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Abstract 

 

RNA decay plays an essential role in the regulation of gene expression 

during plant development and response to environmental stimuli. The 

protein DXO is a 5' to 3' exonuclease that functions in RNA degradation 

and RNA quality control that has been studied in animals. It has not yet 

been identified in plants. The gene locus At4g17620 in Arabidopsis 

thaliana encodes a protein homolog of the mammalian DXO, termed 

AtDXO. Recombinantly expressed AtDXO possesses a 5’-3’ RNA 

exonuclease activity in vitro. Loss-of-function of AtDXO in Arabidopsis 

generates multiple growth defects, including curled and yellowish leaves, 

growth retardation and limited fertility, whereas overexpression show no 

obvious growth phenotype. The development defect of atdxo might be 

attributed to aberrant RNAs, which are not degraded when AtDXO is 

dysfunctioning. From the RNA-Seq analysis, the transcriptome pattern 

of atdxo mutants shows significant disparity from wild-type. Among the 

differences, the defense response genes are elevated in atdxo while 

photosynthesis-related and plastid genesis-related genes are 

downregulated. The constitutive expression of defense response genes 

causes the autoimmune phenotypes of atdxo. This could be modulated 

by temperature and is partially dependent on the master immunity 

regulators EDS1 or NPR1. Reactive oxygen species (ROS) 

accumulation was also detected in the atdxo mutant, and atdxo showed 

insensitivity to oxidative stress imposed by paraquat. Moreover, the 
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atdxo mutant is hypersensitive to salt stress but not sensitive to general 

osmotic stress. In Arabidopsis, the 5’-3’ RNA decay pathway could act 

as a repressor of endogenous post-transcriptional gene silencing 

(PTGS), which is regulated by small RNAs (sRNA). The mutation of 

AtDXO caused productions of 24- and 25-nucleotide endogenous 

sRNAs. The growth defect phenotype of atdxo could not be repressed 

by dysfunction of the RDR6 (RNA-DEPENDENT RNA POLYMERASE 

6)-dependent sRNA biogenesis pathway. These findings demonstrate 

that AtDXO functions as a 5'-3' exoribonuclease both in vitro and in vivo 

to regulate plant development and to mediate the response to 

environmental stresses. 
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Chapter One - Introduction 

1.1 RNA decay in plants 

Ribonucleic acid is a molecule that plays a crucial role in multiple 

biological processes, and its biogenesis, stabilization, and degradation 

regulate gene expression and protein translation in cells. Research on 

the molecular mechanisms of RNA processing has been carried out for 

many years, but many details remain unknown. RNA decay is an 

essential process that rapidly degrades RNA molecules that are no 

longer needed by cells and to reprogram the transcriptome to modulate 

protein translation. RNA decay is often initiated by deadenylation of the 

RNA molecule, which is a gradual shortening of the Poly(A) tail and is 

catalyzed by the 3’ to 5’ poly (A) specific ribonuclease (PARN) and 

carbon catabolite repressor 4 (CCR4) complex (Yan, 2014). Two major 

pathways are involved in mRNA exonucleolytic degradation. One is RNA 

5’ to 3’ directional degradation, during which  RNA is degraded through 

5’ to 3’ exoribonuclease (XRNs) following the removal of the 5’-m7G cap 

by a decapping complex comprising DECAPPING 1 (DCP1), DCP2, and 

VARICOSE (VCS) (Xu et al., 2006). In the second pathway, RNA is 

degraded in the 3’ to 5’ direction, which is mostly processed by the 

exosome complex (Meyer et al., 2004; Shoemaker and Green, 2012).  

  

1.1.1 RNA deadenylation 

In eukaryotes, pre-mRNAs undergo a 3’-end modification by addition of 

a series of template-independent adenosines to form the poly(A) tail, 
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which stabilizes mRNA and is called polyadenylation. Another pathway 

does the opposite, shortening the poly(A) tail from the 3' end by 

deadenylase, which is known as deadenylation (Shyu et al., 1991; 

Muhlrad and Parker, 1992).  

In Arabidopsis, two types of deadenylases, the CCR4-Associated Factor 

1 (CAF1) Complex and the poly(A) ribonuclease (PARN), have been 

characterized. AtCAF1a and AtCAF1b are constitutively expressed in all 

tissues but upregulated in response to various biotic and abiotic stresses, 

mediated by jasmonic acid (JA), abscisic acid (ABA), 1-

aminocyclopropane-1-carboxylic acid (ACC) and salicylic acid (SA) 

(Liang et al., 2009; Walley et al., 2010a, 2010b). Single and double 

AtCAF1a and AtCAF1b mutants showed more susceptibility than wild-

type to infection by Pseudomonas syringae pv. tomato DC3000, while 

35S::AtCAF1a transgenic Arabidopsis showed enhanced resistance to 

this pathogen (Liang et al., 2009). Consequently, the plant deadenylase 

CCR4-CAF1 complexes might be involved in regulating defense 

responses. 

The PARN is another active deadenylase in Arabidopsis. mRNA 

deadenylation by AtPARN is critical for viability in Arabidopsis. 

Homozygosity for atparn is embryonic lethal, indicating AtPARN is 

essential for embryogenesis in Arabidopsis (Chiba et al., 2004; 

Reverdatto et al., 2004).  

Transcript levels in plants are regulated by deadenylation, since the 

stability of mRNA relies on the integrity of the poly(A) tail. Dysfunction of 
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deadenylases might cause abnormal expression of mRNAs in plant 

development and adaptation to environmental changes.    

   

1.1.2 3’ to 5’ RNA degradation 

The exosome complex is the major 3’-5’ RNA degradation machinery in 

plant cells (Lange and Gagliardi, 2010). The eukaryotic exosome 

consists of a pseudo-hexameric six-component ring (Rrp41, Rrp45, 

Rrp42, Rrp43, Mtr3, and Rrp46), three-component cap (Rrp4, Rrp40, 

and Csl4) and a central pore (Liu et al., 2006). The homologs of the nine 

core proteins are encoded within plant genomes. The core exosome 

complex of the plant is composed of homologs of RRP4, CSL4, RRP41, 

RRP42, RRP43, RRP46, and MTR3. Disruption of individual subunits of 

the plant exosome leads to distinct phenotypes at both the molecular 

and plant developmental levels, which differs from yeast, where each 

disruption of individual subunits causes similar phenotypes (Chekanova 

et al., 2007). For instance, loss of function of AtRRP41 or AtRRP4 

causes different growth defect phenotypes in Arabidopsis (Chekanova 

et al., 2007; Hooker et al., 2007). Heterozygous rrp41+/- mutants 

produce viable seeds and aborted ovules in a 1:1 ratio, and wild-type 

and heterozygous plants segregates at a 1:1 ratio among the viable 

seeds, suggesting that AtRRP41 is essential to female gametogenesis 

(Chekanova et al., 2007). However, loss of AtRRP4 impedes postzygotic 

progress severely rather than interfere with pollen or ovule development 

(Hooker et al., 2007). These distinct mutant phenotypes indicate that the 
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subunits of exosomes not only work as a complex to perform 5' to 3' RNA 

degradation but also might function discretely in plant development. 

 

1.1.3 5’ to 3’ RNA degradation 

In eukaryotes, 5’ to 3’ RNA degradation is mediated by XRN family 

proteins, which are conserved 5’-3’ RNA exoribonucleases. The 5’-3’ 

exoribonucleolytic digestion of mRNA occurs after decapping of the 5’ 

N7-methylguanosine (m7G) cap (Nagarajan et al., 2013). There are two 

XRN proteins in yeast: XRN1 and XRN2/Rat1 (Nagarajan et al., 2013). 

Arabidopsis has three homologs of XRN proteins: AtXRN2, AtXRN3, and 

AtXRN4, all of which are considered yeast XRN2 orthologs 

(Kastenmayer and Green, 2000). AtXRN2 and AtXRN3 are involved in 

pre-rRNA processing, while AtXRN4 plays a role in cytoplasmic mRNA 

degradation. AtXRN4 is localized in the cytoplasm, especially in the P-

body, while XRN2 is localized in the nucleus (Kastenmayer and Green, 

2000; Weber et al., 2008). Although there is no report of AtXRN3 

subcellular localization, AtXRN3 is thought to be localized in the nucleus 

like AtXRN2 since there is evidence showing it can enter yeast nucleus 

and degrade some substrates (Kastenmayer and Green, 2000). 

