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ABSTRACT 
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Major Professor: Clint Chapple 

 

The Mediator (Med) complex comprises about 30 subunits and is a transcriptional co-

regulator in eukaryotic systems. The core Mediator complex, consisting of the head, middle and 

tail modules, functions as a bridge between transcription factors and basal transcription machinery, 

whereas the CDK8 kinase module can attenuate Mediator’s ability to function as either a co-

activator or co-repressor. Many Arabidopsis Mediator subunit has been functionally characterized, 

which reveals critical roles of Mediator in many aspects of plant growth and development, 

responses to biotic and abiotic stimuli, and metabolic homeostasis. Traditional genetic and 

biochemical approaches laid the foundation for our understanding of Mediator function, but recent 

transcriptomic and metabolomic studies have provided deeper insights into how specific subunits 

cooperate in the regulation of plant metabolism. In Chapter 1, we highlight recent developments 

in the investigation of Mediator and plant metabolism, with emphasis on the large-scale biology 

studies of med mutants. 

We previously found that MED5, an Arabidopsis Mediator tail subunit, is required for 

maintaining phenylpropanoid homeostasis. A semi-dominant mutation (reduced epidermal 

fluorescence 4-3, ref4-3) that causes a single amino acid substitution in MED5b functions as a 

strong suppressor of the pathway, leading to decreased soluble phenylpropanoid accumulation, 

reduced lignin content and dwarfism. In contrast, loss of MED5a and MED5b (med5) results in 

increased levels of phenylpropanoids. In Chapter 2, we present our finding that ref4-3 requires 
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CDK8, a Mediator kinase module subunit, to repress plant growth even though the repression of 

phenylpropanoid metabolism in ref4-3 is CDK8-independent. Transcriptome profiling revealed 

that salicylic acid (SA) biosynthesis genes are up-regulated in a CDK8-dependent manner in ref4-

3, resulting in hyper-accumulation of SA and up-regulation of SA response genes. Both growth 

repression and hyper-accumulation of SA in ref4-3 require CDK8 with intact kinase activity, but 

these SA phenotypes are not connected with dwarfing. In contrast, mRNA-sequencing (RNA-seq) 

analysis revealed the up-regulation of a DNA J protein-encoding gene in ref4-3, the elimination of 

which partially suppresses dwarfing. Together, our study reveals genetic interactions between 

Mediator tail and kinase module subunits and enhances our understanding of dwarfing in 

phenylpropanoid pathway mutants. 

In Chapter 3, we characterize other phenotypes of med5 and ref4-3, and find that in addition 

to the up-regulated phenylpropanoid metabolism, med5 show other interesting phenotypes 

including hypocotyl and petiole elongation as well as accelerated flowering, all of which are 

known collectively as the shade avoidance syndrome (SAS), suggesting that MED5 antagonize 

shade avoidance in wild-type plants. In contrast, the constitutive ref4-3 mutant protein inhibits the 

process, and the stunted growth of ref4-3 mutants is substantially alleviated by the light treatment 

that triggers SAS. Moreover, ref4-3 mimics the loss-of-function med5 mutants in maintaining 

abscisic acid (ABA) levels under both normal and drought growth conditions. The phenotypic 

characterization of med5 mutants extend our understanding of the role of Mediator in SAS and 

ABA signaling, providing further insight into the physiological and metabolic responses that 

require MED5. 

In Chapter 4, we explore the function of MED5 and CDK8 in gene expression regulation 

by investigating the effect of mutations in Mediator including med5, ref4-3, cdk8-1 and ref4-3 
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cdk8-1 on genome-wide Pol II distribution. We find that loss of MED5 results in loss of Pol II 

occupancy at many target genes. In contrast, many genes show enriched Pol II levels in ref4-3, 

some of which overlap with those showing reduced Pol II occupancy in med5. In addition, Pol II 

occupancy is significantly reduced when CDK8 is disrupted in ref4-3. Our results help to narrow 

down the direct gene targets of MED5 and identify genes that may be closely related to the growth 

deficiency observed in ref4-3 plants, providing a critical foundation to elucidate the molecular 

function of Mediator in transcription regulation. 
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CHAPTER 1. MEDIATOR FUNCTION IN PLANT 

METABOLISM REVEALED BY LARGE-SCALE BIOLOGY 

1.1 Introduction 

The Mediator (Med) complex comprises about 30 subunits and is a transcriptional 

co-regulator in eukaryotic systems. Based on a variety of structural studies, the core 

Mediator complex, consisting of the head, middle and tail modules, plays a critical role in 

bridging the interaction between the basal transcription machinery and the various 

transcription factors required for transcriptional initiation (Malik and Roeder, 2010; 

Asturias et al., 1999; Tsai et al., 2014). An additional kinase module can reversibly 

associate with the core Mediator complex and modulate the interaction of Mediator with 

RNA polymerase II (Pol II), thereby attenuating Mediator’s ability to act as either a co-

activator or co-repressor (Hengartner et al., 1998; Borggrefe et al., 2002). Genome-wide 

studies in yeast and humans have demonstrated that Mediator also controls aspects of 

transcriptional elongation and termination in addition to its key roles in transcription 

initiation (Conaway and Conaway, 2013; Mukundan and Ansari, 2011). 

Although many Mediator subunits are conserved in eukaryotes, the identification 

of the entire complement of plant Mediator subunits was originally hampered by the limited 

sequence similarity between the tail module subunits and their orthologs in non-plant 

species. It was over a decade after the purification of the human and yeast Mediator 

complex until plant Mediator was first isolated from Arabidopsis thaliana cell suspension 

cultures using chromatography followed by anti-MED6 or anti-MED2 

immunoprecipitation (Bäckström et al., 2007). In addition to 22 highly conserved MED 

subunits, comparative genomics approaches facilitated the identification and annotation of 
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other, more divergent subunits in plants. For example, MED2, MED3, MED5 and MED30 

were identified via short ‘signature sequence motifs’ in homologous subunits and MED1 

and MED26 were found using Hidden Markov Model-based conserved motif prediction 

(Bourbon, 2008; Mathur et al., 2011). Together these studies revealed that each yeast and 

human MED subunit has at least one homolog in plant kingdom, demonstrating that the 

overall Mediator structure is conserved in eukaryotes. Since then, many Arabidopsis 

Mediator subunit mutants have been isolated, and their functional characterization has 

revealed critical roles for Mediator in many aspects of plant growth and development, 

responses to biotic and abiotic stimuli, and metabolic homeostasis (Mathur et al., 2011; 

Dolan and Chapple, 2017). Interestingly, although mutations in many Mediator subunits 

are not lethal, disruption of individual plant Mediator subunits often leads to global changes 

in gene expression. As a result of these changes in gene expression, many med mutants 

display phenotypes such as perturbed growth, development and stress responses (Yang et 

al., 2016; Dolan and Chapple, 2017). The viability and distinctive phenotypes of med 

mutants in plants such as Arabidopsis provides an ideal system to characterize the 

mechanisms by which Mediator regulates biological processes. 

Compared to alterations in development that can be observed visually, or alterations 

in stress responses that can be evaluated at the level of gene expression, metabolic changes 

in plant med mutants are more difficult to measure. Thus, the function of Mediator in plant 

metabolism has only been pursued in recent years. Based on these studies, we now know 

that a number of Mediator subunits are required for the regulation of plant metabolism 

including MED5, MED16 and MED23 for the phenylpropanoid pathway (Stout et al., 2008; 

Dolan et al., 2017), MED16 for cellulose biosynthesis (Sorek et al., 2015), MED16 and 
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MED25 for iron homeostasis (Yang et al., 2014; Zhang et al., 2014), and MED15 and 

CDK8 for lipid biosynthesis (Kim et al., 2016; Zhu et al., 2014; Kong and Chang, 2018) 

(Figure 1.1). Genome-wide transcriptome analyses have revealed that those Mediator 

subunits are not only necessary for regulated expression of enzyme-encoding genes but 

also for the expression of genes involved in transcriptional or post-translational regulation 

of metabolic pathway genes and enzymes (Yang et al., 2014; Dolan et al., 2017). In addition, 

metabolite profiling of med mutants has provided insight on the molecular function of 

Mediator in plant responses to biotic and abiotic stimuli, which often involve substantial 

metabolic reprogramming. In this review, we highlight the function of Mediator in plant 

metabolism revealed by large-scale biology, including untargeted metabolomic analysis 

and transcriptomic studies.  

1.2 Metabolic profiling reveals interactions between Mediator subunits  

To investigate the downstream gene targets of individual Mediator subunits, and 

thereby infer the metabolic pathways impacted by Mediator-dependent regulation, several 

groups have performed genome-wide transcriptome analysis in various Arabidopsis med 

mutants (Table 1.1). Gene Ontology (GO) term analysis of the mis-regulated genes in med 

mutants including med18, med7, med2, med5, med15, med16 and cdk8 has identified a 

consistent enrichment of genes involved in plant primary or secondary metabolism (Table 

1.1), suggesting that those subunits are required for the normal regulation and biosynthesis 

of one or more groups of plant metabolites. The substantial transcriptional reprogramming 

in med mutants suggests that wide-spread metabolic changes might also occur in these 

plants. Indeed, a recent liquid chromatography – mass spectrometry based untargeted 
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metabolic profiling of twelve Arabidopsis med mutants showed that loss of single MED 

subunits led to substantial metabolic reprogramming (Davoine et al., 2017). Hierarchical 

clustering of the metabolite profiles in each mutant revealed that MED22a, MED19a, 

MED17, MED18, MED19a and MED22a fall into one cluster, whereas MED2, MED3 and 

MED5 form another group, consistent with known localization of these subunits in the 

Mediator head and tail modules (Davoine et al., 2017). In contrast, although MED25 is 

assigned to the Mediator tail module (Tsai et al., 2014), med25 clustered with med17, 

med18, med19a and med22a in the metabolomic analysis (Davoine et al., 2017), suggesting 

that MED25 genetically interacts with those head module subunits. Indeed, MED25 and 

MED18 are both required for pathogen defense (Kidd et al., 2009; Fallath et al., 2017). In 

addition, oxylipin-containing galactolipids, a group of wounding-induced compounds 

(Stelmach et al., 2001; Buseman et al., 2006), accumulate in both med25 and med18 mutant 

plants (Davoine et al., 2017). Like MED25, MED23 did not cluster with other Mediator 

tail subunits in the metabolite analysis, even though the cryo-EM structure of human 

Mediator complex suggests it resides in the tail (Tsai et al., 2014). It is possible that the 

inclusion of the dehydration-responsive element binding protein 2A (DREB2A) 

transcription factor mutant may have altered the clustering of the med mutant profiles in 

this study (Davoine et al., 2017). Moreover, a previous study showed that another tail 

subunit, MED5, and MED23 genetically interact with each other to regulate 

phenylpropanoid metabolism (Dolan et al., 2017). At the transcriptional level, the gene 

expression profiles of med5 and med23 were strongly correlated (Dolan and Chapple, 

2018), but whether those two subunits share overlapping functions in the transcriptional 

regulation of metabolic processes other than phenylpropanoid metabolism remains to be 
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tested. Given that the structural analysis of plant Mediator complex may prove challenging, 

functional metabolomics could provide a surrogate approach to reveal the genetic and 

possibly physical interactions between different subunits.   

1.3 Mediator tail module subunits function in the regulation of plant cell wall 

biosynthesis 

The plant primary cell wall, which consists of cellulose, hemicellulose, pectic 

polysaccharides, and a variety of cell wall proteins, is a flexible extracellular matrix that 

controls plant cell wall morphogenesis (Cosgrove, 2005). In addition to these components, 

the plant secondary cell wall contains lignin and is therefore more rigid compared, 

providing structural support for plant growth and development (Boerjan et al., 2003; Zhong 

and Ye, 2007). Several studies implicate Mediator in playing a key role in regulating both 

primary and secondary plant cell wall formation. For example, MED16 was identified as a 

genetic suppressor of mutations in COBRA (COB) (Sorek et al., 2015), which encodes a 

glycosylphosphatidylinositol anchored protein that is necessary for plant cell expansion 

and cellulose biosynthesis (Schindelman et al., 2001). The cobra mutant suffers from 

reduced cellulose production and retarded growth (Schindelman et al., 2001), which can 

be partially suppressed by disruption of MED16 (Sorek et al., 2015). A comparison of the 

gene expression profiles of cob-6 and med16 cob-6 identified two Pectin Methylesterase 

Inhibitors (PMEI8 and PMEI9) that were up-regulated med16 cob-6, and overexpression 

of those two PMEIs partially suppressed the cobra phenotype (Sorek et al., 2015). These 

data suggest that cellulose deficiency can be compensated for by increased pectin 

esterification and that Mediator may be required for plants to respond to disruptions in cell 

wall integrity. 
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In addition to its role in regulating cellulose biosynthesis for primary cell wall 

formation, Mediator is required to maintain phenylpropanoid homeostasis, which in turn is 

critical for lignin biosynthesis. In both wild type and lignin-deficient mutants, the levels of 

phenylpropanoids are limited by MED5a and MED5b, two paralogs that reside in the tail 

module of Mediator (Bonawitz et al., 2012; Kim et al., 2015; Bonawitz et al., 2014; 

Anderson et al., 2015). In contrast, reduced epidermal fluorescence 4 (ref4-3), a semi-

dominant MED5 mutant characterized by a single amino acid substitution in MED5b, 

displays down-regulated phenylpropanoids as well as stunted growth, a phenotype 

frequently observed in lignin-deficient mutants (Ruegger and Chapple, 2001; Stout et al., 

2008; Bonawitz et al., 2012). To investigate the mechanism by which MED5 contributes 

to phenylpropanoid homeostasis, a ref4-3 suppressor screen was performed, and 

demonstrated that disruption of three other Mediator tail module subunits MED2, MED16 

and MED23 is sufficient to suppress the stunted growth and/or down-regulated 

phenylpropanoids in ref4-3 (Dolan et al., 2017). Unlike MED16 and MED23, loss of 

MED2 rescued only the dwarfism of ref4-3, but not the low phenylpropanoid phenotype 

(Dolan et al., 2017).  More recently, a reverse genetic study showed that disruption of 

CDK8, a kinase module subunit of Mediator, and MED12, another kinase module subunit 

required for the kinase activity of CDK8, was sufficient to rescue the stunted growth of 

ref4-3 but again not its low lignin content (Mao et al., 2019). Hence, identification of 

Mediator subunits as ref4-3 suppressors reveals that MED5 genetically interacts with other 

MED subunits from both tail and kinase modules to repress phenylpropanoid metabolism 

and plant growth, and that the relationship between lignin deficiency and dwarfism can be 

disentangled genetically. 
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Taken together, traditional genetics studies coupled with RNA-seq and whole-

genome sequencing analyses revealed that multiple MED subunits from the tail module are 

required for cell wall biosynthesis. At the same time, the substantial transcriptional 

reprogramming in med mutants makes it difficult to differentiate the genes that are 

responsible for the mis-regulated cell wall metabolism from the ones that are induced by 

it, a relationship that needs to be clarified in future studies. 

1.4 Mediator is required for the regulation of plant metabolic pathways through direct 

and indirect mechanisms 

As a universal transcription co-regulator, Mediator is required for the normal 

expression of many genes involved in plant metabolism, including those directly involved 

in metabolite biosynthesis as well as those function in transcriptional or post-translational 

regulation of the pathways (Figure 1.2). At the molecular level, an individual Mediator 

subunit can be required for normal expression of appropriate transcription factors, as well 

as the downstream biosynthetic genes involved in a given process. For instance, 

Arabidopsis MED15 is required for the activation of lipid biosynthesis in seedlings and 

mature seeds (Kim et al., 2016), where it governs the transcription of lipid metabolism-

related genes through two distinct mechanisms (Kim et al., 2016). First, MED15 is required 

to activate the expression of WRINKLED1 (WRI1), a plant-specific transcription factor 

critical for fatty acid biosynthesis and glycolysis (Maeo et al., 2009). Second, MED15 is 

recruited to the transcription starts sites of lipid metabolism-related genes by WRI1, where 

together they activate target gene expression (Kim et al., 2016). Thus, WRI1-targeted genes 

are activated by the MED15-containing Mediator complex at multiple levels, revealing the 

complexity of lipid biosynthesis regulation. 
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In addition to being involved in the regulation of biosynthetic genes or their 

corresponding transcriptional activators, Mediator is required for the regulation of genes 

involved in post-translational regulation of biosynthetic enzymes. For example, 

phenylalanine ammonia lyase (PAL), the first enzyme of the phenylpropanoid biosynthetic 

pathway, can be targeted for degradation via the ubiquitin-proteasome pathway by Kelch-

domain F-box (KFB) proteins including KFB1, KFB20, KFB39 and KFB50 (Zhang et al., 

2013a, 2015). Although loss of MED5 leads to modest up-regulation of phenylpropanoid 

biosynthetic genes including PALs, it results in much more substantial up-regulation of the 

F-box encoding genes KFB39 and KFB50 (Dolan et al., 2017). These data indicate that 

transcriptional regulation of proteolytic turnover may be a key mechanism by which MED5 

down-regulates phenylpropanoid metabolism.  

Combinations of these mechanisms may be used to regulated metabolic pathway-

related genes by multiple Mediator subunits. For example, Iron (Fe) uptake is a strictly 

balanced process in plants, given its critical role in reduction-oxidation reactions and 

toxicity when over-accumulated (Briat et al., 2010; Rout and Sahoo, 2015). The 

Arabidopsis tail module subunits MED16 and MED25 are both required for maintaining 

iron homeostasis (Yang et al., 2014; Zhang et al., 2014). Although the activation of Fe-

deficiency induced transcription factor (FIT) and FIT-targeted genes depends on MED16 

and MED25 (Yang et al., 2014), only MED16 can interact with FIT (Zhang et al., 2014). 

In contrast, MED25 interacts with ethylene-insensitive 3 (EIN3) and ethylene-insensitive 

3-like 1 (EIL1) (Yang et al., 2014), two ethylene signaling transcription factors that can 

stabilize FIT and thereby trigger the full activation of FIT-targeted genes (Lingam et al., 

2011). The mechanism of FIT activation by two distinct Mediator subunits from the same 
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module is reminiscent of the Wnt–β-catenin pathway in metazoans, which requires the 

interaction between MED12 and β-catenin (Kim et al., 2006) as well as the repressed 

degradation of β-catenin through CDK8 (Morris et al., 2008; Firestein et al., 2008; Zhao et 

al., 2013a). Therefore, Mediator can activate its downstream targets by functioning in the 

post-translational regulation of the corresponding transcription factors as well as directly 

involved in transcriptional regulation. 

1.5 The function of mediator in metabolism is well conserved across kingdoms and 

within plant lineages 

Some Mediator subunits play similar roles in plants, animals and fungi by 

regulating processes such as development, lipid metabolism and pathogen defense (Wang 

and Chen, 2004; Loncle et al., 2007; Gillmor et al., 2009; Taubert et al., 2006; Kim et al., 

2015; Kidd et al., 2009; Yang et al., 2004). For example, recent studies have revealed that 

CDK8 and MED15 play a conserved role in lipid metabolism across kingdoms, and their 

function is likely conserved in other plant species. CDK8 is one of the most conserved 

Mediator subunits across the kingdoms (Figure 1.3). In Arabidopsis and common wheat 

(Triticum aestivum L.), CDK8 interacts with WAX INDUCER1 (WIN1), an activator for 

wax biosynthesis, functioning as a positive regulator in plant lipid metabolism (Zhu et al., 

2014; Kong and Chang, 2018). The role of CDK8 in the activation of plant lipid 

biosynthesis contrasts with findings in Drosophila and mammals in which CDK8 represses 

lipid accumulation (Zhao et al., 2012). Interestingly, in mammals CDK8 phosphorylates 

the lipid metabolism-related transcription factors sterol-regulatory-element-binding 

protein-1c (SREBP-1c), thereby decreasing its stability and down-regulating lipid 

biosynthesis (Kong and Chang, 2018; Zhao et al., 2012).  In wheat, however, 
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phosphorylation of WIN1 by CDK8 stimulates its transactivation activity, indicating that 

the stability of transcription factors in plant lipid metabolism is not always negatively 

regulated by CDK8 phosphorylation. Alternatively, CDK8 may decrease the stability of 

WIN1 and trigger its rapid turnover, activating WIN1-targeted genes through an 

“activation by destruction” mechanism (Geng et al., 2012), a phenomenon which was 

previously observed in an Arabidopsis MED25 study (Inigo et al., 2012).  

As mentioned previously, the tail module subunit MED15 is involved in lipid 

metabolism in yeast, animals and plants (Taubert et al., 2006; Yang et al., 2006; Thakur et 

al., 2009; Kim et al., 2016). Notably, although the interacting partners vary, a kinase-

inducible domain-interacting (KIX) domain resides in every characterized MED15 and is 

required for its association with lipid-specific transcription activators (Taubert et al., 2006; 

Yang et al., 2006; Thakur et al., 2009; Kim et al., 2016). In Arabidopsis, MED15 interacts 

with WRI1 through the KIX domain in MED15 and thereby activates lipid metabolism-

related genes (Kim et al., 2016). Because of the universal role of WRI1 in plant lipid 

metabolism (Cernac and Benning, 2004; Liu et al., 2010; Shen et al., 2010; Ye et al., 2018) 

and the conserved KIX domain embedded in MED15 across the plant kingdom (Thakur et 

al., 2013), the interaction between WRI1 and MED15 may be a generalized mechanism for 

activating lipid biosynthetic genes.  

1.6 Concluding remarks 

Characterization of the Mediator complex in plant metabolism originated from 

genetic exploration of well-studied metabolic pathways and have expanded rapidly by 

next-generation sequencing and multi-omics analyses. Although high-throughput 
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transcriptome, interactome and metabolome studies have enabled us to investigate the 

function of Mediator from a global perspective, the massive amounts of data obtained from 

genome-wide analyses pose challenges as well. First, compared to the abundant gene 

expression profiles of different med mutants, information on the interaction between 

different MED subunits in plant Mediator is still lacking, and interactions between 

Mediator and transcription factors have been explored to only a limited extent (Ou et al., 

2011; Kumar et al., 2018). Similarly, metabolomic studies are hindered by ambiguously 

annotated metabolite databases even in model plants such as Arabidopsis (Heyman and 

Dubery, 2016). Second, although Mediator is involved in the regulation of many plant 

metabolism-related genes, few studies have focused on the direct targets of plant Mediator 

and the mechanism by which specific MED subunits, especially those from the tail module, 

recruit the Mediator to target genes. Tools to enable the genome-wide analysis of Mediator 

localization are required to shed light on the molecular mechanisms used by Mediator to 

control gene expression in plants. Last, the majority of studies on plant Mediator have been 

focused on Arabidopsis. Since the high sequence similarity between orthologous subunits 

within the plant kingdom suggests a well-conserved function of Mediator in plant 

metabolism (Mathur et al., 2011), examining med mutants in other plant species, especially 

those that exhibit specialized secondary metabolite production, may provide critical insight 

into Mediator function in plant metabolism.  
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Table 1.1 Overview of the available transcriptome datasets in Arabidopsis 

Module Subunit Transcriptome analysis 

Head 

MED6  

MED8  

MED11  

MED17a  

MED18a Lai et al., 2014b; Davoine et al., 2017 

MED19a  

MED20  

MED22a  

MED28  

MED30  

Middle 

MED4a  

MED7 Kumar et al., 2018b 

MED9  

MED10  

MED21  

MED31  

Tail 

MED2a Dolan et al., 2017b 

MED3a  

MED5a Bonawitz et al., 2014b; Dolan et al., 2017b 

MED14 Zhang et al., 2013 

MED15 Canet et al., 2012b 

MED16 
Zhang et al., 2012; Zhang et al., 2013; Hemsley et al., 2014; Yang et 

al., 2014; Zhang et al., 2014; Sorek et al., 2015; Dolan et al., 2017b 

MED23a Dolan et al., 2017 

MED25a Cevik et al., 2012; Yang et al., 2014; Davoine et al., 2017 

Kinase 

MED12 Gillmor et al., 2014 

MED13 Gillmor et al., 2014 

CDK8 Zhu et al., 2014; Mao et al., 2019b 

cycC  

 

a loss-of-function mutant of this MED subunit is included in the non-targeted metabolome analysis 

(Davoine et al., 2017). 
b Genes mis-regulated in this med mutant are enriched for genes involved in primary or secondary 

metabolism. 
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Figure 1.1 Multiple Mediator subunits from different modules are involved in plant metabolism 

(A) Arabidopsis MED subunits have been assigned to head, middle, tail and Cdk8 kinase modules 
according to a connection map from Saccharomyces cerevisiae (S. cerevisiae). The size of each 

subunit depicted in the model corresponds to its molecular weight. The subunits with characterized 

functions in plant metabolism are colored in different colors to represent different groups of 
metabolites. 

(B) Arabidopsis MED5 is required for the normal expression of two genes encoding Kelch-domain-

containing F-box proteins (KFBs) KFB39 and KFB50 that target phenylalanine ammonia lyase 

(PAL), the first enzyme of phenylpropanoid pathway for degradation. This is likely the mechanism 
by which MED5 is involved in the negative regulation of phenylpropanoid metabolism. 

(C) In Arabidopsis, MED16 and MED25 are both required for maintaining iron homeostasis. 

MED16 interacts with the transcription factor Fe-deficiency induced transcription factor (FIT)- and 
activates FIT-targeted genes. In addition, MED25 interacts with ethylene-insensitive 3 (EIN3) and 

ethylene-insensitive 3-like 1 (EIL1), two ethylene signaling transcription factors that can stabilize 

FIT and thereby trigger the full activation of FIT-targeted genes including iron-regulated 

transporter 1 (IRT1) and ferric chelate reductase 2 (FRO2). 
(D) In Arabidopsis and common wheat, CDK8 interacts with WAX INDUCER1 (WIN1), a 

conserved activator for wax biosynthesis. WIN1 is a substrate of CDK8 in common wheat, and the 

CDK8-dependent phosphorylation of WIN1 is required for cuticular wax biosynthesis, however, 
the downstream gene targets of WIN1/CDK8 remain to be determined.  

(E) Arabidopsis MED15 can interact with WRINKLED1 (WRI1) and co-activate WRI1-targeted 

genes, which thereby activates biosynthesis of fatty acids. 
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Figure 1.2 Plant metabolic pathways can be regulated by the Mediator complex at multiple levels 

Mediator (blue) bridges the interaction between transcription factors (TFs) and RNA Polymerase 

II (Pol II) and thereby maintains the normal expression of downstream genes. First, together with 

some TFs (i.e., TF1), Mediator can regulate the transcription of genes encoding the TFs (grey) (top).  
Second, Mediator and some TFs (i.e., TF3 and TF4) can co-activate biosynthetic genes (bottom). 

