
1 

 

 

 

 

JUMONJI 30 and JUMONJI 32 regulate abscisic acid-

dependent growth arrest 

（JMJ30 と JMJ32 は、ABA 依存の成長抑制を制御する） 

 

 

 

 

 

 

 

Jinfeng Wu 

Nara Institute of Science and Technology of Biological Sciences, 

Laboratory of Plant Stem Cell Regulation and Floral Patterning 

(Professor Toshiro Ito) 

Submitted on August 20, 2019  



2 

Contents 

List of Abbreviations ..............................................................................................................5 

Part I Abscisic acid-dependent histone demethylation during post-germination growth arrest in 

Arabidopsis ............................................................................................................................8 

Abstract ..................................................................................................................................8 

1. Introduction ...................................................................................................................... 11 

1.1 Seed germination and subsequent seedling establishment ............................................ 11 

1.2 Environmental changes affect seed germination and seedling establishment ................ 12 

1.3 Hormonal control of gene expression in response to environment ................................ 13 

1.4 The role of ABA signaling pathway on gene expression in response to environment .... 13 

1.5 Epigenetic control of gene expression by histone modification .................................... 16 

1.6 Polycomb Group proteins deposite H3K27me3 marks ................................................. 18 

1.7 JMJ proteins remove H3K27me3 marks ...................................................................... 18 

2. Objectives of this study ..................................................................................................... 21 

3. Materials and Methods...................................................................................................... 21 

3.1 Plant Materials and Growth Conditions ....................................................................... 21 

3.2 Plasmid Construction and Plant Transformation .......................................................... 22 

3.3 Phenotypic and Statistical Analyses ............................................................................. 24 

3.4 GUS Staining .............................................................................................................. 25 



3 

3.5 Transmission Electron Micrography (TEM)................................................................. 25 

3.6 RT-qPCR and RNA-seq ............................................................................................... 26 

3.7 Chromatin Immunoprecipitation (ChIP) ...................................................................... 28 

4. Results .............................................................................................................................. 30 

4.1 JMJ30 expression is induced by ABA during post-germination ................................... 30 

4.2 ABI3 activates JMJ30 expression in response to ABA during post-germination ........... 35 

4.3 JMJ30 and JMJ32 are redundantly required for ABA-dependent growth arrest during 

post-germination ............................................................................................................... 43 

4.4 JMJ30 and JMJ32 affect genes involved in stimulus and signaling pathways in response 

to ABA during post-germination ........................................................................................ 53 

4.5 Several JMJ30- and JMJ32-regulated genes are enriched by H3K27me3 or JMJ30 in 

response to ABA during post-germination ......................................................................... 69 

4.6 SnRK2.8 plays a key role in JMJ-mediated growth arrest in response to ABA during post-

germination ....................................................................................................................... 78 

5. Discussion ........................................................................................................................ 85 

5.1 JMJ30 and JMJ32 act redundantly in ABA response .................................................... 85 

5.2 ABA-inducible JMJ30 depends on the function of ABI3 .............................................. 86 

5.3 SnRK2.8 is a key target of JMJ30 and JMJ32 in response to ABA ............................... 87 

6. Conclusion ....................................................................................................................... 90 



4 

Part II JMJ30 and JMJ32 control root elongation in response to abscisic acid in Arabidopsis 92 

Abstract ................................................................................................................................ 92 

1. Introduction ...................................................................................................................... 93 

2. Objective of this study ...................................................................................................... 94 

3. Materials and Methods...................................................................................................... 95 

3.1 Plant Materials and Growth Conditions ....................................................................... 95 

3.2 Phenotypic and Statistical Analyses ............................................................................. 95 

3.3 Expression analysis ..................................................................................................... 96 

4. Results .............................................................................................................................. 98 

4.1 JMJ30 and JMJ32 positively regulate ABA responses in root elongation ..................... 98 

4.2 SnRK2.8 positively regulates ABA response in root elongation ................................. 100 

4.3 SnRK2.8 expression is controlled by JMJ30 in response to ABA during vegetative phase

 ....................................................................................................................................... 101 

5. Summary ........................................................................................................................ 104 

Acknowledgements ............................................................................................................ 105 

References .......................................................................................................................... 107 

Publications ........................................................................................................................ 124 

 

 



5 

List of Abbreviations 

ABA Abscisic Acid 

ABFs ABA-responsive Element Binding Factors 

ABI1 ABSCISIC ACID INSENSITIVE 1 

ABI3 ABA INSENSITIVE3 

ABI5 ABSCISIC ACID INSENSITIVE5 

ABRE ABA-Responsive Elements 

ARR9 AUTHENTIC RESPONSE REGULATOR9 

CCA1 CIRCADIAN CLOCK ASSOCIATED 1 

ChIP Chromatin Immunoprecipitation 

DEGs Different Expression Genes 

ELF6 EARLY FLOWERING 6 

FC Fold Change 

FDR  False Discovery Rate 

FLC FLOWERING LOCUS C 

FUS3 FUSCA3 

GO Gene Ontology  

GUS β-glucuronidase 

H3K27me3 H3 Lysine 27 Trimethylation 



6 

HAB1  HYPERSENSITIVE TO ABA1 

HAT Histone Acetyltransferase 

HDAC Histone de-acetylase  

HDM Histone de-methylase 

HMT Histone Methyltransferase 

JMJ30/32 JUMONJI-C DOMAIN-CONTAINING PROTEIN30/32 

LEC1/2 LEAFY COTYLEDON1/2 

LHY LATE ELONGATED HYPOCOTYL 

MAP18 MICROTUBULE-ASSOCIATED PROTEIN18  

PcG Polycomb Group  

PP2Cs Type 2C Protein Phosphatases  

PRC1 POLYCOMB REPRESSIVE COMPLEX 1 

PRC2 POLYCOMB REPRESSIVE COMPLEX 2 

REF6 RELATIVE OF EARLY FLOWERING 6 

REVIGO REduced VIsualize Gene Ontology 

RNA-seq RNA Sequencing 

RT-qPCR Quantitive Reverse Transcription Polymerase Chain Reaction 

SnRK2.8 SNF1-RELATED PROTEIN KINASE 2.8 

SnRK2s SNF1-RELATED PROTEIN KINASE 2s  



7 

TEM Transmission Electron Micrography 

ZRF ZUOTIN-RELATED FACTOR1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

Part I Abscisic acid-dependent histone demethylation during post-

germination growth arrest in Arabidopsis 

Abstract 

 After germination, seedlings undergo growth arrest in response to unfavorable 

conditions, a critical adaptation enabling plants to survive harsh environments. The plant 

hormone abscisic acid (ABA) plays a key role in this arrest. To arrest growth, ABA-dependent 

transcription factors change gene expression patterns in a flexible and reversible manner. 

Although the control of gene expression has important roles in growth arrest, the epigenetic 

mechanisms in the response to ABA are not fully understood. Here, I show that the histone 

demethylases JUMONJI-C DOMAIN-CONTAINING PROTEIN30 (JMJ30) and JMJ32 

control ABA-mediated growth arrest in Arabidopsis thaliana. 

   The early seedling development phase was divided into seed germination and seedling 

establishment stage. I conducted RT-qPCR to test whether JMJ30/JMJ32 is induced by ABA 

during these two stages. The results indicated that JMJ30 is specifically induced by ABA only 

during the seedling establishment stage but it is not induced by ABA during seed germination 

stage. However, JMJ32 is not induced by ABA in both two stages. These data promoted me to 

do further studies on the seedling establishment stage. I found that during this stage, the ABA-

dependent transcription factor ABA INSENSITIVE3 (ABI3) activates the expression of JMJ30 
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in response to ABA, showing that ABI3 as an upstream regulator for ABA-dependent JMJ30 

induction. Furthermore, I made mutation on the RY motif (ATGCAT) of the JMJ30 promoter 

then compared the JMJ30-GUS levels between native RY motif and mutated RY motif lines. 

The results suggested that ABA-dependent JMJ30 expression is controlled by ABI3 through 

the conserved RY motif. 

Next, I performed phenotypical analyses. Under mock treatment, there was no 

significate differences among WT, jmj30, jmj32 and jmj30 jmj32 on seed germination ratio, 

seedling establishment ratio and fresh weight. Under ABA treatment, no significant differences 

were detected among WT and jmj single mutants, but jmj30 jmj32 double mutants were less 

sensitive to ABA as compared to WT and jmj single mutants. To understand the mechanism of 

JMJ-mediated ABA responses, I performed RNA-seq analyses to find the downstream targets 

of JMJ30 and JMJ32. The results showed that 60 genes were differentially expressed only in 

ABA-treated jmj30 jmj32 plants; 31 genes and 29 genes were downregulated and upregulated 

in the double mutant, respectively. Pervious study demonstrated that JMJ30/JMJ32 are the 

histone demethylases for H3 lysine 27 trimethylation (H3K27me3) and then activate gene 

expression. Therefore, the 31 downregulated genes were used for further analyses as putative 

targets of JMJ30/JMJ32. After GO analysis and filtering based on the annotation from TAIR 

database, SNF1-RELATED PROTEIN KINASE 2.8 (SnRK2.8), AT1G62660 and AT4G23670 

were previously shown to be responsive to ABA. Further studies supported that JMJ30 removes 
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a repressive histone mark, H3 lysine 27 trimethylation (H3K27me3), from the promoter of 

SnRK2.8, and hence activates SnRK2.8 expression. The overexpression of SnRK2.8 can rescue 

the ABA less sensitivity of jmj30 jmj32 double mutant. SnRK2.8 encodes a kinase that activates 

ABI3 and is responsible for JMJ30- and JMJ32-mediated growth arrest. 

  In summary, I uncovered a feedback activation loop which involve in ABI3 

transcription factor, JMJ histone demethylases, and the SnRK2.8 kinase during post-

germination phase. My findings highlight the importance of the histone demethylases in 

mediating adaptation of plants to the environment. 
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1. Introduction 

1.1 Seed germination and subsequent seedling establishment 

 Seed dormancy and post-germination growth arrest are critical adaptations that allow 

plants to survive unfavorable conditions (Bewley 1997; Lopez-Molina et al. 2001; Bentsink 

and Koornneef 2008; Li et al. 2018). Before germination, seeds contain carbohydrates, proteins, 

lipids, and phosphates as energy sources and remain in a metabolically quiescent, desiccation-

tolerant state (Bentsink and Koornneef 2008). Once the seed senses environmental signals 

favorable for the release of dormancy, such as water imbibition or stratification, the radicle 

emerges through the seed coat in the process known as germination (Penfield 2017). During a 

post-germination phase lasting 2–3 days, activation of metabolism results in the gradual 

hydrolysis and release of storage materials. During the process of seedling establishment, if the 

seedlings encounter stress conditions such as water deficit, they can arrest their growth until 

more favorable conditions return (Lopez-Molina et al., 2001). 

  Dormancy is always terminated by environmental stimuli and endogenous cues. Cold 

stratification (4°C) is the process which can break seed dormancy. When stratified seeds 

encounter stimuli such as light, water or suitable temperature condition, they will start 

elongating radicle which is embryonic root of the plant. The process of radicle emerges through 

the seed is known as germination (Penfield 2017). Subsequent post-germination growth leads 

to seedling establishment. After protrusion of radicle, cotyledons turn into green and root hairs 

https://en.wikipedia.org/wiki/Root
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are formed before the cotyledons fully open (2-3 day after stratification) (Fig. 1).  

 

 

Figure 1 Morphological changes during early plant growth and development. 