In several RNA processing pathways, three AtXRN proteins work 

independently. AtXRN2 plays an essential role in pre-ribosomal RNA 

processing and rRNA maturation, while AtXRN3 works redundantly with 

XRN2 in 5' processing of rRNA, and both are involved in 
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polyadenylation-dependent nuclear RNA surveillance (Zakrzewska-

Placzek et al., 2010). Among the exoribonucleases in Arabidopsis, 

AtXRN4 is the most well-studied. AtXRN4 is not the primary protein 

responsible for general mRNA decay, but degrades a small fraction of 

some mRNAs induced by stress (Estavillo et al., 2011; Merret et al., 

2013; Nguyen et al., 2014; Rymarquis et al., 2011).    

In Arabidopsis, knockout mutants of xrn2 and xrn4 do not manifest 

morphological differences when grown in normal conditions. However, 

AtXRN4 is known and was identified as Ethylene-Insensitive5 (EIN5), a 

key component in ethylene signal transduction (Olmedo et al., 2006). 

xrn4/ein5 mutants show enhanced elongation of hypocotyls and roots 

when grown and germinated in the dark for three days with ethylene, 

which is a typical ethylene-insensitive phenotype (Roman et al., 1995). 

Due to embryo-lethality, knockout mutants of xrn3 could not be obtained; 

however, knockdown mutants though T-DNA insertion and RNAi were 

acquired (Gy et al., 2007; Zakrzewska-Placzek et al., 2010). Among the 

three AtXRN genes, XRN3 is the most critical to plant survival. Moreover, 

XRN2, XRN3 and XRN4 can act individually as endogenous post-

transcriptional gene silencing (PTGS) suppressors (Gy et al., 2007). 

 

1.1.4 Nonsense-mediated mRNA decay 

Nonsense-mediated mRNA Decay (NMD) is a eukaryotic quality-control 

process in charge of the stability of both normal and aberrant transcripts. 

NMD accelerates RNA decay by coupling aberrant translation, 



 6 

elongation or termination (Inada, 2013; Lykke-Andersen and Bennett, 

2014; Chiba and Green, 2009) and eliminating aberrant transcripts 

containing premature termination codons (Kervestin and Jacobson, 

2012; Smith and Baker, 2015; Schweingruber et al., 2013; Popp and 

Maquat, 2014, 2013; Peccarelli and Kebaara, 2014). The NMD process 

degrades not only transcripts derived from transposable elements, 

aberrant non-coding RNAs, antisense RNAs, and pseudogenes but also 

regulates many normal protein-coding mRNAs (Drechsel et al., 2013; 

Kalyna et al., 2012; Kurihara et al., 2009).  

   

1.1.5 RNA decay and PTGS pathway 

Despite the fact that many dysfunctional or aberrant mRNAs are 

eliminated and degraded as above, a fraction of aberrant transcripts in 

plants may be processed as double-stranded RNAs (dsRNAs) by RNA-

DEPENDENT RNA POLYMERASEs (RDRs) and trigger 

posttranscriptional gene silencing (PTGS) (Liu and Chen, 2016; 

Vazquez and Hohn, 2013; Chen, 2008). These dsRNAs would be 

processed by Dicer-like (DCL) proteins into small interfering (si)RNA, 

which subsequently direct ARGONAUTE (AGO)-mediated cleavage of 

their homologous transcripts (Vazquez and Hohn, 2013). In plants, 

endogenous siRNAs are used to combat foreign transgenes, viral genes 

and some endogenous genes such as transposable elements and 

noncoding genes (Vazquez and Hohn, 2013; Eamens et al., 2008; 

Martínez de Alba et al., 2013).  
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Many components involved in RNA surveillance have been identified as 

repressors of PTGS, revealing the fact that PTGS would be triggered 

when aberrant RNAs in cells could not be degraded (Liu and Chen, 

2016). Many of these components are essential for decapping, 

deadenylation, 5’ to 3’ and 3’ to 5’ bidirectional exonucleolytic 

degradation and NMD and are needed to process proper decay of 

aberrant transcripts in the cytoplasm and nucleus (Zhang et al., 2015; 

Herr et al., 2006; Moreno et al., 2013; Yu et al., 2015; Gazzani et al., 

2004). Loss-of-function of AtXRN4 and the RNA helicase AtSKI2 causes 

severe growth defect or embryo-lethality. These defects could be 

significantly suppressed by disruption of the core PTGS components, 

such as RDR6, Suppressor of Gene Silencing 3 (SGS3), DCL2 and 

DCL4 or AGO1. The rdr6 mutation was also reported to rescue lethality 

in decapping factors mutants (Martínez de Alba et al., 2015). RDR6-

dependent generation of 21-22 nt siRNAs has been detected in mutants 

of both the RNA decapping and decay pathways (Zhang et al., 2015; 

Martínez de Alba et al., 2015). These studies indicate that RNA 

decapping activities or bidirectional exonucleolytic RNA decay are 

required to repress endogenous PTGS.  

        

1.2 The relationship between RNA decay and stress responses 

1.2.1 Abiotic stress 

In nature, plants encounter numerous abiotic stress, such as drought, 

salinity, and extreme temperatures. Rapid signaling responses are 
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required for plants to acclimate to environmental stresses. Regulation of 

gene expression is critical during responses to abiotic stresses. The 

stability of mRNA has been shown to regulate many stress response 

genes, including those associated with osmotic stress in human cells, 

yeast and plants (Maldonado-Bonilla, 2014; Fan et al., 2002; Greatrix 

and van Vuuren, 2006; Gowrishankar et al., 2006; Hilgers et al., 2006; 

Romero-Santacreu et al., 2009; Perea-Resa et al., 2016; Steffens et al., 

2015). 

In Arabidopsis, the mRNAs that code for components of the response to 

osmotic stress are rapidly degraded transcripts. Additionally, about 40% 

of the mRNAs encoding sodium transporters have been detected in their 

uncapped state. Together these indicate that the responses to salt stress 

could be regulated by mRNA stability and 5’ to 3’ degradation (Narsai et 

al., 2007; Jiao et al., 2008). The deadenylases PARN and CAF1 (Section 

1.1.1) were also found to be involved in responses to salt stress. ABA 

and osmotic stress could induce the expression of AtPARN, and a 

mutant of atcaf1a was able to germinate and grow on media containing 

salt (Nishimura et al., 2005; Walley et al., 2010a). The LSM1-7 complex, 

an essential component of the decapping machinery, is critical to plant 

tolerance to abiotic stresses. NCED3 and NCED5, two target transcripts 

of LSM1-7 components, are encoding critical enzymes in abscisic acid 

(ABA) biosynthesis (Perea-Resa et al., 2016). Additionally, xrn4 mutants 

show no significant phenotype in normal condition but are insensitive to 

ethylene when grown in the presence of ethylene and have a higher 
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tolerance to heat stress and a reduced sensitivity to auxin as measured 

by lateral root growth (Potuschak et al., 2006; Nguyen et al., 2014; Chen 

and Xiong, 2010).   

    

1.2.2 Biotic stress 

To inhibit pathogen infection, two layers of innate immunity are utilized 

by the plant. The first layer depends on receptors localized in the plasma 

membrane to detect the Pathogen (or Microbial) Associated Molecular 

Patterns (PAMPs or MAMPs) and to trigger transcriptional 

reprogramming, which is known as PAMP-triggered immunity (PTI) 

(Jones and Dangl, 2006). When pathogens defeat the PTI and penetrate 

to plant cells, they release effectors. The effectors can be recognized in 

the cytoplasm by nucleotide binding leucine-rich repeats (NLR) proteins, 

activating the second layer of defense, Effector-Triggered Immunity (ETI) 

(Dodds and Rathjen, 2010). There are two subclasses of plant NLRs, 

carrying either an N-terminal Toll/interleukin-1 receptor (TIR) domain 

(TNLs) or a coiled-coil (CC) domain (CNLs) (Heidrich et al., 2012).  