Moreover, together with some other TFs (i.e., TF2), Mediator can co-activate the genes coding for 

the components of Skp1-cullin-F-box (SCF) complex, lead to proteasome-mediated turnover of the 
biosynthetic enzymes and thereby down-regulate the metabolite biosynthesis (middle). The indirect 

regulatory mechanism at the post-translational level has been observed in Arabidopsis that MED5 

is required for the normal expression of genes encoding Kelch-domain-containing F-box proteins 
(KFBs) that target the first biosynthetic enzyme of phenylpropanoid pathway for degradation, and 

thereby limits phenylpropanoid biosynthesis. 
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Figure 1.3 Mediator subunits are conserved within the plant kingdom 

The protein sequences of Arabidopsis Mediator subunits were compared with their orthologs in 

Saccharomyces cerevisiae (S. cerevisiae), Homo sapiens (H. sapiens), Zea mays (Z. mays) and 
Oryza sativa (O. sativa). The numbers within the heatmap indicate sequence similarities (%) 

between Arabidopsis Mediator subunits and their orthologs in other species. Within each column, 

the intensities of the heatmap represent the levels of conservation of the subunits within each 

species.  
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CHAPTER 2. MUTATION OF MEDIATOR SUBUNIT CDK8 

COUNTERACTS THE STUNTED GROWTH AND SALICYLIC 

ACID HYPER-ACCUMULATION PHENOTYPES OF AN 

ARABIDOPSIS MED5 MUTANT 

2.1 Introduction 

The multiprotein Mediator complex comprises about 30 subunits and serves as an 

integrative hub for transcription regulation in eukaryotic systems (Malik and Roeder, 2010). 

The core Mediator complex has been subdivided into head, middle and tail domains and 

functions as a bridge between transcription factors and the basal transcription machinery 

(Asturias et al., 1999; Tsai et al., 2014). The CDK8 kinase module, which reversibly 

associates with the core Mediator complex, differentially regulates Mediator’s activity as 

either a co-activator or co-repressor (Hengartner et al., 1998; Borggrefe et al., 2002). 

Recently, cryo-electron microscopy (cryo-EM) structures of yeast and human Mediator 

revealed that the association between the kinase module and the core Mediator complex is 

predominantly achieved through the interaction between MED13 (kinase module) and 

MED19 (middle module) (Tsai et al., 2013, 2014). The high-resolution cryo-EM maps not 

only demonstrate the interfaces between different modules of Mediator which are critical 

for proper transcriptional regulation (Nozawa et al., 2017; Tsai et al., 2017), but suggest an 

overall conserved structure of Mediator across different eukaryotic systems as well. 

As in other eukaryotes (Conaway and Conaway, 2011), the Mediator complex plays 

a role in many aspects of plant life, including growth, development and responses to stress 

(Dolan and Chapple, 2017). Despite the critical nature of the complex overall, disruption 

of some Mediator subunit (MED) genes is not lethal in plants, and in many cases leads to 
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distinctive phenotypes (Yang et al., 2016; Dolan and Chapple, 2017). The ability to knock 

out specific subunits and study the resulting phenotypes suggests that plants can be 

valuable eukaryotic systems to mechanistically characterize Mediator and its involvement 

in plant-specific biological processes. 

In addition to its role in growth and development, recent studies have demonstrated 

that Mediator is required for the normal regulation of secondary metabolism in Arabidopsis. 

Specifically, MED5a and MED5b, two MED tail subunits, are required to maintain 

phenylpropanoid homeostasis (Bonawitz et al., 2012). Three reduced epidermal 

fluorescence 4 mutants (ref4-1, ref4-2 and ref4-3) characterized by single amino acid 

substitutions in MED5b (D647N for ref4-1 and ref4-2 and G383S for ref4-3) were isolated 

as strong repressors of the phenylpropanoid pathway, indicated by decreased soluble 

phenylpropanoid metabolite accumulation, reduced lignin content and dwarfism (Stout et 

al., 2008). In contrast, disruption of MED5a and MED5b (med5a/5b) results in the hyper-

accumulation of phenylpropanoids (Bonawitz et al., 2012), indicating that MED5 plays a 

widespread role in homeostatic repression of phenylpropanoid biosynthesis. 

A ref4-3 suppressor screen identified three tail subunits of Mediator, MED2, 

MED16 and MED23, that are required for the repressive action of ref4-3 upon 

phenylpropanoid metabolism and plant growth (Stout et al., 2008; Dolan et al., 2017). 

Disruption of either MED16 or MED23 restores soluble phenylpropanoid accumulation 

and growth in ref4-3 background, whereas loss of MED2 rescues only the dwarfism of 

ref4-3 (Dolan et al., 2017). Transcriptome analysis of ref4-3 revealed that genes encoding 

the enzymes in the phenylpropanoid pathway display only modest changes in expression. 

In contrast, negative regulators of phenylpropanoid metabolism are up-regulated compared 
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to wild type to an extent that is positively correlated with the level of soluble 

phenylpropanoid restoration in each of the suppressors (Dolan et al., 2017).  

In the original ref4-3 suppressor screen, we isolated multiple alleles of med23 and 

med16, but only a single allele of med2, suggesting that the screen might not have been 

saturated. In addition to the tail module subunits, the dissociable CDK8 kinase module can 

regulate the activity of the core Mediator complex during transcription. Although CDK8 is 

generally recognized as a negative regulator of transcription in yeast (Kuchin et al., 1995; 

Rickert et al., 1999; Gonzalez et al., 2014), studies in mammalian systems indicate that 

CDK8 contributes to both transcriptional activation and repression (Knuesel et al., 2009; 

Nemet et al., 2014). Investigations in Arabidopsis revealed that CDK8 is necessary for 

floral organ development (Wang and Chen, 2004), mitochondrial retrograde signaling (Ng 

et al., 2013), pathogen defense (Zhu et al., 2014) and auxin signaling (Ito et al., 2016). 

Considering that CDK8 can activate down-stream gene targets in a Mediator-dependent 

fashion, and in ref4-3, negative regulators of the phenylpropanoid pathway show elevated 

steady state mRNA levels, we tested the hypothesis that CDK8 is required for ref4-3 to 

repress phenylpropanoid metabolism and plant growth. 

Here, we report that MED5 genetically interacts with CDK8 in Arabidopsis. Our 

data indicate that CDK8, and specifically its kinase activity, is required for ref4-3 to repress 

plant growth. In contrast, the lignin content of ref4-3 cdk8-1 remained low compared to 

wild type, indicating that low lignin content is not the cause of dwarfing in ref4-3. Although 

the phytohormone salicylic acid (SA) is hyper-accumulated in ref4-3 and this phenotype 

can be suppressed by elimination of CDK8 kinase activity, blocking SA biosynthesis is not 

sufficient to rescue the stunted growth of ref4-3. In contrast, disruption of a gene encoding 
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a plastid-targeted DNAJ protein that is upregulated in ref4-3 partially suppresses this 

growth phenotype. Together, our data demonstrate that growth inhibition, suppression of 

phenylpropanoid metabolism and hyper-accumulation of SA can be genetically separated 

in ref4-3 mutants, and that chloroplast localized chaperones might play an unexpected role 

in regulating plant growth. 

2.2 Results 

2.2.1 Loss of CDK8 rescues stunted growth in ref4 mutants  

To test whether ref4-3 requires CDK8 to repress plant growth, we generated ref4-

3 cdk8-1 double mutants by crossing cdk8 T-DNA insertion mutants (SALK_138675, 

cdk8-1 and SALK_016169, cdk8-2) with ref4-3. Although ref4-3 mutants exhibit a dwarf 

phenotype, both ref4-3 cdk8-1 and ref4-3 cdk8-2 are nearly normal in stature and rosette 

diameter (Figure 2.1, Figure 2.2A). Similarly, loss of CDK8 restores the growth defect in 

ref4-1, another allele identified from the previous ref screen (Ruegger and Chapple, 2001) 

(Figure 2.2B). Based on these results, we conclude that there is a genetic interaction 

between CDK8 and MED5 in Arabidopsis, and that CDK8 is required for ref4-1 and ref4-

3 to repress plant growth.  

We then tested whether the growth repression in ref4-3 is dependent on the kinase 

activity of CDK8 using a transgene encoding a D176A kinase-dead version of the protein 

(Zhu et al., 2014; Kong and Chang, 2018) to generate ref4-3 cdk8-1 35S:CDK8-MYC (ref4-

3 CDK8) and ref4-3 cdk8-1 35S:CDK8D176A-MYC (ref4-3 CDK8D176A) transgenic plants. 

After five weeks on soil, ref4-3 CDK8 displayed stunted growth comparable to ref4-3, 

whereas ref4-3 CDK8D176A looked identical to ref4-3 cdk8-1 (Figure 2.3A). An anti-MYC 
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blot revealed that CDK8 was expressed at similar levels in ref4-3 CDK8 and ref4-3 

CDK8D176A (Figure 2.4) indicating that these phenotypes were not the result of different 

levels of transgene expression. The distinct growth phenotype between ref4-3 CDK8 and 

ref4-3 CDK8D176A indicates that it is the kinase activity of CDK8 that is essential for growth 

repression in ref4-3.  

In addition to CDK8, the Arabidopsis Mediator kinase module consists of C-type 

cyclin (cycC), MED12 and MED13. MED12 is necessary for CDK8 to demonstrate kinase 

activity (Knuesel et al., 2009). To independently evaluate whether CDK8 kinase activity is 

required for ref4-3 phenotypes, we used a T-DNA insertion line in MED12 (SALK_108241, 

med12) to generate ref4-3 med12 double mutants. As with CDK8, we found that loss of 

MED12 is sufficient to rescue the stunted growth of ref4-3 in terms of rosette size (Figure 

2.3B). Notably, the resulting double mutants also exhibited a late flowering phenotype that 

was not observed in either ref4-3 or med12 single mutants under the same growth condition, 

indicating that the flowering phenotype is a result of a synthetic interaction between ref4-

3 and med12.  

The restored growth of ref4-3 cdk8-1 raised the question of whether CDK8 is 

required for growth repression in other lignin-deficient mutants. Among the ref mutants, 

ref8-1, a mutant deficient in the gene encoding the phenylpropanoid biosynthetic enzyme 

p-coumaroyl shikimate 3'-hydroxylase, is similar to ref4-3 in that its phenylpropanoid 

metabolism is repressed and it exhibits stunted growth (Bonawitz et al., 2014). Moreover, 

loss of MED5 restores the stunted growth and transcriptional reprogramming of ref8-1, 

suggesting that the dwarfism of this other lignin-deficient mutant requires intact Mediator 

(Bonawitz et al., 2014). To elucidate the relationship between CDK8 and the stunted 
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growth of ref8, we generated ref8-1 cdk8-1 mutants. Little, if any, growth restoration was 

observed in the resulting double mutants compared to ref8-1 at multiple growth stages 

(Figure 2.5). Thus, our observations indicate that ref8-1 leads to growth repression largely 

independent of CDK8.   

2.2.2 CDK8 is not required for down-regulation of phenylpropanoids in ref4-3  

Given that ref4-3 plays a repressive role in phenylpropanoid metabolism that can 

be suppressed by several Mediator tail subunits (Dolan et al., 2017), we next determined 

whether loss of CDK8 also suppresses the phenylpropanoid deficient phenotype of ref4-3. 

Because sinapoylmalate is localized in the upper epidermis, it can be readily visualized in 

vivo under ultraviolet (UV) light. As expected, ref4-3 displayed a characteristic ref 

phenotype compared to wild type and cdk8-1 (Figure 2.6A), indicating a decreased level 

of sinapoylmalate in the mutant. ref4-3 cdk8-1 was similarly red under UV light even 

though the growth phenotype of ref4-3 had been reversed (Figure 2.6A). The ref phenotype 

was also observed in ref4-3 cdk8-2 and ref4-1 cdk8-1 (Figure 2.7A and 2.7B). High 

performance liquid chromatography (HPLC) analysis confirmed these observations 

(Figure 2.6B), indicating that CDK8 is not required for ref4-3 to repress sinapoylmalate 

biosynthesis. Similarly, in ref4-3, total lignin content was reduced 40% compared to wild-

type and cdk8-1 plants and in spite of the strong growth restoration seen in ref4-3 cdk8-1, 

their total lignin content remained low (Fig. 2.6C and 2.6D). Consistent with the 

dispensable role of CDK8 in down-regulation of phenylpropanoid metabolism in ref4-3, 

expression of either wild-type or kinase-dead CDK8 in ref4-3 cdk8-1 background did not 

cause any difference in sinapoylmalate accumulation compared to ref4-3 cdk8-1 (Figure 
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2.7C). Taken together with the observation that loss of CDK8 largely rescues the stunted 

growth of ref4-3, these findings indicate that the dwarfism of ref4-3 is independent of its 

restricted phenylpropanoid metabolism. 

2.2.3 The stunted growth of ref4-3 is not dependent on the phosphorylation event 

introduced by the G383S mutation 

Because the G383S mutation in the ref4-3 allele introduces a potential 

phosphorylation site, we wondered if the defects in growth and phenylpropanoid 

metabolism observed in ref4-3 plants could result from ectopic/hyper-phosphorylation of 

MED5 by one or more kinases, possibly including CDK8 (Stout et al., 2008). We also 

considered whether the increased side-chain size of S383 in ref4-3 could itself lead to these 

phenotypes, independent of phosphorylation status. To distinguish between these 

possibilities, we generated a series of med5 constructs in which various site-directed 

mutants were expressed under the control of the CINNAMATE 4-HYDROXYLASE (C4H) 

promoter (Bonawitz et al., 2012) such that the transgenes would be expressed in cells 

involved in phenylpropanoid metabolism. MED5b transgene was expressed at similar level 

across all different transgenic lines, none of which was less than the expression of MED5b 

in wild-type plants (Figure 2.8). We then assayed transgenic med5a/5b double mutant 

plants carrying these constructs for sinapoylmalate and lignin content. MED5a and MED5b 

share semi-redundant function in repression of phenylpropanoid metabolism and med5a/5b 

double mutants have increased sinapoylmalate and lignin content compared to wild type 

(Bonawitz et al., 2012); thus, expression of C4H:MED5b constructs with wild-type 

function should restore levels to that of the single med5a mutant alone. Indeed, the control 

MED5bG383G transgenic displayed normal growth and accumulated sinapoylmalate and 
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lignin content similar to that in med5a (Figure 2.9). In contrast, the ref4-3 mimic, 

MED5bG383S, showed similar dwarf phenotypes as compared with ref4-3 and accumulated 

less phenylpropanoids compared to med5a (Figure 2.9). Expression of MED5bG383T 

containing an alternative phosphorylation site, or the phospho-mimics MED5bG383D and 

MED5bG383E, also resulted in dwarfing and reduced phenylpropanoid levels (Figure 2.9). 

In contrast, expression of the non-phosphorylatable MED5bG383A and MED5bG383V had 

differing effects on plant growth and phenylpropanoid metabolism; MED5bG383A was 

slightly dwarf and showed similar sinapoylmalate levels compared to the MED5bG383G 

control, but MED5bG383V plants were more stunted and showed sinapoylmalate levels that 

were intermediate between the MED5bG383G control and MED5bG383S (Figure 2.9A and 

2.9B). Because neither A nor V can be phosphorylated, but these showed different plant 

growth phenotypes and sinapoylmalate levels, we conclude that the G383 residue is 

important to the function of MED5b, and the increased side-chain size at position 383 

caused by substitution of S for G is likely responsible for the plant growth and 

phenylpropanoid phenotypes associated with ref4-3. In contrast to sinapoylmalate, lignin 

levels were reduced in both MED5bG383A and MED5bG383V (Figure 2.9C). Thus, the 

reduced phenylpropanoid accumulation in ref4-3 is likely independent of the 

phosphorylation event introduced by the G383S mutation. We note that although the 

D647N mutation in ref4-1 does not introduce a novel phosphorylation in MED5b, ref4-1 

mutants can also be rescued by loss of CDK8, further suggesting that the ref4 phenotypes 

are not dependent upon CDK8-mediated phosphorylation of MED5b.  
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2.2.4 Disruption of CDK8 partially rescues the transcriptional reprogramming of the 

ref4-3 mutants  

Our observations on ref4-3 cdk8-1 indicate that the phenotypes of ref4-3 plants can 

be genetically separated, and that dwarfism in these plants may result from aberrant gene 

expression in biological processes other than lignin biosynthesis. we performed messenger 

RNA sequencing (RNA-seq) using three-week-old rosettes of ref4-3 cdk8-1 together with 

wild type, cdk8-1, ref4-1 and ref4-3. Principle component analysis (PCA) revealed a clear 

clustering of samples by genotype (Figure 2.10). We next determined the differentially 

expressed gene set in each mutant compared to wild type, and performed a gene ontology 

(GO) term analysis focused on biological processes. Compared to ref4-3, ref4-1 is a weaker 

allele in terms of reduced phenylpropanoid accumulation and stunted growth (Figure 

2.11A). In ref4-1, 2927 genes were differentially expressed (Figure 2.11B). More 

substantial gene expression changes were observed in ref4-3, which included 7770 mis-

regulated genes, representing more than one-third of the expressed genes (count per million 

(CPM) reads > 1 in 3 or more samples) (Figure 2.11B). We noticed that over 90% of the 

differentially expressed genes in ref4-1 were also mis-regulated in ref4-3 but with larger 

fold change (Figure 2.11B and 2.11C). This finding not only suggests that the point 

mutations in ref4-1 and ref4-3 lead to a widespread transcriptional reprogramming by 

similar mechanisms, but also indicates that our RNA-seq analysis captures subtle 

differences in gene expression between alleles. Consistent with our previous observation 

(Dolan et al., 2017), GO term analysis of the up-regulated genes in ref4-3 showed an 

enrichment of genes involved in different stress responses and transcription regulation 

(Table 2.2). Up-regulated genes in ref4-1 were also enriched for stress responses except 

for response to UV-B and salt stress, and transcriptional regulation (Table 2.2). In contrast 
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to the up-regulated genes, genes that were down-regulated in ref4-1 and ref4-3 were 

enriched for those involved in photosynthesis (Table 2.3). In ref4-3, genes related to 

ribosome biogenesis and cytokinin response were also enriched among the down-regulated 

genes (Table 2.3). 

We identified 4053 genes that were mis-regulated in cdk8-1, 60% of which 

displayed reduced expression compared to wild type (Figure 2.12). Among the genes up-

regulated in cdk8-1, only a limited number of GO terms were enriched, namely response 

to light, photosynthesis, and microtubule-based movement (Table 2.2). In contrast, 

transcripts related to defense response were significantly over-represented among the 

down-regulated genes (Table 2.3), which is consistent with the reported function of CDK8 

in biotic stress responses (Zhu et al., 2014).  

Although ref4-3 cdk8-1 displays wild-type growth, a significant number of genes 

remained mis-regulated in the double mutant, including 3767 up-regulated genes and 4537 

down-regulated genes when compared to wild type. Transcripts associated with response 

to water deprivation and abscisic acid (ABA) were the most significantly enriched among 

up-regulated genes (Table 2.2), whereas the down-regulated genes were enriched for those 

involved in defense responses (Table 2.3). Consistent with their ref phenotypes, many 

phenylpropanoid biosynthetic genes were down-regulated in ref4-3, and most of them were 

not rescued in ref4-3 cdk8-1 (Figure 2.13).  

Our phenotypic analysis revealed that ref4-3 requires CDK8 to repress plant growth 

but not phenylpropanoid metabolism. To identify the genes that are associated with the 

dwarf phenotype of ref4-3, we focused on the genes that displayed altered expression in 

ref4-3 compared to wild type, but whose expression was rescued in ref4-3 cdk8-1 (Figure 
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2.14A). In total, 73 genes were significantly down-regulated in ref4-3 compared to wild 

type and displayed at least a partially restored expression in the absence of CDK8 (FDR < 

0.05, absolute value of log2FC > 1) (Figure 2.14B, Table 2.4). GO term analysis revealed 

that within this gene set, genes associated with regulation of organ growth, photosynthesis 

and auxin-related signaling pathway were over-represented (Table 2.5). In contrast, 378 

genes were significantly up-regulated in ref4-3 compared to wild type, the abnormal 

expression of which was at least partially alleviated in ref4-3 cdk8-1 (Figure 2.14C, Table 

2.6). The most significantly enriched GO categories within this gene set included suberin 

biosynthesis, lipid transport and defense responses (Table 2.7). 

2.2.5 SA biosynthesis and signaling are activated in ref4-3 but not in ref4-3 cdk8-1 

GO term analysis revealed that genes involved in defense responses, especially 

those respond to SA, were up-regulated in ref4-3 in a CDK8-dependent manner (Table 2.7). 

Previous studies proposed that hyper-activated SA biosynthesis and signaling leads to 

dwarfism of hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase (HCT)-

RNA interference (RNAi) transgenics in both Arabidopsis and alfalfa (Gallego-Giraldo et 

al., 2011a, 2011b). Thus, we wondered if the aberrant activation of SA signaling could be 

the cause of dwarfism in ref4-3. In ref4-3, genes encoding proteins involved in SA 

biosynthesis and storage (Figure 2.15A) (Ward et al., 1991; Yang et al., 1997; D’Maris 

Amick Dempsey et al., 2011) were significantly increased in expression compared to wild 

type and cdk8-1 (Figure 2.15B). SA signaling marker genes were also up-regulated in ref4-

3 (Figure 2.15C). Loss of CDK8 in ref4-3 eliminated the up-regulation of SA biosynthetic 

and signaling genes (Figure 2.15B and 2.15C), indicating that ref4-3 requires CDK8 to 
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activate SA signaling. Consistent with these observations, there was an enhanced 

accumulation of both free SA and SA conjugates in ref4-3, which was blocked by loss of 

CDK8 (Figure 2.15D and 2.15E). Moreover, both free SA and SA conjugates were hyper-

accumulated in ref4-3 CDK8, whereas ref4-3 CDK8D176A plants accumulated wild-type 

level of SA (Figure 2.15D and 2.15E), indicating that over-accumulation of SA in ref4-3 

is dependent on the kinase activity of CDK8. Taken together, our RNA-seq analysis and 

SA measurement demonstrate that CDK8 and its kinase activity is necessary for the hyper-

accumulation of SA in ref4-3. 

To test whether SA accumulation in ref4-3 leads to the growth defects in these 

plants, we crossed ref4-3 with salicylic acid induction deficient 2 (sid2-4), a mutant 

defective in isochorismate synthase 1. We found that the growth phenotype of ref4-3 sid2-

4 was unchanged relative to ref4-3 (Figure 2.15F), even though HPLC analyses revealed 

that both free SA and total SA levels were reduced to below wild-type levels in ref4-3 sid2-

4 (Figure 2.15G). We also used a mutant line with disruption in NPR1 (CS_3726, npr1-1) 

(Cao et al., 1997), an essential regulator of SA signaling, to generate a ref4-3 npr1-1 double 

mutant. Whereas npr1-1 mutants displayed wild-type growth, ref4-3 npr1-1 was 

indistinguishable from ref4-3 (Figure 2.16). These data indicate that SA accumulation is 

not the cause of dwarfing in the mutant.  

2.2.6 Enhanced auxin accumulation is not sufficient to restore the stunted growth of ref4-

3 

Our GO term analysis suggested that auxin signaling is perturbed in ref4-3 and 

rescued in ref4-3 cdk8-1 (Table 2.5). Multiple genes involved in auxin signaling, including 

indole-3-acetic acid (IAA) induced genes such as IAA1, IAA7 and IAA29, as well as small 
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auxin up RNA (SAUR) genes including SAUR20, SAUR22 and AT5G18010 were down-

regulated in ref4-3 compared to wild type (Figure 2.17A). In contrast, disruption of CDK8 

resulted in up-regulation of all the genes mentioned above, which is consistent with a 

previous finding that CDK8 kinase module plays a repressive role in auxin transcriptional 

responses (Ito et al., 2016). Except for IAA29, which was up-regulated in ref4-3 cdk8-1 

compared to wild type, the other five genes displayed wild-type expression in the absence 

of CDK8 in the ref4-3 background, suggesting that ref4-3 represses auxin signaling in a 

CDK8-dependent fashion.  

Given that auxin plays a critical role in plant growth (Teale et al., 2006), we next 

aimed to determine whether repressed auxin signaling contributes to the dwarfism of ref4-

3. A previous study demonstrated that YUCCA6 (YUC6) functions in tryptophan-

dependent auxin biosynthesis, and the dominant mutant yuc6-1D is sufficient to cause 

hyperaccumulation of auxin (Kim et al., 2007). We therefore constructed a ref4-3 yuc6-1D 

double mutant and evaluated its growth phenotype. Although introduction of yuc6-1D into 

ref4-3 led to activation of the auxin-responsive gene At4g02520 (Figure 2.17B) (Smith et 

al., 2003) as well as high-auxin developmental phenotypes including elongated petioles 

and narrow leaves (Figure 2.17C), ref4-3 yuc6-1D was as dwarf as ref4-3 (Figure 2.17D), 

indicating that repressed auxin signaling in ref4-3 is probably not the leading cause for its 

stunted growth. 

2.2.7 Disruption of a DNA J PROTEIN C66 (DJC66) partially restores the growth 

deficiency of ref4-3  

Among the genes that showed greatest mis-regulation in ref4-3, DJC66, a gene 

encoding a small J-domain containing protein, was up-regulated more than 23-fold in ref4-
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3 compared to wild type, and its expression was partially rescued in all ref4-3 suppressors 

including ref4-3 cdk8-1 (Figure 2.18A and 2.18B). While DJC66 has not been functionally 

characterized, it was proposed to be critical for leaf growth because of its interaction with 

anaphase-promoting complex subunit 8 (APC8) (Arabidopsis Interactome Mapping 

Consortium, 2011; Schulz et al., 2014), a protein involved in cell cycle progression (Eloy 

et al., 2015). To test whether DJC66 is required for the dwarfism of ref4-3, we crossed 

ref4-3 to a T-DNA insertion line in DJC66 (SALK_149745C, djc66) and generated ref4-3 

djc66 double mutants. Compared to ref4-3, ref4-3 djc66 displayed modest but significant 

growth restoration (Fig. 2.18C, 2.18D, 2.18E and 2.18F), suggesting that the stunted 

growth of ref4-3 is partially dependent on DJC66. Moreover, like ref4-3, ref4-3 djc66 had 

lower levels of sinapoylmalate and lignin compared to wild type, indicating that the protein 

is not involved in the suppression of phenylpropanoid metabolism and may function 

specifically in the dwarfing phenotype of the mutant (Fig. 2.18G and 2.18H). Taken 

together, our data reveal that DJC66 is a novel suppressor that partially suppresses the 

stunted growth of ref4-3. Further, unlike all previous ref4-3 suppressors, DJC66 

presumably functions independent of Mediator’s role in transcriptional regulation because 

it is localized to the plastid, rather than the nucleus (Chiu et al., 2013). 

2.3 Discussion 

In this study, we used the Arabidopsis ref4-3 mutant to examine the function of 

MED5 in the context of Mediator. ref4-3 carries a missense mutation in MED5b, and 

exhibits dwarfism and reduced phenylpropanoids (Stout et al., 2008; Bonawitz et al., 2012). 