 

1.2 Environmental changes affect seed germination and seedling establishment  

 To overcome the environmental changes during early plant growth and development, 

plants have evolved adaptive mechanisms to sense and respond to environmental signals. The 

seed dormancy and subsequent growth arrest are critical adaptive strategies allowing plants to 

cope with unfavorable conditions for better survival. Seed germination stage is a critical phase 

in the life cycle in plants. Before germination, seeds which contain carbohydrates, proteins, 

lipids, and phosphate as energy sources remain in a metabolically quiescent state and confer 

tolerance to desiccation (Bentsink and Koornneef 2008). Once the seed senses environmental 

signals favorable for the release of dormancy such as water imbibition or stratification, the seed 
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will complete germination stage (Penfield 2017). During a post-germination phase which lasts 

for two to three days, activation of metabolism results in a gradual hydrolysis and release of 

stored materials. If seedlings encounter stress conditions such as water deficit during the process 

of establishment, the plants can execute growth arrest until more favorable growth conditions 

return (Lopez-Molina et al. 2001). Flexible and reversible control of gene expression is thought 

to have an important role in triggering growth arrest.  

 

1.3 Hormonal control of gene expression in response to environment 

To cope with the environmental stimuli and endogenous cues, plants have developed 

multiple and efficient protective mechanisms to minimize damage effects from stresses on their 

growth stages. Plant hormones which include abscisic acid (ABA), auxin, brassinosteroids 

(BRs), cytokinin, gibberlins (GA) and ethylene play central roles during many stress-related 

biological processes (Zhang et al. 2009; Asami and Nakagawa 2018). After sensing hormonal 

cues, plants start to activate stress response genes for better adaptation. 

 

1.4 The role of ABA signaling pathway on gene expression in response to environment 

 ABA is a crucial signaling molecule for plant growth and development in response to 

stresses (Mustilli et al. 2002; Finkelstein 2013). When plants sense the stress signals, the level 

of endogenous ABA will be elevated. Recent researches revealed that ABA inhibits seed 
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germination and seedling establishment (Weitbrecht et al. 2011; Nee et al. 2017; Ryu et al. 

2014). When plants produce and sense ABA, the receptors such as PYRABACTIN 

RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA 

RECEPTOR (RCAR) proteins undergo conformational changing to allow ABA binding to 

occur easier (Park et al. 2009; Cutler et al. 2010). The RCAR family of proteins contains 14 

sub-members (Cutler et al. 2010). All of these proteins bind to ABA and interact with type 2C 

protein phosphatases (PP2Cs). The ABA receptor complexes then inhibit the PP2Cs, such as 

ABSCISIC ACID INSENSITIVE 1 (ABI1), ABI2 and HYPERSENSITIVE TO ABA1 (HAB1). 

Among the PP2Cs identified in Arabidopsis, six out of nine clade A PP2Cs act as negative 

regulators of ABA signaling (Merlot et al. 2001; Rodrigues et al. 2013). The PP2Cs bind to 

SNF1-RELATED PROTEIN KINASE 2s (SnRK2s) protein and inhibit phosphorylation in the 

absence of ABA (Mustilli et al. 2002; Umezawa et al. 2004; Nakashima et al. 2009; Umezawa 

et al. 2009; Lee et al. 2015). There are 10 members of the SnRK2a and SnRK2b groups in 

Arabidopsis. The members from SnRK2a subfamily such as SRK2D/SnRK2.2, 

SRK2E/SnRK2.6, SRK2I/SnRK2.3, SRK2F/SnRK2.7 and SRK2C/SnRK2.8 were reported as 

the ABA-activated protein kinases. These SnRK2s regulate many biological processes through 

the control of seed dormancy, bud dormancy and root development under harsh environmental 

conditions, as well as stress response. One of these protein kinases, SnRK2.8 was reported as a 

drought and systemic immune response regulator (Lee et al. 2015).  
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In the presence of ABA, the self-phosphorylated SnRK2s subsequently phosphorylate 

key transcription factors that mediate ABA response. The activated SnRK2s are able to 

phosphorylate and activate downstream transcription factors such as bZIP-type transcription 

factor ABSCISIC ACID INSENSITIVE5 (ABI5), AP2-type protein ABI4, the B3-type protein 

ABI3 and ABA-responsive element Binding Factors (ABFs) through the binding onto ABA-

Responsive Elements (ABRE) (Lopez-Molina et al. 2002; Narusaka et al. 2003; Perruc et al. 

2007; Lim et al. 2013). Among them, the B3 domain transcription factor ABSCISIC ACID 

INSENSITIVE3 (ABI3) and the basic domain/leucine zipper (bZIP) transcription factor ABI5 

have important roles in seed dormancy and subsequent growth arrest (Finkelstein and Lynch 

2000; Lopez-Molina et al. 2001; Lopez-Molina et al. 2002; Lim et al. 2013). Endogenous ABI3 

expression is transcriptionally induced during seed maturation stage and attenuated after 

germination (Delmas et al. 2013). ABA treatment leads to growth arrest through persistent high 

expression of ABI3 (Teaster et al. 2007; Piskurewicz et al. 2009; Liu et al. 2013). ABI3 

recognizes the conserved RY sequence motif which consists of alternating purine and 

pyrimidine nucleotides in its target genes (Suzuki et al. 1997; Sakata et al. 2010). On the other 

hands, ABI5 acts as a downstream target of ABI3 in ABA-dependent growth arrest (Lopez-

Molina et al. 2002).  
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Figure 2 The ABA signaling pathway. ABA-bound PYR/PYL/RCAR receptors bind PPC2s 

to form a complex, thereby activates the protein kinases SnRK2s. Activated SnRK2 kinases 

phosphorylate transcription factors ABI5 and ABI3, then regulate ABA responsive genes to 

control stress responses.  

 

1.5 Epigenetic control of gene expression by histone modification  

 The eukaryotic chromatin consists of histone protein and DNA (Chatterjee and Muir 

2010). The histones can be divided into four different types of core histones that are H2A, H2B, 

H3 and H4 as well as linker histone H1 (Harshman et al. 2013; Vogler et al. 2010). There are 

two copies for each core histones. They form an eight-subunit complex, which is surrounded 
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by a 146 bp of DNA to form the basic unit of chromatin, nucleosome. Each core histone has a 

hydrophobic C-terminal which occupies the internal region. On the other hand, the hydrophilic 

N-terminal tail extends outward (Cutter and Hayes 2015; Marino-Ramirez et al. 2005). Histone 

tails play an important role in gene expression. Histone tails are the most common sites of post-

translational modifications, such as methylation and demethylation, acetylation and 

deacetylation, phosphorylation and dephosphorylation, ubiquitination and deubiquitination 

(Hong and Shao 2011; Gan et al. 2015; Liu et al. 2016; Rossetto et al. 2012). Histone modifying 

enzymes specifically add or remove those epigenetic modifications. Histone methyltransferase 

(HMT), histone de-methylase (HDM), histone acetyltransferase (HAT), and histone de-

acetylase (HDAC) are well-characterized not only in plants, but also in animals (Mathiyalagan 

et al. 2014; Javaid and Choi 2017).  

 Histone methylation has important roles in transcriptional regulation. Among histone 

methylation marks, trimethylation of lysine 27 on histone H3 (H3K27me3) is a well-

characterized repressive chromatin mark of genes. H3K27me3 targets on many genes and 

represses their expression (Lafos et al. 2011). In Arabidopsis, more than 15 % of total expressed 

genes are marked by H3K27me3 (Lafos et al. 2011).  

 

https://en.wikipedia.org/wiki/Methylation
https://en.wikipedia.org/wiki/Lysine
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1.6 Polycomb Group proteins deposite H3K27me3 marks 

 Polycomb Group (PcG) protein complexes play as the writers and readers of 

H3K27me3 (Wang et al. 2015; Ficz et al. 2005). There are two classes of PcGs, namely 

polycomb repressive complex 1 (PRC1) and PRC2 (Wu et al. 2013; Kahn et al. 2016). These 

two complexes has the fundamental roles in repression of gene expression (Grossniklaus and 

Paro 2014). PRC2 has histone methyltransferase activity and primarily mediates H3K27me3. 

On the other hand, PRC1 interacts with H3K27me3 and maintains the PRC2-mediated gene 

repression (Boros et al. 2014). PRC1 also prevents the activated form of RNA polymerase 

II preinitiation complex to deposit H3K27me marks (Lehmann et al. 2012). Moreover, PRC1 

binds to nucleosome which in turn decreases the accessibility of transcription factors to 

chromatin (Li and Reinberg 2011).  

 

1.7 JMJ proteins remove H3K27me3 marks 

 The function of JUMONJI C DOMAIN-CONTAINING (JMJ) proteins is to 

demethylate histone marks (Takeuchi et al. 2006). In Arabidopsis, there are 21 JmjC proteins 

in total. JMJ family proteins are categorized into five different groups; KDM4/JHDM3/JMJD2, 

KDM5/JARID1, JMJD6, KDM3/JHDM2 and JmjC-domain-only groups (Lu et al. 2008). 

Among them, four JMJ proteins have been shown to act as demethylases of H3K27me3: 

EARLY FLOWERING 6 (ELF6)/AtPKD9A, RELATIVE OF EARLY FLOWERING 6 

https://en.wikipedia.org/wiki/Histone
https://en.wikipedia.org/wiki/Methyltransferase
https://en.wikipedia.org/wiki/RNA_polymerase_II
https://en.wikipedia.org/wiki/RNA_polymerase_II
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(REF6)/AtPKD9B (also known as JMJ11 and JMJ12, respectively), JMJ30 and JMJ32 (Cui et 

al. 2016; Lu et al. 2011; Crevillen et al. 2014; Gan et al. 2014).  

 The JMJ30 protein is necessary to maintain circadian oscillation, possibly by 

regulating diurnal histone modifications at promoters of core clock genes, including 

CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) 

(Jones et al. 2010). In addition, the JMJ30 and JMJ32 proteins mediate temperature-dependent 

flowering responses (Gan et al. 2014). JMJ30 and JMJ32 remove the H3K27me3 marks at the 

FLOWERING LOCUS C (FLC) promoter and prevents precocious flowering at high ambient 

temperatures (Fig. 3). Previous study revealed that JMJ30 shows high induction after ABA 

treatment during vegetative stage (Qian et al. 2015). Despite its critical importance in 

H3K27me3 removal, the role of JMJ30 in the regulation of growth during seed germination and 

seedling establishment stages was unexplored.  
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Figure 3 The molecular and biochemical functions of JMJ30 and JMJ32. Under high 

temperature condition, JMJ30 and JMJ32 directly bind to FLC loci and demethylate the 

repressive histone marks H3K27me3 then allow activation of FLC. This mechanism highlights 

the importance of JMJ30/JMJ32-mediated histone demethylation in preventing early 

flowering at warm temperatures.   
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2. Objectives of this study 

1. To validate the JMJ induction by ABA during seed germination and seedling establishment  

2. To identify the transcription factors mediating JMJ induction in response to ABA 

3. To investigate the ABA sensitivity between wild type and jmj mutant during seed 

germination and seedling establishment 

4. To identify direct targets of JMJ30 in response to ABA 

3. Materials and Methods 

3.1 Plant Materials and Growth Conditions 

 All of the Arabidopsis thaliana lines in this study were in the Columbia (Col-0) 

background. The jmj30-2, jmj32-1, jmj30-2 jmj32-1, pJMJ30::JMJ30-GUS, pJMJ30::JMJ30-

HA and JMJ30 ox plants (Gan et al. 2014), the abi3-8 mutants (Nambara et al. 2002) and the 

abi5-7 mutants were described previously (Yamagishi et al. 2009), as was the genotyping 

method for abi5-7 (Dekkers et al. 2016). Genotyping primers are described in Table 1. All of 

the plants used in experiments were grown at 22°C under 24-hour light conditions after 

stratification at 4°C for 3 days. 
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Table 1 Genotyping primers were used in this study.  

