the dpos program were used to determine dynamic nucleosomes. These dynamic nucleosomes 

are defined as those with a FDR <0.05 for the difference between the occupancy value at the summit 

position of a point of difference in control and treatment samples (point_diff_FDR <0.05) and then 

individual types of dynamic nucleosome changes were described with the following additional 

criteria. Fuzziness scores were defined as the standard deviation of read positions in each peak. 

Significant nucleosome fuzziness changes were defined as those with a FDR of <0.05 for the 

difference between WT and mutant fuzziness scores (fuzziness_diff_FDR <0.05). Significant 

occupancy changes were defined as those with a FDR of <0.05 of the difference between the 

occupancy value at the peak summit position in the WT and the mutant (smt_diff_FDR <0.05). 

Position shifts were defined as a 20-95 bp difference in peak summit position between WT and 

mutant nucleosomes (treat2control_dis 20-95 bp). To measure nucleosome occupancy across the 

genome, we converted the DANPOS generated wiggle files to bigwig files using the wigToBigWig 
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software (UCSC).  Heatmaps were generated from these bigwig files using deepTools software: 

computeMatrix, plotHeatmap, and plotProfile programs (Ramirez et al., 2014). 

  

Identifying deletions in arp6 mutants 

We isolated genomic DNA from mature rosette leaf material (~5 mg per plant) from 50 

pooled arp6 mutants using a standard phenol:chloroform extraction followed by ethanol precipitation. 

We used 1 µg of sonicated DNA to prepare a sequencing library (NEXTflex Rapid DNA-seq (option 

2), Bioo Scientific), and then sequenced on an Illumina HiSeq2000, generating 125 bp paired-end 

reads. Sequenced reads were mapped using BWA mem software, indexed and quality sorted (-s 

option) using SAMtools, and randomly subsetted using a python script, leaving 61.5 M mapped reads 

(Li and Durbin 2009; Li et al., 2009; Li 2011). Deletions were called in the arp6 mutant using 

CNVnator (v0.3.3) software using bin sizes of 100 bp (Abyzov et al., 2011).  

 

Motif Enrichement Analysis  

 ATAC-seq transposase hypersensitivity sites (THSs) from mesophyll cells were identified 

and annotated previously (Sijacic et al., 2017). We used python scripts to pull out the annotated 

mesophyll THSs that were associated with genes from our 8 differentially expressed BRM and 

H2A.Z target gene classes (defined in Fig.1D). We scaled all THSs to be 150 bp in width and then 

used the Regulatory Sequence Analysis Tool for plants (RSAT plants) to obtain the corresponding 

DNA sequences and mask any repeated sequences (Medina-Rivera et al., 2015).  Motifs that were 

enriched in our lists of THSs were discovered using DREME and MEME programs from the MEME-

ChIP suite then paired with TFs predicted to bind to the motifs using the Tomtom program (Bailey et 

al., 2009) THS sequences were compared to both the CIS-BP and DAP-seq TF binding databases for 

these analyses (Weirauch et al., 2014; O'malley et al., 2016).  Motifs and their associated TF were 

considered significant they had an E-value of < 0.05.  
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Accession Numbers  

All high throughput sequencing data described in this paper has been deposited to the NCBI GEO 

database under record number XXX. The BRM ChIP-seq data used in our analysis is available under 

GEO number SRX1184288. The PIF4 and PIF ChIP-seq data used in our analyses are available under 

GEO numbers SRX1005830 (PIF4) and SRX1495297 (PIF5).  
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Figure 2.1. H2A.Z and BRM regulate transcription through various cooperative and 

antagonistic relationships. (A) Venn diagram shows the number of differentially expressed (DE) 

genes in each genotype and their significant overlap (hypergeometric test, p-value >0.001) with the 

genes DE in other mutants relative to WT. (B) Venn diagram shows the number of H2A.Z target 

genes DE in arp6-1, BRM target genes DE in brm-1 mutants, and H2A.Z or BRM target genes DE in 

arp6-1;brm-1 mutants relative to WT as well as their degree of overlap (hypergeometric test, 

p>0.001) . (C) Histogram showing the number of direct DE target genes (black) and DE genes that 

are not targets (grey) that are up-regulated (+) or down-regulated (-) in arp6, brm, or arp6;brm 

mutants compared to WT. (D) Heatmap showing the average log2 fold change of genes in 8 classes of 

genes regulated antagonistically and coordinately by BRM and H2A.Z. Genes up-regulated are 

indicated in yellow and genes that are down-regulated are indicated in blue with a gradient black 

representing no change in transcription. The 8 different classes are indicated by various colors to the 

left and are divided into gene classes based on their pattern of transcription change in the different 

genotypes. Coordinately regulated genes include those that are up- (1-red) or down-regulated (2-

orange) in both arp6 and brm mutants relative to WT, genes that are up- (3-yellow) or down-

regulated (4-light green) in the arp6;brm double mutant, but not the single mutants. Antagonistically 

regulated genes are divided into those genes that are up- (5-dark green) or down-regulated (6-light 

blue) in the arp6 mutants but not brm or arp6;brm double mutants relative to WT, or genes that are 

up- (7-dark blue) or down-regulated (8-pink) in the brm mutants but not arp6 or arp6;brm double 

mutants relative to WT. White boxes around gene sets highlight the significantly DE genes used to 

define the corresponding gene class, and the number of genes in each class (n) is shown to the right of 

the heatmap. (E) Diagram depicting the 8 genetic relationships between BRM and H2A.Z at 

coordinately regulated gene sets (top, green box) and antagonistically regulated gene sets (bottom, red 

box). The number to the top left of each diagram and the color of the targeted gene in the diagram 

correspond to the gene class defined in the heatmap (D). Inside the targeted gene is the transcription 

level relative to WT as increasing (+), decreasing (-), or not changing (=) in arp6 (A), brm (B), or 
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arp6;brm (D) mutants. Arrows represent a positive contribution to transcriptional regulation; lines 

with blunt ends represent a negative contribution to transcriptional regulation. Plus signs (+) between 

BRM and H2A.Z indicate a combined contribution to regulate transcription. Grey lines indicate the 

contribution of the opposing factor in the absence of the other factor.  
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Figure 2.2. Gene Ontology (GO) analysis summary of BRM and ARP6/H2A.Z regulated genes. 

The circle displays the types of genes surveyed for GO analysis: all genes DE in arp6 (A, light blue), 

all genes differentially expressed (DE) in brm (C, light orange), and the genes that are DE that are 

also targets of H2A.Z (D, dark blue) or BRM (E, dark orange), followed by genes that are DE targets 

of both H2A.Z and BRM and DE in at least one mutant (F, bright green), or both arp6 and brm (G, 

dark green). Boxes surrounding the circle diagram list the terms associated with each category. 

Hormones are abbreviated as JA – jasmonic acid, ABA – abscisic acid, Aux- auxin, and Et – 

ethylene. The light green box (B) summarizes processes that are enriched in genes DE in both arp6 

and brm mutants and GO terms marked with an asterisk (*) represent terms that were enriched for the 

total set of DE genes in one mutant but that were enriched in the set of up- or down-regulated in the 

other mutant instead of the list of total DE genes. The grey dotted line separates the GO term 
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summary boxes for general processes regulated by each factor from processes with genes that are 

direct targets of H2A.Z or BRM.  
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Figure 2.3. H2A.Z levels in chromatin are independent of BRM and dependent on ARP6. (A) 

Heat maps showing the H2A.Z IP signal from wild type plants (top box), brm-1 mutants (middle 

Figure 2.3 
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box), and arp6-1 (bottom box). Signal is shown for ±500 bp up- and down-stream of size-scaled 

H2A.Z peaks that overlap with BRM peaks and that were called in i) WT alone ii) both WT and brm, 

or iii) brm alone. The average signal of each genotype is summarized as a profile plot at the top of the 

corresponding heat map, showing H2A.Z IP signals from WT (dark blue), brm (light blue), and arp6 

(yellow) plants. To generate the IP signals for heat maps to represent each genotype, two biological 

H2A.Z ChIP-seq replicates were combined and input read signals were subtracted. (B) Venn diagram 

shows the distribution of H2A.Z peaks called in WT plants (green) and brm mutants (orange).  
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Figure 2.4. BRM is flanked by two well-positioned nucleosomes that are disrupted by 

transcription. (A) Profile plot and heatmap showing nucleosome read signals ± 1kb around all BRM 

peaks size-scaled to be 1 kb wide. Nucleosome reads are from an MNase-seq experiment in WT (blue 

line, top box of heatmap) and brm mutants (red line, bottom box of heatmap). (B) Average profile 

plots show nucleosome read signals from WT (blue) and brm (red) plants at select BRM ChIP-seq 

peaks associated with DE genes. Signals are plotted ± 1kb around the start and ends of peaks scaled to 

be 1 kb in width. BRM peaks were divided into those (i) up-stream of or (ii) spanning the 

transcription start site (TSS) of genes up-regulated in brm mutants or BRM peaks that are (iii) up-

Figure 2.4 
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stream of or (iv) span the TSS of a gene down-regulated in brm mutants. The diagram below the plots 

illustrates the general position of BRM peaks (orange box) used for the plots relative to the start of 

genes that are DE in brm mutants. (C) Heatmaps corresponding corresponding to the same sites as B, 

showing nucleosome read signals ± 1kb around all BRM peaks size-scaled to be 1 kb wide. 

Nucleosome reads are from an MNase-seq experiment in WT plants (top) and brm mutants (bottom). 

(D) Schematic showing the general relationship between the BRM peaks (orange) plotted in B and C 

and their associated target genes that are up- (green) or down-regulated (red) in brm mutants. 
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Figure 2.5 Nucleosome patterns surrounding BRM at DE BRM target genes show distinct 

occupancy patterns.  (A) Plot profile and heatmap showing BRM-GFP ChIP-seq read signals 

surrounding BRM peaks that are upstream of genes that are up-regulated in brm mutants (the same 

sites shown in 2.4B,C). Plot shows reads ± 1kb around the BRM peaks size-scaled to be 1 kb wide. 

(B) K-means clustered heatmaps and average profile plots showing nucleosome read signals from WT 

plants (blue, top) and brm mutants (green, bottom) around size-scaled BRM peaks found upstream of 

the TSSs of (i) up- and (ii) down-regulated genes in brm mutants.  
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Figure 2.6. BRM contributes to nucleosome stability and positioning differentially at 

nucleosome-depleted regions and flanking areas. (A) Depiction of BRM in the Arabidopsis 

SWI2/SNF2 complex associating with chromatin and stabilizing nucleosomes within peaks and 

repositioning nucleosomes at peak borders. Nucleosomes within the center are colored grey and 

nucleosomes within border regions are colored black. Two-toned nucleosomes represent how the data 

Figure 2.6 
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are not mutually exclusive but can contain nucleosomes that fall in both border and center categories. 

(B) Histogram showing the portion of BRM peaks that contains dynamic nucleosomes (dyn. nucl.)  in 

the brm mutants (black) compared to the portion of peaks that do not have any nucleosomes with 

significant dynamic changes in the mutant (grey).  (C-F) Histograms summarizing the proportion of 

dynamic nucleosomes found at the borders (black) or centers (gray) of BRM peaks that show a 

decrease in occupancy (C), change in position (D), an increase in fuzziness (E), or an increase in 

occupancy (F) in brm mutants. Peak centers included nucleosomes fully contained within the defined 

peaks and borders include those that overlap with a peak start or end. The proportion of dynamic 

nucleosomes across the genome with the indicated type of change in brm mutants is shown as a black 

line for comparison. BRM peaks were separated into size quartiles for analysis: Q1: 300-415 bp, Q2: 

415-546 bp, Q3: 546-776 bp, Q4: 776 bp-4kb. Diagrams to the left of the histograms represent the 

nucleosome changes described in brm mutants (orange dashed line) compared to WT nucleosomes 

(black line).   
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Figure 2.7. The arp6 mutant genome contains large genomic deletions. Integrated Genome 

Viewer (IGV) screen shot demonstrating two large genomic deletions present in arp6 mutants. Tracks 

from top to bottom show gene annotations, WT MNase-seq nucleosome signal, brm mutant 

nucleosome signal, arp6 mutant nucleosome signal, arp6;brm mutant nucleosome signal, arp6 input 

DNA sample from H2A.Z ChIP-seq experiment, CNVnator called deletions in arp6 mutants, WT 

H2A.Z ChIP-seq signal normalized to input, H2A.Z peaks demarcating significant H2A.Z 

enrichment.  

 
 
 
 
 
 
 
 
 
 

Gene annotation 

WT nucleosomes 

brm nucleosomes 

arp6 nucleosomes 

arp6;brm nucleosomes 

arp6 genomic DNA 

arp6 deletions 

WT H2A.Z ChIP signal 

H2A.Z peak 

Figure 2.7 



	

	

80	

  
 

 

Figure 2.8. H2A.Z contributes to a range of nucleosome changes.  (A) Histogram showing the 

proportion of nucleosomes at H2A.Z peaks that overlap with nucleosomes that show significant 

dynamic changes in arp6 mutants (black) compared to peaks that do not overlap significant 

nucleosomal changes in the mutant (grey). Three different categories of H2A.Z peaks are described 

including all H2A.Z peaks, H2A.Z peaks at genes that are down-regulated in arp6 mutants, and 

H2A.Z peaks associated with genes that are up-regulated in arp6 mutants.  

(B) Histogram summarizing the percentage of each type of DANPOS2-called dynamic nucleosomes 

(blue) compared to all other dynamic nucleosomes (grey) called within H2A.Z peaks when 

comparing arp6 nucleosomes to WT nucleosomes.  
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Figure 2.9. Quantifying H2A.Z contributions to nucleosome occupancy, positioning, and 

fuzziness changes in arp6 mutants. Histograms showing the percent of total dynamic nucleosomes 

with (A) changes in nucleosome positioning, (B) occupancy, and (C) fuzziness at H2A.Z peaks. 