Loss of MED5 leads to increased phenylpropanoid accumulation in an otherwise wild-type 
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genetic background (Bonawitz et al., 2012), and disruption of MED5a and MED5b can 

restore the phenylpropanoid-deficient phenotypes of other ref mutants (Anderson et al., 

2015; Kim et al., 2015). Thus, our data suggest that the proteins encoded by semi-dominant 

ref4 alleles mimic the action of wild-type MED5 in homeostatic repression of 

phenylpropanoid biosynthesis, and thus provide genetic tools that are complementary to 

biochemical approaches to investigate the interaction between MED5 and other 

transcriptional regulators.  

We previously reported that loss of Mediator tail module subunits MED2, MED16 

or MED23 relieves the growth defects of ref4-3 (Dolan et al., 2017). Here, we show that 

loss of CDK8, a kinase module subunit, has a similar effect. Unlike disruption of MED16 

or MED23, loss of CDK8 does not restore the restricted lignin biosynthesis in ref4-3, which 

again demonstrates that the stunted growth and reduced lignin content of ref4-3 can be 

genetically disentangled as was found for MED2 (Dolan et al., 2017).  

The identification of CDK8 as a novel ref4-3 suppressor also provides new 

evidence for the functional/genetic, and potentially physical, interaction between the tail 

and kinase modules of Mediator. Arabidopsis CDK8 functions together with MED25 to 

activate the pathogen defense marker gene PDF1.2 (Zhu et al., 2014), and physical 

interaction between MED5 and the kinase module has been suggested by several studies in 

mammalian cells (Ito et al., 2002; Knuesel et al., 2009). Our study suggests that the 

interaction between MED5 and CDK8 may be preserved in the Arabidopsis Mediator 

complex. Alternatively, the genetic interaction between CDK8 and MED5 may reflect a 

functional but indirect interaction between these two subunits. Recent cryo-EM structures 

of yeast Mediator complex revealed that the CDK8 kinase module can reversibly associate 
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with the head and middle module through the interaction between MED13 (kinase module) 

and MED19 (middle module) (Tsai et al., 2013), whereas MED5, embedded in the tail, is 

located distal to those two modules (Tsai et al., 2014). Given that the overall structure of 

Mediator is conserved in eukaryotic systems (Tsai et al., 2014), the available high-

resolution map of yeast Mediator (Tsai et al., 2013, 2014) suggests that MED5 and CDK8 

do not physically interact with each other. Nevertheless, the potential physical interaction 

between different Mediator subunits in plants still needs to be evaluated by future studies. 

Although some genetic studies have shown that CDK8 has functions independent 

of its kinase activity (Zhu et al., 2014), our data demonstrate that CDK8 kinase activity is 

required for both growth deficiency and increased SA accumulation in ref4-3, consistent 

with the critical role of CDK8 with intact kinase activity in retrograde signaling and stress 

response (Ng et al., 2013; Zhu et al., 2014). Because CDK8 is dispensable for normal 

phenylpropanoid accumulation whereas MED5 is critical for this process, it is unlikely that 

wild-type MED5 is a general substrate of CDK8, and that the phosphorylation of MED5 

by CDK8 is required for phenylpropanoid homeostasis.  

The interacting partners and/or substrates of Arabidopsis CDK8 remain to be 

identified, but in other eukaryotes include the C-terminal domain of Pol II, histone proteins, 

individual Mediator tail subunits including MED2 and MED3 (Hallberg et al., 2004; 

Gonzalez et al., 2014) and various transcription factors (Rzymski et al., 2015; Lee et al., 

2016). Notably, a recent study in common wheat revealed that CDK8 can phosphorylate 

the transcription factor wax inducer 1 (TaWIN1), which thereby activates TaWIN1-

targeted genes and promotes very-long-chain aldehyde biosynthesis (Kong and Chang, 

2018). The identification of TaWIN1 as a target of CDK8 suggests that besides substrates 
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of CDK8 common to all eukaryotes, CDK8 may phosphorylate plant-specific transcription 

factors, possibly including those that are necessary for growth inhibition of ref4-3.  

Many plant hormones including SA and auxin play critical roles in the cross-talk 

between growth and immunity (Kazan and Manners, 2009; Huot et al., 2014). Although 

the stunted ref4-3 mutant hyper-accumulates SA, our data suggest that the SA content of 

the mutant is unrelated to its dwarfism. Similarly, dwarfism of ref8-1, another lignin-

deficient mutant, is also independent of its SA accumulation (Bonawitz et al., 2014). Thus, 

hyper-accumulation of SA is not a universal mechanism underpinning dwarfism in lignin-

deficient mutants. Moreover, our data further show that the repressed growth in ref4-3 is 

likely independent of auxin signaling. Together, we conclude that perturbation of hormone 

signaling is not the underlying cause for dwarfism associated with lignin deficiency.  

Although ref4-3 and ref8-1 show multiple similarities including repressed 

phenylpropanoid metabolism, significant changes in their transcriptome and growth 

deficiency independent of SA, CDK8 is a suppressor of ref4-3, but not of ref8-1. In fact, 

while multiple MED subunits were identified as suppressors of ref4-3 (Dolan et al., 2017), 

MED5 is the only characterized suppressor that can fully restore the growth of ref8-1 

(Bonawitz et al., 2014). The difference between ref4-3 and ref8-1, as well as previously 

identified low-lignin mutants, indicates that multiple mechanisms exist for dwarfing in 

plants that co-occur with perturbed phenylpropanoid metabolic phenotypes. Specifically, 

the dwarfism of ref4-3 may result from abnormal transcriptional reprogramming achieved 

by mutated MED5b itself, whereas the stunted growth of ref8-1 is due to restricted flux 

through phenylpropanoid pathway or an abnormal response triggered by over-
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accumulation of phenylpropanoid pathway intermediates that requires wild-type MED5 for 

perception.  

Our study raises the possibility that an alternative mechanism involving chaperone 

pathways might be involved in ref4-3 associated dwarfism. We identified DJC66, encoding 

a co-chaperone DnaJ protein, as a highly-upregulated gene in ref4-3 that was partially 

rescued by loss of CDK8. Similar to elimination of CDK8, loss of DJC66 suppresses the 

stunted growth of ref4-3 but does not affect phenylpropanoid biosynthesis. DJC66 interacts 

with the anaphase-promoting complex subunit APC8, suggesting its potential role in cell 

cycle regulation and plant growth (Schulz et al., 2014; Eloy et al., 2015). In addition, 

DJC66 can be targeted to chloroplasts, and its expression is significantly induced under 

heat and cold stresses (Chiu et al., 2013). Given that CDK8 is essential for retrograde 

signaling and general abiotic stress responses (Ng et al., 2013), it is likely that DJC66 

functions downstream of CDK8 in growth repression of ref4-3 (Figure 2.19). Moreover, 

the partial growth restoration in ref4-3 djc66 and the fact that DJC66 is only one of the 

DnaJ cochaperones (Chiu et al., 2013) suggest that other DnaJ proteins may share 

redundant function with DJC66 and contribute to the stunted growth of ref4-3 as well. 

2.4 Methods 

2.4.1 Plant material and growth conditions 

 Arabidopsis thaliana ecotype Columbia-0 (Col-0) was the wild type in this study. 

Plants were cultivated at a temperature of 23°C, under a long-day photoperiod (16 hr light/8 

hr dark) with a light intensity of 100 μE m−2 s−1. Homozygous mutants used in this study 

were isolated based on previous reports, with the corresponding accession numbers and 
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primers listed in Table 2.1 (Cao et al., 1997; Kim et al., 2007; Bonawitz et al., 2012; Zhu 

et al., 2014).  

2.4.2 Transgenic plants 

 Plant binary vectors (pBA-myc) that carry either CDK8 or CDK8D176A driven by 

the 35S promoter were transformed into ref4-3 cdk8-1 mutants by Agrobacterium 

tumefaciens-mediated transformation (Clough and Bent, 1998; Zhu et al., 2014). Similarly, 

a series of MED5bG383* (‘*’ represents amino acids G, S, T, D, E, A and V) constructs were 

first cloned into pCC0996, a binary vector in which transgene expression is driven by the 

Arabidopsis C4H promoter (Bonawitz et al., 2012) and transformed into med5 mutants. 

Transgenic lines were selected based on their resistance to Basta. The homozygous lines 

identified in the T3 generation were used for phenotypic characterization. To determine the 

CDK8 protein levels in the selected transgenic lines, 0.5 g of two-week-old seedlings were 

harvested and prepared for crude protein extracts in 1 mL Tris-HCl buffer (150 mM, pH 

8.0). After centrifugation, 50 µL lysate from each sample was loaded on 10% SDS-page 

gel and protein gel blotting was performed using anti-MYC antibody (1:1000 dilution, 

Sigma M4439). 

2.4.3 Lignin analysis 

 Total lignin content was quantified using extractive free cell walls by thioglycolic 

acid (TGA) lignin analysis, as described previously (Li et al., 2015). 
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2.4.4 HPLC analysis of secondary metabolites 

 Sinapoylmalate content of three-week-old whole rosettes was quantified by HPLC 

as previously reported (Dolan et al., 2017). 

2.4.5 High-throughput mRNA sequencing  

 Samples of wild-type, ref4-1, ref4-3, cdk8-1 and ref4-3 cdk8-1 three-week-old 

rosettes were harvested in triplicate with a randomized design. Each sample contained five 

whole rosettes of the same genotype from five individual pots. RNA extraction and whole-

transcriptome sequencing were performed as previously described (Dolan et al., 2017). The 

RNA-seq data of this study have been deposited in NCBI's Gene Expression Omnibus 

(Edgar et al., 2002) with accession number GSE111290. The previous RNA-seq data of 

ref4-3 and its suppressors have been deposited in Gene Expression Omnibus with accession 

number GSE95574 (Dolan et al., 2017).  

2.4.6 Differential expression analysis 

 Count matrices for individual samples were generated for each gene using HTSeq-

count (Anders et al., 2015). Differential expression analysis was performed based on the 

result of expressed genes with greater than one count per million (CPM) reads in at least 

three samples. The filtered data was then subjected to edgeR (v3.12.1) analysis using 

generalized linear model (GLM) approach (McCarthy et al., 2012), which was performed 

using statistical program R (v3.4.1). Significance testing was performed and adjusted using 

Benjamin-Hochberg method, reported as False Discovery Rate (FDR) with a cut-off at 

FDR < 0.05. Venn diagrams were created with the online tool Venny (v 2.1, 
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http://bioinfogp.cnb.csic.es/tools/venny/) and GO term analysis was performed using the 

DAVID Bioinformatics Resource (v.6.8, https://david.ncifcrf.gov/) (Huang et al., 2008). 

2.4.7 Determination of SA levels 

 SA extraction and detection was performed as previously described (Rozhon et al., 

2005). Both free and total SA were quantified by HPLC using 2-methoxybenzoic acid as 

an internal standard.   

 

https://david.ncifcrf.gov/
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Table 2.1 Primers used in this study 

Gene 
Accession 

number 
Mutant line Name Sequence 

CDK8 AT5G63610 SALK_138675 cdk8-1 LP TTGGTCTTGGCATCGATCTAC 

   cdk8-1 RP TTGGTGAAGGCACTTATGGTC 

CDK8 AT5G63610 SALK_016169 cdk8-2 LP CACTATTCCGTGCTCTTCTGC 

   cdk8-2 RP TTTCCTGATCGTCGATTTTTG 

MED12 AT4G00450 SALK_108241 med12 LP TCCATTTTGCTTTACTGCAGG 

   med12 RP TCGATCATCCCGCTAACTATG 

SID2 AT1G74710 SALK_133146 sid2-4 LP TCTGGGCTCAAACACTAAAACAC 

   sid2-4 RP GAATCAGAGGTGACGTTGAAGAC 

NPR1 AT1G64280 CS_3726 npr1-1 F CGTGTGCTCTTCATTTCGCTGT 

   npr1-1 R GTGCGGTTCTACCTTCCAAAGTT 

YUCCA6 AT5G25620  yuc6-1D LP TGGTACTAATTCAGCAAT 

   yuc6-1D RP ACTCTACGTACATTGAAG 

DJC66 AT3G13310 SALK_149745C djc66 LP TGATCTAATGGCAACGATTCC 

   djc66 RP CGCTGTAGAATCTGGCTGTTC 

GSTF2 AT4G02520   F CATCGCCCTCCACGAGAA 

    R GCTCACCGTCTTTGAGTTCGA 

MED5b AT2G48110   F CCGATGCTAAGAGGCTATGC 

    R CGACGTTTTGATGCAGGATA 

AT1G13220 AT1G13220   F TAACGTGGCCAAAATGATGC 

    R GTTCTCCACAACCGCTTGGT 

 

Unless specified, all mutant lines were obtained from the Arabidopsis Biological Resource Center (The 

Ohio State University, Columbus, OH). Left primers (LP) and right primers (RP) were used. For npr1-
1, forward (F) and reverse (R) primers were used to amplify the region carrying the point mutation 

followed by restriction enzyme digestion. Expression level of GSTF2 and MED5b was determined by 

quantitative PCR using the listed F and R primers and normalized to the reference gene AT1G13220.  
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Table 2.2 GO term analysis of the genes that are up-regulated in ref4-1, ref4-3, cdk8-1 and ref4-3 

cdk8-1 compared to wild type respectively a 

Genotype Term Description Count b 
Fold 

Enrichment c 
FDR 

ref4-1      

 GO:0009751 response to salicylic acid 40 2.62 3.88E-05 

 GO:0009414 response to water deprivation 60 2.28 2.75E-06 

 GO:0042742 defense response to bacterium 59 2.17 2.73E-05 

 GO:0009737 response to abscisic acid 80 2.12 2.06E-07 

 GO:0006952 defense response 102 1.84 2.08E-06 

 GO:0043565 sequence-specific DNA binding 100 1.79 1.10E-05 

 GO:0005576 extracellular region 227 1.57 2.09E-09 

 GO:0003700 
transcription factor activity, 

sequence-specific DNA binding 
209 1.56 2.06E-08 

 GO:0016301 kinase activity 129 1.48 7.16E-03 

ref4-3      

 GO:0009751 response to salicylic acid 40 2.62 3.88E-05 

 GO:0009414 response to water deprivation 60 2.28 2.75E-06 

 GO:0042742 defense response to bacterium 59 2.17 2.73E-05 

 GO:0009737 response to abscisic acid 80 2.12 2.06E-07 

 GO:0006952 defense response 102 1.84 2.08E-06 

 GO:0043565 sequence-specific DNA binding 100 1.79 1.10E-05 

 GO:0005576 extracellular region 227 1.57 2.09E-09 

 GO:0003700 
transcription factor activity, 

sequence-specific DNA binding 
209 1.56 2.06E-08 

 GO:0016301 kinase activity 129 1.48 7.16E-03 

cdk8-1      

 GO:0009768 
photosynthesis, light harvesting 

in photosystem I 
13 7.16 4.50E-05 

 GO:0018298 protein-chromophore linkage 18 5.74 2.96E-06 

 GO:0007018 microtubule-based movement 23 4.50 2.67E-06 

 GO:0010114 response to red light 17 3.75 9.09E-03 

 GO:0015979 photosynthesis 30 3.08 1.05E-04 

 GO:0009416 response to light stimulus 39 2.72 3.32E-05 

ref4-3 

cdk8-1 
     

 GO:0007623 circadian rhythm 38 2.26 1.38E-03 

 GO:0009414 response to water deprivation 90 1.96 1.19E-07 

 GO:0009737 response to abscisic acid 117 1.77 2.20E-07 

 GO:0003700 
transcription factor activity, 

sequence-specific DNA binding 
361 1.53 2.27E-16 

 GO:0006351 transcription, DNA-templated 385 1.45 9.33E-13 
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Table 2.2 continued 

Genotype Term Description Count b 
Fold 

Enrichment c 
FDR 

 GO:0006355 
regulation of transcription, 

DNA-templated 
428 1.41 7.55E-13 

 GO:0003677 DNA binding 397 1.38 4.80E-10 

 GO:0005634 nucleus 1536 1.12 8.84E-08 

 

a. For Supplemental Table 1,2 4 and 6, only significant GO terms were illustrated (FDR < 0.05). 

b. ‘Count’ represents the number of genes that were used as queries and related to the specific GO term.  

c. ‘Fold Enrichment’ was normalized to the percentage of background genes (all expressed genes) 

involved in the corresponding GO term.   
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Table 2.3 GO term analysis of the genes that are down-regulated in ref4-1, ref4-3, cdk8-1 and 

ref4-3 cdk8-1 compared to wild type respectively 

Genotype Term Description Count 
Fold 

Enrichment 
FDR 

ref4-1      

 GO:0042026 protein refolding 8 7.53 1.50E-02 

 GO:0009768 
photosynthesis, light harvesting in 

photosystem I 
17 6.54 8.09E-08 

 GO:0007017 microtubule-based process 14 4.94 9.57E-04 

 GO:0015995 chlorophyll biosynthetic process 21 4.34 9.30E-06 

 GO:0018298 protein-chromophore linkage 18 4.01 6.35E-04 

 GO:0010411 xyloglucan metabolic process 15 3.74 2.21E-02 

 GO:0008652 
cellular amino acid biosynthetic 

process 
29 3.56 1.79E-06 

 GO:0015979 photosynthesis 44 3.16 5.07E-09 

 GO:0006633 fatty acid biosynthetic process 36 2.63 1.44E-04 

 GO:0009416 response to light stimulus 46 2.24 3.67E-04 

 GO:0071555 cell wall organization 55 1.97 1.99E-03 

 GO:0046686 response to cadmium ion 74 1.89 1.15E-04 

 GO:0055114 oxidation-reduction process 198 1.51 1.39E-06 

ref4-3      

 GO:0032544 plastid translation 11 4.31 1.37E-02 

 GO:0009768 
photosynthesis, light harvesting in 

photosystem I 
19 4.06 3.90E-06 

 GO:0015995 chlorophyll biosynthetic process 33 3.78 2.09E-11 

 GO:0019253 reductive pentose-phosphate cycle 14 3.46 2.23E-02 

 GO:0015979 photosynthesis 82 3.26 2.79E-25 

 GO:0000162 tryptophan biosynthetic process 15 3.20 3.57E-02 

 GO:0000027 ribosomal large subunit assembly 21 3.08 8.95E-04 

 GO:0002181 cytoplasmic translation 29 2.84 4.16E-05 

 GO:0000028 ribosomal small subunit assembly 21 2.82 6.59E-03 

 GO:0015991 
ATP hydrolysis coupled proton 

transport 
19 2.79 2.72E-02 

 GO:0010411 xyloglucan metabolic process 20 2.76 1.80E-02 

 GO:0042254 ribosome biogenesis 81 2.76 6.77E-18 

 GO:0018298 protein-chromophore linkage 22 2.72 7.84E-03 

 GO:0008652 
cellular amino acid biosynthetic 

process 
36 2.45 1.03E-04 

 GO:0006412 translation 222 2.41 1.15E-40 

 GO:0009735 response to cytokinin 86 2.35 3.77E-13 

 GO:0006633 fatty acid biosynthetic process 57 2.31 1.50E-07 

 GO:0009658 chloroplast organization 55 2.08 3.27E-05 
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Table 2.3 continued 

Genotype Term Description Count 
Fold 

Enrichment 
FDR 

 GO:0009416 response to light stimulus 68 1.84 2.50E-04 

 GO:0009409 response to cold 98 1.62 5.85E-04 

 GO:0046686 response to cadmium ion 111 1.58 3.93E-04 

 GO:0055114 oxidation-reduction process 323 1.37 2.15E-07 

cdk8-1      

 GO:0042343 
indole glucosinolate metabolic 

process 
11 5.21 1.16E-02 

 GO:0010200 response to chitin 72 4.57 8.10E-29 

 GO:0009625 response to insect 13 4.19 2.26E-02 

 GO:0009617 response to bacterium 45 3.99 5.90E-14 

 GO:0009626 plant-type hypersensitive response 35 3.92 6.15E-10 

 GO:0098542 defense response to other organism 15 3.90 1.06E-02 

 GO:0009816 
defense response to bacterium, 

incompatible interaction 
20 3.75 3.66E-04 

 GO:0009620 response to fungus 32 3.68 5.41E-08 

 GO:0009611 response to wounding 80 3.34 1.27E-20 

 GO:0051707 response to other organism 21 3.32 1.82E-03 

 GO:0009751 response to salicylic acid 58 3.08 3.05E-12 

 GO:0009636 response to toxic substance 22 3.06 4.56E-03 

 GO:0042542 response to hydrogen peroxide 20 3.04 1.59E-02 

 GO:0050832 defense response to fungus 73 2.84 5.42E-14 

 GO:0042742 defense response to bacterium 91 2.71 2.01E-16 

 GO:0009753 response to jasmonic acid 51 2.70 4.79E-08 

 GO:0052696 flavonoid glucuronidation 31 2.60 1.46E-03 

 GO:0044550 
secondary metabolite biosynthetic 

process 
33 2.56 9.42E-04 

 GO:0006952 defense response 173 2.52 2.03E-29 

 GO:0009813 flavonoid biosynthetic process 37 2.44 6.02E-04 

 GO:0009408 response to heat 40 2.15 6.73E-03 

 GO:0006979 response to oxidative stress 69 2.13 1.89E-06 

 GO:0008152 metabolic process 62 1.96 3.81E-04 

 GO:0007165 signal transduction 87 1.82 4.36E-05 

 GO:0006468 protein phosphorylation 157 1.70 1.99E-08 

 GO:0009737 response to abscisic acid 76 1.62 3.17E-02 

 GO:0009651 response to salt stress 89 1.58 1.96E-02 

 GO:0055114 oxidation-reduction process 205 1.49 2.23E-06 
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Table 2.3 continued 

Genotype Term Description Count 
Fold 

Enrichment 
FDR 

ref4-3 

cdk8-1 
     

 GO:0010112 
regulation of systemic acquired 

resistance 
11 3.91 3.48E-02 

 GO:0009625 response to insect 17 2.90 3.07E-02 

 GO:0009617 response to bacterium 54 2.53 1.76E-09 

 GO:0010200 response to chitin 72 2.42 4.92E-12 

 GO:0008652 
cellular amino acid biosynthetic 

process 
37 2.29 3.60E-04 

 GO:0009611 response to wounding 98 2.16 5.66E-13 

 GO:0009620 response to fungus 35 2.13 6.50E-03 

 GO:0009753 response to jasmonic acid 68 1.91 2.51E-05 

 GO:0009735 response to cytokinin 75 1.86 1.63E-05 

 GO:0042742 defense response to bacterium 116 1.82 4.18E-09 

 GO:0080167 response to karrikin 53 1.81 8.24E-03 

 GO:0009408 response to heat 63 1.79 1.37E-03 

 GO:0042254 ribosome biogenesis 56 1.73 2.05E-02 

 GO:0050832 defense response to fungus 82 1.69 5.03E-04 

 GO:0006412 translation 171 1.68 1.21E-10 

 GO:0046686 response to cadmium ion 129 1.66 4.95E-07 

 GO:0006952 defense response 215 1.66 3.77E-13 

 GO:0006979 response to oxidative stress 99 1.62 3.16E-04 

 GO:0009409 response to cold 99 1.48 2.76E-02 

 GO:0055114 oxidation-reduction process 339 1.30 2.12E-05 
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Table 2.4 A full list of the genes that are down-regulated in ref4-3 and with restored expression in 

ref4-3 cdk8-1 (FDR < 0.05, absolute value of log2FC > 1) 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT1G03870 -3.44 1.22 FASCICLIN-like arabinoogalactan 9 

AT1G06080 -1.24 1.23 delta 9 desaturase 1 

AT1G06350 -2.06 1.43 Fatty acid desaturase family protein 

AT1G07450 -2.60 2.28 
NAD(P)-binding Rossmann-fold superfamily 

protein 

AT1G11070 -1.37 4.42  

AT1G13650 -1.51 1.92  

AT1G14280 -1.65 1.11 phytochrome kinase substrate 2 

AT1G15175 -1.02 1.07 other RNA 

AT1G19450 -2.07 1.85 Major facilitator superfamily protein 

AT1G20190 -1.40 1.54 expansin 11 

AT1G21910 -1.43 1.43 
Integrase-type DNA-binding superfamily 

protein 

AT1G22380 -1.33 2.45 UDP-glucosyl transferase 85A3 

AT1G25230 -1.09 1.33 
Calcineurin-like metallo-phosphoesterase 

superfamily protein 

AT1G26945 -1.30 1.71 
basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

AT1G28010 -1.47 1.16 P-glycoprotein 14 

AT1G29430 -3.25 1.90 SAUR-like auxin-responsive protein family 

AT1G29440 -2.54 1.50 SAUR-like auxin-responsive protein family 

AT1G29450 -2.60 1.33 SAUR-like auxin-responsive protein family 

AT1G29460 -2.10 1.29 SAUR-like auxin-responsive protein family 

AT1G29500 -2.43 1.69 SAUR-like auxin-responsive protein family 

AT1G29510 -2.50 1.19 SAUR-like auxin-responsive protein family 

AT1G29910 -1.64 1.38 chlorophyll A/B binding protein 3 

AT1G29920 -1.84 1.40 chlorophyll A/B-binding protein 2 

AT1G33930 -1.70 1.13 
P-loop containing nucleoside triphosphate 

hydrolases superfamily protein 

AT1G35730 -2.43 2.36 pumilio 9 

AT1G46120 -6.22 4.87 transposable element gene 

AT1G52190 -1.25 1.24 Major facilitator superfamily protein 

AT1G52430 -1.07 1.41 
Ubiquitin carboxyl-terminal hydrolase-related 

protein 
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Table 2.4 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT1G53690 -1.91 2.41 DNA directed RNA polymerase, 7 kDa subunit 

AT1G61280 -1.12 1.27 

Phosphatidylinositol N-

acetylglucosaminyltransferase, GPI19/PIG-P 

subunit 

AT1G65310 -3.04 2.28 xyloglucan endotransglucosylase/hydrolase 17 

AT1G67460 -1.35 1.63 
Minichromosome maintenance (MCM2/3/5) 

family protein 

AT1G73830 -1.52 2.26 BR enhanced expression 3 

AT1G75750 -1.35 1.21 GAST1 protein homolog 1 

AT1G76610 -2.11 2.30 Protein of unknown function, DUF617 

AT1G78320 -1.64 1.61 glutathione S-transferase TAU 23 

AT2G05070 -1.40 2.13 
photosystem II light harvesting complex gene 

2.2 

AT2G05100 -1.56 2.28 
photosystem II light harvesting complex gene 

2.1 

AT2G16367 -1.19 2.87  

AT2G18180 -1.66 1.75 
Sec14p-like phosphatidylinositol transfer 

family protein 

AT2G18969 -1.70 1.95  

AT2G21200 -2.40 1.55 SAUR-like auxin-responsive protein family 

AT2G21220 -2.96 2.46 SAUR-like auxin-responsive protein family 

AT2G22980 -1.28 1.22 serine carboxypeptidase-like 13 

AT2G22990 -1.25 1.06 sinapoylglucose 1 

AT2G24610 -1.28 1.56 cyclic nucleotide-gated channel 14 

AT2G26710 -1.06 1.36 Cytochrome P450 superfamily protein 

AT2G27402 -3.00 1.00  

AT2G28630 -1.26 1.29 3-ketoacyl-CoA synthase 12 

AT2G29170 -2.52 1.87 
NAD(P)-binding Rossmann-fold superfamily 

protein 

AT2G37130 -1.00 1.03 Peroxidase superfamily protein 

AT2G42885 -3.67 3.68 Defensin-like (DEFL) family protein 

AT3G02380 -1.21 1.53 CONSTANS-like 2 

AT3G03480 -1.88 1.82 acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase 

AT3G05900 -1.80 1.07 neurofilament protein-related 

AT3G06100 -1.96 1.81 NOD26-like intrinsic protein 7;1 
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Table 2.4 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT3G15450 -1.47 1.80 
Aluminium induced protein with YGL and 