The NMD RNA surveillance mechanism (Section 1.1.4) is essential to 

plant defense responses. The disruption of the NMD pathway leads to 

continuous autoimmunity responses in plants. NMD controls turnover of 

the mRNA encoding TNL-NLRs in plant cells, and is inhibited by 

bacterial infection to stabilize these immune receptors (Gloggnitzer et al., 

2014). The deadenylases CAF1a and CAF1b are also crucial in plant 

defense responses. Expressions of the pathogenesis-related (PR) 
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genes PR1 and PR2 are decreased in the double and single CAF1a/b 

Arabidopsis mutants, and these mutants are more susceptible to 

bacterial infection (Liang et al., 2009). Transgenic tomato plants 

overexpressing the pepper CaCAF1 gene have increased expression of 

PR1 and PR2 and enhanced resistance to a fungal pathogen (Sarowar 

et al., 2007). Moreover, the RNA decay machinery was suggested to be 

a significant antiviral mechanism (Moon and Wilusz, 2013). In 

Arabidopsis infected by a recombinant tobacco rattle virus (TRV) 

carrying the green fluorescence protein gene (GFP), the number of viral 

RNAs is elevated in dcp2 mutants compared to wild-type plants (Ma et 

al., 2015). On the contrary, infection by cucumber necrosis virus (CNV) 

and tobacco mosaic virus (TMV) is inhibited by overexpression of 

AtXRN4 from Arabidopsis and OsXRN4 from Oryza sativa in N. 

benthamiana, respectively (Cheng et al., 2007; Jiang et al., 2018). RNA 

decay is activated by infection of turnip mosaic virus (TuMV) in Nicotiana 

benthamiana, and viral RNA accumulation is negatively modulated by 

the cytoplasmic 5'-3' RNA decay pathway proteins (5'RDGs) such as 

decapping protein 2 (DCP2) and exoribonuclease 4 (XRN4) (Li and 

Wang, 2018).      

 

1.3 DXO/Rai1 family protein 

1.3.1 5’-3’ exoribonuclease  

In the past decades, the DXO/Rai1 family of proteins have been broadly 

reported in diverse eukaryotic organisms, and most of them were found 
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to have RNA 5'-3' exonuclease activity. The first identified DXO protein 

is Rai1 in yeast, which does not have 5'-3' exoribonuclease activity but 

associates with Rat1 (homolog of XRN2 in Arabidopsis) and to activate 

the exoribonuclease activity of Rat1 (Xiang et al., 2009). There is a 

homolog of Rai1 in fission yeast, with low sequence similarity but with 

the similar overall structure, named Dxo1 (Ydr370C). Dxo1 was shown 

to have a distributive 5'-3' exoribonuclease activity in vitro (Chang et al., 

2012). The mammalian homolog DXO (known as Dom3Z previously) is 

also reported to possess 5’-3’ exoribonuclease activity (Jiao et al., 2013). 

The Rai1 protein in the filamentous fungus Ashbya gossypii has 5’-3’ 

exoribonuclease activity, based on a biochemical assay (Wang et al., 

2015).   

            

1.3.2 Decapping activity 

Eukaryote mRNAs are capped with a N7-methylguanosine (m7G) at their 

5’ end. DXO/Rai1 is involved in the quality control of capping of the 

mRNA 5’ end (Jurado et al., 2014; Zhai and Xiang, 2014). In yeast, Rai1, 

which forms a heterodimeric complex with Rat1, has RNA 5’ 

pyrophosphatase (PPH) activity (Xiang et al., 2009) and decapping 

activity on the unmethylated GpppRNA molecule, but much weaker 

activity to the intact m7GpppRNA (Jiao et al., 2010). Another homolog in 

yeast, Dxo1, has decapping activity to both GpppRNA and m7GpppRNA, 

but lacks the PPH activity (Chang et al., 2012). Interestingly, the 

incompletely capped mRNA would accumulate in rai1Δ S. cerevisiae 
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cells under nutritional stress (glucose or amino acid starvation) (Jiao et 

al., 2010) or in rai1Δdxo1Δ yeast strains under normal, non-stress 

conditions (Chang et al., 2012). These data indicate that Rai1 and Dxo1 

function redundantly in maintaining fidelity of the 5’ RNA cap. 

Mammalian DXO possesses multiple activities, namely PPH activity, 

decapping of unmethylated and methylated capped RNA, and 5’-3’ 

exoribonuclease activity (Jiao et al., 2013). However, mammalian DXO 

favorably degrades incompletely capped pre-mRNAs in cells, indicating 

it might be involved in pre-mRNA quality control. It is recently reported 

that mammalian cells also contain a non-canonical capped RNA in 

addition to m7G capped RNA: 5’ end nicotinamide adenine dinucleotide 

(NAD+)-Capped RNA. These NAD-Capped RNA can be decapped and 

hydrolyzed by DXO, based on biochemical test and structure analysis 

(Jiao et al., 2017). Although the biochemical functions of mammalian 

DXO is well defined, the biological function of it has not been reported.       

         

1.4 Perspective and technical scheme 

1.4.1 Perspective 

The importance of post-transcriptional regulation in cells became 

apparent and clear with continuously emerging research. As RNA decay 

is critical and indispensable to post-transcriptional regulation, the 

mechanism behind this has intrigued a large number of researchers over 

the past decades. 
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In eukaryotes, the machinery of RNA decay is conserved and 

contributes to regulation of every stage of cell development and of every 

response to environmental changes or pathogen infection. The 

DXO/Rai1 family of proteins have been identified and extensively 

reported as a unique enzyme in eukaryotic RNA degradation. However, 

there have been no reports on DXO in plants and, when first searched 

in gene databases, AtDXO in Arabidopsis was shown to be an unknown 

gene.  

This project focused on the identification of the molecular and biological 

functions of AtDXO and the possible role it might play in plant 

development. Although a lot of excellent and outstanding research about 

DXO in yeast and mammals has been published, these reports mainly 

concentrate on enzyme structure and biochemical functions, while the 

biological functions have not been identified. As a model plant, 

Arabidopsis is amenable to this sort of study, as numerous tools and 

databases are available and it is generally easy to obtain or generate 

mutants and transgenic plants. In this project, loss-of-function DXO 

mutants have been generated and characterized. The data showed that 

AtDXO is involved in various stages of plant cell and organ development 

and is required for responses to both abiotic and biotic stresses. This 

study contributes to the comprehensive understanding of DXO proteins 

and might bring insights to research about RNA degradation.    
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1.4.2 Technical scheme 
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Chapter Two - Materials and Methods 

2.1 Plant materials and growth conditions 

Arabidopsis thaliana ecotype Col-0 was used as the wild type in this 

study for morphological analysis, transgenic plant generation and 

transcript analysis. The T-DNA insertion lines dxo-1 (salk_103157) and 

dxo-2 (salk_032903) were obtained from the Nottingham Arabidopsis 

Stock Centre (NASC) (http://arabidopsis.info/). dcl2-1 (salk_064627), 

dcl4-2 (GABI_160G05), rdr6-11 and rdr1-1 (SAIL_672F11) were 

provided by Hongwei Guo’s Lab (Zhang et al., 2015). The double 

mutants of dxo-2 were acquired by hybridizing dxo-2 single mutants and 

selecting homozygous plants from the F2 generation.  

Arabidopsis plants grown in soil were placed in a walk-in growth room at 

22 ºC or 28 ºC (± 2 ºC) with 50% humidity and a light intensity of 125 mol 

m-2 sec-1 provided by cold and white fluorescent lamps under a 16-h 

light/8-h dark photoperiod. To grow seedlings on solid media, surface 

sterilized seeds were placed on half-strength Murashige and Skoog (MS) 

Basal Salts (2.15g/L, M5524, Sigma-Aldrich) containing 1% (w/v) 

sucrose (15503-022, Invitrogen) and 0.6% Agar, for horizontally placed 

plates, or 0.9% Agar, for vertically placed plates (A1296, Sigma-Aldrich), 

with a pH of 5.8 (adjusted by 1M KOH). Modified plates were prepared 

as described above with addition or elimination of some components. 

The plates with seeds were stratified in the dark at 4 ºC for three days 

and then placed in a growth chamber (Percival Scientific) at 22 ºC with 
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50% humidity and a light intensity of 125 mol m-2 sec-1 under a 16-h 

photoperiod. 