Regions analyzed correspond to all H2A.Z peaks (n=2,061), H2A.Z peaks that associate with genes 

that are down- (n=116) or up-regulated in arp6 (n=140), or total dynamic nucleosomes (n=21,967) in 

the arp6 genome. Diagrams to the right of the histogram indicate the type of change being described 

when comparing WT nucleosomes (black line) to nucleosomes in arp6 mutants (dashed lines, colors 

correspond to the histogram legend). 
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 Figure 2.10. BRM destabilizes nucleosomes where BRM and H2A.Z overlap. (A) Venn diagram 

shows the number of BRM peaks, H2A.Z peaks, and regions of overlap between the two. (B) 

Average profile plots and heatmaps show four K-means clustered H2A.Z and BRM ChIP-seq read 

signal patterns (normalized to input) at regions of overlap between BRM and H2A.Z peaks.  Regions 

of overlap with dynamic nucleosomes identified in each mutant relative to wild type nucleosomes 

(n=88) were further evaluated. Scatter plots display the log2 fold change in nucleosome occupancy 

(C) and fuzziness (D) in regions of H2A.Z/BRM overlap that contain dynamic nucleosomes in both 

brm mutants (y-axis) and arp6 mutants (x-axis) compared to WT.   
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Figure 2.11. BRM and H2A.Z destabilize the +1 nucleosome at DE targets. (A) Profile plots 

showing the average nucleosome read signal from WT plants (black), arp6 (orange), arp6;brm (blue), 

and brm mutants (red) ±500 bp around the TSSs of the 8 classes of DE H2A.Z and BRM target genes. 
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Black triangles on the x-axis indicate the position of the +1 nucleosome. The diagrams above the 

plots describe the genetic relationships between BRM and H2A.Z/ARP6 for each gene class and are 

the same as those described in Fig. 1.  (B) Profile plot showing the read signal for WT nucleosomes 

(black), H2A.Z ChIP-seq (blue), and BRM ChIP-seq (orange), averaged across ±500 bp up- and 

downstream of the TSSs of the DE BRM and H2A.Z target genes. (C) Diagram representing how we 

used ChIP-seq, MNase-seq, and RNA-seq data sets in the previous figures, to evaluated the 

relationship between BRM localization in WT (orange), H2A.Z localization in WT  (light blue) and 

nucleosomes (blue circles) around the TSSs of DE BRM and H2A.Z target genes. (D) Table 

summarizes the extent to which the +1 nucleosomes become stabilized in brm, arp6;brm and arp6 

mutants at the 8 DE BRM-H2A.Z target gene classes defined in Fig 1. The level of nucleosome 

stabilization in the mutant was defined based on the overlaps between different measures of variance 

at the +1 nucleosome read signals plotted in Fig. 2.12. The degree to which the +1 nucleosome was 

stabilized in the mutants compared to WT is defined as no change (- = mean of one falls within the 

95% confidence interval of the other); a small change (+ = the mean of one sample does not overlap 

with the 95% confidence interval of the other); a medium change (++ = the standard error of one 

sample does not overlap with the 95% confidence interval of the other); or a large change in 

nucleosome occupancy (+++ = there is no overlap between 95% confidence intervals for the two 

samples).  
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Figure 2.12 
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Figure 2.12. Nucleosome patterns at coordinately and antagonistically H2A.Z and BRM 

regulated gene sets. Individual comparisons of nucleosome patterns at the coordinately and 

antagonistically regulated gene classes between WT and brm, arp6;brm, and arp6 mutants in Fig 

2.11.  The average profile plots display nucleosome read signals generated from MNase-seq 

experiments plotted ±1 kb around the TSSs of our 8 DE gene classes identified in Fig. 2.1. Profiles 

show nucleosome read signals from brm (blue, left), arp6;brm (green, center), and arp6 mutants 

(pink, right) compared to WT plants (black). The mean of the read signals are shown as a dashed line 

and the standard error and 95% confidence intervals are shaded (darker and lighter respectively) with 

the corresponding color.  
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Figure 2.13 BRM and H2A.Z overlap with PIF4 peaks but do not affect the surrounding 

chromatin environment. (A) Pie chart showing the proportion of PIF4 peaks that overlap with 

H2A.Z alone (blue), BRM and H2A.Z (red), BRM alone (green), or neither (purple). (B) Average 

profile plots showing the BRM (orange) and H2A.Z (blue) ChIP-seq read signals plotted along with 
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B	

C	 Clustered	nucleosome	profiles	across	PIF4	peaks	that	overlap	with	BRM	and	H2A.Z	
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Figure	2.13.	H2A.Z	and	BRM	interact	with	PIF4	binding	sites.	

Figure 2.13 
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WT nucleosome patterns (black) at size-scaled PIF4 binding sites. Nucleosome patterns are 

subdivided into 4 K-means clusters. (C-F) Average K-means clustered profile plots showing 

nucleosome reads from MNase-seq experiments surrounding size-scaled PIF4 ChIP-seq binding sites 

that overlap with BRM and H2A.Z (C), overlap with BRM and not H2A.Z (D), overlap with H2A.Z 

and not BRM (E), and do not overlap with either (F). Plots show nucleosome profiles from WT 

(black), arp6 (blue), arp6;brm (red), and brm plants (orange). (G) Average profile plot showing the 

WT nucleosome patterns at PIF4 sites that have both BRM and H2A.Z (B+, H+; purple), BRM and 

not H2A.Z (B+, H-; blue), H2A.Z and not BRM (B-, H+; orange), or no BRM nor H2A.Z (B-, H-; 

green).  
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Figure 2.14 BRM and H2A.Z overlap with PIF5 peaks but do not affect the surrounding 

chromatin environment. (A) Pie chart showing the proportion of PIF5 peaks that overlap with 

H2A.Z alone (blue), BRM and H2A.Z (red), BRM alone (green), or neither (purple). (B) Average 

Figure 2.14 
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profile plots showing the BRM (orange) and H2A.Z (blue) ChIP-seq read signals plotted along with 

WT nucleosome patterns (black) at size-scaled PIF5 binding sites. Nucleosome patterns are 

subdivided into 4 K-means clusters. (C-F) Average K-means clustered profile plots showing 

nucleosome reads from MNase-seq experiments surrounding size-scaled PIF5 ChIP-seq binding sites 

that overlap with BRM and H2A.Z (C), overlap with BRM and not H2A.Z (D), overlap with H2A.Z 

and not BRM (E), and do not overlap with either (F). Plots show nucleosome profiles from WT 

(black), arp6 (blue), arp6;brm (red), and brm plants (orange).  
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Figure 2.15. BRM and H2A.Z can contribute to nucleosome stability at FRS9 binding sites. (A) 

Pie chart showing the proportion of FRS9 peaks that overlap with H2A.Z alone (blue), BRM and 

H2A.Z (red), BRM alone (green), or neither (purple). (B) Average profile plots showing the BRM 

(orange) and H2A.Z (blue) ChIP-seq read signals plotted along with WT nucleosome patterns (black) 

at size-scaled FRS9 binding sites. Nucleosome patterns are subdivided into 4 K-means clusters. (C-F) 

Figure 2.15 
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Average K-means clustered profile plots showing nucleosome reads from MNase-seq experiments 

surrounding size-scaled FRS9 ChIP-seq binding sites that overlap with BRM and H2A.Z (C), overlap 

with BRM and not H2A.Z (D), overlap with H2A.Z and not BRM (E), and do not overlap with either 

(F). Plots show nucleosome profiles from WT (black), arp6 (blue), arp6;brm (red), and brm plants 

(orange).  
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*	=	TF	that	can	associate	with	AtSWI2/SNF2	subunits	based	on	previous	publications	(Efroni	et	al.,	2013;	Zhang	et	al.,	2016),	x=	TF	binding	sites	are	enriced	at	this	gene	class

Gene	Class Class	1 Class	2 Class	3 Class	4 Class	5 Class	6 Class	7 Class	8
Gene	regulation	description A+,	B+ A-,	B- A=,	B=,	D+ A=,	B=,	D- A-,	B=,	D= A-,	B=,	D= A=,	B+,	D= A=,	B-,	D=
Number	of	genes	in	class 70 51 159 88 91 99 324 305
Number	of	THS	associated	with	genes	in	class 211 162 424 221 244 331 964 760
Number	of	different	types	of	TFs	identified 0 11 49 28 18 5 34 32

List	of	TFs

Number	of	gene	
classes	where	TF	
binding	sites	are	
enriched

ABF1* 4 x x x x
ABF2/ATAREB1 4 x x x x
ABF3* 3 x x x
ABI5 4 x x x x x
Adof1 1 x
AREB3 3 x x x
AT1G47655 2 x x
AT1G69570 2 x x x
AT3G46070 1 x
AT5G02460 1 x
ATAREB1 3 x x x x
AtbZIP63 2 x x
AtIDD11 1 x
BAM8 1 x
BEE2 1 x
BEH2 1 x
BEH3 1 x
BEH4 1 x
BES1 2 x x
bHLH104 4 x x x x
bHLH13/JAM2 3 x x
bHLH18 4 x x x x
bHLH31/BPE/ZCW32 2 x x
bHLH34 2 x x
bHLH43 1 x
bHLH69 1 x
bHLH74 2 x x
bHLH77/ace3,	en87 1 x
BIM1* 1 x
BIM2 1 x
BIM3 1 x
BPC1 7 x x x x x x x
BPC5 7 x x x x x x x
BPC6 6 x x x x x x
bZIP16 3 x x x
bZIP28 1 x
bZIP3* 1 x
bHLH31 1 x
bZIP42* 1 x
bZIP43 1 x
bZIP44 1 x
bZIP48 1 x
bZIP53 1 x
bZIP68 5 x x x x x
BZR1 5 x x x x x
CDF3 1 x
CIB2 2 x x
AT1G69570 1 x x
DYT1 1 x
FRS9 6 x x x x x x
GBF1 4 x x x x
GBF2 4 x x x x
GBF3* 3 x x x
GBF5* 1 x
GBF6/bZIP11 1 x
GT3a* 1 x
HBI1 1 x
HCA2/DOF5.6 1 x

Mutant	genotypes	and	direction	of	transcriptional	changes	of	the	8	DE	gene	classes	in	these	mutants	are	described	with	the	following	abbreviations:	A=arp6-1, B=brm-1, 
D=arp6-1;brm-1, “+” =up-regulated in mutant, “-” =down-regulated in mutant, “=” = not DE in the mutant

Table	2.1.	Summary	of	MEME-TOMTOM	output	showing	transcription	factors	(TFs)	that	potentially	associate	with	our	8	classes	of	DE	genes
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Table 2.1 (continued) 
HY5 5 x x x x x
ILR3 2 x x
MYC2* 1 x
MYC4 1 x
PIF4/SRL2 5 x x x x x
PIF5/PIL6 2 x x
PIF7 4 x x x x
PIL5/PIF1* 1 x
POC1/PIF3* 4 x x x x
PTF1* 1 x
SOC1 4 x x x x
SPT	(PIF	family) 2 x x
TF3A 1 x
TCP1* 1 x
TCP16* 2 x x
TCP21 1 x
TCP22* 1 x
TCP3* 1 x
UNE10 4 x x x x
WRKY45 1 x
WRKY7 1 x
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CHAPTER 3: A GENETIC SUPPRESSOR SCREEN TO IDENTIFY H2A.Z ANTAGONISTS  

 

E. Shannon Torres, Katherine Duval, Stevin Bienfait, and Roger B. Deal 

 

Abstract 

Operating in diverse chromatin environments across the genome, histone variant H2A.Z 

appears to play context dependent roles in gene regulation based on other factors that it interacts with. 

Since mutations in other factors that act in opposition to H2A.Z might alleviate the requirement for 

H2A.Z for proper transcriptional activation, we performed a forward genetic suppressor screen to 

identify other factors that make H2A.Z necessary for proper transcriptional activation. The 

FLOWERING LOCUS C gene in Arabidopsis represses the transition from vegetative to reproductive 

development and requires H2A.Z incorporation by the SWR1 complex for proper transcriptional 

activation. In this study, we identified an EMS-generated mutant line that a) suppressed the early 

flowering phenotype of mutants defective in H2A.Z incorporation into chromatin, and b) 

concordantly alleviates the requirement of H2A.Z incorporation for proper FLC transcriptional 

activation. We used a sequencing-based method to map potentially causal mutations after 

backcrossing suppressor mutants to the parental arp6 mutant line. We identified candidate missense 

mutations that may cause the suppressor phenotype: one candidate that is associated with a known 

repressor of FLC and 8 other genes that are currently uncharacterized. Experiments to try and 

complement the suppressor mutations with WT copies of the mutated genes have not been able to 

restore the suppressor phenotype back to arp6-like characteristics so far due to some ambiguity in the 

quantitative nature of the reporter phenotypes, and the fact that the candidate mutations are not null 

mutations.  However, the candidate mutations identified in this screen still provide new directions to 

test for genetic interaction with ARP6. Future work to cross mutations in candidate genes to arp6 

mutants containing an FLC reporter construct to validate a causal mutation has potential for 

identifying H2A.Z-antagonists from the candidates identified in this screen. If we can identify the 
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causal mutation that is able to suppress the need for H2A.Z for transcriptional regulation, we will 

potentially learn about flowering time, FLC regulation, and why H2A.Z is needed for transcriptional 

activation at FLC.   

 

Introduction 

The complex environment of chromatin makes it difficult to parse out the function of any 

single chromatin protein in vivo.  By probing individual relationships between interacting proteins, we 

can begin to deconstruct the chromatin context that define the roles of each factor involved in gene 

regulation. Genetic screens to identify mutants that relieve gene silencing have thus far been 

important for understanding the numerous factors involved in epigenetic gene silencing by 

discovering interactions between factors that we would not have been predictable otherwise (Schotta 

et al., 2003).  