 

 

3.2 Plasmid Construction and Plant Transformation 

 To mutagenize the RY-like motif in the JMJ30 promoter, pCR8-pJMJ30::JMJ30-GUS 

was used for site-directed mutagenesis with the PrimeSTAR Mutagenesis Basal Kit (Takara) 

(Gan et al. 2014). PCR was conducted using two primers, pJMJ30RYm::JMJ30-FW and 

pJMJ30RYm::JMJ30-RV. Replacement of the RY-like motif (ATGCAT) with RYm (ATGGTA) 

in the JMJ30 promoter was confirmed by sequencing. The resulting pCR8-

pJMJ30RYm::JMJ30-GUS construct was recombined into the pBGW vector using LR Clonase 

II (Invitrogen). 

 To generate an over-expression construct of SnRK2.8, the full-length coding sequence 

was amplified using Arabidopsis vegetative cDNA as template and cloned into the pENTR/D-

TOPO vector (Invitrogen) using SnRK2.8–cds_FW and SnRK2.8–cds_RV. Then, the clone was 
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recombined into pB2GW7.0 vector using LR Clonase II for plant transformation (Invitrogen). 

All primer sequences are listed in Table 2. Transgenic lines were generated by floral dipping 

with Agrobacterium tumefaciens (GV3101) (Clough and Bent 1998). At least 30 transgenic 

plants were identified for each line and a representative line was used for further 

characterization. 

Table 2 Gene cloning primers were used in this study.  
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3.3 Phenotypic and Statistical Analyses 

 To make Murashige-Skoog (MS) plates, half-strength MS salt solution with minimal 

organics adjusted to pH 5.6 by KOH was mixed with 0.8% agar and autoclaved. Either 0.25 

µM, 0.5 µM (final concentration) of ABA (Sigma-Aldrich) was added to the medium just before 

the medium was poured into plastic petri plates. For seed surface sterilization, mature seeds 

were sterilized with bleach (6% sodium hypochlorite) for 1 minute and then washed three times 

with sterilized water. For the seedling establishment assay, the sterilized wild-type, jmj30-2, 

jmj32-1 and jmj30-2 jmj32-1 seeds were placed on the ABA-containing plates, stratified at 4°C 

for 3 days and then placed in a growth chamber at 22°C under continuous light. The ratios of 

seedlings with green cotyledons over germinated seeds—defined morphologically as all those 

showing visible radicles—were determined at 5.5 days after incubation (Boyes et al. 2001; 

Weitbrecht et al. 2011; Silva et al. 2016). Statistical significance was computed using the 

Student's t-test and Chi-Squared test for seed germination and seedling establishment rate, 

respectively. To measure fresh weight, 81 wild-type, jmj30-2, jmj32-1, and jmj30-2 jmj32-1 

seeds were sown on plates and stratified at 4°C for 3 days. Three plates were prepared for each 

genotype. The resulting plants were grown for 5.5 days at 22°C under continuous light. All 81 

seedlings were harvested and then measured with an analytical balance (Mettler Toledo XS104). 

Statistical significance was calculated using a Student’s t-test for fresh weight.   
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3.4 GUS Staining 

 GUS staining was performed as previously described with modification (Sun et al. 

2014). Tissues were fixed in 90% ice-cold acetone for 15 minutes and then rinsed with sterilized 

water and GUS staining solution without X-gluc (50 mM NaPO4, 0.5 mM K3Fe(CN)6, 0.5 mM 

K4Fe(CN)6, pH 7.2). JMJ30-GUS and JMJ32-GUS lines were stained with a solution containing 

1 mM X-gluc containing solution for 2 hours and a solution containing 2 mM X-gluc solution 

overnight, respectively. The resulting stained tissues were placed in 70% ethanol for a week or 

more to remove chlorophyll. An Axio Scope A1 microscope (ZEISS) was used to observe the 

tissues. GUS signal was categorized into two different groups and statistical significance was 

determined using a Chi-Squared test.  

 

3.5 Transmission Electron Micrography (TEM) 

 For TEM, tissues grown on plates were harvested when approximately half of wild-

type plants were at a stage just after germination but before greening for each treatment. Tissues 

were fixed in 2% paraformaldehyde and 1.25% glutaraldehyde in 0.05 M PB buffer for five 

hours at 4°C, washed five times with 0.05 M PB buffer for 10 minutes at 4°C, and fixed with 

OsO4 buffer at 4°C overnight. The resulting tissues were washed with 8% sucrose in water for 

2 hours at 4°C, dehydrated with an ethanol series, and infiltrated with Eponate 812 resin by 

incubating the samples at room temperature for several hours to overnight in increasing 
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concentrations of resin. Then, the resin was polymerized in an oven at 60°C for 48 hours. Resin-

embedded samples were sectioned to 70 nm widths with a diamond knife on an ultramicrotome. 

Sections were collected on a 0.5% formvar-coated slot grid. Grids were post-stained for 5 min 

with 2% aqueous uranyl acetate and for 10 min with Reynolds lead citrate (Yamaguchi et al. 

2018). Cortex cell images were taken using a H-7100 TEM (Hitachi).  

 

3.6 RT-qPCR and RNA-seq   

   Total RNA was extracted using an RNeasy plant mini kit (Qiagen) for both RT-qPCR 

and RNA-seq. DNA was digested in column using an RNase-free DNase set (Qiagen) prior to 

cDNA synthesis. For RT-qPCR, cDNA was synthesized from 2.5 µg RNA in a 50 µL reaction 

volume using PrimeScript RT Master Mix (Takara). RT-qPCR with gene-specific primers was 

performed using a Light Cycler 480 (Roche) using FastStart DNA Essential DNA Green Master 

mix (Roche). EIF4A1 (AT3G13920) was used as an internal control. Three independent 

biological replicates were performed for RT-qPCR analyses and four technical replicates were 

conducted for each experiment. RT-qPCR primers are described in Table 3. For RNA-seq, 

ABA-treated wild-type and jmj30-2 jmj32-1 seedlings were harvested. RNA-seq was performed 

as previously described (Uemura et al. 2018). For ABA treatment, 1.5-day-old wild-type 

seedlings on 1/2 MS plates were sprayed with 100 µM ABA to produce rapid changes of gene 

expression. Seedlings were harvested 5 hours after treatment. Libraries for RNA-seq were 
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prepared by the Breath Adapter Directional sequencing method. The libraries were sequenced 

by Next-Seq 500 (Illumina). Mapping to the Arabidopsis reference (TAIR10) was conducted 

using Bowtie with the following options "--all --best --strata --trim5 8". The number of reads 

mapped to each reference was counted. After normalization, FDR and FC were calculated using 

the edgeR package for R. Differentially expressed genes were identified (p < 0.05). Among 85 

differentially expressed genes, JMJ30 was manually removed. Thus, the total number of 

differentially expressed genes was 84. The data were deposited into the DNA Data Bank of 

Japan (DRA007070). 

Table 3 RT-qPCR primers were used in this study.  

 



28 

3.7 Chromatin Immunoprecipitation (ChIP) 

 ChIP was performed as previously described with minor modifications (Yamaguchi et 

al. 2014). Briefly, 1 g of tissue from 1.5-day-old whole seedlings that had received the ABA 

spray treatment was used for chromatin-protein extraction. The extracted chromatin was 

immunoprecipitated using 5 µL/sample of the anti-H3K27me3 antibody ab6002 (Abcam) or 10 

µL/sample of the anti-HA antibody 12CA5 (Roche). After reverse crosslinking and DNA 

purification using a QIAquick PCR Purification Kit (Qiagen), the amount of DNA was 

quantified with a Light Cycler 480 (Roche) using FastStart DNA Essential DNA Green Master 

mix (Roche). ACT7 (AT5G09810) was used as an internal control. For the H3K27me3 ChIP, 

the relative enrichment was calculated after normalization of the input DNA. Similarly, the HA 

binding ChIP, the genetic control ChIP without transgenes was set to 1.0 and the relative 

enrichment was calculated. Three independent experiments were conducted for the ChIP assay. 

ChIP primers are described in Table 4. 

 

 

 

 

 

 

http://www.plantphysiol.org/content/170/1/283.long#def-6
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Table 4 ChIP primers were used in this study.  
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4. Results 

4.1 JMJ30 expression is induced by ABA during post-germination 

   Abscisic acid (ABA) promotes seed dormancy and prevents germination (Bentsink and 

Koornneef 2008; Bewley 1997). In my growth conditions, almost 100% of seeds germinated 

24 hours after the end of stratification (4°C, 3 days). To confirm the ABA-induced response of 

JMJ30 and one of its close homologs, JMJ32, during germination, I first conducted reverse 

transcription quantitative PCR (RT-qPCR) to compare gene expression in seeds sprayed with 

ABA to that in mock-treated controls. I sprayed the seeds with ABA at 24 hours after the end 

of stratification. At 0, 3, and 5 hours after treatment, induction of JMJ30 or JMJ32 expression 

was not observed when I used samples at the germination stage (p > 0.05 by two-tailed 

Student’s t-test) (Fig. 4).  

   During the post-germination stage (2–3 days after germination), ABA triggers growth 

arrest in germinated embryos that encounter water stress. I sprayed ABA onto 1.5-day-old plants 

(36-hours-old) after stratification. Within 3 hours after treatment, I detected a statistically 

significant increase in JMJ30 mRNA accumulation in ABA-treated wild-type (WT) plants 

compared to the mock-treated sample during the post-germination stage (p < 0.05 two-tailed 

Student’s t-test) (Fig. 5A). The JMJ30 expression levels remained high for 5 hours after ABA 

treatment (5 hr: p < 0.05 by two-tailed Student’s t-test). On the other hand, JMJ32 expression 

was not affected by ABA (3 hr: p > 0.05, 5 hr: p > 0.05 two-tailed Student’s t-test) (Fig. 5B). 
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The ABI5 was used as a positive control (p < 0.05 by two-tailed Student’s t-test) (Fig. 5C). 

These results suggest that JMJ30 is specifically induced by ABA during the post-germination 

stage but not the germination stage.  

 

Figure 4. JMJ30 and JMJ32 expression after ABA treatment during germination.  

Expression of JMJ30 (A), JMJ32 (B), and ABI5 (C) in wild-type seedlings in response to ABA 

during germination. The WT with 0 hour mock treatment was set to 1.0 and the relative 

expression was calculated. Results are from three independent experiments. Values represent 

mean ± SEM. Asterisks indicate significant differences between mock- and ABA-treated plants 

based on two-tailed Student’s t-test, p < 0.05.  
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Figure 5. JMJ30 and JMJ32 expression after ABA treatment during post-germination.  

Expression of JMJ30 (A), JMJ32 (B), and ABI5 (C) in wild-type seedlings in response to ABA 

during post-germination.The WT with 0 hour mock treatment was set to 1.0 and the relative 

expression was calculated. Results are from three independent experiments. Values represent 

mean ± SEM. Asterisks indicate significant differences between mock- and ABA-treated plants 

based on two-tailed Student’s t-test, p < 0.05. 
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   To investigate the spatial distribution of JMJ30 in seedlings with and without ABA 

treatment during post-germination, I next examined pJMJ30::JMJ30-GUS accumulation. In the 

absence of ABA, JMJ30-GUS was expressed in the root meristem and root differentiation area 

(Fig. 6A). Upon ABA treatment, JMJ30-GUS levels became higher than in the mock-treated 

control, but its pattern of expression was largely unchanged (Fig. 6). As a control, I also made 

a reporter line for JMJ32, a protein with high sequence similarity to JMJ30. In good agreement 

with the RT-qPCR result, JMJ32-GUS accumulation in root meristem was not altered by ABA 

treatment (Fig. 5, Fig. 7). Taken together, my results suggest that ABA induces JMJ30 

expression during post-germination.  