 

2.2 Bacterial strains and vectors 

Table 2.1 Bacterial strains used 

Bacterial strain Description 

A. tumefaciens 
GV3101 

Gentr, rifr Agrobacterium used for plant 
transformation  

E. coli DH5a Used for transformation and propagation of 
recombinant plasmids 

 

Table 2.2 Vectors used 

Vector Description Source 

pCAMBIA 1305-
3xflag 

A binary vector with multiple cloning 
sites flanked by a 35S promoter and 
3xflag and containing kanamycin 
resistance for bacterial selection 
and hygromycin resistance for plant 
selection 

 

pCAMBIA 
1305.2 

A binary vector with multiple cloning 
sites flanked by a promoter-less 
GUSPlus gene and containing 
kanamycin resistance for bacterial 

selection and hygromycin resistance 
for plant selection 

Marker 
Gene 
Technologi
es, Inc 

psgR-Cas9-At A vector containing pAtU6-sgRNA 
with a BbsI insertion site, Cas9, and 
ampicillin resistance for bacterial 
selection 

Zhu 
JianKang’s 
Lab 
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pCAMBIA 1300 A binary vector with multiple cloning 
sites and containing kanamycin 
resistance for bacterial selection 
and hygromycin resistance for plant 
selection 

 

 

2.3 Oligonucleotide primers 

Table 2.3 Oligonucleotide primers used 

Primer Sequence Description 

LBb1.3 ATTTTGCCGATTTCG
GAAC 

Left border primer of the T-DNA 
insertion, for SALK lines 

LB3 TAGCATCTGAATTTC
ATAACCAATCTCGAT
ACAC 

Left border primer of the T-DNA 
insertion, for SAIL lines 

SALK_10
3157 LP 

GACTGAACTCAAACT
CGGTCG 

Left genomic primer of T-DNA, 
works with SALK_103157 RP 
to identify WT allele 

SALK_10
3157 RP 

TGGGAAACAAGAAC
AAAGTGG 

Right genomic primer of T-
DNA, works with LBb1.3 to 
identify T-DNA insertion alleles 

SALK_03
2903 LP 

ATCACAGCAGTCCA
TTTCAGC 

Left genomic primer of T-DNA, 
works with SALK_032903 RP 
to identify WT allele 

SALK_03
2903 RP 

TCTACGATGACCAA
GGATTGG 

Right genomic primer of T-
DNA, works with LBb1.3 to 
identify T-DNA insertion alleles 

dxo-C2-F GATTGCTTGCTACA
GTCGAGTAGA 

Sense strand oligo to construct 
sgRNA of psgR-Cas9-At 

dxo-C2-R AAACTCTACTCGACT
GTAGCAAGC 

Antisense strand oligo to 
construct sgRNA of psgR-
Cas9-At 

dxo-C2 
cx-F 

GGGAGATACCAGAA
TTATCAGCGTG 

Left genomic primer to do PCR 
amplification of CRIPSR lines 
for sequencing 

dxo-C2 
cx-R 

TTAAATCCGCTCCAA
TCTCTTCACC 

Left genomic primer to do PCR 
amplification of CRISPR lines 
for sequencing 

eds1-2 F GCTACTGTTAACGAA
GCTTTCCTC 

Left genomic primer to 
distinguish eds1-2 mutant from 
WT allele 
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eds1-2 R TGGGAAGCGTAATC
CACCAC 

Right genomic primer to 
distinguish eds1-2 mutant from 
WT allele 

npr1-1 
HinfI F 

AGGAATCCGAGGGG
ATATACGGTGATT 

Left genomic primer for CAPS 
PCR to distinguish npr1-1 
mutant from WT allele 

npr1-1 
HinfI R 

CATAGTGGCTTGTTT
TGCGATC 

Right genomic primer for CAPS 
PCR to distinguish npr1-1 
mutant from WT allele 

o8409 ATATTGACCATCATA
CTCATTGC 

Left border primer of the T-DNA 
insertion, for GABI-Kat (GK-
160G05) lines 

dcl2-1 
LP(SALK
_064627) 

TGAATCATCTGGAA
GAGGTGG 

Left genomic primer of T-DNA, 
works with dcl2-1 RP to identify 
WT allele 

dcl2-1 
RP 

CTTCACAGGAGTTTT
TGGCTG 

Right genomic primer of T-
DNA, works with LBb1.3 to 
identify T-DNA insertion alleles 

dcl4-2 LP  AAGAGAACTTTTGCC
GAAAGC 

Left genomic primer of T-DNA, 
works with dcl4-2 RP to identify 
WT allele 

dcl4-2 
RP 

TTTGCCAGTCTTACA
AGTGGG 

Right genomic primer of T-
DNA, works with o8409 to 
identify T-DNA insertion alleles 

rdr1-1 LP TGAATCCTTAGCATT
TGGCTG 

Left genomic primer of T-DNA, 
works with rdr1-1 RP to identify 
WT allele 

rdr1-1 RP TTCCTTTCGTATAGT
TGGGCC 

Right genomic primer of T-
DNA, works with LB3 to identify 
T-DNA insertion alleles 

rdr6-11 
TaqI F 

CTGATTTTACTCAAG
TTGGGGCAATTGGA
C 

Left genomic primer for CAPS 
PCR to distinguish rdr6-11 
mutant from WT allele 

rdr6-11 
TaqI R 

CCACCTCACACGTT
CCTCTTGC 

Right genomic primer for CAPS 
PCR to distinguish rdr6-11 
mutant from WT allele 

DXOpro-
1305.2-
HindIII-F 

GACCTGCAGGCATG
CAAGCTTACAAAGTT
GTCGTTGTCTCTAG
CG 

For cloning 2004 bp of DXO 
promoter to construct 
pCAMBIA1305.2, HindIII site 
was underlined 

DXOpro-
1305.2-
NcoI-R 

AATGCTTAGTAGTAG
CCATGGGACCAAAT
TAGGTATCTCTATTT
CTCCTTC 

For cloning 2004 bp of DXO 
promoter to construct 
pCAMBIA1305.2, NcoI site was 
underlined  

DXO-pro-
EcoRI-F 

TATGACCATGATTAC
GAATTCACAAAGTTG

For cloning 2004 bp of DXO 
promoter to construct 
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TCGTTGTCTCTAGC
G 

pCAMBIA1305, EcoRI site was 
underlined  

DXO-pro-
BamHI-R 

CAGGTCGACTCTAG
AGGATCCGACCAAA
TTAGGTATCTCTATT
TCTCCTTC 

For cloning 2004 bp of DXO 
promoter to construct 
pCAMBIA1305, BamHI site was 
underlined  

RAI1gen
ome-F 

GATAGTACTGTCGA
CCTCGAGATGGATT
CACCGCCGAAGAAA
A 

For cloning DXO genomic 
sequence to generate 
overexpression and 
complementary transgenic 
plants 

RAI1gen
ome-R 

CCCGGGAGCGGTAC
CCTCGAGCTGAGGT
GGTGGTGGTGGTGA
T 

For cloning DXO genomic 
sequence to generate 
overexpression and 
complementary transgenic 
plants 

dxo 
qPCR 5' 

CTAAACAAGATATTG
GGCGCTG 

Real-time quantitative PCR for 
DXO 

dxo 
qPCR 3' 

AGGCTTTCAAAACAA
TAACCCC 

Real-time quantitative PCR for 
DXO 

ACTIN2_
qPCR_5' 

GGTAACATTGTGCT
CAGTGGTGG 

Real-time quantitative PCR for 
ACTIN2 

ACTIN2_
qPCR_3' 

AACGACCTTAATCTT
CATGCTGC 

Real-time quantitative PCR for 
ACTIN2 

PR1_qP
CR_5' 

ACAACTACGCTGCG
AACACG 

Real-time quantitative PCR for 
PR1 

PR1_qP
CR_3' 

ACACCTCACTTTGG
CACATCC 

Real-time quantitative PCR for 
PR1 

PR2_qP
CR_5' 

CAATCTCCCTTGCTC
GTGAATC 

Real-time quantitative PCR for 
PR2 

PR2_qP
CR_3' 

GGCGGTGAACAGAG
CGTAGT 

Real-time quantitative PCR for 
PR2 

NIMIN1 
qPCR 3' 

CACGGAAACGTAGA
CGAGAAG 

Real-time quantitative PCR for 
NIMIN1 

NIMIN1 
qPCR 5' 

GACCTTTCTCCGCC
GTTAG 

Real-time quantitative PCR for 
NIMIN1 

WRKY46 
qPCR 5' 

AAATGGCTCTATTGA
TGATGGTC 

Real-time quantitative PCR for 
WRKY46 

WRKY46 
qPCR 3' 