LRDR motifs 

AT3G21460 -1.23 1.26 Glutaredoxin family protein 

AT3G23050 -1.09 1.03 indole-3-acetic acid 7 

AT3G26815 -1.56 1.82 MIR169K; miRNA 

AT3G26818 -1.74 1.48 MIR169M; miRNA 

AT3G27620 -1.52 1.40 alternative oxidase 1C 

AT3G27690 -1.43 2.32 
photosystem II light harvesting complex gene 

2.3 

AT3G30122 -1.90 1.89  

AT3G51600 -1.07 1.26 lipid transfer protein 5 

AT3G54510 -3.21 3.04 
Early-responsive to dehydration stress protein 

(ERD4) 

AT3G56230 -1.89 1.94 BTB/POZ domain-containing protein 

AT3G59250 -1.49 1.47 F-box/RNI-like superfamily protein 

AT3G60290 -1.80 1.20 
2-oxoglutarate (2OG) and Fe(II)-dependent 

oxygenase superfamily protein 

AT3G61430 -1.36 1.04 plasma membrane intrinsic protein 1A 

AT4G10160 -3.68 5.37 RING/U-box superfamily protein 

AT4G12050 -2.55 3.03 
Predicted AT-hook DNA-binding family 

protein 

AT4G12690 -2.33 1.97 Plant protein of unknown function (DUF868) 

AT4G16515 -1.11 1.02  

AT4G18970 -1.88 1.13 
GDSL-like Lipase/Acylhydrolase superfamily 

protein 

AT4G25780 -2.74 1.52 

CAP (Cysteine-rich secretory proteins, Antigen 

5, and Pathogenesis-related 1 protein) 

superfamily protein 

AT4G27310 -1.63 1.07 B-box type zinc finger family protein 

AT4G27450 -1.68 1.07 
Aluminium induced protein with YGL and 

LRDR motifs 

AT4G32280 -1.21 2.27 indole-3-acetic acid inducible 29 

AT4G33790 -2.24 3.90 
Jojoba acyl CoA reductase-related male 

sterility protein 

AT4G35770 -2.26 1.00 
Rhodanese/Cell cycle control phosphatase 

superfamily protein 

AT4G36105 -3.05 2.25  

AT4G38860 -1.28 1.07 SAUR-like auxin-responsive protein family 
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Table 2.4 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT4G39675 -1.90 2.29  

AT5G02180 -1.33 1.48 
Transmembrane amino acid transporter family 

protein 

AT5G02760 -2.37 1.46 Protein phosphatase 2C family protein 

AT5G06980 -1.29 1.71  

AT5G07571 -2.43 2.25 Oleosin family protein 

AT5G15180 -1.10 1.39 Peroxidase superfamily protein 

AT5G16030 -1.08 1.04  

AT5G18020 -1.95 1.51 SAUR-like auxin-responsive protein family 

AT5G18030 -1.12 1.01 SAUR-like auxin-responsive protein family 

AT5G18050 -1.16 1.77 SAUR-like auxin-responsive protein family 

AT5G19190 -1.09 1.04  

AT5G22920 -1.38 1.02 
CHY-type/CTCHY-type/RING-type Zinc 

finger protein 

AT5G25460 -1.21 1.44 Protein of unknown function, DUF642 

AT5G27360 -1.49 1.15 Major facilitator superfamily protein 

AT5G35777 -3.63 2.46 transposable element gene 

AT5G37950 -1.63 2.17 UDP-Glycosyltransferase superfamily protein 

AT5G38970 -3.15 2.22 brassinosteroid-6-oxidase 1 

AT5G39860 -2.77 2.06 
basic helix-loop-helix (bHLH) DNA-binding 

family protein 

AT5G45820 -3.54 2.09 CBL-interacting protein kinase 20 

AT5G49360 -1.10 1.46 beta-xylosidase 1 

AT5G54145 -1.23 1.16  

AT5G54270 -1.27 1.25 
light-harvesting chlorophyll B-binding protein 

3 

AT5G56840 -2.68 1.02 myb-like transcription factor family protein 

AT5G61650 -3.68 3.68 CYCLIN P4;2 

AT5G62430 -1.01 1.72 cycling DOF factor 1 

AT5G67390 -2.09 1.55  
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Table 2.5 Gene ontology analysis for the genes that are down-regulated in ref4-3 and that have 

restored expression in ref4-3 cdk8-1 

Term Description Count Fold Enrichment FDR 

GO:0046620 regulation of organ growth 6 95.29 3E-06 

GO:0009768 
photosynthesis, light harvesting in 

photosystem I 
6 47.65 1E-04 

GO:0018298 protein-chromophore linkage 6 27.58 3E-03 

GO:0009926 auxin polar transport 6 19.78 1E-02 

GO:0009734 auxin-activated signaling pathway 11 11.51 4E-05 

GO:0009733 response to auxin 14 9.41 3E-06 
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Table 2.6 A full list of the genes that are up-regulated in ref4-3 and with restored expression in 

ref4-3 cdk8-1 (FDR < 0.05, absolute value of log2FC > 1) 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT1G01680 1.78 -3.60 plant U-box 54 

AT1G01720 2.20 -1.08 
NAC (No Apical Meristem) domain 

transcriptional regulator superfamily protein 

AT1G02310 2.28 -1.49 Glycosyl hydrolase superfamily protein 

AT1G02430 2.67 -5.97 ADP-ribosylation factor D1B 

AT1G02470 1.65 -1.06 
Polyketide cyclase/dehydrase and lipid 

transport superfamily protein 

AT1G02850 1.99 -1.66 beta glucosidase 11 

AT1G03495 1.92 -1.69 
HXXXD-type acyl-transferase family 

protein 

AT1G04600 2.08 -2.00 myosin XI A 

AT1G05100 3.25 -1.88 mitogen-activated protein kinase 18 

AT1G05450 2.42 -3.20 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT1G05880 1.62 -2.99 RING/U-box superfamily protein 

AT1G09080 1.80 -5.38 
Heat shock protein 70 (Hsp 70) family 

protein 

AT1G13310 2.73 -4.18 
Endosomal targeting BRO1-like domain-

containing protein 

AT1G13470 1.09 -4.32 Protein of unknown function (DUF1262) 

AT1G13520 2.05 -2.21 Protein of unknown function (DUF1262) 

AT1G13550 2.62 -1.98 Protein of unknown function (DUF1262) 

AT1G14080 1.94 -2.42 fucosyltransferase 6 

AT1G14880 1.20 -3.74 PLANT CADMIUM RESISTANCE 1 

AT1G15380 1.96 -1.10 
Lactoylglutathione lyase / glyoxalase I 

family protein 

AT1G15520 3.15 -2.81 pleiotropic drug resistance 12 

AT1G15670 1.62 -1.47 
Galactose oxidase/kelch repeat superfamily 

protein 

AT1G16090 1.14 -1.28 wall associated kinase-like 7 

AT1G17615 4.93 -5.16 Disease resistance protein (TIR-NBS class) 

AT1G18300 1.22 -1.10 nudix hydrolase homolog 4 

AT1G19020 1.23 -2.37  

AT1G19230 3.20 -3.15 Riboflavin synthase-like superfamily protein 

AT1G19250 2.92 -3.37 flavin-dependent monooxygenase 1 
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Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT1G20160 1.11 -2.05 
Subtilisin-like serine endopeptidase family 

protein 

AT1G21240 1.92 -3.55 wall associated kinase 3 

AT1G21390 1.59 -1.43 embryo defective 2170 

AT1G21525 1.40 -2.14  

AT1G21550 1.03 -1.69 Calcium-binding EF-hand family protein 

AT1G22440 2.04 -1.92 
Zinc-binding alcohol dehydrogenase family 

protein 

AT1G25422 1.11 -1.82  

AT1G26240 3.80 -3.80 Proline-rich extensin-like family protein 

AT1G26390 1.39 -2.16 FAD-binding Berberine family protein 

AT1G26410 3.42 -1.95 FAD-binding Berberine family protein 

AT1G29860 2.05 -1.02 WRKY DNA-binding protein 71 

AT1G30700 1.54 -2.03 FAD-binding Berberine family protein 

AT1G30850 4.44 -2.69 root hair specific 4 

AT1G30900 1.28 -2.06 VACUOLAR SORTING RECEPTOR 6 

AT1G31570 2.58 -2.27 transposable element gene 

AT1G32950 1.18 -1.61 Subtilase family protein 

AT1G32960 4.06 -4.60 Subtilase family protein 

AT1G33730 1.77 -4.04 
cytochrome P450, family 76, subfamily C, 

polypeptide 5 

AT1G33840 3.81 -1.85 Protein of unknown function (DUF567) 

AT1G33950 2.50 -4.70 
Avirulence induced gene (AIG1) family 

protein 

AT1G34420 1.06 -2.10 
leucine-rich repeat transmembrane protein 

kinase family protein 

AT1G35230 1.56 -3.77 arabinogalactan protein 5 

AT1G35330 2.90 -2.36 RING/U-box superfamily protein 

AT1G35710 1.39 -2.69 
Protein kinase family protein with leucine-

rich repeat domain 

AT1G44130 2.16 -2.57 Eukaryotic aspartyl protease family protein 

AT1G47880 2.80 -3.83  

AT1G47890 2.38 -4.66 receptor like protein 7 

AT1G48470 1.17 -1.75 glutamine synthetase 1;5 

AT1G48510 6.77 -2.64 
Surfeit locus 1 cytochrome c oxidase 

biogenesis protein 

AT1G49960 2.41 -2.14 Xanthine/uracil permease family protein 
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Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT1G51850 1.47 -1.44 
Leucine-rich repeat protein kinase family 

protein 

AT1G51860 2.93 -3.42 
Leucine-rich repeat protein kinase family 

protein 

AT1G53625 1.44 -1.23  

AT1G54540 3.73 -2.71 
Late embryogenesis abundant (LEA) 

hydroxyproline-rich glycoprotein family 

AT1G55790 2.72 -2.76 Domain of unknown function (DUF2431) 

AT1G56120 1.09 -1.75 
Leucine-rich repeat transmembrane protein 

kinase 

AT1G57850 3.86 -3.50 
Toll-Interleukin-Resistance (TIR) domain 

family protein 

AT1G58225 2.75 -3.88  

AT1G58390 1.30 -1.02 
Disease resistance protein (CC-NBS-LRR 

class) family 

AT1G59590 1.81 -2.32 ZCF37 

AT1G60470 5.50 -1.75 galactinol synthase 4 

AT1G61550 1.49 -1.67 S-locus lectin protein kinase family protein 

AT1G61810 1.15 -1.15 beta-glucosidase 45 

AT1G61930 1.64 -1.72 Protein of unknown function, DUF584 

AT1G62262 2.18 -3.34 SLAC1 homologue 4 

AT1G62370 1.29 -1.29 RING/U-box superfamily protein 

AT1G63840 3.22 -2.02 RING/U-box superfamily protein 

AT1G64070 3.36 -2.20 
Disease resistance protein (TIR-NBS-LRR 

class) family 

AT1G64080 1.41 -1.02  

AT1G65483 2.33 -3.53  

AT1G65690 2.54 -1.92 
Late embryogenesis abundant (LEA) 

hydroxyproline-rich glycoprotein family 

AT1G66380 1.62 -2.66 myb domain protein 114 

AT1G66390 4.75 -2.08 myb domain protein 90 

AT1G66570 4.54 -3.50 sucrose-proton symporter 7 

AT1G66725 1.80 -1.79 MIR163; miRNA 

AT1G66830 2.10 -1.19 
Leucine-rich repeat protein kinase family 

protein 

AT1G66960 3.03 -5.86 Terpenoid cyclases family protein 

AT1G67360 3.00 -1.17 Rubber elongation factor protein (REF) 

AT1G68440 1.16 -1.85  
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Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT1G68570 3.16 -1.44 Major facilitator superfamily protein 

AT1G68620 2.50 -3.72 alpha/beta-Hydrolases superfamily protein 

AT1G68850 2.50 -1.96 Peroxidase superfamily protein 

AT1G69490 2.94 -1.02 NAC-like, activated by AP3/PI 

AT1G69880 2.30 -2.03 thioredoxin H-type 8 

AT1G70170 3.00 -2.65 matrix metalloproteinase 

AT1G70800 2.93 -1.20 
Calcium-dependent lipid-binding (CaLB 

domain) family protein 

AT1G71390 4.13 -3.87 receptor like protein 11 

AT1G71530 6.21 -4.67 Protein kinase superfamily protein 

AT1G72240 1.78 -1.51  

AT1G72540 1.56 -3.16 Protein kinase superfamily protein 

AT1G72950 1.22 -1.36 Disease resistance protein (TIR-NBS class) 

AT1G73220 5.33 -2.81 organic cation/carnitine transporter1 

AT1G73805 1.39 -2.98 Calmodulin binding protein-like 

AT1G73810 1.05 -1.46 
Core-2/I-branching beta-1,6-N-

acetylglucosaminyltransferase family protein 

AT1G74140 4.75 -3.01 
Rhomboid-related intramembrane serine 

protease family protein 

AT1G74460 1.18 -1.31 
GDSL-like Lipase/Acylhydrolase 

superfamily protein 

AT1G74590 2.16 -2.63 glutathione S-transferase TAU 10 

AT1G74710 1.01 -1.79 ADC synthase superfamily protein 

AT1G74930 1.10 -1.83 
Integrase-type DNA-binding superfamily 

protein 

AT1G75000 2.46 -2.60 GNS1/SUR4 membrane protein family 

AT1G75040 3.03 -3.53 pathogenesis-related gene 5 

AT1G75910 5.12 -3.37 extracellular lipase 4 

AT1G76530 1.25 -1.41 Auxin efflux carrier family protein 

AT1G76640 1.46 -2.35 Calcium-binding EF-hand family protein 

AT1G76970 1.66 -1.72 Target of Myb protein 1 

AT1G76980 1.51 -1.37  

AT2G02330 4.06 -4.06  

AT2G03360 3.01 -2.78 Glycosyltransferase family 61 protein 

AT2G04090 2.44 -2.88 MATE efflux family protein 
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Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT2G04100 2.19 -1.39 MATE efflux family protein 

AT2G04135 3.51 -1.18 transposable element gene 

AT2G04450 1.52 -2.59 nudix hydrolase homolog 6 

AT2G04495 1.84 -4.00  

AT2G05440 1.25 -1.12 GLYCINE RICH PROTEIN 9 

AT2G11891 5.72 -2.05  

AT2G13810 1.28 -3.90 AGD2-like defense response protein 1 

AT2G14610 1.47 -3.73 pathogenesis-related gene 1 

AT2G14620 2.09 -1.97 
xyloglucan endotransglucosylase/hydrolase 

10 

AT2G16895 2.23 -1.86  

AT2G18150 1.34 -1.13 Peroxidase superfamily protein 

AT2G18370 1.41 -2.04 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT2G18660 1.43 -4.68 plant natriuretic peptide A 

AT2G19500 4.76 -4.76 cytokinin oxidase 2 

AT2G21100 3.37 -2.40 
Disease resistance-responsive (dirigent-like 

protein) family protein 

AT2G22510 1.17 -2.05 
hydroxyproline-rich glycoprotein family 

protein 

AT2G23110 4.34 -1.69 
Late embryogenesis abundant protein, group 

6 

AT2G23540 1.46 -1.25 
GDSL-like Lipase/Acylhydrolase 

superfamily protein 

AT2G23830 3.01 -2.11 PapD-like superfamily protein 

AT2G24160 1.32 -1.42  

AT2G24210 1.90 -2.22 terpene synthase 10 

AT2G25260 1.82 -1.91  

AT2G25440 1.27 -3.26 receptor like protein 20 

AT2G25510 1.13 -1.53  

AT2G26150 1.25 -4.32 heat shock transcription factor A2 

AT2G26400 2.76 -4.55 acireductone dioxygenase 3 

AT2G26480 2.27 -2.19 UDP-glucosyl transferase 76D1 

AT2G27389 1.36 -2.11  

AT2G28570 1.88 -2.02  
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT2G29100 3.31 -3.15 glutamate receptor 2 

AT2G29110 1.69 -3.49 glutamate receptor 2 

AT2G29350 1.28 -1.98 senescence-associated gene 13 

AT2G29460 1.11 -2.51 glutathione S-transferase tau 4 

AT2G29470 2.03 -2.81 glutathione S-transferase tau 3 

AT2G30660 1.78 -1.98 
ATP-dependent caseinolytic (Clp) 

protease/crotonase family protein 

AT2G32680 1.55 -4.28 receptor like protein 23 

AT2G33080 2.01 -3.37 receptor like protein 28 

AT2G33580 2.52 -1.96 Protein kinase superfamily protein 

AT2G34360 1.18 -1.71 MATE efflux family protein 

AT2G34500 1.79 -1.69 
cytochrome P450, family 710, subfamily A, 

polypeptide 1 

AT2G34940 1.32 -2.17 VACUOLAR SORTING RECEPTOR 5 

AT2G35980 2.12 -2.08 
Late embryogenesis abundant (LEA) 

hydroxyproline-rich glycoprotein family 

AT2G36580 2.00 -1.40 Pyruvate kinase family protein 

AT2G37360 2.07 -2.37 ABC-2 type transporter family protein 

AT2G37710 1.60 -1.32 receptor lectin kinase 

AT2G37750 1.79 -1.28  

AT2G39350 1.55 -1.32 ABC-2 type transporter family protein 

AT2G40095 1.29 -1.92 Alpha/beta hydrolase related protein 

AT2G40370 3.16 -1.97 laccase 5 

AT2G40740 2.49 -1.62 WRKY DNA-binding protein 55 

AT2G41230 1.55 -1.85  

AT2G41850 2.80 -3.16 
polygalacturonase abscission zone A. 

thaliana 

AT2G42140 6.20 -2.81 VQ motif-containing protein 

AT2G43570 2.32 -2.90 chitinase, putative 

AT2G43840 3.30 -1.97 UDP-glycosyltransferase 74 F1 

AT2G44240 5.54 -8.32 Protein of Unknown Function (DUF239) 

AT2G44290 1.85 -1.83 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT2G44400 3.52 -2.17 
Cysteine/Histidine-rich C1 domain family 

protein 

 



 

 

72 

Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT2G44910 1.21 -1.29 homeobox-leucine zipper protein 4 

AT2G45220 1.84 -1.62 
Plant invertase/pectin methylesterase 

inhibitor superfamily 

AT2G45760 1.89 -2.70 BON association protein 2 

AT2G45840 2.22 -1.99 
Arabidopsis thaliana protein of unknown 

function (DUF821) 

AT2G45900 1.16 -1.03 

Phosphatidylinositol N-

acetyglucosaminlytransferase subunit P-

related 

AT2G46270 1.62 -1.19 G-box binding factor 3 

AT2G47130 1.12 -2.84 
NAD(P)-binding Rossmann-fold superfamily 

protein 

AT2G47460 3.28 -1.33 myb domain protein 12 

AT2G47550 1.71 -1.83 
Plant invertase/pectin methylesterase 

inhibitor superfamily 

AT2G47950 4.94 -3.23  

AT2G48130 2.42 -2.09 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT2G48140 2.72 -1.83 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT3G01420 2.64 -2.25 Peroxidase superfamily protein 

AT3G02610 1.04 -1.43 
Plant stearoyl-acyl-carrier-protein desaturase 

family protein 

AT3G03650 3.61 -2.46 Exostosin family protein 

AT3G04000 2.97 -1.10 
NAD(P)-binding Rossmann-fold superfamily 

protein 

AT3G04050 2.33 -2.10 Pyruvate kinase family protein 

AT3G04060 1.40 -1.05 NAC domain containing protein 46 

AT3G04070 1.18 -1.44 NAC domain containing protein 47 

AT3G04181 1.49 -1.42  

AT3G04300 2.69 -3.74 RmlC-like cupins superfamily protein 

AT3G05650 1.42 -1.26 receptor like protein 32 

AT3G06520 1.03 -1.21 agenet domain-containing protein 

AT3G07600 2.20 -2.77 
Heavy metal transport/detoxification 

superfamily protein 

AT3G07970 2.10 -1.17 Pectin lyase-like superfamily protein 

AT3G08040 1.51 -1.22 MATE efflux family protein 

AT3G08860 2.55 -1.71 PYRIMIDINE 4 
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT3G09220 1.52 -1.36 laccase 7 

AT3G09790 4.44 -4.44 ubiquitin 8 

AT3G09960 1.76 -4.33 
Calcineurin-like metallo-phosphoesterase 

superfamily protein 

AT3G11010 1.67 -2.74 receptor like protein 34 

AT3G11080 1.25 -1.46 receptor like protein 35 

AT3G11260 1.66 -1.54 WUSCHEL related homeobox 5 

AT3G11402 1.08 -1.82 
Cysteine/Histidine-rich C1 domain family 

protein 

AT3G11430 2.41 -2.27 glycerol-3-phosphate acyltransferase 5 

AT3G12220 1.91 -2.58 serine carboxypeptidase-like 16 

AT3G12230 5.57 -3.82 serine carboxypeptidase-like 14 

AT3G12830 1.83 -1.23 SAUR-like auxin-responsive protein family 

AT3G12910 5.37 -2.97 
NAC (No Apical Meristem) domain 

transcriptional regulator superfamily protein 

AT3G13090 1.31 -2.15 multidrug resistance-associated protein 8 

AT3G13100 1.30 -1.73 multidrug resistance-associated protein 7 

AT3G13130 7.47 -2.59  

AT3G13277 1.23 -1.38 other RNA 

AT3G13433 2.56 -1.98  

AT3G13610 2.31 -3.81 
2-oxoglutarate (2OG) and Fe(II)-dependent 

oxygenase superfamily protein 

AT3G14460 1.77 -3.87 
LRR and NB-ARC domains-containing 

disease resistance protein 

AT3G15536 2.57 -4.85  

AT3G18250 1.51 -2.22 Putative membrane lipoprotein 

AT3G21520 2.00 -2.65 DUF679 domain membrane protein 1 

AT3G21560 2.57 -1.08 
UDP-Glycosyltransferase superfamily 

protein 

AT3G21710 2.21 -1.22  

AT3G22060 2.72 -1.68 
Receptor-like protein kinase-related family 

protein 

AT3G22600 2.25 -2.07 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT3G22620 3.09 -1.95 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT3G22840 6.94 -1.31 Chlorophyll A-B binding family protein 
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT3G22910 1.62 -2.99 
ATPase E1-E2 type family protein / haloacid 

dehalogenase-like hydrolase family protein 

AT3G23010 1.06 -1.13 receptor like protein 36 

AT3G23110 1.56 -1.83 receptor like protein 37 

AT3G23120 1.18 -1.57 receptor like protein 38 

AT3G23240 1.14 -1.23 ethylene response factor 1 

AT3G24900 2.89 -3.69 receptor like protein 39 

AT3G25010 2.06 -3.40 receptor like protein 41 

AT3G25190 1.35 -1.61 
Vacuolar iron transporter (VIT) family 

protein 

AT3G25510 1.08 -2.61 
disease resistance protein (TIR-NBS-LRR 

class), putative 

AT3G25610 1.35 -1.58 
ATPase E1-E2 type family protein / haloacid 

dehalogenase-like hydrolase family protein 

AT3G25640 1.62 -1.25 Protein of unknown function, DUF617 

AT3G25795 2.67 -3.22 other RNA 

AT3G26210 1.19 -2.44 
cytochrome P450, family 71, subfamily B, 

polypeptide 23 

AT3G27490 6.61 -4.09 
Cysteine/Histidine-rich C1 domain family 

protein 

AT3G28510 2.21 -4.22 
P-loop containing nucleoside triphosphate 

hydrolases superfamily protein 

AT3G29110 6.39 -2.26 
Terpenoid cyclases/Protein 

prenyltransferases superfamily protein 

AT3G29250 1.65 -2.43 
NAD(P)-binding Rossmann-fold superfamily 

protein 

AT3G29590 1.70 -1.25 
HXXXD-type acyl-transferase family 

protein 

AT3G30120 1.85 -2.59  

AT3G42110 5.31 -5.31 transposable element gene 

AT3G44326 2.05 -3.97 F-box family protein 

AT3G44350 1.65 -2.19 NAC domain containing protein 61 

AT3G44540 2.12 -1.77 fatty acid reductase 4 

AT3G44550 1.24 -2.40 fatty acid reductase 5 

AT3G44560 1.53 -3.51 fatty acid reductase 8 

AT3G45290 2.93 -2.27 Seven transmembrane MLO family protein 

AT3G45330 1.86 -2.17 
Concanavalin A-like lectin protein kinase 

family protein 

AT3G45760 5.01 -5.01 Nucleotidyltransferase family protein 

 



 

 

75 

Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT3G45860 1.28 -1.44 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 4 

AT3G46080 1.14 -2.20 C2H2-type zinc finger family protein 

AT3G46090 2.05 -4.70 
C2H2 and C2HC zinc fingers superfamily 

protein 

AT3G47040 4.86 -4.86 Glycosyl hydrolase family protein 

AT3G47050 3.59 -1.67 Glycosyl hydrolase family protein 

AT3G47480 1.11 -3.82 Calcium-binding EF-hand family protein 

AT3G48080 1.09 -1.10 alpha/beta-Hydrolases superfamily protein 

AT3G48630 1.88 -3.47  

AT3G48650 1.16 -3.47  

AT3G48850 1.44 -2.19 phosphate transporter 3;2 

AT3G48920 1.77 -1.99 myb domain protein 45 

AT3G49120 1.07 -1.25 peroxidase CB 

AT3G49780 1.18 -1.26 phytosulfokine 4 precursor 

AT3G49950 1.26 -2.07 GRAS family transcription factor 

AT3G50400 3.88 -3.01 
GDSL-like Lipase/Acylhydrolase 

superfamily protein 

AT3G50470 1.28 -2.36 homolog of RPW8 3 

AT3G50480 1.60 -2.83 homolog of RPW8 4 

AT3G51330 1.32 -2.09 Eukaryotic aspartyl protease family protein 

AT3G51860 1.33 -1.42 cation exchanger 3 

AT3G53150 2.89 -5.97 UDP-glucosyl transferase 73D1 

AT3G53510 2.45 -2.76 ABC-2 type transporter family protein 

AT3G53980 3.23 -1.65 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT3G55090 4.73 -3.69 ABC-2 type transporter family protein 