 

Figure 6. pJMJ30::JMJ30-GUS expression in response to ABA. 

pJMJ30::JMJ30-GUS expression in wild-type background 5 hours after mock (A) or ABA (B) 

treatment. Scale bar = 0.5 mm.  
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Figure 7. pJMJ32::JMJ32-GUS expression in response to ABA. 

pJMJ32::JMJ32-GUS expression 5 hours after mock (A) or ABA (B) treatment. Scale bar = 0.5 

mm.   
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4.2 ABI3 activates JMJ30 expression in response to ABA during post-germination 

 I next investigated whether JMJ30 upregulation in response to ABA is mediated by 

ABIs. Transcription factors belonging to two different classes, the B3 domain transcription 

factor ABI3 and the bZIP transcription factor ABI5, play key roles during post-germination 

(Finkelstein et al. 2002; Arroyo et al. 2003). Therefore, I tested the effects of mutations causing 

loss of function of those two proteins on JMJ30 expression. In the abi3-8 background, I did not 

observe JMJ30 upregulation in response to ABA in RT-qPCR experiments at two different time 

points (mock 3 h vs. ABA 3 h in WT: p = 5.3  10-5; mock 5 h vs. ABA 5 h in WT: p = 1.0  

10-5) (mock 3 h vs. ABA 3 h in abi3-8 and mock 5 h vs. ABA 5 h in abi3-8: p > 0.05) (Fig. 8). 

In the abi5-7 background, however, JMJ30 was induced in response to ABA, as it was in the 

wild type (Fig. 9). To confirm that JMJ30 upregulation in response to ABA is dependent on 

ABI3, I probed the expression of pJMJ30::JMJ30-GUS in the abi3-8 mutant (Fig. 10). In the 

wild type, JMJ30-GUS accumulation was enhanced by ABA treatment (mock vs. ABA in WT: 

p = 1.4  10-5) (Fig. 10A-B). But the increase in JMJ30-GUS accumulation in response to ABA 

was alleviated in the abi3-8 mutant, as expected (mock vs. ABA in abi3-8: p > 0.05) (Fig. 10C-

D).  
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Figure 8. JMJ30 expression in abi3 with and without ABA treatment. 

Expression of JMJ30 in wild type and abi3-8 in response to ABA. The WT with 0 hour mock 

treatment was set to 1.0 and the relative expressions were calculated. Results are from three 

independent experiments. Values represent mean ± SEM. Asterisks indicate significant 

differences between mock- and ABA-treated plants based on two-tailed Student’s t-test.   



37 

 

Figure 9. JMJ30 expression in abi5 with and without ABA treatment. 

Expression of JMJ30 in abi5-7 in response to ABA. The WT with 0 hour mock treatment was 

set to 1.0 and the relative expressions were calculated. Results are from three independent 

experiments. For wild-type data, the same bars are shown in Figure 8. Values represent mean ± 

SEM. Asterisks indicate significant differences based on two-tailed Student’s t-test.  



38 

  

Figure 10. pJMJ30::JMJ30-GUS expression in abi3 in response to ABA. 

Expression of JMJ30 in wild type and abi3-8 in response to ABA. Results are from three 

independent experiments. Values represent mean ± SEM. Asterisks indicate significant 

differences between mock- and ABA-treated plants based on two-tailed Student’s t-test. (B-F) 

pJMJ30::JMJ30-GUS expression 5 hours after mock (B, D) or ABA (C, E) treatment in wild-

type (B, C) and abi3-8 (D, E) seedlings. Scale bar = 0.5 mm.  
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 To further examine the role of ABI3 in JMJ30 upregulation in response to ABA, I 

compared JMJ30 promoter sequences between 9 Brassica species (Waese et al. 2016). 

Consistent with the earlier finding that ABI3 recognizes the conserved RY motif (Suzuki et al. 

1997; Sakata et al. 2010), I found a potential RY motif at the distal region of the JMJ30 promoter. 

The motif and short flanking sequences are highly conserved between species (Fig. 11). To 

confirm the biological function of this conserved RY motif, I examined JMJ30-GUS reporter 

expression under the control of the endogenous JMJ30 gene with a mutated promoter (Fig. 11). 

When I replaced the sequence CAT in the RY motif (ATGCAT) of the JMJ30 promoter with 

GTA, ABA-induced JMJ30 expression was compromised (mock vs. ABA in the pJMJ30m 

promoter lines: p > 0.05) (Fig. 12-13). These results suggest that ABA-dependent JMJ30 

expression is controlled by ABI3 through the conserved RY motif.  
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Figure 11. Schematic structure of the pJMJ30::JMJ30-GUS and pJMJ30m::JMJ30-GUS. 

Above, schematic structure of the JMJ30 gene structure and RY-like motif. Below, RY-like 

motif evolutionarily conserved between nine Brassica species identified by the Gene Slider. 
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Figure 12.  pJMJ30::JMJ30-GUS and pJMJ30m::JMJ30-GUS expression in response to 

ABA. 

JMJ30-GUS expression 5 hours after mock (A, C) or ABA (B, D) treatment under the control 

of the JMJ30 promoter (A, B) and a mutated version of the JMJ30 promoter (C, D). Scale bar 

= 0.5 mm. 
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Figure 13. GUS expression after ABA treatment during post-germination.  

Expression of GUS  in pJMJ30::JMJ30-GUS and pJMJ30m::JMJ30-GUS seedlings in 

response to ABA during post-germination.The pJMJ30::JMJ30-GUS with 0 hour mock 

treatment was set to 1.0 and the relative expressions were calculated. Results are from three 

independent experiments. Values represent mean ± SEM. Asterisks indicate significant 

differences between mock- and ABA-treated plants based on two-tailed Student’s t-test, p < 

0.05. 
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4.3 JMJ30 and JMJ32 are redundantly required for ABA-dependent growth arrest during 

post-germination 

   In order to understand the role of JMJ30 in ABA responses during post-germination, 

I performed phenotypic analysis using mutants of JMJ30 and JMJ32 (Fig. 14-20). I used the 

previously published knockout alleles jmj30-1, jmj30-2, and jmj32-1 (Gan et al. 2014) (Fig. 17). 

In the absence of ABA, almost all seedlings developed normally to form green cotyledons, a 

pair of true leaves, and copious root hairs not only in the wild type, but also in the jmj30-1, 

jmj30-2, and jmj32-1 single mutants and jmj30-2 jmj32-1 double mutants (mock: p > 0.05 by 

one-way ANOVA test) (Fig. 14A-D, Fig. 15-16, Fig. 18-20). In the presence of 0.25 µM ABA, 

approximately 60% of germinated wild-type plants failed to develop green cotyledons and the 

first pair of true leaves and were arrested just after germination (Fig. 14E-H, Fig. 15-16). Both 

single mutants showed similar responses, with no significant differences from the wild type. 

However, the percentage of arrested plants was significantly lower in jmj30-2 jmj32-1 double 

mutants (seedling establishment at 0.25 µM ABA: p < 0.05 by one-way ANOVA test; fresh 

weight at 0.25 µM ABA: p < 0.05 by one-way ANOVA test) (seedling establishment in jmj30 

jmj32 + 0.25 µM ABA vs. the other samples: p < 0.05; fresh weight in jmj30 jmj32 + 0.25 µM 

ABA vs. the other samples: p < 0.05 by post-hoc Tukey’s HSD) (Fig. 14E-H, Fig. 15-16). The 

0.5 µM ABA treatment also led to a reduced number of arrested plants in the jmj30-2 jmj32-1 

double mutant compared to the wild-type or parental single-mutant lines (Fig. 14I-L, Fig. 15-
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16) (seedling establishment at 0.5 µM ABA: p < 0.05 by one-way ANOVA test) (seedling 

establishment in jmj30 jmj32 + 0.5 µM ABA vs. the other samples: p < 0.05 by post-hoc Tukey’s 

HSD). Correlating well with the rate of seedling establishment, the fresh weight in bulk after 

ABA treatment was greater in the jmj30-2 jmj32-1 mutant than in wild-type seedlings (fresh 

weight at 0.5 µM ABA: p < 0.05 by one-way ANOVA test) (fresh weight in jmj30 jmj32 + 0.5 

µM ABA vs. the other samples: p < 0.05 by post-hoc Tukey’s HSD).  

Furthermore, overexpression of JMJ30 led to an increased number of arrested plants 

in response to ABA (Fig. 18-20). The lack of a growth-arrest phenotype in the single mutants 

could be due to functional redundancy resulting from the fact that the highly similar JMJ32 was 

expressed at a basal level in the jmj30 mutants regardless of ABA treatment (p > 0.05 by one-

way ANOVA test) (Fig. 21B). On the other hand, JMJ30 was induced by ABA in the jmj32 

mutant background, just as in the wild type (p < 0.05 by one-way ANOVA test) (Fig. 21A). 

These data imply that both JMJ30 and JMJ32 contribute to ABA-dependent growth arrest 

during the post-germination stage. 
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Figure 14. jmj30 jmj32 mutants are less sensitive to ABA during post-germination. 

(A-L) Representative images of wild type (A, E, I), jmj30-2 (B, F, J) and jmj32-1 (C, G, K) 

mutants, and jmj30-2 jmj32-1 double mutants (D, H, L) grown for 5.5 days on 1/2 MS medium 

containing 0 µM (A-D), 0.25 µM (E-H), and 0.5 µM ABA (I-L). Insets in E-L show close-ups 

of representative seedlings.  

 



46 

 

Figure 15. jmj30 jmj32 mutants are less sensitive to ABA during post-germination. 

Percentages of established and arrested seedlings in wild type, jmj30-2, jmj32-1, and jmj30-2 

jmj32-1 in the absence and presence of ABA. p-values were determined by Chi-Squared test. 
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Figure 16. jmj30 jmj32 mutants are less sensitive to ABA during post-germination. 

Measurement of fresh weight in wild type, jmj30-2, jmj32-1, and jmj30-2 jmj32-1 in the absence 

and presence of ABA. A two-tailed Student’s t-test was performed to obtain p-values. 

 

 

Figure 17. Confirmation of JMJ30 and JMJ32 expression in each mutant based on RT-PCR. 

(a-c) Expression of JMJ30 (above) and EIF4A1 (below) in wild-type and jmj30-1 (a), wild-type 

and jmj30-2 (b), and wild-type and jmj32-1 (c) seedlings. EIF4A1 was used for a loading control.  
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Figure 18. Phenotypes of the jmj30-1 single mutant and a JMJ30 overexpression line in 

response to ABA during post-germination. 

(A-L) Representative images of the wild type (A, E, I), the jmj30-1 mutant (B, F, J), the jmj30-

2 jmj32-1 double mutant (C, G, K), and the JMJ30 ox line (D, H, L) grown for 5.5 days on 1/2 

MS medium with 1% sucrose containing 0 µM (A-D), 0.25 µM (E-H), and 0.5 µM ABA (I-L). 

Wild type and the jmj30-2 jmj32-1 double mutant were included as controls. Insets in e-l show 

close-ups of representative seedlings.  
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Figure 19. Seedling establishment of the jmj30-1 single mutant and a JMJ30 overexpression 

line in response to ABA during post-germination. 

Percentages of established and arrested seedlings in wild-type, jmj30-1, jmj30-2 jmj32-1 double 

mutant, and JMJ30 ox plants in the absence and presence of ABA. Asterisks indicate significant 

differences based on one-way ANOVA test. p < 0.05. Different letters indicate significant 
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differences based on post-hoc Tukey’s HSD test. n = 243. NS, non significant. Values represents 

mean ± SD of 243 and 81 plants, respectively. 

 

 

Figure 20. Fresh weight of the jmj30-1 single mutant and a JMJ30 overexpression line in 

response to ABA during post-germination. 