GCGTGCATCTGTAA
TATGCTCTA 

Real-time quantitative PCR for 
WRKY46 

CRK4 
qPCR 5' 

CCAACAAAAGTCTC
GACTACTTCA 

Real-time quantitative PCR for 
CRK4 

CRK4 
qPCR 3' 

TCCTCCAATGATTTT
GTACCG 

Real-time quantitative PCR for 
CRK4 

SUC7 
qPCR 5' 

CAAACTATTGAAACA
CAGAATCAAAAA 

Real-time quantitative PCR for 
SUC7 
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SUC7 
qPCR 3' 

TGAAAGAAAGTGGG
CTTGTCTC 

Real-time quantitative PCR for 
SUC7 

AtNUDT6
_qPCR_5
' 

ATTGCAGGAGATGG
AATACATGG 

Real-time quantitative PCR for 
NUDT6 

AtNUDT6
_qPCR_3
' 

CGTTGAGGAGGTTG
GCGTGAT 

Real-time quantitative PCR for 
NUDT6 

AtNUDT7
_qPCR_5
' 

TCGCCATTGTGCCA
ACTACC 

Real-time quantitative PCR for 
NUDT7 

AtNUDT7
_qPCR_3
' 

GAGGCTTGGTCACG
CGATACT 

Real-time quantitative PCR for 
NUDT7 

FMO1 
qPCR 5' 

CGCCATTGATTTGG
CTTTAGA 

Real-time quantitative PCR for 
FMO1 

FMO1 
qPCR 3' 

TCTCACCACCATTGT
GCAAG 

Real-time quantitative PCR for 
FMO1 

PAD4 
qPCR 5' 

CGACGCTGCCATAC
TCAAAC 

Real-time quantitative PCR for 
PAD4 

PAD4 
qPCR 3' 

CGGTTGAATGGCCG
GTTA 

Real-time quantitative PCR for 
PAD4 

AIG1 
qPCR 5' 

CAATGTGATTGACAC
TCCTGGT 

Real-time quantitative PCR for 
AIG1 

AIG1 
qPCR 3' 

GATAAAACTAAGAG
CACAGCGTGTAG 

Real-time quantitative PCR for 
AIG1 

MAK11 
qPCR 5' 

GCTTCTGGCATCGT
CTGTG 

Real-time quantitative PCR for 
MAPK11 

MAK11 
qPCR 3' 

CTCAAAGTTCTCTTA
GCGTCGAT 

Real-time quantitative PCR for 
MAPK11 

SAG13 
qPCR 5' 

CAGGGAGCATCGTG
CTCATA 

Real-time quantitative PCR for 
SAG13 

SAG13 
qPCR 3' 

CAGCTGATTCATGG
CTCCTT 

Real-time quantitative PCR for 
SAG13 

PARG2 
qPCR 5' 

CTATAGATGCCATG
CCTGACC 

Real-time quantitative PCR for 
PARG2 

PARG2 
qPCR 3' 

TGATGCATGTATCC
GCTAAAA 

Real-time quantitative PCR for 
PARG2 

ACS2 
qPCR 5' 

TTCAAGCTCCGACA
ATTTCAA 

Real-time quantitative PCR for 
ACS2 

ACS2 
qPCR 3' 

TGATGGGTTGGTCA
AAATCAG 

Real-time quantitative PCR for 
ACS2 

EDS5 
qPCR 5' 

CATCGAACTCGCTG
CTCTTG 

Real-time quantitative PCR for 
EDS5 

EDS5 
qPCR 3' 

GCAACCATATTGGAT
GTAGCC 

Real-time quantitative PCR for 
EDS5 
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ICS1 
qPCR 5' 

GCGTCGTTCGGTTA
CAGGT 

Real-time quantitative PCR for 
ICS1 

ICS1 
qPCR 3' 

GAAGAAACAGCGAG
GCTGAA 

Real-time quantitative PCR for 
ICS1 

VSP2 
qPCR 5' 

CAAAGGACTTGCCC
TAAAGAAC 

Real-time quantitative PCR for 
VPS2 

VSP2 
qPCR 3' 

GTCTTCTCTGTTCCG
TATCCAT 

Real-time quantitative PCR for 
VPS2 

ERF53 
qPCR 5' 

AGAGACATTCTGAA
GCTGAGTC 

Real-time quantitative PCR for 
ERF53 

ERF53 
qPCR 3' 

GCTTCTTCTGCTGTA
TCGAATG 

Real-time quantitative PCR for 
ERF53 

LHCB2.3 
qPCR 5' 

ATTAGCTATATGGGC
GTGTCAA 

Real-time quantitative PCR for 
LHCB2.3 

LHCB2.3 
qPCR 3' 

TTCAACTCTGAAAAC
GCTTCTG 

Real-time quantitative PCR for 
LHCB2.3 

PAP3 
qPCR 3' 

CCGATGGTACAGTG
AGCTTTC 

Real-time quantitative PCR for 
PAP3 

PAP3 
qPCR 5' 

CTCCGATTTCTCCCA
TCTGA 

Real-time quantitative PCR for 
PAP3 

CDC48D 
qPCR 3' 

GAGAGAGATATTCG
ACAAGGCA 

Real-time quantitative PCR for 
CDC48D 

CDC48D 
qPCR 5' 

CATTCCATCCATCTC
CGTAAGA 

Real-time quantitative PCR for 
CDC48D 

CNX1 
qPCR 5' 

TGTTGTTCTTCAGTA
CGAGGTT 

Real-time quantitative PCR for 
CNX1 

CNX1 
qPCR 3' 

AAATGCACTTTGTTC
GTACCTC 

Real-time quantitative PCR for 
CNX2 

HSP70 
qPCR 5' 

TACAACATGAGGAA
CACGATCA 

Real-time quantitative PCR for 
HSP70 

HSP70 
qPCR 3' 

ATTCAATAGCTTGGT
CGATTGC 

Real-time quantitative PCR for 
HSP70 

HSP70-
10 qPCR 
5' 

CTAATTCATGTGTTG
CCGTCAT 

Real-time quantitative PCR for 
HSP70-10 

HSP70-
10 qPCR 
3' 

CCTTTCGTGTTGAAT
GCTACAA 

Real-time quantitative PCR for 
HSP70-10 

HSP70-
17 qPCR 
5' 

TGTTGAAAAGCTTGA
TGAGGTG 

Real-time quantitative PCR for 
HSP70-17 

HSP70-
17 qPCR 
3' 

TGATCGGAAAGATAT
GGGACTG 

Real-time quantitative PCR for 
HSP70-17 

HSP70-2 
qPCR 5' 

TTCACTATCATCTCC
GGAACTG 

Real-time quantitative PCR for 
HSP70-2 
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HSP70-2 
qPCR 3' 

CAAAACATTCAAACC
AGCGATG 

Real-time quantitative PCR for 
HSP70-2 

HSP70-3 
qPCR 5' 

CACAAAGAAGGAGC
AAGTCTTC 

Real-time quantitative PCR for 
HSP70-3 

HSP70-3 
qPCR 3' 

CGTTGGTGATTGTG
ATCTTGTT 

Real-time quantitative PCR for 
HSP70-3 

HSP81-1 
qPCR 5' 

GACGAGCTTCAAAG
ATTACGTC 

Real-time quantitative PCR for 
HSP81-1 

HSP81-1 
qPCR 3' 

GTATCCTCTCTTCTT
CAGCCTC 

Real-time quantitative PCR for 
HSP81-1 

MED37A 
qPCR 5' 

TGTTTATTTGCGTTG
TCCTCTG 

Real-time quantitative PCR for 
MED37A 

MED37A 
qPCR 3' 

TGTAATACGGTTTCC
TTGGTCA 

Real-time quantitative PCR for 
MED37A 

MED37F 
qPCR 5' 

CCAGCTTACTTCAAT
GATGCTC 

Real-time quantitative PCR for 
MED37F 

MED37F 
qPCR 3' 

GCAGTAGGTTCGTT
GATGATTC 

Real-time quantitative PCR for 
MED37F 

PDIL1-2 
qPCR 5' 

GTTTGTTGACTCCAA
GGACTTC 

Real-time quantitative PCR for 
PDIL1-2 

PDIL1-2 
qPCR 3' 

CTGTTGCTCCAGTG
AAGTTAAC 

Real-time quantitative PCR for 
PDIL1-2 

PDIL2-2 
qPCR 5' 

TAAGAAAGACCCTTA
CGGCTTT 

Real-time quantitative PCR for 
PDIL2-2 

PDIL2-2 
qPCR 3' 

TTTCTTTGCGTTTAA
GGCTACC 

Real-time quantitative PCR for 
PDIL2-2 

 

2.4 Transformation of Arabidopsis  

2.4.1 Competent cell preparation and transformation of 

Agrobacterium  

A fresh colony of Agrobacterium GV3101 was picked from a Luria broth 

(LB) agar plate with 50 µg/mL rifampicin and inoculated into 4 mL of LB 

liquid medium for growth overnight at 28 °C with shaking at 250 rpm. 