AT3G55970 1.22 -2.14 jasmonate-regulated gene 21 

AT3G57240 2.07 -5.18 beta-1,3-glucanase 3 

AT3G57260 1.26 -3.80 beta-1,3-glucanase 2 

AT3G57510 3.70 -6.48 Pectin lyase-like superfamily protein 

AT3G57700 1.20 -1.42 Protein kinase superfamily protein 

AT3G57950 1.89 -1.68  
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT3G58550 2.29 -1.81 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT3G59710 1.56 -1.20 
NAD(P)-binding Rossmann-fold superfamily 

protein 

AT3G59930 6.35 -1.59  

AT3G60140 3.52 -1.26 Glycosyl hydrolase superfamily protein 

AT3G60170 4.44 -2.69 transposable element gene 

AT3G60420 1.43 -1.47 Phosphoglycerate mutase family protein 

AT3G60470 3.11 -5.58 
Plant protein of unknown function 

(DUF247) 

AT3G60966 1.44 -2.41 RING/U-box superfamily protein 

AT3G61198 1.41 -2.21 other RNA 

AT4G00700 2.52 -3.79 
C2 calcium/lipid-binding plant 

phosphoribosyltransferase family protein 

AT4G00870 2.97 -1.34 
basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

AT4G01380 1.77 -6.20 plastocyanin-like domain-containing protein 

AT4G03450 1.70 -5.44 Ankyrin repeat family protein 

AT4G03540 3.61 -2.43 Uncharacterised protein family (UPF0497) 

AT4G03950 4.44 -4.44 Nucleotide/sugar transporter family protein 

AT4G04490 1.58 -2.71 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 36 

AT4G04500 2.83 -3.55 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 37 

AT4G04510 1.64 -4.57 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 38 

AT4G04760 1.32 -1.39 Major facilitator superfamily protein 

AT4G05540 5.01 -5.29 
P-loop containing nucleoside triphosphate 

hydrolases superfamily protein 

AT4G09455 5.22 -5.22 transposable element gene 

AT4G09770 1.61 -2.12 TRAF-like family protein 

AT4G10500 2.67 -4.50 
2-oxoglutarate (2OG) and Fe(II)-dependent 

oxygenase superfamily protein 

AT4G10860 5.59 -5.08  

AT4G11070 2.30 -3.46 WRKY family transcription factor 

AT4G11170 2.01 -2.63 
Disease resistance protein (TIR-NBS-LRR 

class) family 

AT4G11650 2.13 -1.88 osmotin 34 

AT4G11655 1.89 -2.82 Uncharacterised protein family (UPF0497) 
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT4G11890 1.31 -2.41 Protein kinase superfamily protein 

AT4G12580 3.08 -1.16  

AT4G13395 1.83 -3.29 ROTUNDIFOLIA like 12 

AT4G13890 2.86 -4.00 
Pyridoxal phosphate (PLP)-dependent 

transferases superfamily protein 

AT4G13900 1.51 -1.49  

AT4G14090 1.54 -1.45 
UDP-Glycosyltransferase superfamily 

protein 

AT4G14390 1.34 -2.49 Ankyrin repeat family protein 

AT4G14630 2.57 -1.14 germin-like protein 9 

AT4G14640 1.74 -1.61 calmodulin 8 

AT4G15417 1.82 -2.86 RNAse II-like 1 

AT4G16600 1.42 -2.18 
Nucleotide-diphospho-sugar transferases 

superfamily protein 

AT4G17215 1.50 -1.10 
Pollen Ole e 1 allergen and extensin family 

protein 

AT4G17280 1.06 -1.08 Auxin-responsive family protein 

AT4G17660 1.38 -2.63 Protein kinase superfamily protein 

AT4G18360 1.20 -1.57 Aldolase-type TIM barrel family protein 

AT4G18870 5.79 -3.26 
E2F/DP family winged-helix DNA-binding 

domain 

AT4G18980 1.46 -1.89 AtS40-3 

AT4G19430 1.30 -2.79  

AT4G20110 1.09 -1.25 VACUOLAR SORTING RECEPTOR 7 

AT4G21230 1.36 -1.24 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 27 

AT4G21840 1.04 -3.60 methionine sulfoxide reductase B8 

AT4G21926 1.42 -1.28  

AT4G22070 2.49 -1.66 WRKY DNA-binding protein 31 

AT4G22505 1.24 -1.33 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT4G22960 1.37 -1.30 Protein of unknown function (DUF544) 

AT4G23140 1.03 -4.07 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 6 

AT4G23150 2.71 -3.87 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 7 

AT4G23160 1.56 -2.49 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 8 
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT4G23230 1.00 -1.36 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 15 

AT4G23310 2.54 -3.38 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 23 

AT4G23320 1.44 -1.48 
cysteine-rich RLK (RECEPTOR-like protein 

kinase) 24 

AT4G23610 1.13 -2.03 
Late embryogenesis abundant (LEA) 

hydroxyproline-rich glycoprotein family 

AT4G24000 2.04 -1.31 cellulose synthase like G2 

AT4G24450 1.10 -1.17 phosphoglucan, water dikinase 

AT4G25350 2.06 -1.38 EXS (ERD1/XPR1/SYG1) family protein 

AT4G26150 1.55 -1.65 cytokinin-responsive gata factor 1 

AT4G28110 3.54 -2.00 myb domain protein 41 

AT4G28390 1.39 -1.23 ADP/ATP carrier 3 

AT4G28703 2.44 -1.25 RmlC-like cupins superfamily protein 

AT4G28790 2.32 -1.98 
basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

AT4G30460 1.11 -1.05 glycine-rich protein 

AT4G30640 1.12 -1.67 RNI-like superfamily protein 

AT4G32205 1.77 -1.33 transposable element gene 

AT4G33550 3.57 -1.56 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT4G34135 2.51 -1.34 UDP-glucosyltransferase 73B2 

AT4G34380 3.11 -2.45 
Transducin/WD40 repeat-like superfamily 

protein 

AT4G35165 2.82 -3.85 Protein of unknown function (DUF1278) 

AT4G35380 2.45 -2.49 
SEC7-like guanine nucleotide exchange 

family protein 

AT4G36430 1.46 -1.16 Peroxidase superfamily protein 

AT4G36610 1.82 -1.36 alpha/beta-Hydrolases superfamily protein 

AT4G37370 1.25 -1.41 
cytochrome P450, family 81, subfamily D, 

polypeptide 8 

AT4G37400 2.89 -1.14 
cytochrome P450, family 81, subfamily F, 

polypeptide 3 

AT4G38080 1.68 -1.73 
hydroxyproline-rich glycoprotein family 

protein 

AT4G38560 1.18 -2.98 
Arabidopsis phospholipase-like protein 

(PEARLI 4) family 

AT4G39670 1.77 -1.94 
Glycolipid transfer protein (GLTP) family 

protein 
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AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT4G39830 1.06 -2.36 Cupredoxin superfamily protein 

AT5G01100 1.03 -1.65 O-fucosyltransferase family protein 

AT5G03090 4.18 -4.45  

AT5G05390 2.48 -2.01 laccase 12 

AT5G06230 1.97 -1.16 TRICHOME BIREFRINGENCE-LIKE 9 

AT5G06730 2.81 -2.36 Peroxidase superfamily protein 

AT5G07310 1.57 -2.67 
Integrase-type DNA-binding superfamily 

protein 

AT5G07760 1.37 -3.72 
formin homology 2 domain-containing 

protein / FH2 domain-containing protein 

AT5G07780 1.95 -1.96 
Actin-binding FH2 (formin homology 2) 

family protein 

AT5G07990 2.97 -1.52 Cytochrome P450 superfamily protein 

AT5G08250 2.85 -4.01 Cytochrome P450 superfamily protein 

AT5G09290 1.16 -3.49 Inositol monophosphatase family protein 

AT5G09480 1.59 -1.06 
hydroxyproline-rich glycoprotein family 

protein 

AT5G09520 3.28 -2.57 
hydroxyproline-rich glycoprotein family 

protein 

AT5G09530 3.08 -1.69 
hydroxyproline-rich glycoprotein family 

protein 

AT5G10380 1.32 -2.56 RING/U-box superfamily protein 

AT5G10625 2.25 -1.71  

AT5G10695 1.33 -1.57  

AT5G10760 1.35 -3.88 Eukaryotic aspartyl protease family protein 

AT5G11210 2.13 -2.04 glutamate receptor 2.5 

AT5G11920 1.75 -3.60 6-&1-fructan exohydrolase 

AT5G13190 1.02 -1.31  

AT5G13200 1.44 -1.56 GRAM domain family protein 

AT5G13320 1.63 -2.35 Auxin-responsive GH3 family protein 

AT5G13330 1.10 -1.20 related to AP2 6l 

AT5G13580 3.89 -2.50 ABC-2 type transporter family protein 

AT5G13900 3.27 -3.26 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT5G14130 1.57 -2.11 Peroxidase superfamily protein 

AT5G14650 1.90 -3.32 Pectin lyase-like superfamily protein 
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log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT5G16900 2.62 -2.91 
Leucine-rich repeat protein kinase family 

protein 

AT5G17030 4.53 -2.34 UDP-glucosyl transferase 78D3 

AT5G17125 8.26 -5.75 transposable element gene 

AT5G18350 2.81 -2.71 
Disease resistance protein (TIR-NBS-LRR 

class) family 

AT5G19410 2.72 -2.85 ABC-2 type transporter family protein 

AT5G19490 1.40 -1.48 Histone superfamily protein 

AT5G19880 4.28 -1.94 Peroxidase superfamily protein 

AT5G20860 2.91 -1.81 
Plant invertase/pectin methylesterase 

inhibitor superfamily 

AT5G22380 1.63 -2.90 NAC domain containing protein 90 

AT5G22420 8.57 -6.05 fatty acid reductase 7 

AT5G22490 1.50 -4.11 
O-acyltransferase (WSD1-like) family 

protein 

AT5G22545 1.18 -2.90  

AT5G22560 3.24 -5.22 
Plant protein of unknown function 

(DUF247) 

AT5G23000 2.07 -1.28 myb domain protein 37 

AT5G23160 1.37 -2.14  

AT5G23190 1.95 -1.85 
cytochrome P450, family 86, subfamily B, 

polypeptide 1 

AT5G23990 5.57 -2.55 ferric reduction oxidase 5 

AT5G24110 2.32 -2.80 WRKY DNA-binding protein 30 

AT5G24200 2.01 -4.64 alpha/beta-Hydrolases superfamily protein 

AT5G24205 1.76 -1.53 other RNA 

AT5G24206 1.54 -1.33 other RNA 

AT5G24210 1.61 -2.45 alpha/beta-Hydrolases superfamily protein 

AT5G24530 1.07 -2.64 
2-oxoglutarate (2OG) and Fe(II)-dependent 

oxygenase superfamily protein 

AT5G24540 1.75 -4.78 beta glucosidase 31 

AT5G25260 1.47 -4.04 
SPFH/Band 7/PHB domain-containing 

membrane-associated protein family 

AT5G25770 1.34 -1.26 alpha/beta-Hydrolases superfamily protein 

AT5G25970 1.09 -1.11 
Core-2/I-branching beta-1,6-N-

acetylglucosaminyltransferase family protein 

AT5G26170 1.65 -3.16 WRKY DNA-binding protein 50 

AT5G26310 2.12 -2.78 
UDP-Glycosyltransferase superfamily 

protein 



 

 

81 

Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT5G26690 1.99 -2.62 
Heavy metal transport/detoxification 

superfamily protein 

AT5G26920 1.29 -1.82 Cam-binding protein 60-like G 

AT5G27420 1.72 -2.27 carbon/nitrogen insensitive 1 

AT5G35580 5.91 -2.33 Protein kinase superfamily protein 

AT5G36970 3.88 -1.72 NDR1/HIN1-like 25 

AT5G37990 1.82 -1.58 
S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein 

AT5G38020 1.28 -1.12 
S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein 

AT5G38030 1.46 -1.32 MATE efflux family protein 

AT5G38250 1.33 -3.89 Protein kinase family protein 

AT5G38350 1.67 -6.29 
Disease resistance protein (NBS-LRR class) 

family 

AT5G38910 6.66 -6.66 RmlC-like cupins superfamily protein 

AT5G39100 3.42 -3.18 germin-like protein 6 

AT5G39110 4.47 -2.30 RmlC-like cupins superfamily protein 

AT5G39120 3.63 -2.63 RmlC-like cupins superfamily protein 

AT5G39130 3.90 -5.88 RmlC-like cupins superfamily protein 

AT5G39720 1.74 -1.43 avirulence induced gene 2 like protein 

AT5G40010 1.90 -4.77 AAA-ATPase 1 

AT5G40690 1.65 -1.88  

AT5G40990 2.22 -2.51 GDSL lipase 1 

AT5G41550 1.15 -1.33 
Disease resistance protein (TIR-NBS-LRR 

class) family 

AT5G41610 1.21 -1.08 cation/H+ exchanger 18 

AT5G42050 1.66 -1.03 
DCD (Development and Cell Death) domain 

protein 

AT5G44460 2.25 -4.72 calmodulin like 43 

AT5G44920 2.13 -1.83 
Toll-Interleukin-Resistance (TIR) domain 

family protein 

AT5G44990 2.52 -3.08 Glutathione S-transferase family protein 

AT5G45000 1.46 -1.52 
Disease resistance protein (TIR-NBS-LRR 

class) family 

AT5G46960 6.82 -3.42 
Plant invertase/pectin methylesterase 

inhibitor superfamily protein 

AT5G48290 1.54 -1.89 
Heavy metal transport/detoxification 

superfamily protein 

AT5G48400 4.17 -4.04 Glutamate receptor family protein 
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Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 

cdk8-1 vs ref4-3) 
short description 

AT5G48410 2.63 -1.63 glutamate receptor 1.3 

AT5G48540 1.80 -2.73 
receptor-like protein kinase-related family 

protein 

AT5G49680 1.17 -1.41 
Golgi-body localisation protein domain; 

RNA pol II promoter Fmp27 protein domain 

AT5G50140 4.26 -4.26 Ankyrin repeat family protein 

AT5G50200 1.24 -1.07 nitrate transmembrane transporters 

AT5G50260 2.34 -3.30 Cysteine proteinases superfamily protein 

AT5G52390 2.18 -2.02 PAR1 protein 

AT5G52760 1.50 -2.27 Copper transport protein family 

AT5G52770 4.75 -3.00 Copper transport protein family 

AT5G53110 1.64 -1.97 RING/U-box superfamily protein 

AT5G53320 1.02 -1.14 
Leucine-rich repeat protein kinase family 

protein 

AT5G54060 1.90 -1.28 
UDP-glucose:flavonoid 3-o-

glucosyltransferase 

AT5G54062 3.66 -3.88  

AT5G54610 2.58 -1.55 ankyrin 

AT5G54700 2.32 -2.09 Ankyrin repeat family protein 

AT5G55170 1.07 -1.35 small ubiquitin-like modifier 3 

AT5G55410 1.76 -4.45 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT5G55450 2.68 -2.44 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT5G55460 1.00 -3.33 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT5G56050 1.20 -2.57  

AT5G56300 3.07 -1.29 gibberellic acid methyltransferase 2 

AT5G56795 3.24 -2.20 metallothionein 1B 

AT5G58860 1.55 -1.11 
cytochrome P450, family 86, subfamily A, 

polypeptide 1 

AT5G59330 1.57 -1.48 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin superfamily 

protein 

AT5G59490 2.66 -2.32 
Haloacid dehalogenase-like hydrolase 

(HAD) superfamily protein 

AT5G59660 1.18 -1.09 
Leucine-rich repeat protein kinase family 

protein 
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Table 2.6 continued 

AGI number 
log2FC 

(ref4-3 vs Col-0) 

log2FC (ref4-3 
cdk8-1 vs ref4-3) 

short description 

AT5G59670 1.22 -1.67 
Leucine-rich repeat protein kinase family 

protein 

AT5G59820 1.43 -2.44 C2H2-type zinc finger family protein 

AT5G60280 1.12 -2.45 
Concanavalin A-like lectin protein kinase 

family protein 

AT5G62150 1.64 -1.41 
peptidoglycan-binding LysM domain-

containing protein 

AT5G62770 1.03 -1.81 Protein of unknown function (DUF1645) 

AT5G63225 3.61 -2.58 
Carbohydrate-binding X8 domain 

superfamily protein 

AT5G63560 1.24 -1.59 
HXXXD-type acyl-transferase family 

protein 

AT5G64000 1.97 -3.87 Inositol monophosphatase family protein 

AT5G64810 1.14 -4.52 WRKY DNA-binding protein 51 

AT5G65090 1.42 -1.19 DNAse I-like superfamily protein 

AT5G66150 1.14 -1.61 Glycosyl hydrolase family 38 protein 

AT5G66690 5.70 -3.52 
UDP-Glycosyltransferase superfamily 

protein 

AT5G67310 1.16 -2.78 
cytochrome P450, family 81, subfamily G, 

polypeptide 1 

AT5G67340 1.30 -2.00 ARM repeat superfamily protein 

AT5G67450 1.74 -2.72 zinc-finger protein 1 
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Table 2.7 Gene ontology analysis for the genes that are up-regulated in ref4-3 and that have 

restored expression in ref4-3 cdk8-1 

Term Description Count Fold Enrichment FDR 

GO:0010345 suberin biosynthetic process 10 21.86 2.2E-07 

GO:0051707 response to other organism 13 10.03 5.4E-06 

GO:0009627 systemic acquired resistance 10 9.60 9.4E-04 

GO:0006869 lipid transport 14 6.26 4.4E-04 

GO:0042742 defense response to bacterium 23 3.34 2.3E-03 

GO:0006952 defense response 40 2.85 1.0E-05 

GO:0007165 signal transduction 27 2.76 8.1E-03 
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Figure 2.1 CDK8 is required for ref4-3 to repress plant growth 

(A-B) Representative photographs of ref4-3 cdk8-1 compared to wild-type Arabidopsis thaliana 
(Columbia-0, Col-0), ref4-3 and cdk8-1. cdk8-1 is a T-DNA insertion line of CDK8, a subunit of 

the Mediator kinase module. Soil-grown plants were compared three weeks (A) or six weeks (B) 

after planting. 
(C-D) Height (C) and rosette diameter (D) measurement of ref4-3 cdk8-1 together with wild type, 

ref4-3 and cdk8-1 after growth on soil for six weeks. Data represent mean ± standard deviation (SD) 

(n=10). The means were compared by one-way ANOVA, and statistically significant differences 

(p < 0.05) were identified by Tukey’s test and are indicated by a to c to represent difference between 
groups. 
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Figure 2.2 CDK8 is required for growth repression in ref4 mutants 

(A) Representative photograph of wild type, ref4-3, cdk8-2 and ref4-1 cdk8-2. Plants were 

compared three weeks after planting. 

(B) Representative photograph of ref4-1 cdk8-1 compared to wild type, ref4-1 and cdk8-1. Soil-
grown plants were compared three weeks after planting. 
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Figure 2.3 Elimination of CDK8 kinase activity is sufficient to suppress the dwarfism of ref4-3 

(A) Five-week-old soil-grown Arabidopsis thaliana transgenic lines overexpressing CDK8 in a 

ref4-3 cdk8-1 background (ref4-3 cdk8-1 CDK8) together wild type, ref4-3, cdk8-1 and ref4-3 cdk8-

1 respectively. CDK8D176A indicates a kinase-dead version of CDK8 which carries a D to A mutation 
at residue 176. 

(B) Five-week-old soil-grown ref4-3 med12 compared to wild type, ref4-3 and med12 respectively. 
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Figure 2.4 Wild-type and kinase-dead CDK8 are expressed at similar levels in the ref4-3 cdk8-1 

background 

Crude protein extracts were prepared from 2-week-old seedlings of ref4-3 cdk8-1, ref4-3 CDK8 

and ref4-3 CDK8D176A respectively. Anti-MYC antibodies recognize a band corresponding to the 

size of MYC-tagged CDK8 (50 kDa) only in CDK8 transgenic plants (red arrow), whereas a non-

specific band of higher molecular weight can be detected in all three samples (‘*’). 
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Figure 2.5 CDK8 is not necessary for ref8-1 to repress plant growth 

(A-B) Three-week-old (A) and five-week-old (B) soil-grown ref8-1 cdk8-1 compared to wild type, 

ref8-1 and cdk8-1. 
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Figure 2.6 ref4-3 represses phenylpropanoid metabolism independent of CDK8 in Arabidopsis 

thaliana 

(A) Representative photograph of wild type, ref4-3, cdk8-1 and ref4-3 cdk8-1 under ultraviolet (UV) 

light. Plants were compared three weeks after planting. 
(B) Sinapoylmalate content of three-week-old plants from each genotype determined by high-

performance liquid chromatography (HPLC). 

(C) Total lignin content in seven-week-old stem tissues quantified by thioglycolic acid (TGA) 
lignin analysis. 

(D) Lignin monomer composition in seven-week-old stem tissues determined by the derivatization 

followed by reductive cleavage (DFRC) method. The p-hydroxyphenyl (H), guaiacyl (G) and 

syringyl (S) lignin subunit contents were quantified and normalized to the weight of dried cell wall 
samples. 

For panels B-D, data represent mean ± SD (n=3). The means were compared by one-way ANOVA, 

and statistically significant differences (p < 0.05) were identified by Tukey’s test and are indicated 
by a to b. 
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Figure 2.7 CDK8 is dispensable for reduced phenylpropanoid accumulation in ref4 mutants 

(A) Representative photograph of wild type, ref4-3, cdk8-2 and ref4-1 cdk8-2 under UV light. 

Plants were compared three weeks after planting. 
(B) Representative photograph of ref4-1 cdk8-1 compared to wild type, ref4-1 and cdk8-1 under 

UV light. Soil-grown plants were compared three weeks after planting. 

(C) Sinapoylmalate content of three-week-old wild-type, ref4-3, cdk8-1 and ref4-3 cdk8-1, ref4-3 
cdk8-1 CDK8 and ref4-3 cdk8-1 CDK8 D176A. Data represent mean ± SD (n=3). The means were 

compared by one-way ANOVA, and statistically significant differences (p < 0.05) were identified 

by Tukey’s test and are indicated by a to b. 
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Figure 2.8 MED5b transgene is expressed at similar level in the selected transgenic mutants, all of 

which are comparable or more than expression of MED5b in wild type 

Expression of MED5b was normalized to the reference gene At1g13220 in three-week-old wild 

type, ref4-3, med5a/5b, med5a and MED5bG383* mutants, determined by quantitative PCR analysis. 

Data represent mean ± SD (n=3). The means were compared by one-way ANOVA, and statistically 
significant differences (p < 0.05) were identified by Tukey’s test and are indicated by a to e. 
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Figure 2.9 The stunted growth and reduced phenylpropanoids of ref4-3 is not dependent on the 

phosphorylation event introduced by the G383S mutation 

(A) Representative photograph of wild type, ref4-3, med5a/5b, med5a and C4H promoter-driven 

site-directed MED5b mutants at G383 site in med5a/5b background (med5a/5b C4H: MED5bG383*). 
Plants were compared six weeks after planting. ‘*’ represents the amino acid substitution including 

G, S, T, D, E, A and V. 

(B) Quantification of sinapoylmalate content in three-week-old wild type, ref4-3, med5a/5b, med5a 
and MED5bG383* mutants.  

(C) Quantification of lignin content in seven-week-old wild type, ref4-3, med5a/5b, med5a and 

MED5bG383* transgenics.  

For panels B-C, data represent the mean ± SD (n = 3). ‡ and * indicate p < 0.05 (Dunnett’s test) 
when compared to MED5bG383G and MED5bG383S, respectively.  
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Figure 2.10 PCA of the RNA-seq samples 

PCA reveals the samples of the same genotype clustered together, whereas the samples of different 

genotypes were separated based on the distance between each sample along the first two principal 

components. Each dot represents one sample, and the dots with the same color represent the 
samples of the same genotype. 
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Figure 2.11 Transcriptional reprogramming in ref4 mutants reflects the severity of alleles 

(A) Representative photograph of wild-type, ref4-1 and ref4-3 plants under UV light. Plants were 

compared three weeks after planting. 

(B) Venn diagrams representing the number of genes with significant decreased (top) or increased 
(bottom) expression in ref4-1 or ref4-3 compared to wild type (false discovery rate FDR < 0.05).  

(C) Scatter plot representing the genes significantly mis-regulated in ref4-1 and/or ref4-3 compared 

to wild type (FDR < 0.05). Each point represents one gene, with the fold change of its expression 
level (counts per million reads, CPM) in ref4-3 compared to wild type (x axis) and in ref4-1 

compared to wild type (y axis) respectively.  The genes mis-regulated in both ref4-1 and ref4-3 are 

depicted as black points, while the genes mis-regulated only in ref4-1 or ref4-3 were depicted as 

grey points. The formula and the coefficient value (R2) in the plot represent the correlation between 
the expression of the genes being mis-regulated in both ref4-1 and ref4-3. 
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Figure 2.12 Comparison between wild type and cdk8 mutants 

A volcano plot representing genes that are differentially expressed in cdk8-1 compared to wild type 
using RNA-seq analysis. For each gene represented by a dot, the x axis shows the fold change 

compared to wild type (log2FC), whereas the y axis shows the negative value of log10(false 

discovery rate) (− log10[FDR]). The genes that are significantly differentially expressed compared 
to wild type (FDR < 0.05) are highlighted in blue (down-regulated) or red (up-regulated), while the 

others are colored in grey. 
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Figure 2.13 Phenylpropanoid biosynthetic genes are generally repressed in ref4-3 and ref4-3 cdk8-

1 

The expression level (fragments per kilobase per million, FPKM) of phenylpropanoid biosynthetic 

genes were determined by RNA-seq analysis. Data represent mean ± SD (n=3). ‘*’ indicates FDR 

< 0.05 compared to wild type using edgeR analysis. 
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Figure 2.14 Disruption of CDK8 rescues gene expression changes in the ref4-3 mutant 

(A) idealized histograms demonstrating the criteria for growth-related gene targets of interest. The 

potential gene targets should either be down-regulated in ref4-3 compared to wild type with at least 

partial restoration of expression in ref4-3 cdk8-1 compared to ref4-3 (left), or up-regulated in ref4-

3 compared to wild type and at least partially repressed in ref4-3 cdk8-1 compared to ref4-3 (right). 
‘*’ represents the significant difference of gene expression in two genotypes (FDR <0.05, absolute 

value of log2FC > 1).  