The highly conserved histone H2A variant H2A.Z appears to effect context specific 

regulation of gene transcription and chromatin organization across all eukaryotes (previous chapter, 

other references). When it is incorporated into chromatin by the SWR1 complex, H2A.Z can 

destabilize or stabilize nucleosomes as well as function in transcriptional activation and 

transcriptional repression (Mizuguchi et al., 2004; Deal et al., 2007; Marques et al., 2010). Some of 

these functions are correlated with specific factors associated with H2A.Z in chromatin (such as the 

H3.3 histone variant) or post-translational modifications of H2A.Z, including ubiquitination and 

acetylation (Jin and Felsenfeld 2007; Marques et al., 2010). However, much work is necessary to 

understand the seemingly opposing functions of H2A.Z and provide a mechanistic understanding of 

how this variant contributes to gene regulation and chromatin organization.  

The Arabidopsis Flowering Locus C (FLC) gene acts as a developmental switch that 

represses the transition from vegetative to reproductive growth (Michaels and Amasino 1999). Proper 

FLC transcription requires H2A.Z incorporation into chromatin by the SWR1 complex (Deal et al., 

2007). Mutants of SWR1 components are depleted of H2A.Z-containing nucleosomes, resulting in 
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decreased FLC transcription and therefore flower early (Deal et al., 2005; Choi 2007). Many other 

factors interact with the FLC locus to regulate FLC transcription and modulate development in 

response to environmental stimuli, including the SWI2/SNF2 complex (Ietswaart et al., 2012; Farrona 

et al., 2011). While H2A.Z acts to promote transcription at FLC, the BRM ATPase of the 

SWI2/SNF2 complex acts to repress FLC transcription (Farrona et al., 2011).  Arabidopsis plants that 

lose the BRM ATPase, however are able to overcome the need for H2A.Z in proper transcriptional 

activation of FLC (Farrona et al., 2011).   

Investigating the antagonistic interaction between BRM and H2A.Z provides one opportunity 

to understand what pressures make H2A.Z necessary for transcriptional activation in the context of 

other chromatin factors. Further work to uncover other H2A.Z antagonists would help us understand 

what additional properties of H2A.Z make it necessary for transcriptional activation and repression. 

Since factors such as histone deacetylases oppose the activating function of H2A.Z in other organisms 

(Meneghini et al., 2003), additional repressive factors may exist that make H2A.Z necessary for FLC 

expression in addition to BRM. For example, the structure or modifications of H2A.Z in nucleosomes 

may facilitate transcriptional activation by disrupting the interaction of histone H1 with H2A.Z-

containing nucleosomes and therefore disrupting chromatin compaction (Lee and Hayes 1998). In 

addition to activating the transcription of FLC and other genes, H2A.Z is required to repress a subset 

of Arabidopsis genes (Smith et al., 2010; Deal et al., 2007). Comparing how mutants suppressing the 

function of H2A.Z at FLC influence the repression of other genes by H2A.Z will provide an 

opportunity to separate the positive and negative regulatory functions of H2A.Z in transcription. 

In this work, we conducted a forward genetic suppressor screen in an attempt to identify 

additional factors that antagonize the transcriptional activating function of H2A.Z. Since mutants for 

components of the SWR1 complex, such as arp6 mutants, are defective in incorporating H2A.Z into 

nucleosomes, they have an easily recognizable phenotype of early flowering due to a lack of proper 

FLC expression (Deal et al., 2007). Thus, arp6 mutants were used for the genetic suppressor screen 

using flowering time and FLC transcript levels as readouts to search for H2A.Z antagonists (Deal et 
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al., 2007). We identified three EMS-mutagenized arp6 mutant lines that restore flowering time and 

FLC transcripts to wild type-like levels, and one suppressor segregates as a single, recessive mutation 

after backcrosses. By mapping mutations that segregate with the suppressor phenotype in this 

suppressor line, we identified 9 candidate genes as potential H2A.Z antagonists. Further work is 

needed to validate whether these candidates genetically interact with ARP6 function and the 

transcriptionally activating role of H2A.Z. If we can identify the causal gene that antagonizes H2A.Z 

at the FLC locus, then we could potentially pinpoint specific properties of H2A.Z that are important 

for its role in transcriptional activation.  

 

Results 

eoa2 mutants suppress physiological and molecular phenotypes caused by defective H2A.Z 

incorporation 

Mutations for components of the SWR1 complex that are defective for H2A.Z incorporation 

have an early flowering phenotype due to down-regulation of genes that regulate the transition from 

vegetative growth to reproductive growth (Deal et al., 2007). This includes the FLC gene that 

integrates stimuli from numerous pathways to modulate the time it takes a developing plant to bolt 

and produce flowers (Deal et al., 2007; Ietswaart et al., 2012). To identify factors that antagonize the 

role of H2A.Z in promoting gene transcription, we conducted a forward genetic suppressor screen 

using mutants for the ARP6 subunit of the SWR1 complex, that are depleted of H2A.Z-containing 

nucleosomes (Sura et al., 2017). Since H2A.Z incorporation into chromatin at the FLC locus is 

required for normal flowering time, we used flowering time and FLC transcript levels as our reporter 

phenotypes to conduct the screen (Deal et al., 2007; Farrona et al., 2011). We mutagenized arp6 

homozygous mutant seeds with ethyl methane sulfonate (EMS) to look for suppressors of the early 

flowering phenotype of arp6 mutants, which we describe as the early flowering overcome in arp6 

(eoa) phenotype (Fig. 3.1).   Mutations were brought to homozygosity in the M2 generation and plants 

were screened to identify lines presenting the eoa phenotype (Fig. 3.1B). To measure developmental 
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time to flowering, we counted the number of rosette leaves that developed before the transition to 

bolting. In addition to the physiological delay in flowering time, we also measured changes in FLC 

transcript levels in the mutants by isolating RNA from eoa2 mutants, WT plants, arp6 mutants and 

performing RT-qPCR analyses. Therefore, the eoa2 suppressor plants that overcame the early 

flowering phenotype of arp6 mutants and showed increased FLC transcript levels contain mutations 

that make H2A.Z incorporation into chromatin no longer necessary for FLC transcriptional activation.  

Three independent suppressor lines were initially identified because they contained plants 

that flowered significantly later than arp6 and had elevated FLC transcript levels relative to arp6 

and/or WT. One line, which we called eoa2, is the primary focus of this chapter because it fit both of 

these criteria and proved most tractable for genetic crosses (Fig. 3.2A,B). The eoa1 line had defects in 

reproductive organs (un-fused carpels and small, immature stamen), so we were not successful in 

backcrossing this line to arp6 mutants. After backcrossing line eoa3 to arp6 mutants, we no longer 

observed suppression of the arp6 flowering time phenotype in the F2 generation, so work on this line 

was halted in favor of characterizing line eoa2. Two separate plants that suppressed the early 

flowering phenotype of arp6 mutants from the screened generation of candidate eoa2 mutants (M3) 

were successfully backcrossed to the original arp6 mutant line (Fig. 3.1C). Individuals from the F2 

generation consisting of self-pollinated progeny from this backcross that presented the suppressor 

phenotype were backcrossed to arp6 mutants a second time. After this second backcross, we 

confirmed that these F2 eoa2 plants (BC2F2) still had the eoa phenotype which corresponded with an 

increase in FLC transcript levels even without proper H2A.Z incorporation (Fig. 3.1D and Fig. 3.2C-

E).  Plants in the BC2F2 population with the eoa2 flowering-time phenotype segregated in a 3:1 ratio, 

suggesting that the phenotype is caused by one recessive mutation (Fig. 3.2F,G). While not every F3 

eoa2 line maintains the delayed flowering time presented by their parent F3 plant (esp. line 1), eoa2 

plants tend to show more WT-like flowering timing in the BC2F3 generation (Fig. 3.2H). The 

quantitative nature of counting leaf numbers to measure developmental timing means that some of the 
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eoa2 plants have more arp6-like flowering time due to the broad distribution of the phenotype in the 

population (Fig. 3.2H).  

 

Mapping the eoa2 mutation identifies 9 candidate causal genes  

Many approaches have been devised to accurately map EMS-generated point mutations 

(Zuryn et al., 2010; Austin et al., 2011; Hartwig et al., 2012; Allen et al., 2013). The method we 

selected to identify suppressor mutations uses EMS-generated single nucleotide polymorphisms 

(SNPs) as segregating alleles to map causal mutations rather than introducing variation by outcrossing 

to a different ecotype (Allen et al., 2013; Hartwig et al., 2012). EMS-generated mutations persisting 

in the pool of mutants provide a variable genetic background to identify a selected region of the 

genome that segregates with the mutant suppressor phenotype. This is useful since suppressor 

mutants may have phenotypic variation in different ecotypes that would complicate generating a 

mapping population.  

To map the causal eoa2 mutation in the BC2F2 plants, we used a genomic sequencing-based 

mapping approach (Allen et al., 2013). We collected leaf material from plants segregating with the 

eoa2 phenotype and isolated genomic DNA from pools of 85 and 100 F2 plants from two eoa2 lines 

from independent backcrosses, and also from 50 plants from the arp6 parental line used for 

backcrosses (Fig. 3.1E). After sequencing each sample so that we had at least 60x coverage of the 

genome, we mapped reads back to the genome and called mutations with high allele frequency as 

potential candidates for the causal mutation (Fig. 3.1F). By sequencing the genomes of a pool of arp6 

plants, we were also able to remove any strain specific polymorphisms from our analysis if they were 

already present in the arp6 parental line (Fig 3.3A). We also only included mutations in our analysis 

that were shared between both segregating eoa2 backcrossed lines (Fig. 3.3A). Using the Next-

Generation Mapping (NGM) tool (Austin et al., 2014) to identify non-centromeric mutations with an 

allele frequency of > 0.85, we identified a 2MB region of interest on chromosome 3 with a high 

degree of homozygosity in the backcrossed suppressor mutants (Fig. 3.3B-C). To confirm these 
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mutations, we used a second software package called CandiSNP (Etherington et al., 2014) to call 

potential candidate SNPs. In the region of interest on chromosome 3, 9 genes collectively containing 

11 missense mutations and annotated as functioning in the nucleus were identified as top candidates 

for causal suppressor mutations in eoa2 plants by both algorithms (summarized in Table 3.1). No 

mutations to FLC were reported by either workflow. Most of the factors we identified as top 

candidates were not previously characterized or are only identified based on homology with specific 

protein families (Table 3.1). However, since the Polycomb Repressive Complex 2 (PRC2) is a known 

repressor of the FLC gene (Jiang, 2008), candidates encoding factors known to interact with PRC2 

such as BLISTER (BLI, candidate 2) or enzymes with potential ubiquitination activity (candidates 4 

and 8) that may interact with the related Polycomb Repressive Complex 1 were of particular interest 

(Schatlowski et al, 2010; Kleinmanns et al, 2017).  

 

Complementation experiments are inconclusive 

To identify whether any of these mutations were sufficient to cause the eoa phenotype, we 

performed complementation transformation experiments (Fig. 3.4A). We introduced wild-type copies 

of the mutated candidate genes into eoa2 mutants presenting the eoa2 suppressor phenotype to see if 

they could restore arp6-like flowering timing and FLC transcript levels in eoa2 mutants (Fig. 3.4A). 

The genomic regions used for transformation included 2 kb upstream of the transcription start site and 

1 kb downstream of the transcription termination site of the candidate gene. Amplicons ranged in size 

from 4.4-7.9 kb (Table 3.2). We successfully cloned genomic segments spanning 7 out of our 9 eoa2 

candidate genes into E. coli and then Agrobacterium to transform our complementation constructs 

into BC2F2 eoa2 mutants (Fig. 3.4A). After a floral dip transformation, we selected for transformants 

and further genotyped them to confirm successful transformation with our complementation 

constructs (Fig. 3.4A). We then phenotyped the transformed T1 individuals to see if they 

complemented the eoa2 phenotype, restoring flowering time back to an arp6-like timeline and FLC 

transcripts back to arp6-like levels (Fig. 3.4A-C).  
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 Due to the quantitative nature of our mutant phenotype, we also measured leaf numbers and 

FLC transcript levels in untransformed BC2F3 eoa2 sibling plants along with confirmed eoa2 

transformants. This provided a way to verify that transformants showing arp6-like phenotypes are 

dependent on the presence of the complementation construct and not simply presenting arp6-like 

phenotypes. This could be the case if, for example, the plant transformed with the construct was not 

truly a homozygous eoa2 mutant. Assessing untransformed siblings gave us a baseline measure of the 

penetrance of the eoa2 phenotype for a particular T0 transformed eoa2 plant line, so we could judge 

whether our constructs were complementing the eoa2 phenotype or if arp6-like phenotype would be 

expected for the line being analyzed. This is important because some untransformed BC2F3 eoa2 

lines present more arp6-like flowering time, even though they were the progeny of plants that 

presented the eoa2 delayed flowering phenotype (Fig. 3.4B).  

 To assess whether the WT version of the mutated candidate genes could restore the 

physiological flowering time phenotype back to an arp6-like flowering time, we counted the number 

of rosette leaves each transformant had at the time of flowering. For each candidate, we were able to 

phenotype at least one T1 plant from 3-5 individually transformed T0 eoa2 plants. Out of the 7 

candidate genes that were transformed into eoa2 mutants, none showed restoration back to arp6-like 

early flowering (Fig. 3.4). Since T1 individuals were phenotyped, every plant represents an 

independent integration of the complementation construct into the genome that could result in 

variable outcomes for each plant. For the plants that showed more arp6-like flowering time (seen for 

1T, 3T, 7T, and 9T in Figure 3.4), several untransformed siblings from the same T0 parent line 

showed comparable leaf numbers at the time of flowering to these plants of interest (compare to 7S, 

9S). This suggests that the earlier flowering for plants containing WT copies of candidate genes 7 and 

9 is not necessarily due to the complementation construct. One plant each from eoa2 lines 

transformed with candidates 1 and 3 had more arp6-like flowering time that was not present in 

untransformed eoa2 sibling plants. Therefore, candidates 1 and 3 appear to be the most promising 

causal eoa2 candidates based on flowering time phenotypes. Further characterization of the T2 
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progeny of these plants is needed to determine if this restoration of early flowering time is heritable or 

not and whether the presence of the transgene is strictly required.   