Measurement of the fresh weight of wild type, jmj30-1, jmj30-2 jmj32-1 double mutant, and 

JMJ30 ox seedlings in the absence and presence of ABA. Asterisks indicate significant 

differences based on one-way ANOVA test. p < 0.05. Different letters indicate significant 

differences based on post-hoc Tukey’s HSD test. NS, non significant. Values represents mean 

± SD of 243 and 81 plants, respectively. 
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Figure 21. JMJ30 and JMJ32 expression in single mutants after ABA treatment during post-

germination.  

(A, B) Expression of JMJ30 in wild type and jmj32-1 mutant (A), and JMJ32 in wild type and 

jmj30-2 mutant (B), in response to ABA during post-germination. The WT with 0 hour mock 

treatment was set to 1.0 and the relative expressions were calculated. Results are from three 

independent experiments. Values represent mean ± SEM. Asterisks indicate significant 

differences between mock- and ABA-treated plants based on two-tailed Student’s t-test. 
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I also examined the effects of JMJ30 and JMJ32 on ABA responses during germination. 

Consistent with the expression analysis during germination in response to ABA, no phenotypic 

difference in germination timing was observed between wild-type, jmj single mutants, the 

jmj30-2 jmj32-1 double mutant, and JMJ30 ox seedlings in either the absence or the presence 

of ABA (Fig. 22). Thus, I concluded that the role of JMJ30 and JMJ32 in the ABA response is 

specifically important for ABA-dependent growth arrest after germination. 

 

Figure 22. Germination rates of wild type and jmj30 jmj32 double mutants with and without 

ABA. (A-C) Rates of seed germination on 1/2 MS agar plates in the absence of ABA (A) and 

in the presence of 0.25 µM (B) and 0.5 µM (C) ABA. Values represent mean ±SD. 
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4.4 JMJ30 and JMJ32 affect genes involved in stimulus and signaling pathways in 

response to ABA during post-germination 

 To identify genes and pathways regulated by JMJ30 and JMJ32 in response to ABA 

during post-germination, I performed RNA-seq analysis using mock- and ABA-treated wild-

type and jmj30-2 jmj32-1 double mutant plants. The sequencing depth for five technical 

replicates from two different genetic backgrounds was at least 10 M reads. The resulting 

sequences were mapped based on TAIR10 and total numbers of reads were obtained by 

converting counts to reads per million mapped reads. I found that 106 and 84 genes were 

differentially expressed between mock-treated wild-type and jmj30-2 jmj32-1 plants and ABA-

treated wild-type and jmj30-2 jmj32-1 plants, respectively (FDR < 0.05) (Fig. 23, Table 5-6). 

Among those genes, 60 genes were differentially expressed only in ABA-treated jmj30-2 jmj32-

1 plants; 31 genes and 29 genes were downregulated and upregulated in the double mutant, 

respectively (Fig. 23).  
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Figure 23.  Identification of ABA-dependent JMJ downstream genes by RNA-seq. 

Venn diagram showing the number of genes differentially expressed in ABA-treated wild-type 

(WT) and jmj30-2 jmj32-1 seedlings and mock-treated WT and jmj30-2 jmj32-1 seedlings. 60 

genes differentially expressed in jmj30-2 jmj32-1 only with ABA treatment were used for 

further study. 
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Table 5 High confident upregulated and downregulated genes (106 genes) in jmj30 jmj32 under 

mock condition. The columns of expression level represents up-regulation (+) or down-

regulation (-) in jmj30 jmj32 mutant as compared to WT. The different expression genes with p 

< 0.05 were selected for further studies. 

 



56 

(Continued) 
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(Continued) 
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Table 6 High confident upregulated and downregulated genes (84 genes) in jmj30 jmj32 after 

ABA treatment. The columns of expression level represents up-regulation (+) or down-

regulation (-) in jmj30 jmj32 mutant as compared to WT. The different expression genes with p 

< 0.05 were selected for further studies. 
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(Continued) 

 

 

 

 

 

 

 



60 

Table 7 GO term analysis using differentially genes in jmj30 jmj32 only when treated with 

ABA. 
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   Since JMJ30 and JMJ32 have been shown to act as demethylases of H3K27me3 and 

induce gene expression, I first carried out Gene Ontology (GO) term enrichment analysis based 

on the agriGO website using downregulated genes in the ABA-treated double mutant (Tian et 

al. 2017). I identified 23 significantly enriched GO terms by theses analysis (p < 0.05) (Table 

7). To minimize duplication of GO terms, I used REduced VIsualize Gene Ontology (REVIGO) 

(Supek et al. 2011). I identified six categories containing multiple GO terms: "response to 

organic substance", "response to stimulus", "signal transmission", "signaling", "cellular amino 

acid metabolism", and "transport" (Fig. 24-25). Among these, "response to organic substance" 

was the largest group, containing 11 GO terms including "response to stress" and "response to 

abiotic stress" (Fig. 24, Table 7). Stimulus and signaling have been implicated in proper 

seedling establishment (Bewley 1997) (Fig. 24). Next, I identified "lipid metabolism" and 

"response to stimulus" based on the GO term analysis using upregulated genes. Those two 

biological processes have been implicated in proper seedling establishment (Fig. 26-27). Indeed, 

I found that lipid accumulation was lower in ABA-treated jmj30-2 jmj32-1 double mutants than 

in mock-treated wild-type or jmj30-2 jmj32-1 plants or in ABA-treated wild-type plants (Fig. 

28). 
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Figure 24. TreeMap view of GO terms generated by REVIGO (31 genes). 

Dark and pale colors indicate lower and higher p-values, respectively. The sizes of boxes 

indicate the frequency of the GO terms in the underlying GOA database. 

  



63 

 

Figure 25. Interactive graph view generated with REVIGO (31 genes). 

Dark and pale colors indicate lower and higher p-values, respectively. The sizes of circles 

indicate the frequency of the GO terms in the underlying GOA database. 

 

 

Figure 26. TreeMap view of GO terms generated by REVIGO (29 genes). 

 



64 

 

Figure 27.  Interactive graph view generated with REVIGO (29 genes). 

 Dark and pale colors indicate lower and higher p-values, respectively. The sizes of circles 

indicate the frequency of the GO terms in the underlying GOA database. 

 

Figure 28. Transmission electron micrographs of wild-type (above) and jmj30-2 jmj32-1 

(below) seedlings grown for 0.5 day on 1/2 MS medium and 2.5 days on 1/2 MS containing 0.5 

µM ABA (right). Scale bar = 2 µm.The red arrows represent lipid bodies. 
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To confirm the RNA-seq results, I next examined the expression of these JMJ30 and 

JMJ32 downstream genes in the presence and absence of ABA during post-germination growth. 

I chose several genes from different GO term categories. SnRK2.8, AT2G43530, and 

AT4G23670 are linked to "response to organic substance" (Atias et al. 2009; Sahr et al. 2005; 

Umezawa et al. 2004). There was no obvious expression difference in those three genes between 

mock-treated wild-type and jmj30-2 jmj32-1 plants (Fig. 29). In the presence of ABA, however, 

the expression of all three genes was significantly higher in the wild type, but this ABA-

dependent induction was compromised in the jmj30-2 jmj32-1 double mutant background (p < 

0.05 by one-way ANOVA test) (WT + ABA vs. the other samples: p < 0.05 by post-hoc Tukey’s 

HSD) (Fig. 29). Similarly, the MICROTUBULE-ASSOCIATED PROTEIN18 (MAP18), the 

type-A AUTHENTIC RESPONSE REGULATOR9 (ARR9), and the glycosyl hydrolase family 

32 protein gene AT1G62660 were categorized into "response to stimulus", "signal transmission", 

and "signaling", respectively (Wang et al. 2013; Zhu et al. 2013). Expression levels of all three 

of these genes were significantly decreased in the ABA-treated jmj30-2 jmj32-1 double mutant 

compared to the wild type (p < 0.05 by one-way ANOVA test) (WT + ABA vs. the other 

samples: p < 0.05 by post-hoc Tukey’s HSD) (Fig. 29). Likewise, I confirmed upregulation of 

three downstream genes in response to ABA in the jmj30-2 jmj32-1 double mutant background 

(p < 0.05 by one-way ANOVA test) (jmj30 jmj32 + ABA vs. the other samples: p < 0.05 by 

post-hoc Tukey’s HSD) (Fig. 30).   
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Figure 29. Genes downregulated in ABA-treated jmj30-2 jmj32-1 mutants compared to ABA-

treated wild-type plants by RT-qPCR; (A) SnRK2.8. (B) AT2G43530. (C) AT4G23670. (D) 

MAP18. (E) ARR9. (F) AT1G62660. White and colored bars represent mock- and ABA-treated 

samples, respectively. Genes indicated by navy blue, blue, sky blue, and light blue are 

categorized in 'response to organic substance', 'response to stimulus', 'signal transmission', and 
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'signaling' in Fig. 24, respectively. The WT with 5 hour mock treatment was set to 1.0 and the 

relative expressions were calculated.Values are mean ± SEM from three independent 

experiments. Asterisks indicate significant differences based on one-way ANOVA test. p < 0.05. 

Different letters indicate significant differences, while same letters indicate non-significant 

differences based on post-hoc Tukey’s HSD test. p < 0.05. 
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Figure 30. Genes upregulated in ABA-treated jmj30-2 jmj32-1 compared to ABA-treated wild 

type by RT-qPCR; (A) AHG1. (B) RAD4. (C) ARI1. White and colored bars represent mock- 

and ABA-treated samples, respectively. Genes indicated by yellow, blue green, light green, dark 

blue, and light blue are categorized in 'cellular response to carbohydrate stimulus', 'lipid 

localization', 'dormancy process', 'positive regulation of cellular process', and 'phenylpropanoid 

metabolism' in Fig. 24, respectively. The WT with 5 hour mock treatment was set to 1.0 and the 

relative expressions were calculated. Values are mean ± SEM from three independent 

experiments. Asterisks indicate significant differences based on one-way ANOVA test. p < 0.05. 

Different letters indicate significant differences, while same letters indicate non-significant 

differences based on post-hoc Tukey’s HSD test. p < 0.05. 
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4.5 Several JMJ30- and JMJ32-regulated genes are enriched by H3K27me3 or JMJ30 in 

response to ABA during post-germination 

   To identify direct targets of JMJ30 and JMJ32 in response to ABA during the post-

germination stage, I first searched the differentially expressed genes for H3K27me3-bound and 

ABA-regulated genes. I then enriched the data set for the H3K27me3 mark by searching the 

genes that were differentially expressed in the jmj30-2 jmj32-1 double mutant following ABA 

treatment against a published genome-wide chromatin immunoprecipitation (ChIP)-seq dataset 

obtained in the absence of ABA (Charron et al. 2009). I found that of the 60 differentially 

expressed genes, 25 gene had the repressive H3K27me3 mark (Fig. 31, Table 7). I next asked 

how many of the JMJ30- and JMJ32-dependent genes were also significantly differentially 

expressed during post-germination (after germination to seedling development) using a publicly 

available dataset that measures changes in gene expression for 1 to 60 hours after ABA 

treatment (Song et al. 2016). Twelve of the 60 genes fulfilled this criterion (Fig. 32). Six of the 

12 genes had the repressive H3K27me3 mark at least in the absence of ABA (Fig. 31). Fig. 32 

shows a clustered heatmap of the expression changes observed in all datasets. Eight genes were 

upregulated and four genes were downregulated following ABA treatment. Most of the 8 genes 

co-regulated by JMJs and ABA had almost reached their highest expression levels by 4 hours 

after ABA treatment (Fig. 32-33). Similarly, four genes were at their lowest expression levels 8 

hours after ABA treatment (Fig. 32-33).  
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Figure 31. Venn diagram showing the number of genes differentially expressed in ABA-treated 

wild-type (WT) and jmj30-2 jmj32-1 seedlings, and their overlap with H3K27me3 and 

differentially expressed genes following ABA treatment.  
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Table 7 Overlapped genes between different omics data. 
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Figure 32. Heatmap displaying the log2 expression changes of the 12 H3K27me3 targets based 

on two transcriptome datasets. WT vs jmj represents log2 expression changes between ABA-

treated WT and ABA-treated jmj30-2 jmj32-1 which from the raw data from RNA-Seq. The 

time course data from a public transcriptome dataset (Song et al. 2016).  
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Figure 33. Clustering of differentially expressed genes in the jmj30 jmj32 mutant in response 

to ABA during post-germination. (A, B) A k-means clustering of differentially expressed genes 

in the jmj30 jmj32 mutant in response to ABA during post-germination. WT vs jmj represents 

log2 expression changes between ABA-treated WT and ABA-treated jmj30-2 jmj32-1 which 

from the raw data from RNA-Seq.. Heatmap (above) and graph (below) display the log2 

expression changes of the 8 upregulated (A) and 4 downregulated (B) genes upon ABA 

treatment based on a public transcriptome dataset (Song et al. 2016). 
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 To assess H3K27me3 levels with and without ABA treatment, I performed a ChIP 

assay with a H3K27me3 antibody followed by quantitative PCR (qPCR) (Fig. 34). H3K27me3 

was associated with a region approximately 2 kb upstream of the transcription start site at 

SnRK2.8 (fragment P2) in mock-treated wild type and jmj30-2 jmj32-1 mutants (Fig. 34A). 