(B) The number of genes with significantly decreased expression in ref4-3 compared to wild type 
is represented by the left Venn diagram, while the number of genes with significantly decreased 

expression in ref4-3 compared to ref4-3 cdk8-1 is represented by the right Venn diagram (FDR < 

0.05, absolute value of log2FC > 1).  
(C) The number of genes with significantly increased expression in ref4-3 compared to wild type 

is represented by the left Venn diagram, while the number of genes with significantly decreased 

expression in ref4-3 compared to ref4-3 cdk8-1 is represented by the right Venn diagram (FDR < 

0.05, absolute value of log2FC > 1).  
For panels B-C, the overlapping region represents the genes that fit the criteria in the left histogram 

and the right one in (A) respectively.  
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Figure 2.15 Hyper-accumulation of SA in ref4-3 is dependent on CDK8 in Arabidopsis thaliana, 

but it is not the major cause of dwarfing in ref4-3 

(A) The SA biosynthesis and signaling pathways. SA is synthesized from the precursor chorismate 
via isochorismate synthase 1 (ICS1). Phenylalanine ammonia lyase (PAL) catalyzes the first step 

in a less significant SA biosynthetic pathway which has yet to be fully elucidated. SA can either be 

converted to its glucoside form for storage by UDP-glucose dependent glucosyltransferases (UGT) 

UGT74F1 or UGT74F2, or serve as signal molecules for plant development and stress responses. 
The pathogenesis-related (PR) genes including PR1, PR2 and PR5 are marker genes for SA 

signaling. 

(B-C) Expression level (fragments per kilobase per million, FPKM) of SA biosynthetic genes (B) 
and SA signaling marker genes (C) in wild type, ref4-3, cdk8-1 and ref4-3 cdk8-1, determined by 

RNA-seq analysis. Data represent mean ± SD (n=3). ‘*’ indicates FDR < 0.05 compared to wild 

type. 
(D-E) Free SA (D) and total SA (E) in wild type, ref4-3, cdk8-1 and ref4-3 cdk8-1, ref4-3 cdk8-1 

CDK8 and ref4-3 cdk8-1 CDK8 D176A quantified by HPLC using fluorescence detection. Rosettes 

from three-week-old plants were used to perform quantification. Data represent mean ± SD (n=3). 

The means were compared by one-way ANOVA, and statistically significant differences (p < 0.05) 
were identified by Tukey’s test and are indicated by a to c. 

(F) Five-week-old soil-grown ref4-3 sid2-4 compared to wild type, ref4-3 and sid2-4 respectively.  

(G) Free SA and total SA in wild-type, ref4-3, sid2-4 and ref4-3 sid2-4 quantified by HPLC using 
fluorescence detection. Rosettes from three-week-old plants were used to perform quantification. 

Data represent mean ± SD (n=3). ‘*’ indicates p < 0.05 compared to wild type according to 

Student’s t-test. 
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Figure 2.16 The stunted growth of ref4-3 is independent of NPR1 

Representative photograph of ref4-3 npr1-1 compared to wild type, npr1-1 and ref4-3. Soil-grown 

plants were compared five weeks after planting.  
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Figure 2.17 Enhanced auxin accumulation does not restore the stunted growth of ref4-3 

(A) Expression level (FPKM) of major auxin signaling genes in wild type, ref4-3, cdk8-1 and ref4-

3 cdk8-1, determined by RNA-seq analysis. Data represent mean ± SD (n=3). ‘*’ indicates FDR < 

0.05 compared to wild type using EdgeR analysis. 
(B) Expression of At4g02520 normalized to the reference gene At1g13220 in wild type, ref4-3, 

yuc6-1D and ref4-3 yuc6-1D, determined by quantitative PCR analysis. Data represent mean ± SD 

(n=3). The expression of At4g02520 is not detectable (n.d.) in wild type and ref4-3.  

(C-D) Representative photographs of three-week-old (C) and five-week-old (D) soil-grown ref4-3 
yuc6-1D compared to wild type, ref4-3 and yuc6-1D.  
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Figure 2.18 Disruption of DJC66 partially restores the dwarfism of ref4-3 

(A) Expression level (FPKM) of DJC66 in wild type, ref4-3, cdk8-1 and ref4-3 cdk8-1. Data 
represent mean ± SD (n=3). Statistically significant differences (FDR < 0.05) were indicated by a 

to c. 

(B) Expression level (FPKM) of DJC66 in wild type, ref4-3, med T-DNA lines and med ref4-3 
double mutants determined by a previous RNA-seq analysis (Dolan et al., 2017). Data represent 

mean ± SD (n = 3). ‡ and * indicate FDR < 0.05 (EdgeR analysis) when compared to Col-0 and 

ref4-3, respectively. 

(C-D) Three-week-old (C) and six-week-old (D) soil-grown ref4-3 djc66 together with wild type, 
ref4-3 and djc66.  

(E-F) Height (E) and rosette diameter (F) measurement of ref4-3 djc66 together with wild type, 

ref4-3 and djc66 after growth on soil for three weeks and six weeks respectively.  
(G) Sinapoylmalate content of three-week-old wild-type, ref4-3, djc66 and ref4-3 djc66 plants 

determined by HPLC. 

(H) Total lignin content in six-week-old stem tissues quantified by TGA lignin analysis. 
For panel E-F, Data represent mean ± SD (n=10). For panel G-H, Data represent mean ± SD (n=3). 

The means were compared by one-way ANOVA, and statistically significant differences (p < 0.05) 

were identified by Tukey’s test and are indicated by a to c. 
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Figure 2.19 A model of the genetic interaction between CDK8 and ref4-3 

The findings of this study are summarized into the genetic interaction between ref4-3 and CDK8 in 

the Mediator complex (white background), mis-regulated gene targets (light grey background) and 

the resulting phenotypes (dark grey background). Particularly, ref4-3 requires CDK8 with intact 
kinase activity (indicated by CDK8ATP) to activate genes involved in SA biosynthesis and therefore 

leads to enhanced SA signaling. The kinase activity of CDK8 is required for growth repression of 

ref4-3; however, elimination of the kinase activity of CDK8 does not rescue the down-regulated 

phenylpropanoid metabolism in ref4-3. DJC66 is one of the targets that are related to the dwarfism 
of ref4-3, which could be downstream of CDK8. 
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CHAPTER 3. ARABIDOPSIS MED5 IS INVOLVED IN THE 

REGULATION OF SHADE AVOIDANCE SYNDROME AND 

ABA HOMEOSTASIS 

3.1 Introduction 

Plants growing at high density compete with one another for limited light resources. 

Under such conditions, the ability to detect and respond to nearby competitors is critical to 

maximize survival and reproductive success. Due to the absorption by chlorophyll of red, 

but not far-red light, light that has passed through or been reflected by plant vegetative 

tissues exhibits a characteristic reduction in it’s red to far-red ratio (R:FR). Thus, the 

detection of this aspect of light quality can predict the proximity of a nearby plant (Franklin 

and Whitelam, 2005). In response to this threat of competition, shade-intolerant species 

such as Arabidopsis initiate a series of rapid morphological responses aimed at overtopping 

their competitors. These responses include increased elongation growth at the expense of 

leaf expansion, more vertical orientation of leaves, and inhibition of lateral branching 

(Morelli and Ruberti, 2002; Franklin, 2008). Prolonged exposure to low R:FR light 

indicates a failure to overtop competitors and results in the acceleration of flowering to 

reduce generation time at the expense of seed yield. These responses are collectively 

known as the shade avoidance syndrome (SAS). 

The molecular mechanisms underlying SAS have been intensively explored over 

the past three decades, identifying the phytochrome (phy) photoreceptors as central 

regulators (Franklin, 2008; Roig-Villanova and Martínez-García, 2016; Sessa et al., 2018). 

Among the five phytochromes (phyA through phyE) encoded in the Arabidopsis genome, 

phyB is primarily responsible for mediating shade avoidance (Franklin and Quail, 2010), 
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with relatively minor contributions from phyD and phyE (Casal et al., 2013). Phytochromes 

can respond to changes in the ratio of R:FR and exist in either an active FR-absorbing Pfr 

form under high R:FR or an inactive R-absorbing Pr form under low R:FR (Roig-Villanova 

and Martínez-García, 2016), thus providing a sensing mechanism for changes in the ratio 

of R:FR. Given that activated phytochromes can target the phytochrome interacting factors 

(PIFs) transcription factors for ubiquitination and subsequent degradation, inactivation of 

one or more phytochromes stabilizes the PIFs transcription factors (Bauer, 2004; Park et 

al., 2004, 2012), resulting in transcriptional reprogramming that promotes the shade 

avoidance response (Sessa et al., 2005; Leivar et al., 2012). Besides changes in leaf 

morphology and flowering time, abscisic acid (ABA), a phytohormone critical for cold and 

drought stress responses, can be induced by low R/FR treatment (Cagnola et al., 2012; 

Gonzalez-Grandio et al., 2013; Holalu and Finlayson, 2017), suggesting that phytochrome-

regulated shade avoidance responses may also be involved in the regulation of hormone 

signaling. 

In addition to Phys and PIFs, Mediator (MED), a transcriptional co-regulatory 

complex in eukaryotes, is also involved in SAS regulation. Conserved throughout 

eukaryotes, Mediator is required for the transmission of information from gene specific 

transcription factors to the basal transcriptional machinery (Malik and Roeder, 2010). The 

Arabidopsis Mediator tail module subunit MED25 was originally identified as 

PHYTOCHROME AND FLOWERING TIME 1 (PFT1) in a screen for mutants that 

showed altered sensitivity of hypocotyl elongation to pulses of red and far-red light in 

conjunction with late flowering time phenotypes (Cerdán and Chory, 2003). Given that 

Mediator tail module subunits co-function in many biological processes including cold 
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stress responses, iron homeostasis and phenylpropanoid metabolism (Hemsley et al., 2014), 

other MED tail module subunits may be involved in SAS regulation as well. Interestingly, 

multiple med tail mutants including med2, med14 and med16 are susceptible to cold stress 

(Hemsley et al., 2014), suggesting that the Mediator complex is critical for ABA signaling, 

however, the function of Mediator in maintaining normal levels of ABA biosynthesis has 

not been investigated, and how the signals from light and those from hormones are 

integrated remains unknown. 

In this study, we characterize SAS in a mutant with disrupted MED5a and MED5b 

(med5) and a semi-dominant med5b mutant (reduced epidermal fluorescence 4, ref4-3) 

(Stout et al., 2008; Bonawitz et al., 2012). In contrast to elevated shade avoidance response 

in med5, our data reveal that ref4-3 mimics the function of wild-type MED5, resulting in 

constitutive repressed SAS under non-stressed conditions. Although shade stimulation 

partially suppresses the growth defects but not reduced lignin content in ref4-3, disruption 

of phyB is not sufficient to restore the stunted growth of ref4-3, indicating that the 

mechanism underlying the dwarfing is independent of phytochrome signaling. Moreover, 

both med5 and ref4-3 accumulate elevated levels of ABA under stressed and non-stressed 

conditions, suggesting that ref4-3 can function as a MED5-null mutant for specific 

biological processes. Together, our data demonstrate that MED5 is involved in the negative 

regulation of SAS and ABA homeostasis, and the dwarfism of ref4-3 can be partially 

rescued by shade stimulation without perturbing lignin biosynthesis. 
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3.2 Results 

3.2.1 Arabidopsis MED5 antagonizes SAS 

Multiple Mediator subunits are required for proper flowering time. While med8, 

med13, med15, med16, med17, med18, med20a and med25 mutants show delayed 

flowering (Yang et al., 2016), we previously reported that loss of MED5a and MED5b 

(med5), two paralogs in the Arabidopsis Mediator tail module, results in early flowering 

(Dolan and Chapple, 2018). Given that ref4-3 is a semi-dominant form of MED5 that 

represses the phenylpropanoid metabolism, we tested whether ref4-3 would show a late-

flowering phenotype, opposite to the early flowering observed in med5 mutants.  

Compared to wild type, ref4-3 mutants flowered late under short-day conditions 

but not under long-day conditions (Figure 3.1). In contrast, med5 flowered significantly 

earlier than wild type when grown in short days but not in long days (Figure 3.1). Hence, 

flowering time was oppositely mis-regulated in ref4-3 and med5 under short-day conditions. 

In addition to early flowering time, loss of MED5 resulted in other growth phenotypes 

typical of SAS including elongated petioles and hypocotyls (Figure 3.2), suggesting that 

MED5 antagonizes SAS (Figure 3.2). We also observed that hypocotyl length of med5a 

and med5b did not significantly differ from that of wild type (Figure 3.2B), suggesting that 

MED5a and MED5b play redundant roles in the regulation of shade avoidance response. 

In contrast to med5, ref4-3 showed short petioles and hypocotyls (Figure 3.2), suggesting 

that SAS is repressed in ref4-3. Together with the disturbed flowering time in ref4-3 and 

med5 mutants, our results are consistent with a model in which MED5 is required for the 

normal regulation of SAS. Further, ref4-3 may mimic and exaggerate the function of wild-

type MED5 in SAS, leading to constitutive repressed shade avoidance responses.  
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3.2.2 End-of-day far-red light treatment rescues the stunted growth in ref4-3 

Mutants with constitutively repressed SAS display multiple photomorphogenic 

defects including reduced rosette size and shorter petioles (Christians et al., 2012), opposite 

to the phenotypes observed in phytochrome-deficient mutants that have enhanced SAS 

(Franklin, 2003).  Consistent with the observation that ref4-3 phenocopies the mutants with 

constitutively repressed SAS, we reanalyzed the previous RNA-seq data (Dolan et al., 2017) 

and found that multiple phytochromes including phyB, phyD and phyE were up-regulated 

in ref4-3 compared to wild type (Figure 3.3), whereas the positive regulators including 

PIFs and PIF-targeted genes displayed coordinated down-regulation in ref4-3 mutants 

(Figure 3.3). Moreover, neither phytochromes nor phytochrome-targeted genes displayed 

drastic gene expression changes in med5 (Figure 3.3), suggesting that MED5 may 

negatively affect shade avoidance responses through phytochrome-independent pathways.  

Given that phytochromes are deactivated under shade conditions with enriched far-

red light (Roig-Villanova and Martínez-García, 2016), to test whether the dwarfism of ref4-

3 is contributed by inhibited shade avoidance responses, we treated the plants with end-of-

day far-red (EOD FR) light treatment, which included an additional 30-minute far-red light 

at the end of each photosynthetic period. We found that the stunted growth of ref4-3 was 

partially restored under EOD-FR light treatment (Figure 3.4A – 3.4C) but phenylpropanoid 

accumulation in ref4-3 remained low (Figure 3.4D), suggesting that ref4-3 inhibits plant 

growth partially through repressing SAS. Moreover, in addition to disruption of CDK8, a 

subunit of the Mediator kinase module (Mao et al., 2019). our data demonstrate that 

reduced lignin content and dwarfism in ref4-3 can be dissociated by shade stimulation as 
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well, buttressing our finding that the reduced lignin content is not causative for the 

dwarfism of ref4-3. 

   Given that phyB plays a dominant role in SAS inhibition relative to all other 

phytochromes in Arabidopsis (Reed et al., 1993) and that phyB was up-regulated in ref4-3 

(Figure 3.3), we tested whether disruption of phyB could rescue the stunted growth of ref4-

3. To do this, we used phyB-9, a previously characterized phyB-null mutant (Reed et al., 

1993). Although phyB-9 showed phenotypes typical for constitutive SAS including 

elongated hypocotyls in both wild-type and ref4-3 backgrounds (Figure 3.5A and 3.5C), 

ref4-3 phyB-9 was as dwarf as ref4-3 (Figure 3.5A and 3.5B, 3.5D and 3.5E), indicating 

that disruption of phyB was not sufficient to rescue the stunted growth of ref4-3, and the 

stunted growth of ref4-3 is contributed by the constitutively inhibited shade avoidance 

responses through a phyB-independent pathway.   

3.2.3 The photosynthetic machinery is disrupted in ref4-3 

Shade avoidance responses are often negatively correlated with chlorophyll 

accumulation (Jackson and Prat, 1996; McCormac et al., 2001; Christians et al., 2012; Zhao 

et al., 2013b) which can imply the photosynthetic capacity in leaves (Croft et al., 2017). 

Because ref4-3 and med5 showed opposite shade avoidance responses, we sought to 

characterize the levels of photosynthesis in those two mutants. 

To do this, we measured chlorophyll content and photosynthetic parameters in ref4-

3 and med5 together with wild type. Consistent with the appearance of its dark-green 

rosettes, chlorophyll content in ref4-3 was significantly higher than wild type (Figure 3.6A). 

In addition, non-photochemical quenching (NPQ), a key parameter for photosynthetic 
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machinery, was up-regulated in ref4-3 under high light intensities (350 μmol m-2s-1) (Figure 

3.6B), suggesting an imbalance between photosystem I and photosystem II (Wilson et al., 

2006). In contrast, med5 accumulated wild-type levels of chlorophyll, and there was no 

significant difference between med5 and wild type for all the parameters we examined 

(Figure 3.6B and 3.6C, Table 3.1). Consistent with these phenotypes, our RNA-seq 

analysis revealed that the down-regulated genes in ref4-3 compared to wild type were 

enriched for processes related to photosynthesis (Mao et al., 2019). In contrast, loss of 

MED5 resulted in little effect upon photosynthesis-related genes (Dolan et al., 2017). 

Hence, we conclude that MED5 is not necessary for plants to support wild-type levels of 

photosynthesis, and the perturbed photosynthesis in ref4-3 is likely a neumorphic effect 

induced by the G383S mutation. 

3.2.4 Both ref4-3 and med5 over-accumulate ABA under normal and drought-stressed 

conditions 

Many plant hormones show altered accumulation in response to changes of light 

quality and quantity. For instance, ABA, a phytohormone critical for abiotic stress 

responses and seed development (Vishwakarma et al., 2017), can be rapidly induced by 

shade stress (Kurepin et al., 2007; Cagnola et al., 2012). We previously reported that the 

gene ontology (GO) term ‘response to ABA’ was significantly enriched for genes that were 

up-regulated in ref4-3 and down-regulated in med5 (Dolan et al., 2017), suggesting that 

ABA signaling is oppositely mis-regulated in ref4-3 and in med5.  

According to a previous RNA-seq analysis (Dolan et al., 2017), multiple ABA 

biosynthetic and catabolic genes (Hauser et al., 2017) were mis-regulated in ref4-3 (Figure 

3.7A).  In contrast, loss of MED5 led to little, if any, mis-regulation of those genes (Figure 
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3.7A), suggesting that wild-type MED5 is likely to be dispensable for normal ABA 

biosynthesis. Moreover, multiple ABA signaling genes including ABC transporter G 

family member 40 (ABCG40) showed up-regulated expression in ref4-3, however, only a 

few ABA signaling genes were down-regulated in med5 (Figure 3.7A), which is consistent 

with the modest expression changes of the genes involved in ABA biosynthesis and 

degradation in med5 mutants. 

To further explore the function of MED5 in ABA signaling, we reanalyzed the 

RNA-seq data from ref4-3 and med5 mutants (Dolan et al., 2017) and compared the results 

with the genes mis-regulated by ABA treatment (Nemhauser et al., 2006). Notably, 80% 

of the genes that were mis-regulated by ABA treatment displayed similar changes in gene 

expression in ref4-3 (Figure 3.7B and 3.7D), suggesting that ABA signaling is perturbed 

in ref4-3 mutants, which may result from abnormal ABA accumulation. In contrast, we did 

not observe an opposite change in gene expression in med5 (Figure 3.7C and 3.7E), again 

suggesting that ABA signaling is not substantially perturbed when MED5 is disrupted. 

Consistent with the observation that gene expression changes in ref4-3 mimics the 

gene expression profile of wild-type plants under ABA treatment, ref4-3 accumulated more 

ABA compared to wild type under well-watered conditions (Figure 3.8A). Considering 

that increased ABA level can trigger changes in expression of more than 10% of genes in 

Arabidopsis (Nemhauser et al., 2006), the substantial transcriptome reprogramming in 

ref4-3 may result, in part, from its abnormal ABA content. To our surprise, ABA levels 

were also higher in med5 than wild type (Figure 3.8A). ABA levels were induced by 

drought conditions in wild type (McLachlan et al., 2018), and both ref4-3 and med5 showed 
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further increase in ABA levels (Figure 3.8A). Thus, wild-type MED5 is involved in the 

negative regulation of stress-induced ABA biosynthesis.  

Given that ABA is the major signaling molecule for drought stress responses (Fujita 

et al., 2011), we measured leaf water loss in detached leaves to test whether ref4-3 or med5 

display any difference in resistance towards drought stress. During the 8-hour period after 

detachment, ref4-3 lost less water compared to wild-type plants (Figure 3.8B), which is 

likely contributed by its elevated level of endogenous ABA. In contrast, surprisingly, no 

significant difference of water retention was observed in med5 (Figure 3.8B). The 

dissociation between ABA content and drought resistance has been previously reported 

(Lin et al., 2011). Considering that most ABA-responsive genes were not mis-regulated in 

med5 under non-stressed conditions, the unchanged response towards drought stress in 

med5 may result from its insensitivity to ABA signaling. 

Collectively, our data demonstrate that MED5 is required for genes involved in 

maintaining wild-type levels of ABA and the G383 site in ref4-3 is necessary for its 

function; however, abnormal ABA biosynthesis and signaling may be induced in ref4-3 

and med5 through distinctive mechanisms. 

3.3 Discussion 

A previous characterization of med tail mutants revealed that loss of MED5 results 

in an early flowering phenotype (Dolan and Chapple, 2018). Here we performed a more 

detailed phenotypic study of med5 and the semi-dominant med5 mutant, ref4-3, under both 

short-day and long-day conditions. In addition to early flowering, we found that med5 

showed other phenotypes typical for shade avoidance syndromes including elongated 
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hypocotyls and petioles, suggesting that SAS was enhanced when MED5 was disrupted. 

In contrast, SAS was inhibited in ref4-3, which is consistent with the previous notion that 

ref4-3 mimics and enhances the action of wild-type MED5 in maintaining phenylpropanoid 

homeostasis (Bonawitz et al., 2012). Although multiple Mediator subunits are required for 

plant normal flowering time, MED25 is the only subunit known to be critical for shade 

avoidance response. As opposed to med5, disruption of MED25 leads to repressed SAS 

(Cerdán and Chory, 2003), suggesting that MED25 promotes SAS. Despite the fact that 

MED5 and MED25 are both Mediator tail module subunits (Tsai et al., 2014), recent 

studies reveal that they are required for different biological processes (Bonawitz et al., 

2012; Yang et al., 2014), and no genetic interaction has been observed between those two 

subunits (Dolan et al., 2017). Consistent with their distinctive phenotypes, genes mis-

regulated in med5 and med25 were enriched for different gene ontologies (Dolan and 

Chapple, 2018; Davoine et al., 2017). In insects, MED25 predominantly functions in gene 

activation by interacting with strong activators (Mittler et al., 2003; Bryant and Ptashne, 

2003), whereas MED24 (homologous to Arabidopsis MED5) can act as either a co-

activator or a co-repressor (Stampfel et al., 2015). Thus, MED5 and MED25 may be 

involved in shade avoidance response through independent pathways. 

In addition to inhibited shade avoidance response, ref4-3 mutants accumulated 

increased level of chlorophylls compared to wild type and med5. Few studies have focused 

on the role of Mediator in plant primary metabolism, however, multiple med mutants 

including med14 and med16 show pale green leaves (Knight et al., 2009; Zhang et al., 

2013b), suggesting that those Mediator subunits may be required for chlorophyll 

biosynthesis. Perturbed chlorophyll biosynthesis in ref4-3 could be related to hyperactive 
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phytochrome signaling. Mutants that over-accumulate phytochromes often show dark-

green leaves and accumulate increased levels of chlorophyll (Christians et al., 2012). In 

contrast, disruption of phytochromes causes decreased chlorophyll levels and leaves of the 

phy mutants are pale (Jackson and Prat, 1996; McCormac et al., 2001; Christians et al., 

2012; Zhao et al., 2013b). Given that phytochromes positively regulate the expression of 

chlorophyll biosynthetic genes and chloroplast development (McCormac et al., 2001; Zhao 

et al., 2013b), the increased expression of phytochromes in ref4-3 could promote 

chlorophyll biosynthesis synergistically. 

Our targeted metabolite analysis revealed that MED5 is involved in down-

regulation of ABA biosynthesis under both normal or drought conditions. In spite of the 

hyper-accumulation of ABA in med5 mutants, med5 lost water at a speed comparable to 

wild type, and many ABA-activated or repressed genes (Nemhauser et al., 2006) were 

normally expressed in med5 mutants. Hence, our data are consistent with a model that 

MED5 is required for ABA-induced drought stress responses and transcriptional 

reprogramming, which cannot be invoked by increased accumulation of ABA when MED5 

is disrupted. Except for down-regulation of an ABA hydroxylase-encoding gene 

CYP707A3 (Umezawa et al., 2006), most ABA biosynthetic and catabolic genes showed 

wild-type expression in med5, therefore, the over-accumulated ABA in med5 is likely to 

be induced by a feedback regulation of ABA biosynthesis and presumably achieved by 

reduced ABA catabolism. 

Many Mediator subunits are involved in the regulation of abiotic stress responses 

including those towards drought and cold (Samanta and Thakur, 2015), both of which 

depend on normal ABA accumulation (Vishwakarma et al., 2017). In Arabidopsis, loss of 
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MED25 leads to enhanced drought tolerance, (Elfving et al., 2011) whereas cdk8 mutants 

are hyper-sensitive to drought (Zhu et al., 2014). In addition, MED2, MED14 and MED16 

are required for cold resistance (Hemsley et al., 2014). The abnormal abiotic stress 

response in med mutants has been attributed to either mis-regulated stress-induced gene 

expression, or to changes in plant cell wall structure (Elfving et al., 2011; Msanne et al., 

2011; Hemsley et al., 2014; Zhu et al., 2014). Nevertheless, whether ABA biosynthesis is 

perturbed in various med mutants and thereby contributes to the observed phenotypes 

remains to be investigated. 

In the dwarfing mutant ref4-3, the level of ABA was significantly enhanced, 

consistent with the constant correlation between ABA over-accumulation and stunted 

growth (Kleinow et al., 2009; Chung et al., 2014). We also noticed that many genes that 

were mis-regulated in response to ABA treatment showed similar expression changes in 

ref4-3. In contrast, most of those genes showed wild-type expression in med5, despite that 

ABA was equivalently enhanced in both ref4-3 and med5. Given that med5 are of normal 

growth (Stout et al., 2008), our data suggest that the dwarfism of ref4-3 may be induced by 

hyper-activated ABA signal transduction. Alternatively, hyper-accumulation of ABA in 

ref4-3 may be associated with its collapsed xylems (Stout et al., 2008; Feng et al., 2012) 

and occurs independently of its dwarfing phenotype. 

Given the opposite flowering and photomorphogenesis phenotypes in ref4-3 and 

med5, we conclude that ref4-3 is a dominant med5 mutant in the context of shade avoidance 

response, consistent with our previous finding in phenylpropanoid pathway (Stout et al., 

2008; Bonawitz et al., 2012). Unlike the phenylpropanoid pathway in which many 

biosynthetic genes and regulatory genes were mis-regulated in ref4-3 and med5 in opposite 
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directions (Dolan et al., 2017), we did not observe a similar pattern of gene expression for 

shade avoidance response, suggesting that different sets of genes are involved in the down-

regulated shade avoidance responses in ref4-3 and the up-regulated SAS in med5. 