 To evaluate the molecular effects of these complementation experiments on the eoa2 mutants, 

we also used RT-qPCR to evaluate FLC transcript levels in WT plants, arp6 mutants, eoa2 

untransformed siblings, and individuals from transformed lines. While many eoa2 transformants 

containing the WT copies of the candidate genes did present a decrease in FLC transcript levels 

compared to corresponding eoa2 plants, only candidates 6, 8, and 9 had a transformant with a 

decrease in FLC transcript levels below WT levels (Fig. 3.5). However, the untransformed sibling 

eoa2 plants were compromised during RNA isolation. So, even though some of the eoa2 lines 

transformed with candidate 8 appear to have a decrease in transcript levels, it is still possible that this 

line has low FLC transcript levels without the WT copy of the mutated candidate gene since we were 

not able to compare these observations to a sibling untransformed eoa2 plant (Fig. 3.5). Although this 

might suggest that these three are promising candidates for future follow up experiments based on 

molecular phenotypes, none of these lines show restoration of early flowering time for phenotyped T1 

plants.   

 

FLC shows tissue specific expression differences between arp6 and WT 

 As we measured FLC transcription levels in our eoa2 transformants, we observed a great deal 

of variability between WT and arp6 mutants with some experiments showing that FLC transcript 

levels were higher in arp6 mutants than WT plants. (Fig 3.5, esp. controls for candidates 6/8). We 

were confident in the transcriptionally promoting role of H2A.Z/SWR1 at the FLC locus, since our 

lab and others have repeatedly found that H2A.Z incorporation by the SWR1 complex is important 

for proper FLC transcriptional activation. Still, we wanted to test whether tissue type we were testing 

could explain some of the different transcript levels we were observing (Martin-Trillo et al., 2006; 

Lazaro et al., 2008; Deal et al., 2007). Most of the previous experiments used whole seedlings to 

measure FLC transcription levels. However, to preserve plants so we could associate transcript levels 
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with time to bolting for each phenotyped plant, we assessed FLC transcript levels in leaves of pre-

flowering plants in our experiments. To test whether the variability in our observations could be due 

to differences in tissue make-up between samples, we measured FLC transcript levels between WT 

plants and arp6 mutants in leaf, cotyledon, and the remaining green stem material (Fig. 3.6A). We 

found that although FLC transcripts were more abundant in cotyledons and stem material in WT 

plants than arp6 mutants, FLC transcripts were found at higher levels in leaf tissue in arp6 mutants 

compared to WT plants (Fig. 3.6B). These observations suggest that using whole seedlings would be 

a more robust way to evaluate the requirement for H2A.Z to promote FLC transcriptional activity.  

 

ARP6 does not physically interact with BLISTER 

Candidate 2, BLI, interacts with subunits of the Polycomb Repressive Complex 2, which is a 

known repressor of FLC transcription (Schatlowski et al., 2010). Although BLI is not required for the 

histone methylating function of Polycomb group proteins, it is also required to repress many 

Polycomb group targeted genes (Kleinmanns et al., 2017). By disrupting BLI structure in eoa2 

mutants, we may have inhibited the transcriptionally repressive function of the Polycomb repressive 

complex at FLC. Although the function of BLI has been tied to PRC2 function, transcriptional 

profiling of DE genes in bli and PRC2 mutants suggest that BLI also has PRC2 independent functions 

that are yet to be determined (Kleinmanns et al., 2017).  In addition to testing whether WT BLI 

(candidate 2) candidate transformation experiments can complement our eoa2 mutants, we decided to 

test whether BLI physically interacts with ARP6 to oppose its role in promoting transcription. Since 

BLI alleles have been previously characterized, we acquired two GFP-tagged BLI lines that 

complement two seperate bli null mutants (bli-1 and bli-11) (Schatlowski et al., 2010; Kleinmanns et 

al., 2017). To test for physical interaction between ARP6 and BLI, we performed a co-

immunoprecipitation experiment for GFP-BLI and ARP6 in WT and BLI-GFP lines. Using protein 

blots to test for ARP6 after a pull down for GFP-tagged BLI or reciprocally for GFP-tagged BLI after 

using antibodies to pull down ARP6, we saw no evidence of a direct physical interaction (Fig. 3.7A-
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B). This suggests that if BLI contains the causal mutation, then the suppressor phenotype must be due 

to separate indirect functions of BLI and ARP6, rather than BLI interacting directly with ARP6 and 

the SWR1 complex to modulate FLC transcript levels.  

 

Discussion 

In this study, we identified a mutant line (eoa2) that suppressed the early flowering 

phenotype of arp6 mutants and concordantly alleviates the requirement of H2A.Z incorporation for 

proper FLC transcriptional activation. We used a sequenced based mapping method and identified 

mutations in 9 candidate genes that might be causing the suppressor phenotype. To validate whether 

these identified mutations were causal, we transformed eoa2 mutants with candidate constructs 

containing a WT copy of each candidate eoa2 gene in an attempt to restore arp6-like phenotypes in 

the eoa2 mutants. However, with the methods used here, we were ultimately not able to identify the 

causal mutation behind the eoa2 phenotype using the resources and timeline allocated for this project. 

Here we discuss several challenges with the design of the screen and some alternatives to the methods 

we chose that might have impacted the outcome of the screen.  

 

Challenges faced by the screen and mapping method 

In our suppressor screen, we identified suppressors of the arp6 phenotypes based on the 

molecular phenotype of FLC transcriptional changes in addition to delayed flowering time. However, 

the initial mutant that inspired the screen (brm-1) does not have delayed flowering even though FLC 

transcription is increased (Farrona et al., 2011). This is because other factors altered in brm-1 can by-

pass FLC in the complicated process of flowering time regulation (Farrona et al., 2011). As an 

alternative method, we could have performed EMS mutagenesis on arp6 mutants containing an FLC 

reporter construct, such as previously characterized FLC:GUS or FLC:Luciferase lines (Sheldon et 

al., 2002; Mylne et al., 2004).  Using FLC-reporter constructs would have provided a more direct and 

thorough way to identify supressors based on FLC transcript levels rather than relying on flowering 
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time as an indirect measure of FLC transcript levels. It would have also been a more high-throughput, 

cost-effective and less labor intensive than measuring transcript levels by RT-qPCR. 

The quantity and variety of factors that can be linked to a specific process (hypothesis-free) are 

two of the benefits of conducting a mutant screen. In our case, our screen was not saturated, meaning 

that we did not reach the full potential of factors that could be linked to overcoming arp6 mutant 

phenotypes. In the initial screen, +100 M2 plants were identified in the green house as potential 

suppressor lines based on their time to flowering followed by more rigorous validation in a more 

controlled environment. During their time in the green house, many plants died due to temperature 

fluctuations that induced heat/drought stress. Thus, a portion of the mutants that could potentially 

result in changes in flowering time was removed from the screen due to environmental stressors.   

After beginning our genetic screen, work was published showing that arp6 mutants have 

problems with DNA damage repair and therefore have decreased recombination (Choi et al., 2013; 

Rosa et al., 2013). This means that by using the arp6 mutants in our suppressor screen, there will be 

fewer opportunities for background EMS mutations to segregate away from the causal mutation. 

Consistently, after two backcrosses to the arp6 parental line, we have a number of mutations with a 

high allele frequency to sort through in our suppressors than what other previous studies that have 

used sequencing based mapping techniques observed (Allen et al., 2013; Etherington et al., 2014). A 

greater load of SNPs could have also been present to begin with if our EMS-treatment was more 

damaging.  

Traditional linkage-based genetic mapping methods in combination with sequencing could have 

helped us narrow down our candidates more accurately. There are several reasons why we chose not 

to perform traditional linkage-based mapping of the eoa2 mutation. Bulk segregant analysis uses the 

segregation of alleles from two distinct ecotypes to identify the causal mutant with PCR or whole 

genome sequencing. Therefore our arp6 mutation would need to be integrated into a second ecotype 

before backcrossing our eoa2 mutants to generate a mapping population. It is then more difficult to 

maintain the two mutations involved in the suppressor screen during genetic linkage crosses. 
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Therefore the linkage-based mapping method is more labor intensive and time consuming than 

mapping by sequencing alone. Also, if suppressor mutants are outcrossed into different ecotypes, 

background genetic differences can introduce unnecessary variability to phenotypes that are already 

difficult to score. Since other methods were able to map mutants without traditional mapping 

techniques, this suggested to us that it would be unnecessary and redundant to perform linkage-based 

mapping crosses in addition to mapping by sequencing (Zuryn et al., 2010; Austin et al., 2011; 

Hartwig et al., 2012; Allen et al., 2013). However, had we also conducted linkage crosses, we would 

have been able to more accurately narrow down which chromosome region carries the causal 

suppressor mutation. In addition, the frequencies of recombination may have alluded to the fact that 

there is decreased recombination in arp6 mutants earlier.  

 

Complementation method 

We chose to try to complement our eoa2 mutants by transforming them with a WT copy of 

the mutated candidate causal genes, but there are several alternative methods we could have used. Our 

candidate complementation constructs included a genomic region that included a candidate gene, and 

2 kb upstream and 1 kb downstream of the gene. This focused our analysis on one gene with the 

surrounding regulatory region, which in some instances also included a neighboring gene.  

Complementing the eoa2 mutants by transforming them with transformation-competent artificial 

chromosomes (TACs) that include larger genomic regions surrounding candidate genes or across 

regions of interest would have had a greater chance of getting the entire functional promoter region 

and any regulatory sequences required for the gene’s transcription. Our mutants contain mutations in 

coding and non-coding regions, yet in order to make some prediction about their function our 

complementation approach focused on mutations in coding regions of genes. In the most general 

sense, complementing with large genomic regions, such as TACs would have been a way to 

complement mutations in non-coding sequences together with the surrounding genes.  However, these 

TACs also include numerous genes and would have required additional validation steps to confirm 
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which of the many genes present on the construct were responsible for complementation. In contrast 

to the TAC method, by transforming the eoa2 plants with a WT copy of candidate genes meant that 

we were specifically targeting the gene identified as containing a candidate causal mutation and 

minimizing effects from neighboring genes. Additionally, at the time we were choosing a 

complementation method, available TAC resources were sparse and were only available for a portion 

of our candidate genes and regions of interest.  

Another way to test whether any of our candidates cause the eoa2 phenotype is by crossing 

arp6 to mutants for each of the candidate genes to look for suppression of the arp6 flowering-time 

and FLC transcript level phenotypes. There are T-DNA insertion mutations for some of the candidate 

causal genes, which we could have used. However, only BLI (candidate 2) had alleles that had been 

previously characterized (Schatlowski et al., 2010). This meant that using a candidate genetic cross 

approach would have required extensive characterization and phenotyping of multiple mutant lines 

for each candidate gene before beginning genetic crosses to test for a suppressor phenotype.  

Alternatively, we could have tried to recreate the suppression phenotype with CRISPR/Cas9-

generated insertion or deletion mutations to candidate genes in the arp6 mutant background (Jiang et 

al., 2014). However, the CRISPR/Cas9 protocol was still being optimized for plants at the time we 

started this work. 

By using T-DNA mutations, we would have been introducing truncated proteins or premature 

stop codons that would result in loss of all or part of the protein causing more drastic changes than the 

individual missense mutations observed in our candidates. Therefore, crossing candidate T-DNA 

mutants with arp6 mutants would be evaluating more severe changes than what may be present in the 

eoa2 mutants.  By transforming eoa2 mutants with WT candidate constructs, we were working to 

isolate alleles with missense mutations that could present phenotypes due to more specific changes in 

protein properties. These have the potential to provide a more detailed view of the candidate gene’s 

function and how it interacts genetically with ARP6 and H2A.Z to regulate transcription. Also, if one 

of these missense mutations for our candidate genes was causal, we may be able to isolate 
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hypomorphic alleles for genes that would normally be lethal if we were evaluating completely null 

mutations. The CRISPR/Cas9 approach would have been amenable to introduce specific point 

mutations like the ones mapped in the original eoa2 mutants.  

Although we did not see convincing restoration of our eoa2 mutants back to arp6-like 

phenotypes after transformation with our candidate constructs, there are several reasons this might be. 

We operated under the assumption that our mutation is a loss of function mutation. However, since 

the mutations result in non-synonymous amino acid changes instead of premature stop codons, the 

mutation could also be a gain of function mutation. It is also possible that our WT constructs were not 

properly expressed in our transformants. Since differentiating between expression of the WT allele 

that we introduced and the copy of the candidate gene with a missense mutation would be labor 

intensive, we opted instead to phenotype for flowering time and FLC transcript levels as a first pass to 

see if any candidates presented signs of restoring the phenotype back to arp6-like levels. 

Alternatively, one copy of the WT gene may not have been sufficient to restore the arp6-like 

phenotypes. We tested two lines of eoa2 mutants transformed with candidate genes 2 and 3 into the 

T2 generation, which would have presumably been homozygous for the inserted constructs. These 

were both lines that showed some indication of lower FLC transcription in the T1 generation (not 

shown), but in the T2 generation, they still had high levels of FLC transcription (Fig. 3.2). By further 

testing other lines, into the T2 generation, we may still be able to restore arp6-like phenotypes to the 

candidate-transformed eoa2 mutants. However, given the variability that is observed between, FLC 

levels in arp6 and WT we may want to test whole plants rather than just leaves in future experiments.  

Ultimately, several things made this mutant screen difficult and some could have been rectified 

had we used alternate methods. These include using an FLC reporter or using traditional genetic 

mapping method along side the sequencing-based mapping. Although we were not able to verify a 

causal mutation, this work allowed us to generate a mutant line that suppresses the need for H2A.Z 

function along with a pool of candidate causal mutations for future testing. Future work to test the 

function of the previously uncharacterized candidate genes that were perturbed in our mutant screen 
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has potential for providing novel insights to Arabidopsis genetics. By testing the hypothesis that BLI 

interacts genetically with ARP6 and H2A.Z, we could potentially also understand how the Polycomb 

Repressive Complex interacts with SWR1 function. The outcome of this work has important 

prospects to broaden our understanding of how H2A.Z contributes to transcriptional activation and 

provide insight into chromatin-based regulation of the FLC gene.  