Upon ABA treatment, H3K27me3 levels were decreased in the wild type. However, this 

reduction was not observed in ABA-treated jmj30-2 jmj32-1 mutants (P2: p < 0.05 by one-way 

ANOVA test) (ABA-treated wild type vs. the other samples: p < 0.05 by post-hoc Tukey’s HSD) 

(Fig. 34A). I also detected a reduction in H3K27me3 levels in the exon regions (P2 and P5) of 

AT1G62660 in mock-treated wild type compared to that in ABA-treated wild type and mock- 

or ABA-treated jmj30-2 jmj32-1 mutants (Fig. 34B) (p < 0.05 by one-way ANOVA test) (ABA-

treated wild type vs. the other samples: p < 0.05 by post-hoc Tukey’s HSD). Likewise, greater 

enrichment of H3K27me3 in the first and second exons of AT4G23670 was observed in mock-

treated wild type and mock- and ABA-treated jmj30-2 jmj32-1 mutants (P2 and P4: p < 0.05 by 

one-way ANOVA test) (ABA-treated wild type vs. the other samples: p < 0.05 by post-hoc 

Tukey’s HSD) (Fig. 34C). These results suggest that JMJ30 and/or JMJ32 activities are 

necessary to remove H3K27me3 in response to ABA.  
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Figure 34. H3K27me3 ChIP at the SnRK2.8 (A), AT1G62660 (B), and AT4G23670 (C) loci in 

ABA-treated WT and jmj30-2 jmj32-1 seedlings. PCR fragments (P) and schematic diagram of 

genes are shown above the ChIP data. White bars, untranslated regions; black bars, protein 

coding regions. The WT with 5 hour mock treatment (P1 locus) was set to 1.0 and the relative 

enrichment were calculated after normalization of the input DNA. Values are mean ± SEM 

from three independent experiments. Asterisks indicate significant differences based on one-

way ANOVA test. p < 0.05. Different letters indicate significant differences, while same letters 

indicate non-significant differences based on post-hoc Tukey’s HSD test. p < 0.05. 
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  To address whether those three genes are regulated by JMJ30 directly, I carried out ChIP-

qPCR with a published human influenza hemagglutinin (HA) epitope-tagged and biologically 

active JMJ30 protein (the pJMJ30::JMJ30-HA line) (Fig. 35). Consistent with the H3K27me3 

ChIP result, I detected JMJ30-HA association with a region approximately 1–2 kb upstream of 

the SnRK2.8 start codon in the 5’ promoter region only when ABA treatment was conducted 

(P2 and P3: p < 0.05 by one-way ANOVA test) (ABA-treated JMJ30-HA vs. the other samples: 

p < 0.05 by post-hoc Tukey’s HSD) (Fig. 35A). In addition, I tested JMJ30 binding to the 

AT1G62660 and AT4G23670 regulatory regions (Fig. 35B, C). I detected JMJ30-HA 

association with the P2, P4, and P5 regions of the AT1G62660 exons, but I did not detect any 

enrichment signals at AT4G23670 using five different amplicons (Fig. 35B, C). Since I observed 

H3K27me3 deposition at AT4G23670, this deposition could be due to JMJ32 or other histone 

demethylases. These findings reveal a direct link between histone demethylases and ABA-

dependent responses in some genes detected by transcriptome. 
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Figure 35.  JMJ30-HA ChIP at the SnRK2.8 (A), AT1G62660 (B), and AT4G23670 (C) loci 

in ABA-treated WT and pJMJ30::JMJ30-HA seedlings. Values are mean ± SEM from three 

independent experiments. The WT with 5 hour mock treatment (P1 locus) was set to 1.0 and 

the relative enrichment were calculated after normalization of the input DNA. Values are mean 

± SEM from three independent experiments. Asterisks indicate significant differences based on 

one-way ANOVA test. p < 0.05. Different letters indicate significant differences, while same 

letters indicate non-significant differences based on post-hoc Tukey’s HSD test. p < 0.05.  
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4.6 SnRK2.8 plays a key role in JMJ-mediated growth arrest in response to ABA during 

post-germination 

 Previous researches reported that SnRK2.8 positively regulates ABA response and 

drought tolerance (Kim et al. 2012a; Umezawa et al. 2004). Since my data suggest that SnRK2.8 

is a downstream target of JMJ30, it is worthwhile to check the function of JMJ-SnRK2.8 

modules in ABA responses. To understand the role of SnRK2.8 in JMJ-mediated growth arrest, 

I conducted a rescue experiment of the ABA insensitivity in jmj30 jmj32 double mutants. I 

overexpressed SnRK2.8 under the control of the ubiquitous 35S promoter (SnRK2.8ox) in the 

double mutants. Among the resulting independent lines, jmj30-2 jmj32-1 SnRK2.8ox line 1 (L1) 

had a similar expression level of SnRK2.8 to ABA-treated wild type (Fig. 36). I also identified 

two jmj30-2 jmj32-1 SnRK2.8ox lines that the expression levels of SnRK2.8 are more than 10-

fold as compared with ABA-treated wild-type seedlings (Fig. 36). Consistent with the previous 

publication (Kim et al. 2012a), SnRK2.8ox L11 show delay of germination phenotype (Fig. 37). 

However, I did not see a similar effect when I used the weak L1 line (Fig. 37- 38). I therefore 

used the L1 line for my further phenotypic analyses. In the absence of ABA, wild type, jmj30-

2 jmj32-1, and jmj30-2 jmj32-1 SnRK2.8ox L1 all grew normally (Fig. 38A-D, Fig 39-40). 

Although the percentage of arrested plants in jmj30-2 jmj32-1 double mutants was significantly 

decreased by 0.25 µM ABA treatment (WT + 0.25 µM ABA vs. jmj30-2 jmj32-1 + 0.25 µM 

ABA: p = 3.2  10-26), no such reduction was observed when SnRK2.8 was overexpressed (WT 
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+ 0.25 µM ABA vs. jmj30-2 jmj32-1 SnRK2.8ox L1 + 0.25 µM ABA: p > 0.05) (Fig. 38E-H, 

Fig. 39-40). Likewise, the ABA-less sensitive phenotype seen in jmj30-2 jmj32-1 double 

mutants was not observed in the jmj30-2 jmj32-1 SnRK2.8ox L1 in the presence of 0.5 µM ABA 

(WT + 0.5 µM ABA vs. jmj30-2 jmj32-1 SnRK2.8ox L1 + 0.5 µM ABA: p > 0.05) (Fig. 38I-L, 

Fig. 39-40). Thus, I concluded that the direct target of JMJ, SnRK2.8, regulates growth arrest in 

response to ABA. 
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Figure 36. SnRK2.8 expression in jmj30 jmj32 double mutants. 

Expression of SnRK2.8 in four independent jmj30-2 jmj32-1 SnRK2.8ox lines. The WT with 5 

hour mock treatment was set to 1.0 and the relative expressions were calculated. Results are 

from three independent experiments. Values represent mean ± SEM.  

 

 

 

 

 

 



81 

  

Figure 37. Germination rates between wild type, jmj30 jmj32 and jmj30 jmj32 SnRK2.8ox lines 

with and without ABA. 

Rates of seed germination on 1/2 MS agar plates in the absence (A) and in the presence of 0.25 

µM (B) and 0.5 µM (C) ABA. Values represent mean ± SD. Asterisks indicate statistical 

significance based on Chi-Squared test. 
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Figure 38. Ectopic expression of SnRK2.8 rescued the ABA less sensitive phenotype seen in 

the ABA-treated jmj30 jmj32 double mutant. 

(A-I) Representative images of wild-type (A, E, I), jmj30-2 jmj32-1 (B, F, J), jmj30-2 jmj32-1 

SnRK2.8ox L1 (C, G, K) ), and jmj30-2 jmj32-1 SnRK2.8ox L1 (D, H, L) seedlings grown for 

5.5 days on 1/2 MS medium containing 0 µM (A-D), 0.25 µM (E-H), and 0.5 µM ABA (I-L). 

Insets in E-L show close-ups of representative seedlings.  
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Figure 39. Percentages of established and arrested seedlings in jmj30-2 jmj32-1, jmj30-2 jmj32-

1 SnRK2.8 ox L1, and jmj30-2 jmj32-1 SnRK2.8 ox L8 plants in the absence and presence of 

ABA. Asterisks indicate significant differences based on one-way ANOVA test. p < 0.05. 

Different letters indicate significant differences based on post-hoc Tukey’s HSD test. p < 0.01. 

n = 243. NS, non significant. Values representS mean ± SEM of 243 and 81 plants, respectively. 
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Figure 40.  Measurement of the fresh weight of jmj30-2 jmj32-1, jmj30-2 jmj32-1 SnRK2.8 

ox L1, and jmj30-2 jmj32-1 SnRK2.8 ox L8 seedlings in the absence and presence of ABA. 

Asterisks indicate significant differences based on one-way ANOVA test. p < 0.05. Different 

letters indicate significant differences based on post-hoc Tukey’s HSD test. p < 0.01. NS, non 

significant. Values representS mean ± SEM of 243 and 81 plants, respectively. 
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5. Discussion  

5.1 JMJ30 and JMJ32 act redundantly in ABA response 

 Here, I demonstrated that JMJ30 and JMJ32 are necessary for ABA-dependent growth 

arrest during post-germination. Two lines of evidences support this conclusion. Firstly, 

phenotypical analysis indicated that only jmj30-2 jmj32-1 double mutant showed reduced 

sensitivity to ABA; however, jmj30-2 nor jmj32-1 single mutant displayed no difference in ABA 

sensitivity as compared to WT (Fig. 14-20). On the other hand, I found out that JMJ30 

expression between WT and jmj32 mutant showed no significant difference under either mock 

or ABA treatment condition based on expression analysis (Fig. 21). Up-regulation of JMJ30 

induced by ABA treatment indicates that it might have an important role in compensating the 

loss or reduction of histone demethylase activity in response to environmental stress. Certain 

levels of JMJ32 activity may contribute to the maintenance of H3K27me3, possibly through 

the counteraction of histone methyltransferases activities. Thus, this might be the reason of 

jmj30 mutation sensitized in jmj32 background. These results implied that JMJ32 is important 

to maintain the ABA response. Secondly, the RT-qPCR results showed that only JMJ30 but not 

JMJ32 induced by ABA treatment and this was correlated with my GUS assay result (Fig. 4 

and Fig. 6). JMJ30-GUS expression was highly localized in the root meristem region and root 

differentiation area with GUS signals increased after ABA treatment (Fig. 4). However, JMJ32-

GUS accumulation in root meristem was not affected by ABA treatment (Fig. 7). Although 
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JMJ32 was not ABA inducible, it cannot be ruled out that JMJ32 is important for ABA-

mediated growth arrest. As consistent well with the phenotype of high-temperature-mediated 

early flowering only performed in jmj30 jmj32 double mutants (Gan et al. 2014), these results 

also suggest that JMJ30 and JMJ32 both contribute to execute ABA-dependent growth arrest. 