Then, 1 mL of the culture was inoculated into 50 mL of LB medium in a 

250-mL flask for growth overnight at 28 °C with shaking at 250 rpm until 

the cells reached log phase (OD550 0.5-0.8). The culture was chilled on 

ice for 20 minutes, and the cells were collected by centrifugation at 5000 
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rpm for 10 minutes at 4 °C. The pellet was washed with 50 mL of sterile 

TE and centrifuged again. The cells were resuspended in 5 mL LB. An 

aliquot of 200 µL was placed in a 1.5-mL Eppendorf tube and frozen in 

liquid nitrogen immediately. The competent cells were stored at -80 °C.  

Binary construct DNA (around 1 µg) was added to ice-thawed competent 

cells, gently mixed well by pipetting and kept on ice for 5 min. The cells 

were placed in liquid nitrogen for 5 min then immediately put in a 37 °C 

water bath for 5 min. The cells were incubated in 1 mL LB at 28 °C with 

gentle shaking for 2-4 hours. The cells were collected by centrifugation 

at 4500 rpm for 1 min, resuspended with 100 µL LB, and spread onto LB 

agar plate with appropriate antibiotics. The plates were incubated at 

28 °C for two days. 

 

2.4.2 Floral dip transformation of Arabidopsis     

A freshly-grown single colony of transformed Agrobacterium was 

inoculated into 4 mL LB medium with antibiotics and incubated for 

around 24 hours at 28 °C. The transformation was verified by PCR 

analysis using a 10-µL aliquot of cultured cells. The precultured cells 

(1mL) were inoculated into 50 mL LB medium containing antibiotics in 

250-mL flasks overnight at 28 °C with shaking at 250 rpm. The cultured 

cells were pelleted by centrifugation at 6000 rpm for 10 min and 

resuspended with 30 mL infiltration medium containing 1X MS salts, 5% 

sucrose (w/v), 0.1% MES (w/v), 0.1% silwet-L77 and at pH at 5.7. The 

inflorescence shoots were dipped into the suspension sufficiently and 
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soaked for around 30 sec. The dipped plants were fully covered 

immediately to maintain the humidity. After 24 hours, the plants were 

uncovered and place in the normal condition. The first batch of seeds 

were collected after around 3 weeks. 

 

2.5 Transgenic lines - generation and selection 

The transgenic plants generated in this dissertation include DXO 

pro::AtDXO, Cas9-DXO, 35S::DXO-FLAG and DXO pro::GUS. 

The CRISPR-Cas9 Knockout mutant lines were generated by 

transforming the plants with the modified pCambia1300 construct with 

the psgR-Cas9-At backbone containing a pAtU9_sgRNA to target 

genomic regions of AtDXO in the catalytic site in exon 4 (refer to primer 

list). Plants of the T1 generation were firstly screened by Hygromycin B 

resistance and then isolated by sequencing to select and confirm 

genomic modification. The T-DNA insertion was excluded by PCR 

amplification in plants from the F2 progeny. The F2 plants were 

confirmed to be homozygous for the knockout mutant by sequencing. 

The homozygous knockout plants without T-DNA were used for the 

experiments. 

 

2.6 Exoribonuclease enzyme activity assay  

A fluorescein (6-FAM) 3’-end-labeled 38-nt single-stranded RNA 

(synthesized by Sangon) was incubated with 0.5 to 2 µM recombinant 

AtDXO (provide by Kaien Li) in a 20-µL reaction containing 100 mM KCl, 
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2 mM MgCl2, 1 mM MnCl2, 2 mM DTT, 10 mM Tris-HCl (pH 7.5) and 

incubated at 37 °C for 20 min. The reactions were stopped with 30 mM 

EDTA. The reactions were loaded into a 15% denaturing Urea 

Polyacrylamide Gel (Urea-PAGE) containing 8 M urea. The gel was 

electrophoresed in 1X TBE running buffer for 30 min. The reaction 

products were visualized using Bio-Rad ChemiDoc Touch Imaging 

System. 

 

2.7 Extraction and purification of genomic DNA 

Tissues from Arabidopsis were ground into fine powder in a 2-mL 

centrifuge tube containing a steel ball in liquid nitrogen at the time they 

were harvested. To the powder was added 500 μL 

Cetyltrimethylammonium bromide (CTAB) buffer containing 2% (w/v) 

CTAB, 1.4 M NaCl, 20 mM EDTA (pH 8.0), and 0.1M Tris-HCl, which 

was then mixed vigorously by vortex to obtain a homogenate. The 

homogenates were incubated at 65 °C for 15 min. The samples were 

cooled down before 300 μL chloroform was added to each tube and 

mixed by vortex for 1 minute. The tubes were centrifuged at 8500 rpm 

for 10 min. The supernatant containing the DNA was transfered to a new 

tube and gently mixed with an equal volume (around 400 μL) of 

isopropanol to precipitate the genomic DNA. After a 1-hour incubation, 

the tubes were centrifuged at max speed for 10 min to obtain the 

genomic DNA pellet. The pellet was washed with 70% (v/v) ethanol for 
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2 times and air dried. The genomic DNA pellet was redissolved with 50 

μL sterilized, distilled water and kept at -20 °C until further analysis. 

 

2.8 Extraction of RNAs 

Total RNAs for RNA-seq and real-time quantitative PCR were extracted 

using the Agilent Plant RNA Isolation Mini Kit (5188-2780, Agilent 

Technologies) following the manufacturer's protocol. The Arabidopsis 

tissues were collected into 2-mL Eppendorf tubes and ground into fine 

powder with steel balls in liquid nitrogen. The ground plant tissues were 

treated following the protocol of Agilent Plant RNA Isolation Mini Kit and 

extracted high-quality total RNAs. 

The small RNAs (<200 nt) for small RNA-seq were isolated using 

miRNeasy Mini Kit (217004, QIAGEN) following the manufacturer's 

protocol. Sixteen-day-old seedlings were collected in 2-mL Eppendorf 

tubes and ground like previously described. 

  

2.9 cDNA synthesis 

cDNAs used for cloning were synthesized using M-MLV Reverse 

Transcriptase (78306, USB). Genomic DNA was removed using rDNase 

I, RNase-Free (78411, USB). The purified RNA (1 μg) was treated with 

rDNAse I in 10 μL reaction volume by combining the RNA sample, 1 μL 

10X rDNAse I reaction buffer, adding RNase-Free water to 9 μL and 1 

μL rDNAse I at room temperature for 15 min. After the incubation, 1 μL 

Stop Solution was added to the reaction and incubated at 65 °C to 
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inactivate the enzyme activity. The treated RNA samples then 

underwent reverse transcription into cDNA by adding 25 pmol oligo dT12-

18 in a 10 μL reaction, which was incubated at 75 °C for 5 minutes and 

then immediately placed on ice. The prepared 15 μL reaction mix 

containing 5 μL 5X M-MLV Reaction Buffer, 1.25 μL 10 mM dNTP mix, 

100 units M-MLV Reverse Transcriptase and 10 units of Recombinant 

RNase Inhibitor (2313Q, TAKARA) was combined with the RNA and 

primer combination and incubated at 42 °C for 90 min. The synthesized 

cDNA was used to clone and any remaining was stored at -20 °C for 

future use. 

cDNA used for real-time quantitative PCR analysis was synthesized 

using PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real 

Time) (RR074A, TAKARA). Purified RNA (1 μg) was treated with gDNA 

Erase to remove contaminating genomic DNA. Treated RNA samples 

then underwent reverse transcription into cDNA by PrimeScript™ RT 

reagent kit following the manufacturer’s protocol. The synthesized cDNA 

was used to perform qPCR or stored at -20 °C.     