 

Materials and Methods 

Plant material and growth conditions  

Previously characterized Arabidopsis thaliana M2 arp6-1 T-DNA mutants 

(GARLIC_599_G03; Deal et al., 2005) that had been mutagenized a second time by ethyl methane 

sulfonate (EMS) and homozygosed were initially screened in the Biology Department green house 

(Emory University). Then, the progeny of lines that showed delayed flowering (M3) were 

subsequently phenotyped in controlled environmental rooms. These plants and all those afterward 

were stratified at 4 °C in the dark for 2 days on soil, then germinated in controlled environmental 

rooms at 20 °C with long-day light conditions, unless otherwise specified. Counting rosette leaves 

after bolting was used as a developmental measure of time to flowering. 

 

Assessing FLC transcript levels 

Tissue was collected from pre-flowering plants, frozen in liquid nitrogen, and then ground in 

a 1.6 mL tube using a blue plastic pestle. For FLC transcript level evaluations for M4 eoa2 plants, RT-

qPCR data was generated from pooled tissue of 4 whole seedlings (10 day post-stratification) grown 

on ½ MS plates. For evaluating eoa2 plants after backcrosses, above-soil material from 3 F3 eoa2 

plants were collected 12 (dps) and pooled for each of the two individually backcrossed eoa2 lines.  

RNA was isolated from ground tissue using either the RNeasy Plant mini Kit (QIAgen) or the 

Spectrum ™ Plant Total RNA Kit (Sigma) and RNA was re-suspended in 30 µl of RNA-free H2O or 

elution buffer, respectively. RNA was quantified using a spectrophotometer, and DNA was removed 
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from 25 µl of each RNA sample using the Turbo DNA-free Kit (Ambion). For this reaction, samples 

were incubated with the DNase for 30 min at 37 °C.  RNA was quantified again with the 

spectrophotometer after DNA was removed. Reverse transcriptase reactions were performed to 

generate cDNA from the isolated RNA using the SuperScript™ III First-strand Synthesis System 

(Invitrogen). Oligo-dT primers were used to specifically generate cDNA from mRNA in a 20 µl 

reaction. To asses relative FLC transcript levels, Real Time qPCR was performed on 1 µl of template 

cDNA using 2x Power SYBR Green PCR mix (Life Sciences) combined with primers targeting FLC 

(FLC9, Deal et al., 2007) and PP2A. Reactions were run on a StepOnePlus RealTime PCR system 

(AppliedBiosystems). Relative transcript abundance for FLC was determined using the ∆∆CT method 

normalizing to WT samples and then to the endogenous reference gene PP2A transcript levels (Livak 

and Schmittgen 2001; Czechowski et al., 2005). Since there was optimization and changes between 

experiments, details regarding sample collection, genotyping, RNA isolation, and cDNA synthesis are 

summarized in table 3.3.  

  

H2A.Z ChIP-qPCR  

A 0.5 g pool of rosette leaf material was collected 10 hrs after dawn from mature rosette 

leaves (34 dps) from WT plants, arp6 mutants, and eoa2 mutants. The eoa2 plants are from the 

BC2F2 generation and present with eoa2 phenotypes. We isolated cross-linked chromatin from 

purified nuclei as described in Gendrel et al., 2005. Chromatin was sonicated using a Bioruptor® 

(Diagenode) (40 min on high (45 sec on/ 15 sec off)). Each sample was diluted to 1.1 mL with ChIP 

dilution buffer (described in Gendrel et al., 2005), an aliquot of chromatin was moved to a separate 

tube (650 µl), and 50 µl was saved as an input reference sample. Using the chromatin aliquot, the 

H2A.Z-containing chromatin was immunoprecipitated using 1 µg of H2A.Z antibody purified to 

specifically recognize unmodified H2A.Z peptides (Deal et al., 2007). The chromatin solution was 

incubated with the H2A.Z antibody for 2 hr then for 1 more hour in combination with 60 µl of 
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DynabeadsTM Protein-A magnetic beads (Invitrogen). DNA collected from the immunoprecipitation 

and from the inputs was purified using 1.8x volume of SPRI beads (Beckman Coulter) then quantified 

with Quant-ITTM Picogreen® dsDNA Assay Kit (Invitrogen). Performed qPCR with the input and 

immunoprecipitated DNA using primers (400 nM) targeting the FLC promoter (FLC2) and the PP2A 

reference gene where we do not expect H2A.Z changes. We ran a 20 µl reaction on the StepOnePlus 

Real-Time PCR, using 2x Power SYBR Green PCR master mix (Applied Biosystems) and 5 µl of 

template DNA (diluted 1/100 for input and 1/8 for IP sample).   

 

Mapping material and library preparation 

A leaf section (~10 mg) from eoa2 mutant individuals (85 from eoa2 (line 1) and 100 from 

eoa2 (line 2)) presenting the suppressor phenotype from the second F2 generation were collected. 

Leaf sections were also collected and pooled from 50 arp6 mutants. DNA was isolated from pools of 

eoa2 line 1(3) and line 2(5) and arp6 leaf tissue with a Phenol:chloroform extraction followed by 

ethanol precipitation. Precipitated DNA was re-suspended with 50 µl of 1xTE. DNA was quantified 

with the Quant-It Picogreen dsDNA Assay Kit (ThermoFisher) and run on a gel to confirm integrity 

of DNA. RNA was removed by an RNaseA digestion (0.5 µl into 50 µl of DNA solution) (Ambion) at 

37 °C for 15 min. DNA was fragmented using sonication with the Bioruptor (Diagenode) on high for 

10 rounds of 30 sec on 30 sec off (spinning samples down after 5 rounds) to generate 200-400 bp 

fragments. Fragments were purified with the MinElute PCR Purification kit (QIAgen) and eluted in 

12 µl of molecular grade water. DNA Sequencing libraries were prepared from 1 µg each of pooled 

DNA from eoa2 line 1 (3), eoa2 line 2(5), and arp6 (NEXTflex Rapid DNA-Seq Kit (BIOO 

Scientific) using the size-selected library prep option. For size selection, we used lower cut off for 

300-400 bp 37.5 µl and upper cutoff volume of 35 µl. Amplified libraries were quantified using 

PicoGreen and evaluated on the Bioanalyzer (Emory Integrated Genomics Core).  Sequenced at the 

Huntsman Cancer institute on the Illumina HiSeq2000, generating 125 bp paired-end reads.   
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We used 1 µg of sonicated DNA to prepare a sequencing library (NEXTflex Rapid DNA-seq 

(option 2), Bioo Scientific), and then sequenced on an Illumina HiSeq2000, generating 125 bp paired-

end reads.  

Data analysis for mutation mapping 

We used two different mutation-mapping programs to call candidate SNPs: CandiSNP and 

Next-Generation EMS mutation mapping (NGM).  Causal mutations were initially identified using 

the workflow that uses the NGM software (Austin et al., 2011), but instead of applying it to 

outcrossed lines, we followed a workflow to apply the software to our backcrossed mutant lines 

(Allen et al., 2013).  Data analysis tools were executed within the iplant collaborative platform 

(currently CyVerse) (Merchant et al., 2016). Sequenced reads generated from eoa2 line 1 mutants, 

eoa2 line 2 mutants and arp6 mutants were mapped against the Arabidopsis thaliana Ensembl19 

reference genome using BWA mem software (version 0.7.4) with default settings. The aligned SAM 

file was converted to a position sorted BAM file and indexed using the samtools “SAM-to-sorted-

BAM” iplant application (Li et al., 2009). SNPs were called using the samtools pileup program (v 

0.1.16) and called against the TAIR10.23 genome (Li et al., 2009). SNPs that were called in the arp6 

mutant genome were removed using a python script employing the grep command to identify lines 

that were unique to the eoa2 mutant genomes. The unique SNPs were converted to a format that can 

be used by the NGM program using a perl script provided by Austin et al., 2014. The resulting file 

was uploaded to the NGM portal (http://bar.utoronto.ca/ngm/) to generate genome plots and 

discordant chasity calculations for each SNP. Discordant chastity is a measure of the frequency of one 

non-reference base SNP calls relative to all other non-reference base observations. Using these 

calculations, NGM measures the ratio of natural variation compared to mutagenesis generated 

variation to target specific regions of the genome for analysis. To confirm mutations identified as 

significant by the NGM workflow, we repeated the mutant allele frequency calling using a second 

workflow using the CandiSNP program (Etherington et al., 2014).  
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For the second analysis, we used a subset of sequenced reads to minimize false positives that 

may be a result of over sequencing. By randomly generating a subset of mapped reads using the 

samtools view –s command, we analyzed at least 60.8 M reads for each sample, which resulted in 

approximately 60x fold coverage of the genome.  Reads were then sorted and indexed with the 

SAMtools sort and index commands, respectively (Li and Durbin 2009; Li et al., 2009). We then 

generated .csv files of called SNPs using the pileup_to_SNPs.rb script provided by Etherington et al., 

2014. Parameters used by the script to filter the output SNPs included a minimum depth of 50, 

minimum non-reference calls of 20 and PHRED score cutoff of 30. Using a ruby script provided by 

the corresponding author of Etherington et al., 2014 (get_unique_snps.rb), we removed SNPs from 

the eoa2 line 1 and line 2 genomes that were also called in the parental arp6 mutant genome. After 

using the Galaxy “Compare two datasets” tool (Afgan et al., 2016) to find the SNPs that are shared 

between eoa2 line 1 and line 2. The resulting tab delimited file was saved as a UTF-16 Unicode .txt 

file, then we used Microsoft Excel to save it as a .csv comma delimited file. We then uploaded the 

resulting file of SNPs shared by eoa2 lines 1 and 2 but not found in the arp6 parental line to the 

CandiSNP program (http://candisnp.tsl.ac.uk/) (Etherington et al., 2014). Data was analyzed by 

changing the allele frequency cutoff to >0.85 and using otherwise default parameters (which includes 

removing centromeric SNPs). The CandiSNP program generated allele frequencies, CAD scores, and 

annotated which genes were affected by the SNPs. Since chromosome 3 had a region of interest that 

was enriched for high allele frequency SNPs in both workflows, we further analyzed SNPs that were 

called as candidate causal mutations on chromosome 3 by both workflows. From this shared list of 

identified SNPs, 11 non-synonymous mutations in coding regions for 9 genes that were annotated 

with functions in the nucleus were identified as top candidate causal mutations (Table 3.1).  

Cloning Candidate Suppressor Genes for Complementation Tests 

PCR primers were designed for use with In-Fusion® HD Cloning Kit protocol (Clontech® 

Laboratories, Inc). Primers for the reaction were designed with a 20 bp regions targeting the 
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pCAMBIA1300 plasmid (http://www.cambia.org/daisy/cambia/585), and a second gene specific 

region targeting either 2 kb upstream of the TSS or 1 kb downstream of the TTS of the candidate gene 

being amplified. PCR amplicons range in size from 4.39 KB to 7.94 KB. Details regarding primer 

design are summarized in Table 3.3. Genomic regions spanning candidate eoa2 genes (table x) were 

amplified from WT Arabidopsis DNA by performing PCR with Q5 High-Fidelity DNA Polymerase 

(NEB). We then used the In-Fusion® HD Cloning Kit protocol II (Clonetech® Laboratories, Inc.) to 

insert the PCR-amplified candidate genes into the linearized pCAMBIA1300 plasmid (using a 1:3 

vector to insert ratio based on molar concentrations).   We then transformed Stellar™ competent E. 

coli cells (Clontech) with the In-Fusion® reaction samples and used Sanger sequencing to confirm 

that cloning was successful. The verified vector was subsequently transformed into electrocompetent 

Agrobacterium cells (GV3101) that were used to transform the candidate genes into eoa2 mutants by 

Floral Dip method (Clough and Bent 1998).  The eoa2 mutants used for transformations were BC2F3 

eoa2 (line 2) mutants that suppressed the early flowering arp6 phenotype based on the number of 

leaves for each plant at the time of bolting.  

The T1 transformants were sown on ½ Murashige and Skooge (MS) selection plates 

containing 35 µg/mL Hygromycin and 100 µg/mL Timentin. After 7 days on selection plates, the 

most successful seedlings were transferred to soil. After isolating DNA with either the Edwards 

Buffer Protocol or SPRI Bead genotyping protocol (details of which are summarized in Table X), 

plants were genotyped to confirm whether transformants contained the appropriate candidate 

construct. We used validation genotyping primers targeting the pCAMBIA1300 plasmid and a portion 

of the cloned candidate region (Table 3.4). Transformants were further phenotyped to determine 

whether they complemented the eoa2 phenotype, returning to more arp6-like flowering time and FLC 

transcript levels.  

  

Edwards buffer DNA isolation protocol  
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Grind sample in tube with liquid Nitrogen. Resuspend in 40 µl of Edwards buffer (200 mM Tris-HCl, 

pH 7.5; 250 mM NaCl; 25 mM EDTA, pH 8.0 (DNase); 0.5% SDS). Spin down for 4 min at 16,000x 

g. Move 350 µl of sup to new tube without disturbing pellet. Add an equal volume of isopropanol and 

mix will. Incubate for 5 min at room temperature, then spin down sample for 5 min at full speed 

(23,000 x g). Pour off supernatant, then wash with 500 µl of 70% ethanol. Invert, incubate for 2 min 

at RT, then spin again at full speed for 1 min. Repeat 70% ethanol rinse and spin, then after pouring 

off the super natant, air dry the DNA pellet for 10 min. Resuspend the DNA in 50 µl of dH2O and 

incubate at 4 °C. This material was used for PCR.  

 

SPRI bead genotyping protocol 

Collect small tissue sample into 50 µl of 1xPBS with 1% SDS (v/v). Use a tip to grind material until 

the solution is green, then remove any large tissue pieces, then spin down. Add 20 µl of plant solution 

to 36 ul of SPRI beads (1.8 x volume), mixing well. Incubate at RT for 5 min then place solution on a 

magnet and allow beads to collect. Remove supernatant and discard. Wash beads while on the magnet 

with 100 µl of 80% EtOH and incubate for 30 sec. Pull off EtOH and repeat for a second wash. After 

pulling off all supernatant, let the remaining beads dry on the magnet (about 5 min). Remove tubes 

from the magnet and re-suspend beads in 20 µl of elution buffer (TE or 10 mM Tris, pH 8) and let 

stand for 30 sec. After returning the beads to the magnet and allowing the beads to clear, move the 

supernatant containing the purified DNA to a new tube.  