Alternatively, ref4-3 and med5 may differentially regulate SAS at a post-translational level 

(Leivar and Quail, 2011), resembling the function of MED5 in regulating phenylpropanoid 

metabolism by targeting F-box proteins (Dolan et al., 2017). 

Interestingly, the increased ABA accumulation in both ref4-3 and med5 suggests 

that ref4-3 acts as a loss-of-function med5 mutant and leads to up-regulated ABA 

biosynthesis. Based on the function of Mediator in bridging the interaction between 

different transcription factors and Pol II, a direct model for the corresponding phenotype is 

that introduction of G383S mutation disrupts the interaction between MED5 and a 

(co-)repressor of ABA biosynthesis, which thereby phenocopies med5 and results in up-

regulation of ABA in ref4-3. Because an individual Mediator subunit can differentially 

regulate various pathways by interacting with different transcription factors (Chen et al., 

2012; Lai et al., 2014), the molecular effect of G383S mutation may largely depend on the 

interacting partners of MED5 under different circumstances. 

3.4 Methods 

3.4.1 Plant material and growth conditions 

 Arabidopsis thaliana ecotype Columbia-0 (Col-0) was the wild type in this study. 

Unless specified, plants were grown at a temperature of 23°C, under a long-day 

photoperiod (16 hr light/8 hr dark) or a short-day period (8 hr light/16 hr dark) with a light 

intensity of 100 μE m−2 s−1. For hypocotyl measurement, Arabidopsis seedlings were 
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planted on ammonia-free MS medium (Murashige and Skoog, 1962) with 1% (w/v) sucrose 

and cultivated under continuous light for ten days. For end-of-day far-red (EOD-FR) light 

treatment, plants were exposed to far-red light for 30 min at the end of every photoperiod. 

Homozygous mutants used in this study were isolated based on previous reports, with the 

corresponding accession numbers and primers listed in Table 3.2 (Neff et al., 1998; 

Bonawitz et al., 2012).  

3.4.2 Measurement of plant growth 

 Plant heights, rosette diameters, hypocotyl and petiole lengths under different 

growth conditions were quantified using ImageJ software (Abramoff et al., 2004). 

3.4.3 Total lignin content quantification 

 Extractive free cell walls were prepared as described previously, followed by 

thioglycolic acid (TGA) lignin analysis (Li et al., 2015). 

3.4.4 HPLC analysis of sinapoylmalate 

 Three-week-old whole rosettes were harvested, and sinapoylmalate levels were 

quantified by HPLC as previously reported (Dolan et al., 2017).   

3.4.5 Reanalysis of RNA-seq data 

 Gene expression profiles of wild type, ref4-3 and med5 were obtained from 

previous studies (Dolan et al., 2017). The complete dataset can be accessed through NCBI's 

Gene Expression Omnibus (Edgar et al., 2002) with accession number GSE95574 (Dolan 
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et al., 2017). Differential expression analysis was performed as previously described 

between med5 mutants and wild type (Dolan et al., 2017). Based on log2 fold change 

(log2FC) and false discovery rate (FDR) of each gene, volcano plots were created using 

built-in R functions (v3.4.1) and custom scripts. The scripts can be shared upon request.  

3.4.6 Measurement of chlorophyll and photosynthetic capacity 

 For chlorophyll measurement, eight-week-old short-day cultivated plants were 

harvested and grinded in liquid nitrogen, followed by multiple rounds of extraction using 

80% acetone until the pellet turns to white. Extracted chlorophylls were quantified using 

U-3900 spectrophotometer (HITACHI). For photosynthesis-related parameters, eight-

week-old short-day cultivated plants were first treated with dark for 30 min, and a fully 

expanded leaf of each plant was subjected to different light intensities. The corresponding 

photosynthetic parameters were captured using the Fluorescence Monitoring System 

(Hansatech) run by Modfluor 32 software. 

3.4.7 Determination of ABA levels 

 For this experiment, 20-day-old long-day cultivated plants were subjected to either 

water-deficit conditions by withholding water for 2 weeks (drought) or well-watered over 

the same period (control plants). Fully expanded leaves were harvested and frozen in liquid 

nitrogen, followed by ABA extraction and detection as previously described (McAdam, 

2015). ABA was quantified by LC-MS using deuterated ABA [2H6] as an internal standard, 

synthesized by National Research Council of Canada.  
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3.4.8 Fresh weight loss of detached leaves assay 

 Four-week-old Arabidopsis plants cultivated under long-day conditions were used 

in this experiment, following previously described procedures (Zhang et al., 2007). 

3.4.9 Statistical analysis 

 For box plots with overlaid points representing individual samples, data were 

plotted with gglot2 using statistical program R (v3.4.1). The lower and upper hinges 

correspond to the 25% quantile and the 75% quartile, and the lower and upper whiskers 

extend from each hinge to the smallest or largest values no more than 1.5× inter-quartile 

range. For bar graphs, data represent mean ± standard deviation (SD). Unless specified, the 

means were compared by one-way ANOVA, and statistically significant differences (p < 

0.05) were identified by Tukey’s honest significant difference (HSD) test and indicated by 

different letters. 
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Table 3.1 Summary of photosynthesis-related parameters of wild-type, ref4-3 and med5 plants at 

different light intensities 

Parameter a genotype 
light intensity (μmol / (m2 • s)) 

25 50 120 240 350 

Fv/Fm 

wild type 0.84 0.84 0.85 0.85 0.85 

ref4-3 0.86 0.85 0.86 0.86 0.85 

med5 0.84 0.85 0.84 0.85 0.83 

PSII 

wild type 0.78 0.72 0.59 0.39 0.28 

ref4-3 0.79 0.75 0.53 0.37 0.30 

med5 0.78 0.73 0.57 0.41 0.28 

NPQ 

wild type 0.14 0.32 0.77 1.49 1.82 

ref4-3 0.13 0.28 1.32 b 2.05 b 2.32 b 

med5 0.14 0.25 1.00 1.62 1.46 b 

ETR 

wild type 8.21 15.19 29.83 38.96 41.84 

ref4-3 8.26 15.65 26.47 37.64 43.93 

med5 8.23 15.30 28.56 40.83 41.34 

qP 

wild type 0.95 0.90 0.81 0.60 0.45 

ref4-3 0.94 0.92 0.76 0.62 0.51 

med5 0.95 0.90 0.80 0.63 0.47 

qL 

wild type 0.76 0.66 0.54 0.35 0.23 

ref4-3 0.73 0.69 0.49 0.39 0.30 

med5 0.77 0.62 0.54 0.39 0.26 

PQ-redox state 

wild type 0.24 0.34 0.46 0.65 0.77 

ref4-3 0.27 0.31 0.51 0.61 0.70 

med5 0.23 0.38 0.46 0.61 0.74 
 

a Parameters include photochemical efficiency of PSII (Fv/Fm), quantum yield of PSII electron transport 

(PSII), non-photochemical quenching (NPQ) coefficient, photosynthetic electron transport rate (ETR), 

photochemical quenching (qP), the proportion of open PSII centers (qL), and plastoquinone (PQ)-redox 

state. 
b Statistically significant difference detected by student t-test between the measurement in wild type and 

that in ref4-3 (p < 0.05) (n=4). 
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Table 3.2 Primers used in this study 

Gene 
Accession 

number 
Mutant line Name Sequence 

MED5a AT3G23590 SALK_011621 rfr1-3 LP TTTTATGGGCCTCTTTCGTG 

   rfr1-3 RP TTGGCATTAGTGAGCAAGCA 

MED5b AT2G48110 SALK_037472 ref4-6 LP ACGGGGCATTGATAGAAAAA 

   ref4-6 RP AGGAGGGAATCGACAATGTG 

MED5b AT2G48110  ref4-3 F CTTTGGTTGCCCATTGATCT 

   ref4-3 R GATTGGTTCCCCCAATTACA 

PhyB AT2G18790  phyB-9 F GTGGAAGAAGCTCGACCAGGCTTG 

   phyB-9 R GCAAAACTCTTGCGTCTGTG 

 

For med5a and med5b, left primers (LP) and right primers (RP) were used. For ref4-3 and phyB-9, 

forward (F) and reverse (R) primers were used to amplify the regions carrying the point mutations 

followed by restriction enzyme digestion. 
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Figure 3.1 MED5a and MED5b are required for proper flowering time 

(A) Representative photograph of three-month-old wild type, ref4-3 and med5 under short-day 

condition. 

(B) Quantification of days to flower of wild type, ref4-3 and med5 under short-day condition. 

(C) Quantification of days to flower of wild type, ref4-3 and med5 under long-day condition. 
For panels B-C, data represent mean ± standard deviation (SD) (n ≥ 10). The means were compared 

by one-way ANOVA, and statistically significant differences (p < 0.05) were identified by Tukey’s 

test and are indicated by a to c. 



 

 

123 

 
 

Figure 3.2 ref4-3 and med5 display opposite shade-avoidance response-related phenotypes 

(A) Petiole length measurement of wild type, ref4-3 and med5 under long-day condition. Plants 

were grown on soil for three weeks, and six biological replicates were quantified. 

(B) Hypocotyl length measurement of wild type, ref4-3, med5a, med5b and med5 under long-day 
condition. Plants were grown on MS medium for 10 days first, and at least eight biological 

replicates were used for quantification. 

For panels A-B, data represent mean ± standard deviation (SD) (n ≥ 6). The means were compared 
by one-way ANOVA, and statistically significant differences (p < 0.05) were identified by Tukey’s 

test and are indicated by a to c. 
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Figure 3.3 ref4-3 has altered expression of phytochrome signaling-related genes 

Log2 fold change in expression of genes related to phytochrome signaling in ref4-3 and med5 
compared to wild type (Dolan et al., 2017). Representative targets are phytochromes (phy), 

phytochrome-repressed transcription factors (TFs) including phytochrome interacting factors 

(PIFs), PIF-activated genes and markers for flowering time. ‘*’ indicates genes with an FDR < 0.05. 
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Figure 3.4 Dwarfism of ref4-3 can be rescued by the EOD-FR light treatment 

(A) Representative photograph of three-week-old wild-type and ref4-3 plants under control light 
condition, or with 30 min treatment of EOD-FR light. 

(B-C) Rosette diameter (B) and height (C) measurement of wild type and ref4-3 after growth on 

soil for three weeks and six weeks respectively. Plants were cultivated under control light condition 
or with 30 min treatment of EOD-FR light. Data represent mean ± SD (n=10).  

(D) Total lignin content in seven-week-old stem tissues quantified by thioglycolic acid (TGA) 

lignin analysis. Data represent mean ± SD (n = 3).  
For panel B-D, the means were compared by one-way ANOVA, and statistically significant 

differences (p < 0.05) were identified by Tukey’s test and are indicated by a to c. 
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Figure 3.5 Disruption of PhyB is not sufficient to rescue the stunted growth of ref4-3 

(A-B) Representative photograph of three-week-old (A) and six-week-old (B) wild type, ref4-3, 
phyB-9 and ref4-3 phyB-9. 

(C) Petiole length measurement of wild type, ref4-3, phyB-9 and ref4-3 phyB-9 after growth on soil 

for three weeks.  
(D-E) Rosette diameter (D) and height (E) measurement of wild type, ref4-3, phyB-9 and ref4-3 

phyB-9 after growth on soil for three weeks and six weeks respectively 

For panel C-E, data represent mean ± SD (n=10). The means were compared by one-way ANOVA, 

and statistically significant differences (p < 0.05) were identified by Tukey’s test and are indicated 
by a to d. 
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Figure 3.6 The performance of photosynthetic machinery is disrupted in ref4-3 

(A)Total chlorophyll content in eight-week-old leaves of wild type, ref4-3 and med5 grown in 

short-day condition. 

(B) Measurement of non-photochemical quenching (NPQ), the signature parameter for 
photosynthesis in wild type, ref4-3 and med5. 

(C) Summary table of photosynthesis-related parameters of wild-type, ref4-3 and med5 plants at 

350 μmol / (m2 • s)). 

  



 

 

128 

 
 

Figure 3.7 ref4-3 has altered expression of ABA-responsive genes 

(A) log2 fold change in expression of ABA biosynthetic and signaling genes in ref4-3 and med5 

compared to wild type. ‘*’ indicates genes with an FDR < 0.05. 

(B-C) Volcano plots representing the expression level of ABA activated genes in ref4-3 (B) and 

med5 (C) compared to wild type. For each gene represented by a dot, the x axis shows the fold 
change in ref4-3 or med5 compared to wild type (log2FC), whereas the y axis shows the log10(false 

discovery rate) for each gene (− log10[FDR]). The genes that are significantly differentially 

expressed compared to wild type (FDR < 0.05) are highlighted in red, while the others are colored 
in grey. 

(D-E) Similar to panel B-C, volcano plots representing the expression level of ABA repressed genes 

in ref4-3 (D) and med5 (E) compared to wild type. 
For panel A-E, log2FC and FDR of each gene was determined by previous RNA-seq analysis 

(Dolan et al., 2017). 
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Figure 3.8 ref4-3 is resistant to drought stress 

(A) Quantification of ABA extracted from three-week-old regular-grown or drought-treated wild 

type, ref4-3 and med5. Data represent mean ± SD (n = 3). The means were compared by one-way 

ANOVA, and statistically significant differences (p < 0.05) were identified by Tukey’s test and are 
indicated by a to d. 

(B) Whole rosettes from three-week-old wild type, ref4-3 and med5 were harvested, and recorded 

for changes in weight over eight-hour period. The ration between the weight at each time point and 
the time point 0 were reported as fresh weight remained. Data represent mean ± SD (n = 3). The 

means were compared by one-way ANOVA, and statistically significant differences (p < 0.05) 

from wild type were identified by Tukey’s test and are indicated by ‘*’. 
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CHAPTER 4.  COMPARATIVE ANALYSIS OF RNA 

POLYMERASE II OCCUPANCY CHANGES IN ARABIDOPSIS 

MED5 AND CDK8 MUTANTS 

4.1 Introduction 

The multi-subunit complex Mediator is a conserved transcription co-regulator in 

eukaryotes. According to structural studies, Mediator can be divided into four modules, 

namely the head, middle, tail and a dissociable CDK8 kinase module (Dotson et al., 2000). 

The tail module serves as a platform for the interaction between Mediator and various 

transcription factors, and once integrated, these signals can then be transmitted to general 

transcription machinery through contacts between the head and middle modules and RNA 

Polymerase II (Pol II), leading to activation or repression of downstream target expression 

(Meyer et al., 2010). Hence, Mediator is critical for the transcription of Pol II transcribed 

genes.   

To elucidate the molecular function of Mediator in transcription regulation, it is 

critical to characterize the occupancy of Pol II and the Mediator complex at a genome-wide 

scale. Studies in yeast and mammals demonstrate that Mediator is required for nearly every 

step of transcription, including Pol II recruitment (Malik and Roeder, 2005), pre-initiation 

complex (PIC) formation (Reeves and Hahn, 2003), transcriptional elongation (Conaway 

and Conaway, 2013) and transcriptional termination (Mukundan and Ansari, 2011). The 

function of Mediator in Pol II recruitment has also been explored in plants at a small 

number of individual genes. For instance, the Arabidopsis Mediator tail module subunit 

MED16 is required for recruitment of Pol II to the transcription start site (TSS) of C-repeat 

binding factor (CBF)-targeted genes (Hemsley et al., 2014). Loss of MED16 resulted in 
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compromised induction of those genes under cold stress and a lack of freezing tolerance 

(Hemsley et al., 2014). Similarly, loss of CDK8, a kinase module subunit, led to decreased 

Pol II occupancy at plant defensin 1.2 (PDF1.2), which accounted for reduced PDF1.2 

expression and defected biotic responses in cdk8 mutants (Zhu et al., 2014). The above 

studies demonstrate that the integrity of plant Mediator complex is critical for Pol II 

recruitment, suggesting that the biological processes maintained by plant Mediator 

subunits could be valuable readouts to characterize the molecular function of Mediator. 

Previous studies showed that MED5a and MED5b, a pair of orthologous 

Arabidopsis Mediator tail module subunits, limit phenylpropanoid biosynthesis (Stout et 

al., 2008; Bonawitz et al., 2012). A semi-dominant med5 mutant named reduced epidermal 

fluorescence 4-3 (ref4-3) carrying a single amino acid substitution in MED5b (G383S) was 

isolated as a strong suppressor of phenylpropanoid pathway, indicated by decreased soluble 

phenylpropanoids, reduced lignin content, and dwarfism (Stout et al., 2008), a phenotype 

often associated with lignin-deficient mutants (Muro-Villanueva et al., 2019). Negative 

regulators of phenylpropanoid biosynthesis including KFB39 and KFB50, two genes 

encoding F-box proteins that mediate the ubiquitination and degradation of phenylalanine 

ammonia lyases (PALs) (Zhang et al., 2013a, 2015), were significantly mis-regulated in 

opposite directions in ref4-3 and med5 compared to wild type; however, phenylpropanoid 

biosynthetic genes including PALs only displayed modest changes in med5 mutants (Dolan 

et al., 2017). The gene expression profiles of ref4-3 and med5 suggest that the protein 

encoded by the ref4-3 allele of MED5 is likely to enhance Pol II recruitment to negative 

regulators of phenylpropanoid biosynthesis, which thereby promotes their expression and 

leads to repressed phenylpropanoid metabolism. In addition, disruption of CDK8 
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suppresses the stunted growth but not the restricted phenylpropanoid metabolism in ref4-3 

(Mao et al., 2019). Investigation of the genes that were mis-regulated in ref4-3 in a CDK8-

dependent manner enabled us to identify DJC66, a DNAJ co-chaperone, as a novel 

suppressor of the growth defect in ref4-3 (Mao et al., 2019). Despite this, the limited 

restoration of growth in ref4-3 djc66 suggests that the stunted growth of ref4-3 may also 

result from the mis-regulation of other genes. Given that the CDK8 kinase module can 

modulate the interaction between the core Mediator complex and Pol II and thus interfere 

with normal transcription (Taatjes, 2010), we proposed that CDK8 is required for abnormal 

Pol II recruitment to the growth-related genes in ref4-3. 

In this study, we investigate the effect of mutations in Mediator including med5, 

ref4-3, cdk8-1 and ref4-3 cdk8-1 on genome-wide Pol II distribution to provide insight into 

the function of MED5 and CDK8 in gene expression regulation. We found that loss of 

MED5 resulted in loss of Pol II occupancy at many target genes. Conversely, many genes 

showed enriched Pol II levels in ref4-3, some of which overlapped with those showing 

reduced Pol II occupancy in med5. In addition, Pol II occupancy was significantly reduced 

when CDK8 is disrupted in ref4-3. Our results help to narrow down the direct gene targets 

of MED5 and identify genes that may be closely related to the growth deficiency observed 

in ref4-3 plants. 

4.2 Results 

4.2.1 Pol II occupancy is highly enriched within gene bodies 

To determine the changes in genome-wide Pol II occupancy caused by mutations 

in Mediator complex subunit genes, we performed chromatin immunoprecipitation (ChIP)- 
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sequencing (seq) analysis in the med mutants med5, ref4-3, cdk8-1 and ref4-3 cdk8-1, 

together with wild type. Chromatin was extracted from 10-day-old seedlings and 

precipitated with the well-characterized monoclonal antibody 4H8 that recognizes Pol II 

with high affinity regardless of its phosphorylation status (Ou, 2014). The C-terminal 

domain of the largest subunit of Pol II shows altered phosphorylation status during different 

stages of transcription such as the transition from initiation to elongation (Phatnani and 

Greenleaf, 2006); thus, our ChIP-seq data reflect total Pol II occupancy irrespective of 

transcription stage. 

Given that Pol II recruitment is a necessary step for transcriptional initiation and 

reflects the transcriptional status of a gene (Gan et al., 2011; Mokry et al., 2012), we tested 

whether a positive correlation between Pol II occupancy and gene expression level can be 

captured by our Pol II ChIP-seq analysis. To do this, we classified the 33,557 annotated 

genes in the Arabidopsis genome into four groups according to their expression level in 

three-week-old wild-type plants (Mao et al., 2019): high, medium, low and silent (Figure 

4.1A).We then plotted the average distribution of Pol II +/- 5 kb from the TSS of the genes 

in each group and found that Pol II enrichment positively correlated with expression 

(Figure 4.1B). In addition, Pol II occupancy was enriched downstream of the TSS, 

suggesting that Pol II is actively transcribing these genes.  

To further characterize the distribution of Pol II, we classified genes based on 

length into groups of short (<1500 base pairs (bp)), medium (1500 bp to 3000 bp) or long 

genes (> 3000 bp) and then examined the average distribution of Pol II in these groups of 

genes. Regardless of gene length, Pol II was present throughout the length of the genes, 

buttressing our finding that Pol II occupancy was significantly enriched across gene bodies 
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(Figure 4.1C). Taken together, we conclude that Pol II occupancy positively correlates with 

gene expression level, and is highly elevated in the gene body downstream of the TSS. 

4.2.2 Loss of MED5 leads to decreased Pol II occupancy at a subset of genes 

To identify the genes that require MED5 for normal transcription, we compared Pol 

II occupancy between wild type and med5 to identify regions with differential Pol II 

binding. We identified 7398 peaks of Pol II binding and found that Pol II occupancy 

increased in med5 relative to wild type at only 4 regions, while 514 peaks showed reduced 

Pol II occupancy in med5. The 837 genes associated with those 514 peaks show reduced 

Pol II occupancy downstream of the TSS (Figure 4.2A). Consistent with the characterized 

function of MED5 in pathogen defense and phenylpropanoid biosynthesis (Wang et al., 

2016; Stout et al., 2008; Bonawitz et al., 2012), genes exhibiting reduced Pol II occupancy 

in med5 were enriched for gene ontology (GO) terms associated with biotic or abiotic stress 

responses, tryptophan biosynthesis and phenylpropanoid metabolism (Table 4.1).  

To elucidate the relationship between the transcriptional defects due to loss of 

MED5 and the mis-regulated gene expression in med5 mutants, we compared the genes 

with differential Pol II occupancy in med5 with those genes showing differential gene 

expression based on RNA-seq analysis (Dolan et al., 2017). We found that most of the 

genes with decreased Pol II occupancy in med5 also exhibited down-regulated gene 

expression in med5 (Figure 4.2B). Notably, only a subset of the genes with decreased 

expression in med5 also showed lower Pol II occupancy (Figure 4.2B), suggesting that 

these genes may represent the direct transcriptional targets of MED5. Alternatively, given 

that the RNA-seq data was from 3-week-old whole rosettes whereas the ChIP-seq was 
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performed using 10-day-old seedlings, the difference in growth stages may provide a 

possible explanation for the discrepancy between the two types of gene expression data. 

Because the Mediator complex can be recruited to the promoters of target genes 

through the interaction between its tail module subunits and gene-specific transcription 

factors (Borggrefe and Yue, 2011), the down-regulated transcription in med5 mutants may 

result from a disrupted interaction between MED5 and the corresponding transcription 

factors. Thus, we sought to identify the transcription factors that might be required for 

MED5 within Mediator to activate transcription at its target genes. To do this, we analyzed 

the enrichment of transcription factor binding sites at the promoter regions (-1000 bp to 

200 bp relative to the TSS) of genes with lower Pol II occupancy in med5 compared to wild 

type using MEME (Bailey et al., 2009). We discovered one 12-bp motif that was 

significantly enriched among the promoters of med5 down-regulated genes (Figure 4.3C). 

This motif was most abundant in the region 300 bp upstream to 100 bp downstream from 

the TSS of MED5 target genes (Figure 4.3D). Interestingly, the enriched motif matched 

with a group of DNA-binding with one finger (DOF) transcription factors in the 

Arabidopsis database (O’Malley et al., 2016) (Figure 4.3C). DOF transcription factors act 

as negative regulators of plant flowering time (Fornara et al., 2009). Given that dof and 

med5 mutants are both early flowering (Fornara et al., 2009; Dolan and Chapple, 2018), 

this finding suggests that MED5 could activate DOF-targeted genes to impact the timing 

of flowering in wild-type plants.  
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4.2.3 The ref4-3 mutation results in increased Pol II occupancy at a subset of genes 

We have previously proposed that MED5 functions as a coactivator of transcription 

and that the ref4-3 mutation enhances the normal function of MED5 for a subset of its gene 

targets (Dolan et al., 2017). In contrast to the overall down-regulated Pol II occupancy in 

med5 compared to wild type, Pol II occupancy was significantly increased at 216 of the 

7151 Pol II-bound regions in ref4-3, whereas it was decreased at only 2 regions. The peaks 

with increased Pol II signals in ref4-3 were associated with 315 genes and as before, 

increased Pol II occupancy was evident throughout the gene bodies (Figure 4.3A). 

Comparison between Pol II ChIP-seq analysis and RNA-seq analysis (Dolan et al., 2017) 

revealed that most of the genes with increased Pol II occupancy in ref4-3 also showed 

elevated gene expression (Figure 4.3B). This suggests that up-regulated expression of these 

genes in ref4-3 may stem from elevated Pol II recruitment. The genes with higher Pol II 

binding in ref4-3 were enriched for GO terms associated with protein phosphorylation, 

regulation of phenylpropanoid metabolism and responses to various hormones namely 

abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA) and ethylene (ET) (Table 4.2). 

Most of the enriched GO categories are consistent with previously characterized 

phenotypes of ref4-3, including inhibited phenylpropanoid biosynthesis and increased SA 

accumulation (Stout et al., 2008; Mao et al., 2019).  

To identify potential transcription factors that could be involved in recruiting 

Mediator in ref4-3, we looked for enriched sequence motifs in the promoter regions (-1000 

bp upstream to 200 bp downstream relative to the TSSs) of the genes with up-regulated Pol 

II occupancy in ref4-3. Using this approach, we identified a GAGA-like motif that was 

significantly enriched in these promoters relative to other expressed genes (Figure 4.3C). 
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In Arabidopsis, the GAGA-motif binding protein basic pentacysteine 6 (BPC6) recruits 

polycomb-repressive complexes, conserved negative regulators that deposit a 

trimethylation mark at Lys-27 in histone H3 (H3K27me3) and repress expression of 

homeotic genes (Hecker et al., 2015). For the genes that were mis-regulated in ref4-3, the 

GAGA motifs were most abundant at the -100 to 200 bp around the TSS (Figure 4.3D). 

This observation is consistent with studies showing that GAGA motifs were 

overrepresented in Arabidopsis core promoters (Yamamoto et al., 2009; Hecker et al., 

2015). Although the interaction between Mediator and polycomb-repressive complexes has 

not been explored in plants, studies in human cells showed that these two complexes 

interact (Fukasawa et al., 2012, 2015). Thus, one potential explanation for the up-regulated 

transcription of most ref4-3 targets is that the semi-dominant MED5b mutant interferes 

with the recruitment of polycomb-repressive complexes, thereby leading to de-repression 

of these genes. One prediction of this model is that the genes that are upregulated in ref4-

3 mutants should be marked by H3K27me3 in wild type, and should show loss of this 

repressive histone modification in the ref4-3 mutant.  