 

2.10 RNA-Seq analysis 

The purified RNA was isolated as previously described. mRNA libraries 

were prepared by Novogene using reagents for Illumina and sequenced 

on an Illumina Hiseq Sequencer. The TopHat 2.1.0 software (Trapnell et 

al., 2009) was used to map the total reads, and the reads were mapped 

to the Arabidopsis genome (TAIR10). RSEM 2.1.30 (Anders et al., 2015) 
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was used to statistically analyze the read counts for each gene. 

Differentially expressed genes (DEG) were generated by DEseq2 (Love 

et al., 2014), based on a sample fold change > 3 and the false discovery 

rate (FDR) adjusted P value < 0.01. Gene Ontology and KEGG pathway 

enrichment analyses were done via the DAVID database (Dennis et al., 

2003). 

 

2.11 Real-time quantitative PCR analysis 

The reaction mixture for real-time quantitative PCR was prepared 

following the protocol of the SYBR® Green PCR Master Mix (4364344, 

Thermo Fisher Scientific). The synthesized cDNA template together with 

the specific primers were added in a reaction volume of 25 �L containing 

SYBR® Green PCR Master Mix. The transcript levels were analyzed by 

at least three independent replicates, and the results were detected and 

collected by StepOnePlus™ Real-Time PCR System (437660, Thermo 

Fisher Scientific.) 

 

2.12 β-Glucuronidase (GUS) histochemical staining assay 

Freshly collected tissues were immersed in X-Gluc staining solution 

containing 50 mM sodium phosphate buffer (pH7.0), 10mM EDTA-

disodium salt (pH 8.0), 0.2% (v/v) Triton X-100, 1 mg/ml X-Gluc (5-

bromo-4-chloro-3-indolyl β-D glucuronide) solution, 2 mM potassium 

ferricyanide and 2 mM potassium ferrocyanide. The tissue samples in 

the staining solution were subject to vacuum infiltration for 1 hour in the 
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dark. The samples were then placed at 37 °C overnight in the dark. After 

the incubation, the staining solution was discarded and replaced with 70% 

ethanol to wash the pigment from the tissues. Several 70% ethanol 

washes were done until the tissues became transparent. The stained 

tissues were then observed under an Olympus SZX18 microscope. 

 

2.13 3,3'-Diaminobenzidine (DAB) staining assay 

Freshly collected plant tissues were immersed and treated with DAB 

solution containing 1 mg/mL DAB. The tissue samples in the DAB 

solution were vacuum infiltrated for several hours and incubated 

overnight. After the incubation, DAB solution was discarded and 

replaced with a bleaching solution, which contained ethanol, acetic acid 

and glycerol in a 3:1:1 ratio. When the pigments of the samples were 

washed out, the tissue samples with DAB staining were then observed 

under an Olympus SZX18 microscope. 
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Chapter Three - Results 

3.1 AtDXO is an RNA exonuclease  

The gene locus At4g17620 in Arabidopsis thaliana was identified as a 

DXO/Rai1 family protein by performing a BLAST search using 

sequences of the DXO from Mus musculus (mDXO). At4g17620 is 

described in TAIR (https://www.arabidopsis.org) as a glycine-rich 

protein-coding gene which has unknown function. The predicted AtDXO 

protein shares 29% identity with mDXO and 28% identity with yeast RAI1 

(spRAI1) in Schizosaccharomyces pombe. 

Proteins in the DXO/Rai1 family are reported to have intrinsic 5’-3’ 

exoribonuclease activity in many eukaryotes (Jurado et al., 2014; 

SGrudzien-Nogalska and Kiledjian, 2017). To test if AtDXO protein has 

functions similar to many other DXO/Rai1 proteins, in vitro enzymatic 

activity assays were performed using AtDXO, mDXO, and an AtDXO 

mutant protein with the catalytically active site Lys412 changed to Gln 

(K412Q) which were expressed in and purified from Escherichia coli 

(Figure 3.1A). Single-stranded 5’ monophosphate RNA 35-nt in length 

and labeled with 6-FAM (Fluorescein) at 3’ end was used. The 

fluorescein can be excited by UV so that RNA separated by PAGE can 

be detected under UV light. The synthesized RNA was incubatd together 

with AtDXO, mDXO and K412Q proteins and compared with untreated 

RNAs. In the control, only an intact RNA band can be detected. In the 

prescence of mDXO or AtDXO proteins, a degraded RNA band with a 

lower molecular mass in the denaturing Urea-PAGE was detected. 
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Moreover, there remained a strong, un-degraded band in the lane 

treated with K412Q, indicating that the enzymatic activity of K412Q was 

reduced (Figure 3.1B). With increasing DXO concentration, the 

degraded RNA band intensified gradually (Figure 3.1C). These suggest 

that AtDXO has RNA exonuclease activity in vitro. 

 

 

 
 
Figure 3.1. Recombinant AtDXO has in vitro enzymatic activity  

Recombinant AtDXO protein was expressed in E. coli and purified.  

(A) Western-blot analysis of recombinant AtDXO-His, AtDXO mutant 

K412Q-His and mDXO-His using His antibody. 

(B) 35-nt, single-stranded monophosphate RNA with 3’ FAM was treated 

with mDXO, AtDXO, and K412Q. 
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(C)  35-nt single-stranded monophosphate RNA incubated with AtDXO 

at different concentrations (0.5 µM, 1 µM, 2 µM; from left to right, 

excluding input) 

The treatment mixtures were all incubated at 37 °C for 20 minutes.  The 

untreated RNA (input) and treated RNA were analyzed by denaturing 

Urea-PAGE and visualized under UV. 

 

3.2 Plant growth and development are severely altered by loss-of-

function of AtDXO 

3.2.1 Phenotype characterization of AtDXO loss-of-function 

mutants 

To assess the biological function of DXO in Arabidopsis, we obtained 

two T-DNA insertion lines, salk_103157 and salk_032903, from the 

Nottingham Arabidopsis Stock Centre. The sites of insertions of these 

two lines were confirmed by PCR analysis and sequencing of the DNA 

flanking fragments (Figure 3.2D). salk_103157, with a T-DNA insertion 

at the second exon, is named dxo-1, and salk_032903, with a T-DNA 

insertion at the fifth intron, is named dxo-2. Both dxo-1 and dxo-2 were 

considered null mutants, as wild-type full-length DXO transcript could not 

be detected in these two mutant alleles by semi-quantitative RT-PCR 

(Figure 3.2C). Moreover, based on RNA-Seq results, dxo-1 could only 

generate a short transcript after the insertion site, and dxo-2 could only 

generate a short transcript before the insertion site (Figure 3.2E).  



 33 

The growth of AtDXO loss-of-function mutants displayed multiple severe 

development defects, and they were different from wild-type plants at 

various growth stages. The rosette leaves of the mutants were yellowish 

and curled, and the leaf shape was narrow and with a pointed tip (Figure 

3.2A). As the mutants grew, the rosette leaves became stacked and 

clustered, not stretched and smooth like in wild-type plants. At the bolting 

stage, the mutants seemed to lose the apical dominance and generate 

multiple elongated stems simultaneously, each without an apex, while 

the stems were thin and weak (Figure 3.3A). Although atdxo 

homozygous mutants could produce some viable seeds, their fertility 

was extremely poor. Siliques were often deformed and curled, with only 

a minority partially filled or bearing very few seeds (Figure 3.3B). Since 

both dxo-1 and dxo-2 shared almost the same phenotype, as described 

above, we used the dxo-2 line to do the following genetic mutational 

assay. 

To determine if the phenotypes as described above can be attributed to 

loss-of-function of AtDXO, transgenic complementation lines were 

generated in the dxo-2 line. The AtDXO gene, driven by its native 

promoter, was introduced into dxo-2 mutants. Two individual lines from 

Hygromycin B-resistant transformants were obtained and confirmed by 

PCR analysis. These two lines showed full complementation of the 

growth defect of dxo-2 in every aspect, suggesting the phenotype of 

mutants are caused by the loss-of-function of AtDXO.  
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In recent years, the Streptococcus pyogenes-derived CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 

(CRISPR-associated protein 9) system has become a useful tool for 

genome editing in many organisms, including Arabidopsis thaliana 

(Zhang et al., 2016). Along with T-DNA inserted mutants, CRISPR/Cas9 

knockout mutants (Figure 3.4A) were also generated. Two individual 

alleles were obtained, one which had 12-bp and another with a 13-bp 

deletion of the fourth exon (Figure 3.4B, C). Mutant 91 might generate a 

protein with a 4-aa deletion due to the 12-bp deletion, while mutant 93 

would not produce functional AtDXO since the 13-bp deletion caused a 

reading frame shift and introduce a premature stop codon. Lines 91 and 

93 both had the same phenotype as the T-DNA insertion mutants. This 

result also provided evidence that the multiple growth defects seen in 

atdxo were attributed to the loss-of-function of AtDXO.   
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Figure 3.2. Phenotypic identification and complementation of 

AtDXO mutants 

(A)  Twenty-eight-day-old plants of wild type, dxo-1 (salk_103157) and 

dxo-2 (salk_032903). Bars: 1 cm. 