 

5.2 ABA-inducible JMJ30 depends on the function of ABI3 

 ABI3 was reported as a master regulator of ABA-dependent growth arrest (Giraudat et 

al. 1992; Lopez-Molina et al. 2002). Previous studies have revealed that ABA-dependent ABI3 

expression is under the control of histone modification (Perruc et al. 2007; Pfluger and Wagner 

2007; Aichinger et al. 2009; Uddenberg et al. 2011; Kim et al. 2012b; Han et al. 2012). Although 

the upstream regulation of ABI3 is well characterized, information about the downstream 

cascade pathways ABI3 leading to ABA-dependent growth arrest is very limited. Only ABI5 

has been identified as a downstream target of ABI3 involved in growth arrest. ABI5 up-

regulation upon ABA treatment depends on the function of ABI3 (Lopez-Molina et al. 2002). 

Furthermore, overexpression of ABI5 rescues growth arrest phenotype of abi3 (Lopez-Molina 

et al. 2002). I showed here that JMJ30 is induced in part via ABI3 (Fig. 8 and Fig. 10). ABA-

induced ABI3 promotes the expression of JMJ30 (Fig. 8, Fig. 10-13). Since the mutation of the 

RY motif in the JMJ30 promoter caused a reduction in JMJ30 expression upon ABA treatment, 

transcriptional regulation of JMJ30 by ABI3 could be a direct effect (Fig. 8, Fig. 10-13). My 
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findings provide an insight to complete the molecular mechanism of epigenetic program 

changes for growth arrest by ABI3 in response to ABA.  

 

5.3 SnRK2.8 is a key target of JMJ30 and JMJ32 in response to ABA  

   Here, I identified several genes regulated by JMJ proteins during ABA-dependent 

growth arrest. I found links between JMJ30 and JMJ32 under the GO terms “response to organic 

substance”, “response to stimulus”, “signaling”, and “lipid metabolism” (Fig. 23-24). For 

germination, plants must utilize organic substances, lipids, and phosphates as energy sources. 

Thus, it is reasonable that JMJ30 and JMJ32 could direct a process to “respond to” those 

materials and induce a return to the quiescent state under ABA-mediated stress response during 

the post-germination stage. Indeed, jmj30 jmj32 double mutants were not only rescued from 

arrest growth by ABA treatment, but it also did not retain proper amounts of lipids (Fig. 28).  

Of clearer relevance, I found that a direct target of JMJ30 was SnRK2.8, which 

regulated ABA-mediated growth arrest. Overexpression of SnRK2.8 rescued the ABA less 

sensitive phenotype of jmj30 jmj32 double mutants. Identification of this target sheds light on 

the question of how ABI3-activated JMJ30 directs growth arrest. SnRK2.8 belongs to the 

serine/threonine kinase superfamily, and the phosphorylated SnRK2s mediated the 

phosphorylation key transcription factors that mediate ABA responses (Lee et al. 2015; Mustilli 

et al. 2002; Nakashima et al. 2009; Umezawa et al. 2009; Umezawa et al. 2004). Moreover, 
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ABI3 is phosphorylated by SnRK2s (Kobayashi et al. 2005; Yang et al. 2017). Thus, a positive 

feedback loop from JMJ30-SnRK2.8 to ABI3 may lock ABA signaling in the ON state to keep 

reactivating the stress-tolerance program. 

   Based on GO term analysis, MAP18 has been categorized as “related to extracellular 

stimuli” in cellular responses (Fig. 24). In general, MAP kinase signaling is initiated by stimulus 

and triggers the activation of a MAP kinase kinase kinase (MAP3K). MAP3K activation leads 

to phosphorylation to activate MAP kinase kinases (MAP2K). Subsequently, the MAP2K 

phosphorylates the MAPK for further phosphorylation of substrates, such as transcription 

factors (Plotnikov et al. 2011). Recently, this MAPK cascade was shown to act downstream of 

SnRKs in plant stress signaling (Zhu 2016). Detailed characterization of MAP18 during the 

post-germination stage needs to be examined in the future. 

   I identified AT1G62660 as a direct target of JMJ30. Previous quantitative trait locus 

（QTL） analysis identified that AT1G62660 is as regulators for Arabidopsis root elongations 

(Sergeeva et al. 2006). AT1G62660 belongs to the glycosyl hydrolase family and it catalyzes 

the hydrolysis of glycosidic bonds in sugar complexes (Cabello et al. 2014). Therefore, 

AT1G62660 might have a role in modulating cell wall remodeling though degradation of 

cellulose, hemicellulose, and starch. Although I could not identify the direct target(s) of JMJ30 

responsible for carbohydrate or lipid metabolism in the jmj30 jmj32 mutant phenotype thus far, 

my results support the idea that precise metabolic regulation of energy sources by JMJ30 and 
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JMJ32 may have important roles during ABA-dependent growth arrest (Fig. 28). AT4G23670 

belongs to the polyketide cyclase/dehydrase and lipid transport super family (Carter et al. 2004). 

This gene was transcriptionally regulated by JMJ30 and JMJ32 and had higher levels of 

H3K27me3 deposited in the jmj30-2 jmj32-1 background than in the wild type (Fig. 34), but I 

did not observe any direct binding of JMJ30 to this genomic locus (Fig. 35). This indicated the 

regulation could be due to direct regulation by JMJ32 or a secondary effect. The functions of 

AT1G62660 during the post-germination stage need to be checked in the future. 
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6. Conclusion  

Here, I provide new insights into how histone demethylases contribute to stress hormone 

ABA-dependent growth arrest. ABI3-activated upregulation of JMJ30 is required for the 

growth arrest. JMJ30 and JMJ32 redundantly execute this role through removal of H3K27me3 

from their downstream target genes. My study reveals that the feedback activation loop of the 

ABI3 transcription factor, JMJ histone demethylases, and SnRK2.8 kinase makes a key 

regulatory pathway in ABA-dependent growth arrest. 

This study started from the confirmation that JMJ30 is induced by ABA during seedling 

establishment. The upregulation of JMJ30 by ABA depends on the function of ABI3. Further 

genetic and biochemical analysis showed that ABI3 binds to the RY motif of the JMJ30 

promoter and activated JMJ30 expression. I also identified that SnRK2.8 was served as one of 

the downstream targets of JMJ30 in an ABA-dependent pathway. Consistently, the jmj30 jmj32 

mutant display weakened ABA-mediated growth arrest during post-germination. These 

findings demonstrate an ABA-dependent feedback pathway that ABI3 activated SnRK2.8 via 

JMJ30/JMJ32-mediated H3K27me3 demethylation (Fig. 41). 
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Figure 41. Model for the role of JMJ30 and JMJ32 in response to ABA during the post-

germination stage. Roles of ABA at two different stages. In unfavorable conditions, ABA 

inhibits seed germination after imbibition. This inhibition is independent of JMJ30 and JMJ32. 

ABA also inhibits later growth of seedling development such as emergence of root hair and 

cotyledon greening. This pathway is JMJ30 and JMJ32 dependent. Stage‐specific function of 

JMJ30 and JMJ32 are critical for proper growth arrest upon ABA treatment. 
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Part II JMJ30 and JMJ32 control root elongation in response to abscisic acid 

in Arabidopsis 

Abstract 

In response to various stresses, abscisic acid (ABA) plays critical roles during plant 

growth and development. In part I, I reported that Arabidopsis histone demethylases JUMONJI-

C DOMAIN-CONTAINING PROTEIN30 (JMJ30) and JMJ32 control ABA-mediated growth 

arrest during the post-germination stage (2–3 days after germination). However, the role of 

JMJ30 and JMJ32 on ABA response at later stage of plant development remains largely 

unknown. Here, I show that JMJ30 and JMJ32 mediate ABA response during root development. 

In the presence of ABA, jmj30 jmj32 double mutants displayed longer primary root phenotype 

than wild type. Loss-of-function mutation in the SNF1-RELATED PROTEIN KINASE 2.8 

(SnRK2.8) gene also led to longer primary root phenotype in response to ABA. My expression 

analysis suggests that JMJ30/JMJ32 and SnRK2.8 act in the same pathway to mediate ABA 

response during root elongation at seedling stage. My findings highlight the importance of 

JMJ30/JMJ32-SnRK2.8 module at two different developmental stages. 
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1. Introduction  

   Abscisic acid (ABA) is a key stress hormone (Verma et al. 2016; Finkelstein 2013). In 

response to stress such as water deficit and salt stress, not only the amount of ABA, but also 

ABA perception and response are properly mediated. Stress triggers the biosynthesis of ABA. 

The resulting ABA accumulates in the cytosol and binds to the ABA receptors PYRABACTIN 

RESISTANCE1 (PYR1)/PYR1-LIKE(PYL)/REGULATORY COMPONENTS OF ABA 

RECEPTORS (RCAR) (Cutler et al. 2010; Park et al. 2009). The activated ABA receptors bind 

to phosphatases 2C (PP2C) like ABSCISIC ACID-INSENSITIVE1 (ABI1) or ABI2 and inhibit 

catalytic activity of PP2C (Merlot et al. 2001). Then, SNF1-RELATED PROTEIN KINASE 2 

(SnRK2) kinases are released from PP2C-mediated inactivation and trigger gene expression 

through phosphorylation (Kulik et al. 2011; Nakashima et al. 2009; Umezawa et al. 2009). After 

reaching certain threshold of ABA concentration or signaling, stomata is closed and gene 

expression is changed. Although mechanism of opening and closing the stomata by ABA is 

well-characterized, how ABA-dependent gene expression is controlled in a flexible and 

reversible manner remains unknown.  

   Histone modifications have functions both positively and negatively in the regulation 

of gene expression (Sun et al. 2014; You et al. 2017). H3 histones are modified with acetylation, 

phosphorylation, methylation and ubiquitination post-translationally (Bannister and Kouzarides 

2011). Histone modification enzymes specify when and where histones need to be modified. 
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Especially, catalyzation of reversible lysine methylation by those enzymes are central to the 

epigenetic regulation. Despite their importance, the role of histone modification enzymes on 

ABA response are not characterized. 

   In part I, I reported that histone demethylases JUMONJI-C DOMAIN-CONTAINING 

PROTEIN30 (JMJ30) and JMJ32 control ABA-mediated growth arrest during the post-

germination stage. To pass through unfavorable stress condition, the B3 domain transcription 

factor ABSCISIC ACID INSENSITIVE3 (ABI3) is activated by ABA (Kagaya et al. 2005) . 

ABA-activated ABI3 promotes the expression levels of JMJ30, presumably by direct binding 

via the evolutionally conserved RY motif. Then, JMJ30 and JMJ32 remove repressive 

H3K27me3 marks at the SnRK2.8 locus to activate its expression. Upregulated SnRK2.8 

promotes ABA-dependent gene expression and feedbacks to ABI3 activation.  