 

Co-IP to test for ARP6 and BLI interaction 

 Collect two inflorescence flower tissue samples each from WT (0.2 g and 0.6 g), bli-1/bli-1 

gBLI::BLI-GFP (2 x 0.151 g),  bli-11/bli-11 gBLI::BLI-GFP (2 x 0.36 g) plants (Schatlowski et al., 

2010). Material was flash frozen in liquid nitrogen, pulverized with a mortar and pestle, and re-

suspended in 2 volumes (mg/ml, i.e. 1 mL for 500 mg) of immunoprecipitation (IP) buffer (50 mM 

Tris, pH 7.5; 150 mM NaCl; 10 mM MgCl2; 0.1% Nonidet P-40; 1mM β -mercaptoethnol; proteinase 
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inhibitor tablet, described in Deal et al., 2007). Samples were spun down at max speed (20,000 x g) 

for 5 min at 4 °C. The supernatant was then moved to a new tube and 20 µl aliquots from each sample 

were set-aside as input samples, mixed with 2 x Laemmli’s Sample Buffer (125 mM Tris, pH 6.8; 4% 

SDS; 1% β -mercaptoethanol; 0.5% bromophenol blue; 20% glycerol), and frozen at -20 °C.  The 

remaining supernatant was divided into separate tubes for IP experiments and the volume was 

adjusted to 400 µl with IP buffer if necessary. The WT samples were incubated for 1 hour at 4 °C 

with 1:100 dilution of α-ARP6 antibodies (4 µl, polyclonal), α-GFP antibodies (1 µl, abcam, ab290), 

and α-H2A.Z antibodies (4 µl, described in Deal et al., 2007) and BLI-GFP samples were incubated 

with the α-H2A.Z and α-GFP antibodies.  Next, we incubated each sample for 1 hr at 4 °C with 20 µl 

of Protein-A magnetic beads (Invitrogen) that had been washed and re-suspended in IP buffer. After 

the incubations, tubes were placed on a magnet allowing the magnetic beads to adhere to the side of 

the tube. The supernatant was then discarded and 500 µl of IP buffer was added. The samples were 

removed from the magnet, incubated on a nutator for 15 min, and then returned to the magnet. These 

wash/incubation steps were repeated so that the samples were washed a total of three times in IP 

buffer. After the removing the supernatant for the final wash, we added 40 µl of 2 x Laemmli’s 

Sample Buffer to each sample as a protein loading dye, then vortexed the samples, and froze them at -

20 °C overnight. To prepare samples for protein blotting, IP and input samples were incubated at 100 

°C for 5 min then spun down briefly. For protein blotting, one of the biological replicates for each 

genotype were run in two parallel Novex 4-12% Tris-Glycine gels (Invitrogen) along with 

ColorPlus™ Prestained Protein Marker (NEB), and then transferred to a nitrocellulose membrane. 

Membranes were blocked for 1.5 hrs in blocking solution consisting of PBSt (137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, 2 mM KH2PO4 , with 0.05% TWEEN® 20) with 5% wt/v non-fat dry milk, 

blots were incubated overnight at 4 °C, rocking in blocking solution containing either primary α-GFP 

antibodies (Santa Cruz, SC-9996, at 1:400 dilution) or α–ARP6 antibodies (monoclonal C2, 1:100 

dilution, Deal et al., 2005). After washing the membrane in PBSt, membranes were incubated at room 



	

	

143	

temperature for 1 hr with a 1:2000 dilution of blocking solution with secondary ECL Anti-Mouse 

Horseradish Peroxidase-conjugated secondary antibody (GE healthcare).  After washing with PBSt, 

blots were incubated with ECL reagents for 3 min and proteins were visualized using Amersham 

Hyperfilm ™ ECL high performance chemiluminescence film (GE Healthcare). ARP6 and BLI-GFP 

were visualized as approximately 46 kD and 100 kD size bands, respectively. Blots were repeated 

with a third biological replicate as described, with the same results. Then a fourth biological replicate 

was performed, as a cross-linked ChIP experiment followed by blotting for the purified proteins (as 

described in Gendrel et al., 2005). 0.75g was used for WT and 0.5g was used for BLI-GFP lines. A 

200 µl sample of chromatin was sonicated for 40 min (45 sec on/ 15 sec off) then diluted to 2 mL in 

ChIP dilution buffer and divided into two separate tubes for BLI-GFP samples or three separate tubes 

for WT samples.   
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 Figure 3.1 

  

Figure 3.1. Forward genetic suppressor screen study design.  (A) arp6 mutant seeds were EMS 

mutagenized and these mutations were brought to homozygosity. (B) We screened this M2 population 

for plants presenting an arp6 suppressor phenotype that we describe as early flowering overcome in 

arp6 (eoa) (indicated by red arrow). (C) Plants showing the eoa phenotype in mutant line eoa2 were 

backcrossed to the parental arp6 mutant line followed by self fertilization of F1 individuals and an 

additional round of back crossing. Below the plants involved in the genetic cross, the un-identified 

causal mutation is represented as a red star among other EMS mutations (green squares) on its 
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corresponding homologous chromosomes (blue lines). (D) F2 plants were screened for those with the 

eoa2 phenotype again and genomic DNA from a pool of these plants was isolated and sequenced. (E) 

Chromosomes from a representative pool of eoa2 F2 plants is shown demonstrating how if the 

mutation is recessive then the mutation and phenotype will segregate in a 3:1 ratio. Chromosome 

pairs within the red outline represent the plants segregating with the eoa2 phenotype that are 

homozygous for the causal mutation but still have additional EMS-generated mutations present at 

different allele frequencies. Modified from Allen et al., (2012).  (F) After sequencing and mapping 

mutations in the segregating population, we can identify the mutations with high allele frequency as 

potential candidates for the causal mutation.  
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Figure 3.2 

 
Figure 3.2. Identifying eoa2 mutants and performing mapping backcrosses.  (A) Histogram 

summarizing rosette leaf number counts from M3 eoa2 plants relative to WT and arp6 plants at the 

time of bolting. *  Designates significance by a p-value  <0.05 by a Student’s T-test.  (B) Relative 

transcript abundance measuring FLC transcript levels in WT plants, arp6 mutants, and an M3 eoa2 

mutant using RT-qPCR. FLC levels were quantified relative to ACT2 transcript levels using the ΔΔCT 

method. (C) After two backcrosses into the parental arp6 line, FLC levels were quantified relative to 

endogenous reference gene PP2A in two separate homozygosed eoa2 mutant lines, using RT-qPCR 

and the ΔΔCTmethod. (D) Histogram comparing H2A.Z enrichment over input at the FLC first exon 

in arp6 and eoa2 plants relative to WT. (E) Picture showing plants at 22 days post stratification. 
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From left to right, WT plants, arp6 mutants, and eoa2 (line 1), and eoa2 (line2) F2 plants after two 

backcrosses (BC2F2). (F) Line graph showing the distribution of the number of leaves presented by 

WT, arp6, and a representative eoa2 F3 population at the time of bolting.  The vertical black line 

represents a cutoff between the homozygous eoa2 plants presenting the suppressor phenotype and 

those that flower comparable to arp6 plants. (G) Pie chart showing the proportion of plants in the 

total population of eoa2 BC2F2 plants phenotyped from both lines that suppressed the arp6 early 

flowering phenotype. (H) Dot plot showing the distribution of the number of leaves at the time of 

bolding for eoa2 BC2F3 plants from 6 individual lines relative to arp6 and WT plants. The red 

diamonds represent the number of leaves the parent BC2F2 plant had at bolting.   
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Figure 3.3  
 

 
Figure 3.3. Identifying 9 candidate causal eoa2 mutations. (A) Schematic summarizing the method  

used to map mutations by sequencing. Sequencing reads (blue lines) from arp6 mutants and 2 

separate backcrossed eoa2 mutant lines were mapped to the Arabidopsis reference genome. 

Afterward, we identified single nucleotide polymorphisms (SNPs) that were different in the 

sequencing library compared to the reference genome. Any SNPs found in arp6 mutants (blue dots) 

were removed from the analysis as well as any mutations that were not shared by the two eoa2 mutant 

lines (orange dots). These SNPs were then annotated and visualized. (B) CandiSNP scatter plot (top) 

and density plot (bottom) showing SNP distribution across chromosome 3. The y axis for the scatter 

plot has no significance and dots are plotted at random as space permits, the x-axis corresponds to 

positions along chromosome 3. Red dots represent non-synonymous coding SNPs while grey dots 

represent all other SNPs. The y-axis for the density plot corresponds to the number of SNPs at each 

position across the genome, which is represented by the x-axis. (C) A scatter plot shows the 
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distribution of SNPs across a region of interest on chromosome 3 that is particularly dense with high 

allele frequency SNPs. The y-axis displays ChD which corresponds to allele frequency and the x-axis 

shows the corresponding position on chromosome 3. The 2.1 MB region of interest is demarcated by 

a dark bar at the top of the plot. (D) Bar graph showing how identified SNPs were narrowed down to 

our top candidate SNPs. Starting from the bottom and moving to the top, the y-axis describes the 

parameters we used to prioritize some candidates over less likely SNPs. The x-axis shows the number 

of SNPs (on a log scale) that were remaining after considering each parameter.  
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Figure 3.4  

Figure 3.4. Phenotyping complementation transformations is inconclusive in identifying the 

causal eoa2 mutation. (A) Diagram describing the workflow for generating and phenotyping the 

complementation transformants.  (B) Dot plot displaying the number of rosette leaves individual 

plants had at the time of flowering for WT plants, arp6 mutants, and either T1 transformed individuals 

(T) or their untransformed siblings (S) from transformation reactions. Transformants include lines 

transformed with 7 different complementation constructs into eoa2 mutants. The colors of the dots 

differentiate between up to 5 individual lines of either transformed (T) or untransformed siblings (S). 

Controls are represented by pink dots. Top candidates for complementation are indicated with arrows.   
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Figure 3.5 

 
 
Figure 3.5. FLC levels were not rescued to arp6-like levels in eoa2 complementation lines. 

Histograms show the relative transcript levels of FLC in WT relative to either arp6 mutants, select 

eoa2 lines transformed with the indicated candidate complementation construct, or an untransformed 

eoa2 sibling.  WT and arp6 values for candidates 1, 2, 3, and 9 represent averages between two 

biological replicates while all other values represent individual plants. All transformed individuals are 
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T1 except for candidates 2 and 3, which are based on T2 individuals. Error bars show standard 

deviation for three technical replicates, or two biological replicates when applicable. N/A is indicated 

for plants that were missing from the analysis for technical reasons. Relative quantification of FLC 

was calculated relative to endogenous control PP2A using the ΔΔCT method. (ln: line; plt: plant) 
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Figure 3.6  

 
Figure 3.6. FLC shows tissue specific expression levels. (A) Diagram demonstrating the three 

seedling tissues that were tested for FLC transcript level differences. (B) Relative abundance of FLC 

transcript levels in cotyledon, stem and leaf tissue from WT plants and arp6 mutants. FLC transcripts 

were quantified relative to PP2A transcript levels using the ΔΔCT method. 
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Figure 3.7 

 

Figure 3.7. ARP6 and BLISTER do not physically interact. (A) Co-IP experiment visualized by a 

western blot with an anti-GFP antibody. Samples are indicated above the blot image as follows I – 

input material, H - H2A.Z IP, A – ARP6 IP, G – GFP IP. An arrow to the left indicates the GFP-sized 

band. (B) The same IP experiment blotted for anti-ARP6. An arrow to the left indicates ARP6-sized 

band.  
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Table 3.1. Top causal candidate eoa2 mutations.  