4.2.4 med5 and ref4-3 perturb transcription of genes involved in other cellular processes 

in addition to phenylpropanoid biosynthesis 

Previous RNA-seq analysis revealed that among the genes that were at least 2-fold 

mis-regulated in med5 and ref4-3 compared to wild type, 67% were down-regulated in 

med5 and upregulated in ref4-3 (Dolan et al., 2017), suggesting that ref4-3 may lead to 

constitutive activation of genes that require MED5 for normal expression. Surprisingly, in 

our Pol II ChIP-seq analysis, we only found 33 genes that show increased Pol II occupancy 

in ref4-3 and decreased Pol II occupancy in med5 (Figure 4.4A, Table 4.3, Figure 4.5). The 
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large proportion of genes with up-regulated Pol II occupancy in ref4-3 and unchanged Pol 

II occupancy in med5 suggests that ref4-3 may activate the expression of genes that do not 

usually require MED5-containing Mediator for normal transcription. In addition, given that 

more than 95% of the genes that showed mis-regulated Pol II occupancy in med5 were not 

differentially bound by Pol II in ref4-3, the protein encoded by the MED5b G383S allele 

likely functions as a wild-type MED5 at most MED5 target genes. 

Considering that MED5 is mainly required for gene activation in Arabidopsis 

(Dolan and Chapple, 2018), we reasoned that the genes with down-regulated Pol II 

occupancy in med5 and up-regulated Pol II occupancy in ref4-3 were mostly likely to be 

the direct targets of MED5. To test if any common targets of ref4-3 and med5 are co-

expressed and thus may share similar functions, we retrieved the available co-expression 

data from ATTED-II database (Obayashi et al., 2018) and constructed a mutual rank (MR)-

based network (Figure 4.4B, Table 4.3). Although most of the genes in the dataset were 

not highly co-expressed with each other as indicated by their large MR indexes, KFB39 

and KFB50, two negative regulators of the phenylpropanoid pathway, shared a low MR 

index (Figure 4B, Figure 4.5), suggesting that MED5 is involved in the transcriptional 

regulation of those two KFBs in wild-type plants. Surprisingly, DJC66, a gene encoding 

the aforementioned DNAJ cochaperone protein, is co-expressed with KFB39 (Figure 4.4B). 

Given that DJC66 is not required for wild-type phenylpropanoid biosynthesis (Mao et al., 

2019), the MR-based network may reveal the coordinated roles of DJC66, KFB39 and 

KFB50 in other cellular processes. 

Another group of highly co-expressed genes were identified from the MR analysis 

that include ATP-binding cassette subfamily B 21 (ABCB21), octadecanoid-responsive 
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Arabidopsis AP2/ERF 59 (ORA59) and plastid protein kinase with unknown function 1 

(PKU1) (Figure 4.4B, Table 4.3). ABCB21 encodes an auxin importer/exporter that is 

regulated by auxin (Kamimoto et al., 2012). Interestingly, ORA59 is required for auxin 

transport (Ståldal et al., 2012) in addition to its well-characterized function in integrating 

the JA and ET signaling pathways (Pre et al., 2008).  The high co-expression between 

ABCB21 and ORA59 suggests that the effects of ref4-3 and med5 on transcription may be 

extended to the genes involved in auxin transport and signaling.  

4.2.5 Loss of CDK8 in ref4-3 causes an overall decrease in Pol II occupancy 

Previously we identified cdk8 as a novel suppressor of ref4-3 that can rescue its 

stunted growth but not the restricted phenylpropanoid metabolism (Mao et al., 2019).  To 

narrow down the genes that could be associated with the dwarfism of ref4-3, we sought to 

identify the genes with altered Pol II occupancy in ref4-3 compared to wild type, but with 

restored Pol II occupancy in ref4-3 cdk8-1. Loss of CDK8 resulted in 2124 versus 10 

regions with decreased versus increased Pol II occupancy in ref4-3 cdk8-1 compared to 

ref4-3, suggesting that CDK8 is generally required for transcription activation in the ref4-

3 background. An average profile for the 4287 genes associated with those 2124 peaks 

revealed a substantial loss of Pol II binding in the double mutant compared to ref4-3 (Figure 

4.6A). Moreover, the vast majority of these genes showed decreased expression levels in 

ref4-3 cdk8-1 compared to ref4-3 (Figure 4.6B), suggesting that the decreased transcript 

levels observed in ref4-3 cdk8-1 likely reflect reduced Pol II transcription at these genes. 

We also identified 315 genes that showed increased Pol II occupancy in ref4-3 compared 

to wild type, and 198 of these genes had reduced Pol II occupancy in ref4-3 cdk8-1 
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compared to ref4-3 (Figure 4.7A). An average plot of Pol II ChIP-seq signals for those 

genes showed elevated levels of Pol II occupancy at the TSS and throughout the gene 

bodies in ref4-3, which was restored in ref4-3 cdk8-1 (Figure 4.7B). Additionally, loss of 

CDK8 in wild-type plants did not cause significant change in Pol II occupancy for these 

genes with increased Pol II in ref4-3 that was rescued in ref4-3 cdk8-1 (Figure 4.7B). Thus, 

we conclude that CDK8 is not necessary for Pol II recruitment at these genes. 

We next compared our ChIP-seq analysis with RNA-seq expression data (Mao et 

al., 2019) and found that among the 198 genes with CDK8-dependent Pol II enrichment in 

ref4-3, 50 genes showed up-regulated expression in ref4-3 and could be rescued by 

disruption of CDK8 (Figure 4.7C). Significantly enriched GO categories for these genes 

included ‘response to ethylene’ and ‘response to salicylic acid’ (Table 4.4), the latter of 

which is consistent with the over-accumulated SA content in ref4-3 that is dependent on 

CDK8 (Mao et al., 2019). In Arabidopsis and common wheat, CDK8 interacts with the 

ethylene response transcription factor wax inducer 1 (Zhu et al., 2014; Kong and Chang, 

2018) to activate expression of genes encoding wax metabolic enzymes (Kong and Chang, 

2018). Although the function of MED5 in ethylene response has not been explored, a 

previous RNA-seq analysis using three-week-old rosettes showed that the genes down-

regulated in both ref4-3 and med5 were enriched for genes involved in ethylene-activated 

signaling pathway (Dolan et al., 2017). Therefore, our Pol II ChIP-seq analysis performed 

in 10-day-old seedlings may capture an enhanced response to ethylene in ref4-3 at an earlier 

stage of development, which is likely dependent on CDK8. 
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4.3 Discussion 

The opposing and readily measurable phenylpropanoid phenotypes of med5 and 

ref4-3 plants suggest that these plants are valuable genetic tools to explore the function of 

MED5 in the context of the Mediator complex (Stout et al., 2008; Bonawitz et al., 2012; 

Dolan et al., 2017). To understand how Arabidopsis MED5 regulates Pol II-dependent 

transcription, we characterized the genome-wide change of Pol II occupancy in med5 and 

ref4-3 and identified genes with perturbed Pol II occupancy. Consistent with a model that 

MED5 functions as a transcription co-activator and ref4-3 enhances the role of MED5 in 

the activation of negative regulators of phenylpropanoid metabolism and plant growth 

(Dolan et al., 2017), we found that loss of MED5 predominantly led to decreased Pol II 

occupancy compared to wild type, whereas in ref4-3, most of the differential binding 

regions exhibited increased Pol II occupancy. Most of the genes identified with increased 

or decreased Pol II occupancy also showed up- or down-regulated gene expression in ref4-

3 and med5 mutants respectively, suggesting that the expression changes of those genes 

largely stem from perturbed Pol II transcription. Moreover, KFB39 and KFB50, two 

previously characterized negative regulators of the phenylpropanoid metabolism (Zhang et 

al., 2013a, 2015) and DJC66, a suppressor of ref4-3 (Mao et al., 2019) showed up-regulated 

Pol II occupancy in ref4-3 and down-regulated Pol II occupancy in med5. Therefore, at 

least for the robust targets, our analysis can capture the genes that require MED5 for their 

normal transcription. 

Although our RNA-seq and Pol II ChIP-seq studies have revealed the genes that 

require MED5 for proper expression or transcription, it is unclear whether these genes are 

direct targets of MED5-containing Mediator complex. Moreover, we do not know how 
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changes in MED5 in the med5 or ref4-3 mutants affect Mediator occupancy or distribution. 

Previous studies showed that loss of a single Mediator tail module subunit decreased 

recruitment of Mediator to its downstream genes (Ansari and Morse, 2012; Jeronimo et al., 

2016; Grünberg et al., 2016), which in turn resulted in reduced Pol II recruitment, and 

down-regulated gene expression. Thus, our Pol II ChIP-seq analysis provides the 

foundation for the characterization of Mediator occupancy at a genome-wide scale. Given 

that MED5 is in the tail module of Mediator (Tsai et al., 2014) and that med5 shows 

multiple phenotypes including reduced phenylpropanoid metabolism and early flowering 

(Stout et al., 2008; Bonawitz et al., 2012; Dolan and Chapple, 2018), it is likely that loss 

of MED5 disrupts the interaction between MED5 and the transcription factors involved in 

the regulation of phenylpropanoid metabolism and flowering time control, as reflected by 

our transcription factor binding motif analyses.  

To further narrow down the list of genes that could be related to the dwarfism of 

ref4-3, we identified genes with increased Pol II occupancy in ref4-3 compared to wild 

type and decreased Pol II occupancy in ref4-3 cdk8-1 compared to ref4-3. Compared to the 

list of genes that were up-regulated in ref4-3 in a CDK8-dependent manner (Mao et al., 

2019), we found that genes involved in responses towards SA and ethylene were enriched 

among the overlapping upregulated targets identified from both RNA-seq and ChIP-seq 

analysis. Interestingly, previous RNA-seq analysis using 3-week-old rosettes showed that 

ethylene signaling-responsive genes were enriched for genes that were down-regulated in 

ref4-3 (Dolan et al., 2017). Given that the Pol II ChIP-seq analysis was performed in 10-

day-old seedlings, the difference between RNA-seq analysis and Pol II ChIP-seq analysis 

may result from the different growth stages of plants. The changed Pol II enrichment at 
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ethylene-responsive genes may reflect an abnormal activation of ethylene signaling in ref4-

3 at an early growth stage, which may contribute to the dwarfism of ref4-3. We also noticed 

that a signature motif for recruiting polycomb-repressive complexes was enriched in ref4-

3 targeted genes. Considering that polycomb-repressive complexes can place H3K27me3 

marker on its target genes to repress transcription (Hecker et al., 2015) and that many genes 

involved in hormone biosynthesis, transport and signaling are targets of H3K27me3 

(Yamamuro et al., 2016), ref4-3 may negatively affect the recruitment of polycomb-

repressive complexes, leading to hyper-activation of hormone responsive genes including 

those to SA and ethylene. 

4.4 Methods 

4.4.1 Plant materials and growth 

 Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as the wild type 

genotype in this study. Plants were cultivated on Murashige and Skoog agar plates and 

grown at 23°C under a long-day photoperiod (16 hr light/8 hr dark).  

4.4.2 Pol II ChIP-seq library generation and sequencing 

 Samples of wild-type, med5, ref4-3, cdk8-1 and ref4-3 cdk8-1 10-day-old seedlings 

were harvested in triplicate with a randomized design. Each sample contained 4 grams of 

the same genotype from three individual pots. The harvested samples were cross-linked 

using 1.6 % formaldehyde by 10-min vacuum infiltration, and then immediately flash 

frozen in liquid nitrogen. Pol II ChIP was performed as previously described with minor 

modifications (Carter et al., 2018). After chromatin extraction and immunoprecipitation 
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using 2 μL Pol II antibodies (4H8, ab5408, Abcam) the precipitated chromatin was reverse 

cross-linking and purified using ChIP DNA clean & concentrator kit (D5205, Zymo 

Research). 5% of sheared chromatin without incubation with antibodies was used as an 

input control for each sample. cDNA libraries were constructed using NEXTflex ChIP-seq 

kit (Bioo Scientific Corporation). ChIP-seq libraries were analyzed using the bio-analyzer 

(Agilent) to examine the quality and quantity of each library, ensuring that the amplified 

genomic DNA were enriched at size 250 to 500 bp with molarity of at least 1 nM. Qualified 

genomic libraries were pooled and subjected to sequencing with Illumina HiSeq 2500 

technology, which generated paired-end, 65 bp sequencing reads. Quality control was 

performed by the Purdue Genomics Core using FASTX-Toolkit (Gordon et al., 2010), 

followed by mapping to the Bowtie2-indexed Arabidopsis genome (TAIR10) using Tophat 

with default parameters (Trapnell et al., 2009) to generate Binary Alignment Map (BAM) 

files. 

4.4.3 Statistical analysis of Pol II ChIP-seq data 

 For the mapped sequences, we first converted the BAM files to BED files and 

performed peak-calling using spatial clustering for identification of ChIP-Enriched regions 

(SICER) (v1.1) (Xu et al., 2014). The genome was partitioned into nonoverlapping 200 bp 

windows and regions with significant enrichment of Pol II against both random background 

and the input control were identified (FDR < 0.05). For the pair-wise differential binding 

test, the identified peaks from two different genotypes were subjected to ChIPComp (v1.6.0) 

analysis (Chen et al., 2015) using statistical program R (v3.4.1) (FDR < 0.05). Gene 

annotation of the identified regions with significantly different Pol II occupancy was 
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performed using closestBed utility of BEDtools with default settings, and the gene lists of 

interest were used for downstream analysis. The MEME suite (v5.0.5) was used for motif 

analysis (Bailey et al., 2009). First, we used MEME utility (Bailey and Elkan, 1994) to 

discovery significantly enriched motifs (8 bp to 12 bp) within 1000 bp upstream to 200 bp 

downstream of the TSS of each gene (E-value < 0.05). The sequences were scanned again 

with FIMO (Grant et al., 2011) to find the instances for the identified motifs, and the motif 

comparison tool Tomtom (Gupta et al., 2007) was used to check if the identified motifs 

matched with any known motifs in the Arabidopsis motif database (O’Malley et al., 2016) 

(E-value < 0.05). 

The DAVID Bioinformatics Resource (v.6.8, https://david.ncifcrf.gov/) (Huang et al., 2008) 

was used to perform GO term analysis. 

4.4.4 Data visualization 

 The BAM files of the biological triplicates were first merged using SAMtools (v1.8) 

(H et al., 2009), and the average plots for Pol II enrichment over the genomic regions were 

created using ngsplot (v2.61) (Shen et al., 2014). The normalized Pol II enrichment (reads 

per million mappable reads) from each sample was plotted over the genes of interest using 

Gviz (v3.8) (Hahne and Ivanek, 2016) with custom scripts, which can be shared upon 

request. 
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Table 4.1 GO term analysis of the genes that showed decreased Pol II occupancy in med5 

compared to wild type a 

Term Description Count b Fold Enrichment c P-value 

GO:2000762 
regulation of phenylpropanoid 

metabolic process 
4 15.78 0.001 

GO:0006501 C-terminal protein lipidation 3 13.81 0.018 

GO:0000162 tryptophan biosynthetic process 4 5.52 0.034 

GO:0048544 recognition of pollen 5 4.06 0.033 

GO:0010286 heat acclimation 5 4.06 0.033 

GO:0009611 response to wounding 20 3.10 0.000 

GO:0009753 response to jasmonic acid 14 2.91 0.001 

GO:0009617 response to bacterium 8 2.83 0.022 

GO:0006970 response to osmotic stress 10 2.61 0.014 

GO:0009751 response to salicylic acid 11 2.45 0.014 

GO:0043161 
proteasome-mediated ubiquitin-

dependent protein catabolic process 
13 2.11 0.021 

GO:0009737 response to abscisic acid 22 1.73 0.017 

 

a. For Table 4.1, 4.2 and 4.4, only significant GO terms are shown (P-value < 0.05). 

b. ‘Count’ represents the number of genes that were used as queries and related to the specific GO term. 

c. ‘Fold Enrichment’ was normalized to the percentage of background genes (all genes with at least one 

count per million reads throughout the gene body regions in at least three samples) associated with the 

corresponding GO term. 
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Table 4.2 GO term analysis of the genes that showed increased Pol II occupancy in ref4-3 

compared to wild type 

Term Description Count Fold Enrichment P-value 

GO:0005991 trehalose metabolic process 2 69.47 0.028 

GO:0051697 protein delipidation 2 69.47 0.028 

GO:2000762 
regulation of phenylpropanoid 

metabolic process 
3 29.77 0.004 

GO:0043547 positive regulation of GTPase activity 3 10.42 0.033 

GO:0006874 cellular calcium ion homeostasis 3 8.34 0.049 

GO:0007623 circadian rhythm 7 5.46 0.002 

GO:0009723 response to ethylene 7 4.38 0.005 

GO:0080167 response to karrikin 6 3.90 0.019 

GO:0009751 response to salicylic acid 6 3.36 0.033 

GO:0009753 response to jasmonic acid 6 3.13 0.042 

GO:0009737 response to abscisic acid 11 2.17 0.030 

GO:0006468 protein phosphorylation 18 1.68 0.038 
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Table 4.3 A full list of the genes that show down-regulated Pol II occupancy in med5 and show 

up-regulated Pol II occupancy in ref4-3 a 

AGI number Gene name Short description 

AT2G44130 b KFB39 Galactose oxidase/kelch repeat superfamily protein 

AT3G59940 b KFB50 Galactose oxidase/kelch repeat superfamily protein 

AT3G13310 b DJC66 Chaperone DnaJ-domain superfamily protein 

AT3G62150 c ABCB21 P-glycoprotein 21 

AT1G06160 c ORA59 octadecanoid-responsive AP2/ERF 59 

AT5G61560 c PKU1 U-box domain-containing protein kinase family protein 

AT3G42880 PRK3 Leucine-rich repeat protein kinase family protein 

AT2G05940 RIPK Protein kinase superfamily protein 

AT1G18910 BTSL2 zinc ion binding protein 

AT3G50480 HR4 homolog of RPW8 4 

AT1G78660 GGH1 gamma-glutamyl hydrolase 1 

AT2G37710 RLK receptor lectin kinase 

AT5G56600 PRF3 profilin 3 

AT3G47170  HXXXD-type acyl-transferase family protein 

AT1G35515 HOS10 high response to osmotic stress 10 

AT1G51090 ATHMAD1 Heavy metal transport/detoxification superfamily protein 

AT2G36590 ProT3 proline transporter 3 

AT3G62160  HXXXD-type acyl-transferase family protein 

AT4G33980 COR28 cold-regulated gene 28 

AT4G39820  Tetratricopeptide repeat (TPR)-like superfamily protein 

AT1G35516  myb-like transcription factor family protein 

AT1G78650 POLD3 DNA-directed DNA polymerase 

AT2G36580  Pyruvate kinase family protein 

AT2G44140  Peptidase family C54 protein 

AT3G13300 VCS Transducin/WD40 repeat-like superfamily protein 

AT3G45240 GRIK1 geminivirus rep interacting kinase 1 

AT3G59950  Peptidase family C54 protein 

AT3G62140  NEFA-interacting nuclear protein 

AT4G01750 RGXT2 rhamnogalacturonan xylosyltransferase 2 

AT4G17098  ncRNA 

AT4G17100  poly U-specific endoribonuclease-B protein 

AT4G27660  hypothetical protein 

AT4G39810  Polynucleotidyl transferase, ribonuclease H-like superfamily 

protein 

 

a. Genes shaded in grey have available co-expression data in ATTED-II database and are included in 

the heatmap in Figure 4.4B. 

b. Group 1 of highly co-expressed genes that are indicated in blue in Figure 4.4B. 

c. Group 2 of highly co-expressed genes that are indicated in red in Figure 4.4B. 
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Table 4.4 GO term analysis of the genes that showed increased Pol II occupancy in ref4-3 and 

restored Pol II occupancy in ref4-3 cdk8-1 

Term Description Count Fold Enrichment P-value 

GO:0009723 response to ethylene 3 9.59 0.037 

GO:0009751 response to salicylic acid 3 8.58 0.045 
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Figure 4.1 Pol II occupancy is highly elevated in the gene body regions of annotated genes 

(A) Genes were classified into four groups including high, medium, low and silent, according to 
the expression level of each gene (fragments per kilobase of exon per million mapped reads 

(FPKM)) determined in three-week-old wild-type plants (Mao et al., 2019). 

(B) Genes were classified into four groups based on their expression levels as described in panel 

A, and the enrichment of average Pol II signal (count per million mappable reads, CPM) in wild-
type samples is plotted over a -3000 base pair (bp) to 3000 bp region with respect to the 

transcriptional start site (TSS). 

(C) Genes were classified into three groups based on their lengths, and the enrichment of average 
Pol II signal (CPM) in wild-type samples is plotted over a -5000 bp to 5000 bp region with respect 

to the TSS. 
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Figure 4.2 Genome-wide analysis identifies most of the differential binding sites have decreased 

Pol II occupancy in med5 compared to wild type 

(A) An average plot of the Pol II signals in wild type and med5 for genes with decreased Pol II 
occupancy in med5. Pol II signals are plotted over a -2000 bp to 2000 bp region with respect to 

TSS. 

(B) Comparison between MED5-targeted genes identified from Pol II ChIP-seq analysis and those 

from RNA-seq analysis. Expression levels of genes that were mis-regulated in med5 (y-axis) are 
plotted against their expression levels in wild type (x-axis). The genes with decreased Pol II 

occupancy in med5 are marked in red, whereas the others are marked in grey. 

(C) A 12-bp motif enriched in the promoters of MED5-targeted genes and its best match in 
Arabidopsis known motif database (O’Malley et al., 2016). De novo motif analysis using MEME 

suite identified a significantly enriched motif in the promoter regions (-1000 bp to 200 bp with 

respect to TSS) of 835 genes with down-regulated Pol II occupancy in med5, among which 719 

genes contained this enriched motif. Comparison between the enriched motif with known motifs in 
Arabidopsis database showed that the best match was the binding site for DNA-binding with one 

finger (DOF) transcription factors. 

(D) A bar graph summarizing the occurrence (y-axis) of the enriched motif in the -1000 bp to 200 
bp regions (x-axis) in MED5-targeted genes. 
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Figure 4.3 Genome-wide analysis identifies most of the differential binding sites have increased 

Pol II occupancy in ref4-3 compared to wild type 

(A) An average plot of the Pol II signals in wild type and ref4-3 for genes with increased Pol II 
occupancy in ref4-3. Pol II signals are plotted over a -2000 bp to 2000 bp region with respect to 

TSSs. 

(B) Comparison between genes targeted by ref4-3 identified from Pol II ChIP-seq analysis and 
those from RNA-seq analysis. Expression levels of genes that were mis-regulated in ref4-3 (y-axis) 

are plotted against their expression levels in wild type (x-axis). The genes with increased Pol II 

occupancy in ref4-3 are marked in red, whereas the others are marked in grey. 

(C) A 9-bp motif enriched in the promoters of genes targeted by ref4-3 and its best match in 
Arabidopsis known motif database (O’Malley et al., 2016). De novo motif analysis using MEME 

suite identified a significantly enriched motif in the promoter regions (-1000 bp to 200 bp with 

respect to TSSs) of 315 genes with up-regulated Pol II occupancy in ref4-3, among which 283 
genes contained this enriched motif. Comparison between the enriched motif with known motifs in 

Arabidopsis database showed that the best match was the binding site for basic pentacysteine (BPC) 

transcription factors. 

(D) A bar graph summarizing the occurrence (y-axis) of the enriched motif in the -1000 bp to 200 
bp regions (x-axis) in genes with increased Pol II recruitment in ref4-3. 
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Figure 4.4 ref4-3 and med5 share some common targets that are highly co-expressed with each 

other 

(A) Overlap in genes with reduced Pol II recruitment in med5 and those with increased Pol II 

recruitment in ref4-3. 
(B) A heat map depicting the correlation of the genes that are commonly mis-regulated in med5 

and ref4-3 (Table 4.1). Genes with no co-expression data available were omitted in this plot. The 

numbers within the heat map indicate mutual rank (MR) scores for each pair of genes, and the MR 
scores larger than 2500 are omitted. Two groups of highly co-expressed genes are marked in red 

and blue respectively. 
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Figure 4.5 Pol II occupancy is significantly up-regulated in the gene body regions of KFB39, 

KFB50 and DJC66 in ref4-3, and down-regulated in med5 

KFB39, KFB50 and DJC66 (bottom, yellow arrows) are three examples of the targets with mis-

regulated Pol II occupancy in ref4-3 and med5. Normalized Pol II signals (red) in each biological 
replicate are overlaid on top of each other.  
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Figure 4.6 Loss of CDK8 in ref4-3 causes an overall down-regulation for the Pol II occupancy 

(A) An average plot of the Pol II signals in ref4-3 and ref4-3 cdk8-1 for genes with down-regulated 

Pol II occupancy in ref4-3 cdk8-1 compared to ref4-3. Pol II signals are plotted over a -2000 bp to 

2000 bp region with respect to TSSs. 
(B) Overlap between the genes with reduced Pol II occupancy in ref4-3 cdk8-1 compared to ref4-

3 and the genes with changed expression in the double mutant compared to ref4-3. Expression 

levels of genes that were differentially expressed in ref4-3 cdk8-1 (y-axis) and ref4-3 (x-axis) are 

shown in the scatter plot, and each dot represents one gene. The genes with decreased Pol II 
occupancy in ref4-3 cdk8-1 compared to ref4-3 are marked in red, whereas the others are marked 

in grey. 
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Figure 4.7 Genes with enhanced transcription in ref4-3 and rescued in ref4-3 cdk8-1 display similar 

expression level changes 

(A) Overlap in genes with increased Pol II recruitment in ref4-3 compared to wild type and those 

with decreased Pol II recruitment in ref4-3 cdk8-1 compared to ref4-3. 

(B) An average plot of the Pol II signals in wild type, ref4-3, cdk8-1 and ref4-3 cdk8-1 for genes 

with increased Pol II occupancy in ref4-3 compared to wild type and with rescued Pol II occupancy 
in ref4-3 cdk8-1. Pol II signals are plotted over a -2000 bp to 2000 bp region with respect to TSSs. 

(B) Overlap between the genes that are up-regulated in ref4-3 in a CDK8-dependent manner 

identified from RNA-seq and Pol II ChIP-seq. Each dot in the scatter plot represents a gene that 
showed up-regulated Pol II occupancy in ref4-3 and can be rescued by disruption of CDK8.  Log2 

fold change (FC) by comparison between the gene expression level in ref4-3 and wild type can be 

read from the x-axis, whereas the log2 fold change by comparison between the gene expression 
level in ref4-3 cdk8-1 and ref4-3 can be read from the y-axis. The common targets identified from 

RNA-seq and Pol II ChIP-seq are marked in red, whereas the others are marked in grey. 
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