 

2. Objective of this study 

1. To examine the JMJs induction by ABA during vegetative stages 

2. To investigate the ABA sensitivity between wild type and jmj mutant during vegetative stages 

3. To validate the role of JMJ-SnRK2.8 during vegetative stages 
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3. Materials and Methods  

3.1 Plant Materials and Growth Conditions 

The snrk2.8-1 (SALK_073395) mutant was obtained from the Arabidopsis Biological 

Resource Center (ABRC) with the Columbia (Col-0) background. Prior to grow mutants, 

genotype was confirmed by PCR using Emerald Amp polymerase (Takara). The primers for 

genotyping are as follows: jmj30-2 genotyping-FW; CAAACTCTGCTGCAATCGATTTC, 

jmj30-2 genotyping-RV; GAAAATGTCACAAGCTCTTGCTTC, jmj32-1 genotyping-FW; 

GACTGAGAAAACCTGAACTCAGC, jmj32-1 genotyping-RV; 

GTCGTGTAAAGGACTGAAGGTTG, snrk2.8-1 genotyping-FW; 

CAAACCATGACACATCAGCAC, snrk2.8-1 genotyping-

RV; AGGCTCCTGTTAATCACCAGG . All of the plants were grown at 22°C growth chamber 

under continuous light condition after stratification at 4°C for 3 days.  

 

3.2 Phenotypic and Statistical Analyses 

 The 1/2 MS plate preparation and seed surface sterilization were describe previously 

(Part I 3.3). For root elongation assay, the sterilized wild-type, jmj30-2 jmj32-1 and snrk2.8-1 

seeds were placed on the 1/2 MS plates, stratified at 4°C for 3 days, and then placed in a growth 

chamber at 22°C under continuous light for 3 days. 3-day-old plants were transplanted onto 1/2 

MS plates with 1% sucrose supplemented with 0 µM, 5 µM ABA or 10 µM ABA and grown 
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vertically under 24-hour light condition for additional 7 days. The primary root length was 

measured then statistical analyses were conducted by Excel. Statistical significance was 

computed using two-tailed Student’s t-test. 

 

3.3 Expression analysis  

   For ABA treatment, 4-day-old plants after stratification grown on 1/2 MS plates with 

1% sucrose were treated with 10 µM ABA to induce rapid changes in gene expression. After 3 

hour treatment, the harvested seedlings were used for RNA extraction. The RNA isolation and 

RT-qPCR methods were followed the previous protocol (Yamaguchi et al. 2017). Three 

independent biological replicates were performed for the qPCR analyses and four technical 

replicates were conducted for each experiment. Statistical significance was computed using 

either one-way ANOVA test followed by post-hoc Tukey’s HSD test and two-tailed Student’s 

t-test for multiple and single pair comparisons, respectively. The primers for expression 

analyses are as follows: EIF4A1-FW; TCTTGGTGAAGCGTGATGAG, EIF4A1-RV; 

AATCAACCTTACGCCTGGTG, JMJ30-FW; GAATCACTTGGACTACCTCAATGC, 

JMJ30-RV; CATTGGAGACGATTTATTGGTCC, JMJ32-FW; 

GTTTCATTGTACTGTCAAGGCTGG, JMJ32-RV; CATACTTGATGTCAAACTGCATGTC, 

ABI3-FW; ATGTATCTCCTCGAGAACAC, ABI3-RV; CCCTCGTATCAAATATTTGCC, 

ABI5-FW; ACCTAATCCAAACCCGAACC, ABI5-RV; TACCCTCCTCCTCCTGTCCT, 
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SnRK2.8-FW; GTTGCCAACCCTGAAAAGAG, SnRK2.8-RV; 

CCGAGCTTCTTCAATGATCC. 
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4. Results 

4.1 JMJ30 and JMJ32 positively regulate ABA responses in root elongation 

 Previous comprehensive expression study for the JUMONJI-C DOMAIN-

CONTAINING PROTEIN genes in response to stress revealed that JMJ30 is upregulated by 

ABA during vegetative stage (Qian et al. 2015). However, nothing is known about the function 

of JMJ30 and JMJ32 in ABA response during vegetative stages. To understand their roles, I 

performed phenotypic analysis using jmj30 jmj32 double mutants in the absence or presence of 

ABA at vegetative stages (Fig. 42). The 3-day-old wild-type and jmj30-2 jmj32-1 double mutant 

seedlings were transferred to 1/2 MS plates with or without ABA to observe the role of 

JMJ30/JMJ32 at vegetative stages. When grown and transferred on 1/2 MS plates without ABA, 

wild-type and jmj30-2 jmj32-1 plants showed no obvious difference in their phenotypes (Fig. 

42A). Both plants displayed normal size and color of leaves and well-grown primary root with 

a lot of lateral roots (Fig. 42A). No significant difference in primary root length was observed 

between wild type and jmj30-2 jmj32-1 without ABA (p > 0.05 by two-tailed Student’s t-test) 

(Fig. 42D). Both ABA-treated plants had smaller and paler leaves and shorter roots compared 

to control plants (Fig. 42A-C). In the presence of 5 µM ABA, length of primary root in wild 

type was 3.7 ± 0.1. On the other hand, root length of 5 µM ABA-treated jmj30-2 jmj32-1 plants 

was 4.2 ± 0.1 and significant difference was observed between them (p < 0.01 by two-tailed 

Student’s t-test). In the presence of 10 µM ABA, root elongation was inhibited more than those 
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in 5 µM ABA-treated plants (Fig. 42B, C). There were still significant differences in root length 

between 10 µM ABA-treated wild type and jmj30-2 jmj32-1 (p < 0.01 by two-tailed Student’s 

t-test) (Fig. 42D). These results suggest that JMJ30 and JMJ32 are required for ABA-dependent 

root growth inhibition during vegetative stage.  

 

Figure 42. jmj30 jmj32 double mutants are less sensitive to ABA. (A-C) Representative images 

of wild-type and jmj30-2 jmj32-1 plants in the absence and presence of ABA. The wild-type 

and jmj30-2 jmj32-1 seeds were sown on 1/2 MS with 1% sucrose and stratified at 4 °C for 3 

days. The plants were grown under 24-hour light condition for 3 days. 3-day-old wild-type and 

jmj30-2 jmj32-1 plants were then transplanted onto 1/2 MS plates with 1% sucrose 

supplemented with 0 µM ABA (A), 5 µM ABA (B) or 10 µM ABA (C) and grown vertically 

under 24-hour light condition for additional 7 days. Scale bar = 1 cm. (D) Quantification of root 

length in wild-type and jmj30-2 jmj32-1 plants in Figure 42A-C. Asterisks indicate significant 

differences based on two-tailed Student’s t-test. p < 0.01. NS, non significant. Values represent 

mean ± SD of 24 plants.  
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4.2 SnRK2.8 positively regulates ABA response in root elongation  

   To understand the role of SnRK2.8 in ABA-mediated root elongation at vegetative 

stages, phenotypic analyses were conducted in wild-type and snrk2.8-1 plants. When grown 

and transferred on 1/2 MS plates without ABA, wild-type and snrk2.8-1 plants showed no 

significant difference in their phenotypes (p > 0.05 by two-tailed Student’s t-test) (Fig. 43A, C). 

When transferred onto 10 µM ABA plates, root growth was inhibited in both wild type and 

snrk2.8-1 (Fig. 43B). However, ABA sensitivity was different between wild type and snrk2.8-

1 mutant. snrk2.8-1 mutant was less sensitive to ABA, as seen in jmj30-2 jmj32-1 double 

mutants (p < 0.01 by two-tailed Student’s t-test) (Fig. 43C). These results suggest that SnRK2.8 

is required for ABA-dependent root growth inhibition during vegetative stages. 

 

Figure 43. snrk2.8 mutants are less sensitive to ABA. (A, B) Representative images of wild-

type and snrk2.8-1 plants in the absence and presence of ABA. The wild-type and snrk2.8-1 

seeds were sown on 1/2 MS with 1% sucrose and stratified at 4 °C for 3 days. The plants were 
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grown under 24-hour light condition for 3 days. 3-day-old wild-type and snrk2.8-1 plants were 

then transplanted onto 1/2 MS plates with 1% sucrose supplemented with 0 µM ABA (A), or 

10 µM ABA (B) and grown vertically under 24-hour light condition for additional 7 days. Scale 

bar = 1 cm. (C) Quantification of root length in wild-type and snrk2.8-1 plants in Figure 43A-

B. Asterisk indicates significant difference based on two-tailed Student’s t-test. p < 0.01. NS, 

non significant. Values represent mean ± SD of 24 plants. 

4.3 SnRK2.8 expression is controlled by JMJ30 in response to ABA during vegetative 

phase 

   To examine the relationship between JMJ30/JMJ32 and SnRK2.8 in response to ABA 

during vegetative stage, quantitative real-time polymerase chain reaction (qRT-PCR) analysis 

was conducted (Fig. 44A-D). In response to ABA, JMJ30 is upregulated in ABI3 during post-

germination stage. To understand JMJ30 and JMJ32 expression in response to ABA during 

vegetative stage, I first examined JMJ30 and JMJ32 expression levels (Fig. 44A-B). Consistent 

well with the previous publication, JMJ30 was upregulated in response to ABA (p < 0.01 by 

two-tailed Student’s t-test) (Fig. 44A). Similar to post-germination stage, upregulation was not 

observed in JMJ32 expression (Fig. 44B). To further confirm whether JMJ30 upregulation in 

response to ABA is dependent on the ABI3 function, I tested ABI3 expression at vegetative 

stage. Although I observed significant difference in ABI5 expression in response to ABA, it was 

not observed in the ABI3 gene (Fig. 44C-D). Taken together, my data suggest that JMJ30 is 
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upregulated by a factor other than ABI3. I next addressed the expression levels of SnRK2.8 (Fig. 

44E). ABA-treated WT had more SnRK2.8 transcripts than mock-treated wild type (p < 0.01 by 

one-way ANOVA test) (WT with ABA vs. WT without ABA: p < 0.01 by post-hoc Tukey’s 

HSD) (Fig. 44E). In addition, there is no upregulation of SnRK2.8 in the jmj30-2 jmj32-1 

background with and without ABA treatment (WT with ABA vs. WT without ABA: p > 0.05 

by post-hoc Tukey’s HSD) (Fig. 44E). This result implies that SnRK2.8 expression is controlled 

by JMJ30 in response to ABA during vegetative phase.  

 

Figure 44. JMJ30 and SnRK2.8 expression are induced by ABA. (A-D) Expression of JMJ30 

(A), JMJ32 (B), ABI3 (C), and ABI5 (D) in wild-type plants in response to 10 µM ABA after 5 
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hours treatment. Results are from three independent experiments. Values represent mean ± 

SEM. Asterisks indicate significant differences based on two-tailed Student’s t-test. p < 0.01. 

(E) Expression of SnRK2.8 in wild-type and jmj30-2 jmj32-1 plants in response to 10 µM ABA. 

Results are from three independent experiments. Values represent mean ± SEM. The WT with 

5 hour mock treatment was set to 1.0 and the relative expressions were calculated. Asterisk 

indicates significant differences based on one-way ANOVA test. p < 0.01. Different letters 

indicate significant differences based on post-hoc Tukey’s HSD test. p < 0.01. 
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5. Summary 

 In part I, I showed that the function of JMJ30/JMJ32-SnRK2.8 module is dependent 

of the ABA-dependent transcription factor, ABI3 during post-germination stage. Here, I 

demonstrated the role of JMJ30/JMJ32-SnRK2.8 module in response to ABA during root 

elongation at vegetative stage. Although function of JMJ30/JMJ32-SnRK2.8 module in 

response to ABA was conserved between two different stages, upstream regulators were 

different. Thus, I conclude that factor X(s) activates JMJ30 in response to ABA during root 

elongation at vegetative stage (Fig. 45). It will be interesting to identify such factor in the future. 

SnRK2.8 plays a role in JMJ-mediated growth arrest in response to ABA during vegetative 

stage. 

  

Figure 45. Current model of ABA-mediated hitsone modification.  
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