Cand. 
No. Gene ID Gene name ΔAA Cellular 

Localization Function  

1 AT3G23633 
F-box associated 
ubiquitination effector 
family protein 

Y/C Unknown  Unknown 

2 AT3G23980 BLI, BLISTER, KOLD 
SENSITIV 1, KOS1 E/K Nucleus, golgi, 

cytosol  

 Regulates transcription, 
localizes with CURLY LEAF 
(CLF) 

3 AT3G26010 
Galactose oxidase/kelch 
repeat superfamily protein 
skp2-like 

E/D; 
C/S Nucleus  Unknown 

4 AT3G26750 
Ubiquitin-conjugating 
enzyme E2C-binding 
protein 

L/V Nucleus  Phosphatidylinositol 
biosynthetic process 

5 AT3G26922 F-box/RNI-like 
superfamily protein D/N Nucleus  Unknown 

6 AT3G27420 Unknown T/S Nucleus  Unknown 

7 AT3G27500 Cysteine/Histidine-rich C1 
domain family protein 

R/L; 
F/Y Nucleus Signal transduction, oxidation-

reduction process 

8 AT3G27640 Transducin/WD40 repeat-
like superfamily protein;  I/R Nucleus Nucleotide binding, Cul4- Ring 

E3 ubiquitin ligase 

9 AT3G23610 
DSPTP1, DUAL 
SPECIFICITY PROTEIN 
PHOSPHATASE 1 

K/N 
Nucleus, 
chloroplast, 
cytoplasm  

Negative regulation of MAP 
kinase activity, De-
phosphorylation 

 

Table 3.1. Top causal candidate eoa2 mutations. Candidate mutated genes from BC2F2 eoa2 

plants were identified by mapping-by-sequencing methods and top candidates were further selected 

based on criteria specified in Fig. 3.3. “Cand. No.” signifies the designated candidate number we 

assigned to each gene. “Gene ID” shows the TAIR gene identifier, “Gene name” includes various 

names of the protein if characterized or other wise its associated protein family, “ΔAA” displays the 

non-synonymous one letter amino acid abbreviation to signify the amino acid changes caused by the 

identified SNP. The one to the left of the slash is the originally encoded amino acid and to the right is 

the new amino acid.  “ Cellular Localization” lists where the encoded protein is predicted to localize 

within the cell and “Function” lists any putative or confirmed functions associated with the factor.  
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Table 3.3. Transformant qPCR methods and materials summary 
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1 26T1 7/6/16 – 14  4 8 SPRI 
beads 40 1.4 valid & 

pCAMBIAs 

Specturm ™ 
Plant Total RNA 
Kit (Sigma) 

416  

2 49.4 2/8/16 – 17  ? 10 Edwards 
buffer 30 2.3 valid & 

pCAMBIAs 

RNeasy plant 
mini kit 
(QIAgen) 

390  

2 49.6 2/8/16 – 17  
 ? 10 Edwards 

buffer 30 2.3 valid & 
pCAMBIAs 

RNeasy plant 
mini kit 
(QIAgen) 

390 

3 80.1 4/4/16 – 10  4 18 Edwards 
buffer 30 3.3 valid & 

pCAMBIAs 

RNeasy plant 
mini kit 
(QIAgen) 

300 

3 T2.2 ? ? ? ? ? 3.3 valid & 
pCAMBIAs 

Specturm ™ 
Plant Total RNA 
Kit (Sigma) 

900 

4 N/A N/A N/A N/A N/A N/A N/A N/A N/A 

5 N/A N/A N/A N/A N/A N/A N/A N/A N/A 

6 33.1 12/7/2015 - 
21  8 14 Edwards 

buffer 35 pCAMBIAs 
& 6.1 valid 

RNeasy plant 
mini kit 
(QIAgen) 

**130 

6 33.2 11/30/15 – 
14  6 12 Edwards 

buffer 35 pCAMBIAs 
& 6.1 valid 

RNeasy plant 
mini kit 
(QIAgen) 

**130 

6 33.3 
12/12/15 – 
26 (flowered 
on the 16th) 

4 (tiny) 16 Edwards 
buffer 35 pCAMBIAs 

& 6.1 valid 

RNeasy plant 
mini kit 
(QIAgen) 

**130 

7 271.4 4/4/16 – 10  4 9 Edwards 
buffer 30 pCAMBIAs 

& 7.4 valid 

RNeasy plant 
mini kit 
(QIAgen) 

300 

8 219.1 12/12/2015-
26  

11 
(tiny) 15 Edwards 

buffer 35 pCAMBIAs 
& 8.1  valid 

RNeasy plant 
mini kit 
(QIAgen) 

**130 

8 36.1 11/30/2015 - 
14  6 10 Edwards 

buffer 35 pCAMBIAs 
& 8.1  valid 

RNeasy plant 
mini kit 
(QIAgen) 

**130 

8 183.1 12/7/2015- 
21  

7 
(small) 16 Edwards 

buffer 35 pCAMBIAs 
& 8.1  valid 

RNeasy plant 
mini kit 
(QIAgen) 

**130 

9 6/7.1 7/15/16 – 23  4 12 SPRI 
beads 40 9.3 valid & 

pCAMBIAs 

Specturm ™ 
Plant Total RNA 
Kit (Sigma) 

540 

9 6/7.2 7/11/16 – 19  6 (tiny) 11 SPRI 
beads 40 9.3 valid & 

pCAMBIAs 

Specturm ™ 
Plant Total RNA 
Kit (Sigma) 

540 
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*low amounts were collected so that we could have transcription data and leaf number data on the 

same plant. However, this means that the RNA input amounts were really low. The kit is supposed to 

work down to 1 pg of material. 

** RNA amount was so low because some control samples were really low. 
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Table 3.4. Primers to confirm that Agrobacterium and Arabidopsis transformants 
have the correct insert. Used in combination with pCambia sense sequencing primer. 

 
GeneID/primer 
name Primer sequence 

Primer 
length 
(bp) 

Product 
length 
(bp) 

Tm 
(°C) GC% 

At3g23633 
confirm 1.4 TCCAACTTCATCAACCCACA 20 397 60 45 
At3g23980 
confirm 2.3 

GCCCACCGTAAAAATCTTC
AT 21 249 

  At3g26010 
confirm 3.3 

CGTTACAAAGAGAAATGCA
CAGC 23 126  61 43 

At3g27420 
confirm 6.1 

TTGAACAGCTCGTGAACTC
G 20 125 

  At3g27500 
confirm 7.4 AAGATTGGCGTTCCAGCTTA 20 226 59 45 
At3g27640 
confirm 8.1 

AAGAGGAAGGATCCGGTGA
C 20 192 60 55 

At3g23610 
confirm 9.3 TGTCCACATTTTTGCACGAT 20 240 60 40 
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CHAPTER 4: DISCUSSION – IMPLICATIONS AND FUTURE DIRECTIONS 

 

 The goal of my dissertation research was to understand mechanisms of how H2A.Z 

contributes to transcriptional regulation by understanding its interactions with other chromatin 

associating factors. Working toward this goal, I provided context for roles of H2A.Z in 

transcriptional regulation and nucleosome organization while generating numerous resources that 

will be helpful in future studies. I did this first by using molecular genomics tools to characterize 

the genetic interactions between H2A.Z and BRM (in the SWI2/SNF2 complex) and their roles in 

transcriptional regulation and nucleosomal organization (Chapter 2). I also conducted a mutant 

screen to identify factors that antagonize H2A.Z to promote transcription (Chapter 3). The sum of 

this work broadened our understanding of H2A.Z and factors that interact with H2A.Z to regulate 

transcription and chromatin organization.  In this chapter, I discuss the implications of this work 

and several new hypotheses that followed.  

 

Providing chromatin reference resources  

Chromatin profiling studies are beginning to comprehensively document the chromatin 

environment surrounding different loci under different conditions, allowing us to define distinct 

chromatin states with specific functions (Sequeira-Mendes et al., 2014; Vergara and Gutierrez 

2017). However, the chromatin states defined to date are still generalizations relative to the vast 

number of chromatin associating factors and histone modification combinations that exist across 

the genome (Han et al., 2015; Zhao and Garcia 2015; Vergara and Gutierrez 2017). The 34 

genomic data sets (sequencing libraries) that were generated for this study will provide valuable 

reference resources as people continue to study H2A.Z, SWR1, BRM, SWI2/SNF2, or other 

factors that interact with them.  By identifying genes that are direct targets of BRM and H2A.Z, I 
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provide an additional layer of information about regulatory factors acting at the targeted genes 

and regulating associated processes (Fig. 2.1-2.2).  

Only 16% of the nucleosomes across the Arabidopsis genome are considered well-positioned, 

meaning that some loci are more suitable than others for evaluating changes in chromatin 

organization (Zhang et al., 2015). This work identified nucleosomes that have detectable changes 

in positioning or occupancy in either brm-1 or arp6-1 mutant backgrounds (Fig. 2.6, 2.9, 2.10). 

This provides a resource that describes the contributions of ARP6 and BRM that can also be 

integrated into future genomic studies that wish to incorporate the effects of ARP6 or BRM on 

nucleosome organization. These data sets will also help direct pilot studies that aim to measure 

nucleosome organization on a smaller, locus-specific scale in the future.  

 

BRM and H2A.Z are not generally antagonistic to one another 

 These genomic data sets allowed us to test the hypothesis that H2A.Z normally 

antagonizes the transcriptionally repressive function of BRM based on a previously described 

genetic interaction between them at a specific locus (Farrona et al., 2011).  My analysis 

demonstrated that H2A.Z and BRM are not generally antagonistic in transcriptional regulation or 

nucleosomal organization, but their roles break down into redundant, synergistic, and opposing-

suppressive roles at different genes and in different nucleosomal contexts (Figure 2.1 and Fig. 

2.6).  For example, I found gene classes where both BRM and H2A.Z are needed individually as 

well as gene classes where BRM and H2A.Z incorporation function redundantly for gene 

activation or repression (Fig. 2.1). I also see gene classes where the role of either H2A.Z or BRM 

in chromatin antagonistically opposes the transcriptional promoting or repressing contribution of 

the other (Fig. 2.1).  

Other studies have performed chromatin localization experiments and transcriptional 

profiling for either factor alone (Coleman-Derr and Zilberman 2012; Archacki et al., 2016; Sura 

et al., 2017). Yet we are the first to assess the overlap between components of the SWR1 and 
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SWI2/SNF2 chromatin remodeling complexes and their genetic interactions as evident through 

double mutant analyses.  We are also the first to define the genomic effects of BRM depletion on 

nucleosome organization. For these analyses, I defined the direct effects of losing either H2A.Z-

containing nucleosomes or BRM by describing chromatin changes that take place where either 

H2A.Z or BRM are localized in the genome (Fig. 2.6, Fig. 2.9). Then I assessed changes 

specifically at the transcription start sites of genes that are differentially expressed targets of 

BRM and H2A.Z (Fig. 2.11A). My approach determined the effects of either BRM or H2A.Z on 

nucleosome organization across the genome in a way that was a more direct and comprehensive 

measurement than approaches previously used to assess the genomic roles of H2A.Z in 

nucleosome organization (Sura et al., 2017). The genetic relationships and chromatin regulating 

roles of H2A.Z and BRM described by this work provide context for future studies that involve 

understanding how either factor interacts within the surrounding chromatin environment to 

contribute to transcriptional regulation. 

 

Candidate eoa2 mutations are potential H2A.Z antagonists 

To expand our knowledge about what factors make H2A.Z necessary for transcriptional 

activation, I conducted a forward genetic suppressor screen. Toward this goal, a mutant line 

(eoa2) was identified that suppressed the early flowering phenotype in arp6 mutants. 

Additionally, I mapped mutations in this line that segregate with the suppressor phenotype after 

two backcrosses to the arp6 parental line. Work to identify the mutated gene causing the eoa2 

suppressor phenotype in arp6 mutant plants was ultimately inconclusive. However, The genes 

containing these potentially causal mutations now serve as a list of potential candidates that future 

studies can use to identify H2A.Z antagonists.  

 

Potential for testing interactions with polycomb group proteins  
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 Both the resources generated and the observations reported in this study will be useful for 

evaluating the interactions between BRM, H2A.Z and other chromatin factors. This work and that 

of many others has alluded to more context specific functions for both H2A.Z and BRM (Bönisch 

and Hake 2012; Han et al., 2015). In particular, I would be interested in assessing the roles that 

BRM and H2A.Z play in relation to the repressive Polycomb group (PcG) proteins. These include 

the proteins in the Polycomb repressive complex 1 (PRC1) and Polycomb repressive complex 2 

(PRC2) which can modify histone tails and establish long-term transcriptional repression, 

especially for genes involved in stress response and development (Derkacheva and Hennig 2013; 

Molitor et al., 2016).   

BRM is already known to antagonize the repressive function of PcG proteins (Wu et al., 

2012; Li et al., 2015a; Li et al. 2016). Alternatively, H2A.Z and PcG proteins appear to have 

related functions in transcriptional repression (Molitor et al., 2016; Surface et al., 2016). In 

Arabidopsis, H2A.Z co-localizes with at least one PRC1 subunit and is needed for H3K27me3 by 

PRC2 at many genes (Carter et al., 2017; Molitor et al., 2016). Genomic data sets are publically 

available that define sites where loss of BRM influences tri-methylation of lysine 27 on histone 

H3 (H3K27me3), a mark that is applied by PRC2 (Li et al., 2015a). I would be interested in 

understanding whether BRM has more consistent roles relating to nucleosome organization and 

transcriptional regulation at loci that are targeted by PcG proteins and more specifically, at loci 

where H3K27me3 is perturbed in brm mutants. The data generated in this dissertation work could 

be used to test whether the presence or absence of H2A.Z at these sites contributes to any 

detectable differences in how BRM and PcG proteins interact. For example, loci that are 

repressed by the PRC2 complex and have H2A.Z containing nucleosomes at their transcription 

start sites may be more or less amenable to de-repression by BRM. By evaluating how BRM 

behaves in the presence of PcG proteins and H2A.Z, we may be able to define more specific roles 

for BRM in chromatin regulation and at the same time expand our understanding of PcG proteins 

and H2A.Z function. Since BRM is known to antagonize PcG protein function, further work to 
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understand their interaction has potential for understanding transcriptional memory of stress 

exposure and understanding plant plasticity during development in response to environmental 

stimuli (Brzezinka et al., 2016; Derkacheva and Hennig 2013).  

 

Defense response mutations  

In addition to providing context for how H2A.Z and the SWR1 complex interact with 

other chromatin associating factors, I also discovered some information that has implications for 

studying different subunits of the SWR1 complex. One study suggested that different SWR1 

subunits have non-overlapping functions (Berriri et al., 2016). They showed that arp6 mutants 

display increased disease resistance to bacterial infection while mutants for other SWR1 subunits 

(PIE1, SWC6) present more susceptibility to infection (Berriri et al., 2016). ARP6 and other 

SWR1 subunits also play important roles in maintaining genome integrity (Rosa et al., 2013). 

While evaluating nucleosome occupancy in arp6 mutants, I identified many large deleted regions 

that have accumulated in the arp6 mutant background (Fig. 2.7). Consequently, one explanation 

for why arp6 mutants might present different phenotypes from the other SWR1-C subunits would 

be that background mutations arising in this line might make arp6 mutants more resistant to 

infection.  

I used GeneCodis to perform a Gene Ontology (GO) enrichment analysis (Carmona-Saez 

et al. 2007; Nogales-Cadenas et al., 2009; Tabas-Madrid et al., 2012; Tian et al., 2017) on genes 

that were annotated by PeakAnnotator software (Salmon-Divon et al., 2010) as overlapping with 

the deleted regions (1,654 genes) and are differentially expressed in arp6 mutants but are not 

targeted by H2A.Z (1,189 genes). I specifically excluded H2A.Z targeted genes to focus the 

analysis on genes whose transcriptional change was more likely due to the deletion overlapping 

the gene than losing H2A.Z incorporation at that locus. The analysis revealed that this gene set 

(52 genes) is enriched for genes involved in defense response (6 genes), although they are mostly 

uncharacterized genes (Table 4.1). Still, additional genes affected by the deletions that are 
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targeted by H2A.Z or deletions in promoters and other regulatory regions near a gene involved in 

defense response could further impact the susceptibility of arp6 mutants to infection. This further 

supports the hypothesis that the extra load of mutations in arp6 mutants could potentially explain 

the increased resistance to infection observed for arp6 mutants.  

 We could further test this hypothesis by generating new lines to knock down ARP6 with 

RNAi or creating deletion mutations with CRISPR/Cas9 in WT plants. Then we could measure 

whether the line that was newly depleted of ARP6 function would present the same degree of 

resistance to bacterial infection as what is seen for mutants where the arp6-1 mutation has 

persisted for generations. This would allow us to test whether secondary genomic disarray in 

SWR1-C mutants could explains some of the phenotypic variability between the mutants for 

different SWR1-C subunits (Berriri et al., 2016). If we do see such a difference between new 

mutations and continuously maintained mutant lines, then this would suggest a need for 

beginning mutant studies of SWR1 components and other chromatin regulating proteins from 

plants with a WT background. This would mean the chromatin field should consider shifting to 

using mutants that were backcrossed to WT plants, lines where the factor of interest is knocked 

down by RNAi, or by generating new CRISPER-mutated lines to avoid studying the cascade of 

effects that come from perturbing chromatin regulation.   

 

Hypocotyl elongation phenotypes may indicate functional links to genetic interactions 

In my work to uncover the chromatin context in which BRM and H2A.Z interact, I 

identified that both are enriched at genes regulated by light-responsive transcription factors PIF4, 

PIF5, and FRS9 (Fig. 2.13-2.15). This finding is consistent with my observation that both factors 

regulate genes involved in response to light stimuli (Fig. 2.2).  Photomorphogenic phenotypes 

have been reported individually for mutants of ARP6 and BRM as well as PIF4, PIF5, and FRS9 

transcription factors, which are enriched at H2A.Z and BRM regulated genes (Lin and Wang 

2004; Pedmale et al., 2016; Lee and Seo 2017; Zhang et al., 2017a).  
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Many factors regulate hypocotyl elongation in response to variations in light wavelengths 

to allow plants to adjust their position and optimize their growth conditions (Cole et al., 2011).  

FRS9 promotes hypocotyl elongation selectively in response to red light, but not white or blue 

light (Fig. 4.1A-B; Lin and Wang 2004), while PIF4 and PIF5 promote hypocotyl elongation 

especially in response to low blue light conditions as part of the shade avoidance response (Fig. 

4.1A-B; Pedmale et al., 2016). We also already know that BRM promotes hypocotyl elongation 

in response to all light types and especially far-red wavelengths (Fig. 4.1A-B; Zhang et al., 

2017a). By contrast, ARP6 represses hypocotyl elongation in response to white light (Fig. 4.1A; 

Lee and Seo 2017).   

Although, arp6 mutants and brm mutants present opposite hypocotyl growth phenotypes 

relative to WT plants, we have not yet evaluated how hypocotyl elongation is impacted in 

arp6;brm double mutants in response to light. By measuring hypocotyl length of the arp6;brm 

double mutants in white light, we could test whether H2A.Z or BRM is epistatic or suppressive to 

the other in this process (Fig. 4.1A). This would allow us to determine whether they interact to 

contribute to hypocotyl elongation in response to light (Fig. 4.1C-D).  

Growing seedlings elongate their hypocotyls in response to low blue light or high red 

light and other stimuli as a part of the shade-avoidance response to seek out better quality light 

sources (Ballare 1999).  We currently do not know whether ARP6 regulates hypocotyl elongation 

in response to specific variations in light source, nor whether loss of ARP6 function would 

suppress the need for BRM to respond to particular light stimuli. By testing how either single 

arp6 mutants or the arp6;brm double mutants respond specifically to red light waves compared to 

white light conditions, we could also further assess whether ARP6 regulates responses to specific 

light conditions and whether ARP6 functions epistatic to BRM or suppresses BRM phenotypes to 

regulate responses to different light sources (Fig. 4.1B).  Additionally, FRS9 and PIF TFs show 

specific contributions to hypocotyl elongation in response to different light wavelengths (Fig. 

4.1A-B; Lin and Wang 2004; Pedmale et al., 2016). If we observe light source-specific hypocotyl 
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elongation phenotypes similar to PIF4/PIF5 or FRS9, this could provide a functional link between 

the chromatin remodeling proteins and the related transcription factors. 

 

BRM, H2A.Z, and PIF4 may regulate nuclear localization in response to light 

Another recent study showed that several light-regulated loci are targeted to the nuclear 

periphery in response to light stimuli where they are transcriptionally activated (Feng et al., 

2014).  More specifically, at least one of these loci requires PIF4 for proper localization to the 

nuclear interior in the dark (Feng et al., 2014). Of the 6 loci that were identified, all of them are 

targeted by H2A.Z (4 genes), BRM (4 genes), PIF4 (4 genes), or a combination of the three 

(Table 4.2). Two of these were also transcriptionally down regulated in brm mutants. Other 

studies have suggested that the SWI2/SNF2 complex is important for large scale chromatin 

organization within the nucleus (Imbalzano et al., 2013; Jegu et al., 2014). Also, H2A.Z and 

SWR1 are involved in reactivation of loci that have been localized to the nuclear periphery in 

yeast, and in Arabidopsis they associate with nuclear matrix proteins (Light et al., 2010; Lee and 

Seo 2017). This leads us to hypothesize that the role of H2A.Z, BRM, and PIF4 at these genes 

may be necessary for proper targeting of the loci within the nucleus in response to different light 

conditions (Fig. 4.2). It would be interesting to test whether brm mutants or arp6 mutants 

depleted of H2A.Z-containing nucleosomes disrupt light-dependent nuclear localization or 

transcriptional regulation of the genes defined by Feng et al., (2014) in different light conditions. 

Such an experiment has potential for linking the roles of H2A.Z/ARP6 and BRM within 

individual chromatin fibers to their functions in the greater nuclear environment.  

 The genes described in the previous study were targets of H2A.Z but were not DE in 

arp6 mutants where H2A.Z was lost (Feng et al., 2014). One explanation for the role of H2A.Z at 

those targeted genes is that H2A.Z is important for localization of the locus within the nucleus to 

allow other factors to properly regulate transcription and nuclear organization of a gene under 

specific conditions (Fig. 4.2). My work to identify genes directly targeted by H2A.Z establishes a 
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foundational data set that can be used for future studies to explore the role of H2A.Z in plants to 

target genes to the nuclear periphery. Future work to test whether the H2A.Z target genes I 

defined are associated with the nuclear periphery under different environmental conditions would 

provide information about contextual changes that take place in the nucleus in response to 

different stimuli.  

Similarly in this dissertation research, there were many BRM-targeted genes that were 

not DE in brm mutants. Other studies have suggested that the SWI2/SNF2 complex can disrupt 

gene loops along with regulating gene transcription (Jegu et al., 2014). Also, chromatin enriched 

for polycomb-repressed genes are enriched at the nuclear periphery, leading to the hypothesis that 

anchoring regions targeted by the PRC2 to the nuclear periphery contributes to distal chromatin 

interactions (Bi et al., 2017; Barneche and Baroux 2017). The role of BRM to destabilize 

nucleosomes at flanking regions where it binds may antagonize PcG function to result in loop 

disruption. Future studies that look at the role of BRM relative to gene looping and PcG protein 

function can use my nucleosome organization data to understand whether BRM dependent 

nucleosome organization corresponds with different gene loops or with repression and 

localization by the PcG proteins.   

 

Implications for translational applications  

 The work accomplished in this dissertation research focused on the basic roles of 

H2A.Z/ARP6 and BRM within the nucleus. However, my findings have potential to inform 

translational work in medicine and agriculture as well. Both BRM and H2A.Z are important for 

regulating developmental and stress response genes and their associated processes (Fig 2.2; 

Archacki et al., 2016; Coleman-Derr and Zilberman 2012). I was able to contribute to our 

mechanistic understanding of factors that moderate transcription of stress response genes by 

evaluating their contributions to nucleosome organization and identifying other transcription 

factors that may interact to contribute to light-responses (Chapter 2). Flowering is a 
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developmental process that is responsive to the environmental conditions such as temperature and 

light (Srikanth and Schmid 2011). Therefore, any H2A.Z antagonists acting at FLC may also 

make the contribution of H2A.Z necessary for expression of other light or temperature responsive 

genes. We also observed the eoa2 mutants that were generated exhibiting greater resistance to 

drought compared to WT or arp6 plants. Therefore, work to identify the eoa2 mutation 

responsible for the more drought resistant phenotype would be beneficial for understanding 

related processes with potential for cultivating more drought resistant crop plants. Although my 

work will not be immediately translated to agricultural applications, it contributes to our 

understanding of how important development and stress response processes are regulated at the 

chromatin level.  

 Even though plant and animal systems differ, Arabidopsis contains orthologs for ~70% of 

genes linked to human cancers (Jones et al., 2008; Xu and Moller 2011). H2A.Z and SWI2/SNF2 

human orthologs are misregulated in many types of cancers and behave as oncogenes (Zink and 

Hake 2016; Hodges et al., 2016). There are mutations SWI2/SNF2 subunit homologs in ~20% of 

all human cancer types (Kadoch et al., 2013; Hodges et al., 2016).  H2A.Z over-expression 

correlates with poor prognosis in breast, liver, and skin cancers, while low levels of H2A.Z 

expression promotes genome instability and has pathological repercussions (Hua et al., 2008; 

Rangasamy 2010; Vardabasso et al., 2015; Yang et al., 2016). Regulating the cellular levels of 

H2A.Z and BRM orthologs in human cancer cells has therefore been proposed as cancer 

therapeutic options (Wu et al., 2017; Rangasamy 2010).  This research to understand 

transcriptional regulation and nucleosomal organization by H2A.Z and interacting proteins such 

as BRM in Arabidopsis provides context for future studies to understand mechanisms relating to 

agricultural advances in crop plants and treatments for human diseases. 
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Fig. 4.1. Hypocotyl elongation phenotypes may indicate a physiological link between ARP6 

and BRM function. (A) Diagram summarizing hypocotyl elongation phenotypes observed for 

brm mutants, arp6 mutants, FRS9 RNAi lines, pif1/3/4/5 quadruple mutants (pifq). Dark grey 

dotted lines represent arp6;brm double mutants since we do not know how hypocotyl elongation 

is effected in the double mutant. Light grey dashed lines represent the length of WT hypocotyls in 

normal white light conditions. (B) Diagram summarizing how red light affects hypocotyl 

elongation phenotypes for the same genetic backgrounds in A, with dark grey dotted lines 

representing the absence of information about arp6 mutants or arp6;brm mutants. Light grey 

dashed lines represent the length of WT hypocotyls in normal white light conditions. (C) 

Schematic showing the current roles of ARP6 and BRM in hypocotyl elongation and the 

unknown genetic relationship between how ARP6 and BRM interact to regulate hypocotyl 
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elongation. (D) Green lines represent potential hypocotyl length phenotypes we may observe for 

arp6;brm double mutants. The corresponding genetic relationship between ARP6 and BRM 

mutants that would be indicated by these potential phenotypes is listed below.  
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Figure 4.2. BRM and H2A.Z may contribute to nuclear localization of light-responsive 

genes together with PIF4 for their transcriptional activation. Feng et al. 2014 showed that PIF 

transcription factors oppose the movement of certain light responsive genes to the nuclear 

periphery during their transcriptional activation. In our data and other publically available data 

sets, we find that BRM, H2A.Z and PIF4 target the 6 genes that demonstrated this phenomenon. 

H2A.Z is involved in nuclear targeting of loci to the nuclear periphery in other organisms and at 

least one of the BRM targeted genes showed transcriptional down-regulated in our data.  Future 

work to determine whether BRM and H2A.Z interact during nuclear localization of light-

responsive genes could further our understanding of their roles in large-scale chromatin 

organization in the nucleus.  
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Table 4.1 – Disease resistance genes potentially impacted by deletions in arp6 mutants. 

Gene ID Protein name 

AT1G15890 Disease resistance protein (CC-NBS-LRR class) family 

AT5G47260 Probable disease resistance protein 

AT5G43740 Disease resistance protein (CC-NBS-LRR class) family 

AT2G15130 Plant basic secretory protein (BSP) family protein 

AT5G36930 Disease resistance protein (TIR-NBS-LRR class) family 

AT5G45510 Leucine-rich repeat (LRR) family protein 

 
Table 4.1. Disease resistance genes potentially impacted by deletions in arp6 mutants. Table 
summarizes the defense response genes that contain deletions in arp6 mutants and are DE in arp6 
mutants even though they are not targeted by H2A.Z.  
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Table 4.2 - Genes with light responsive nuclear positioning are targeted by 
PIF4, H2A.Z, and BRM 

Gene Gene ID 
H2A.Z 
target 

DE in 
arp6 

BRM 
target 

DE in 
brm 

PIF4 
target 

CAB1* At1g29930 X  X   X 

CAB2* At1g29920 X        

CAB3* At1g29910 X        

GUN5 At5g13630 X  X - X 

Plastocyanin 1 At1g76100 X  X  X 

RBCS1A At1G67090     X - X 

 

Table 4.2. Genes with light responsive nuclear re-positioning are targeted by PIF4, H2A.Z, 

and BRM. Genes listed are those described by Feng, et al., (2014) as localizing to the nuclear 

interior in dark conditions until they are activated and repositioned to the nuclear periphery in 

light conditions. The table summarizes how the genes from my work that are either differentially 

expressed (DE) in arp6 or brm mutants or that are targets of H2A.Z, BRM or PIF4 relate to their 

findings. X’s and blank fields indicate that the described gene do and do not meet the criteria 

described in the column name above, respectively. “-” is used to indicate genes that are down-

regulated in the tested mutant background. * indicates genes were dependent on PIF4 for nuclear 

localization to the interior in dark conditions (Feng et al., 2014). 
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