(B)  The phenotype of wild-type plants and complementation transgenic 

lines in dxo-2. Bars: 1 cm. 

(C)  Transcript levels of DXO and ACTIN2 in dxo-1 (left) and dxo-2 (right) 

compared to wild-type plants as determined by semi-quantitative RT-

PCR. 

(D)  Schematic diagram of AtDXO gene structure and the sites of the two 

T-DNA insertion mutants. Gray-filled boxes, black-filled boxes, and 

lines represent untranslated regions (UTR), exons and introns 

respectively. 

(E) Integrated genomics image of transcripts of AT4G17620 from dxo-1 

and dxo-2 based on RNA-Seq results.  
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Figure 3.3. Morphological characteristics of dxo-2 at different 

growth stages 

(A)  The developmental phenotype of dxo-2 during vegetative growth 

stage. Bars: 5 mm. 
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(B) Silique variation of dxo-2, some carry no seeds, while some bear very 

few seeds.  Bar: 5 mm. 

 

 
 
Figure 3.4. AtDXO CRISPR/Cas9 Knockout mutants  

(A) Twenty-one-day-old plants of wild-type and CRISPR/Cas9 genomic 

knockout lines 93 and 91. Bar: 1 cm. 

(B) Diagram of the differential genomic regions in lines 91, 93, and wild-

type. 

(C) Schematic diagram showing the structure of the deletion site of the 

AtDXO gene. 
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3.2.2 Plants overexpressing AtDXO showed no obvious 

phenotype under normal conditions 

The previous results clearly showed that a deficiency of DXO in 

Arabidopsis could cause various growth defects. To test if there are any 

influences on plants when this gene is overexpressed, we obtained two 

transgenic lines overexpressing AtDXO (Figure 3.5A). The mRNA levels 

of AtDXO in these two lines were increased many hundredfold compared 

with wild-type, as determined by qPCR (Figure 3.5B). However, there 

was no obvious difference in the two overexpression lines compared 

with wild-type when growing at 22 °C.  
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Figure 3.5. Overexpression of AtDXO  

(A) Twenty-five-day-old plants of wild-type and AtDXO-overexpressing 

transgenic lines 35S::DXO-FLAG #8 and #9. Bar: 1 cm. 

(B)  Real-time quantitative PCR analysis of AtDXO mRNA levels in wild-

type and AtDXO-overexpressing transgenic lines 35S::DXO-FLAG-8 

and -9. (Error bars represent standard deviation.) 
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3.2.3 The chlorophyll content in atdxo mutants is lower and 

independent of exogenous sucrose supply 

One of the typical phenotypes in the atdxo mutants is yellowish leaves 

and stem. The chlorophyll was extracted from mutants to determine if 

the yellowish color of the plants is due to the amount of chlorophyll. Not 

surprisingly, the chlorophyll content (Chlorophyll a + b) of dxo-2 was 

significantly lower by around 50% compared to wild-type (Figure 3.6). 

On the other hand, the overexpression plants showed no difference with 

wild-type plants in chlorophyll content. To test if the lower chlorophyll 

content in dxo-2 was caused by exogenous sucrose addition, we grew 

the mutant, wild-type, and overexpression plants in the same medium 

but without sucrose. The chlorophyll content of dxo-2 was still 50% lower 

than wild-type and three lines did not show any significant differences 

compared to growing in the medium containing sucrose. The result 

indicated that the low content of chlorophyll in the atdxo mutant was not 

dependent on sucrose supply.  
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Figure 3.6. The chlorophyll content of dxo-2 is lower and 

independent on exogenous sucrose supply 

(A) Sixteen-day-old seedlings of wild-type, dxo-2, 35S::DXO-FLAG #8 

and #9 grown in MS medium with and without sucrose. 

(B) Chlorophyll content of wild-type, dxo-2, 35S::DXO-FLAG #8 grown in 

MS medium with and without sucrose. (Three biological replicates 

each; error bars represent standard deviation; t-test was used for 
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statistical significance; different letters represent a significant 

variance between each sample) 

 

3.3 Expression patterns of AtDXO 

To determine the expression patterns of AtDXO, the DXO promoter was 

cloned into a GUS reporter gene construct and transgenic plants were 

generated. Four lines of AtDXO pro::GUS were observed, and they all 

showed similar expression patterns. In ten-day-old seedlings, strong 

GUS activity was exhibited in trichomes of the newly grown leaves and 

roots, especially in root tips (Figure 3.7A-C). The result indicated that 

AtDXO was widely expressed during the seedling stage. In five-week-

old rosette leaves, strong GUS activity could also be observed in 

trichomes (Figure 3.7D). In floral buds, strong GUS activity was visible 

in the early floral development stage, before stage 14 (Figure 3.7E). In 

the flowers, the stigma was stained (Figure 3.7F). GUS activity was also 

detected in the immature seeds (Figure 3.7G-H), but not in the mature 

seeds or siliques.  
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Figure 3.7. Spatial localization of AtDXO  

AtDXO expression patterns were analyzed in AtDXO pro::GUS 

transgenic plants. 

(A-C) GUS staining in organs of ten-day-old seedlings: (A) leaves, (B) 

root, and (C) root tip. (Bars: 0.5 mm) 

(D-H) GUS staining in organs of five-week-old plants: (D) rosette leaf, (E, 

F) inflorescence, and (G, H) siliques and seeds. (Bars: 0.5 mm) 
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3.4 Transcriptome profiling and PCR verification 

3.4.1 RNA-Seq analysis showed that the atdxo mutant 

transcriptome is extremely different compared to wild-type 

To compare global gene expression between the wild-type and atdxo 

mutants, RNA-Seq (RNA sequencing) was used. Sixteen-day-old 

rosette leaves of dxo-1, dxo-2 and wild-type were collected and 

extracted in three biological replicates for RNA-Seq. An average of 43.5 

million reads was generated from the three biological replicates of dxo-

1, 43.8 million reads from dxo-2, and 42.4 million reads from wild-type 

samples. More than 95% of these reads mapped successfully to the 

Arabidopsis reference genome (Tair10). To investigate the overall 

expression patterns among the three plant lines, a heat map and 

hierarchical clustering were generated based on quantile normalization 

of the FPKM (Fragment Per Kilobase Million). The expression pattern 

was almost the same between dxo-1 and dxo-2, while wild-type was 

completely different and even the opposite (Figure 3.8A). Furthermore, 

KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment 

analysis of the DEGs (differently expressed genes) between atdxo 

mutants and wild-type suggested that various critical pathways were 

affected in the mutants (Figure 3.8B). Two pathways that are essential 

to plants were profoundly affected, that was, genes involved in the 

photosynthesis pathway were mostly downregulated, while those 

participating in plant-pathogen interaction pathways were upregulated. 

Moreover, Gene Ontology (GO) enrichment analysis revealed that dxo-
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1 and dxo-2 mutants shared similar GO terms and differed in the atdxo 

mutants compared to wild-type (Table 3.1).  
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Figure 3.8. Hierarchical clustering, heat map and KEGG analysis of 

the RNA-Seq data of wild-type and atdxo mutants 

(A) The heat map represents a compressed picture of the RNA 

expression levels in the Arabidopsis thaliana transcriptome in three 

replicates of wild-type, dxo-1 and dxo-2. Expression values are log2-

transformed median-centered FPKM. Green and red color intensity 

indicate low and high FPKM, respectively. Hierarchical clustering on 

the X-axis reveals sample similarity, whereas hierarchical clustering 

on the Y-axis groups genes with similar expression profiles between 

samples. 

(B) KEGG enrichment pathway analysis of DEGs between atdxo 

mutants and wild-type. The dot size represents gene ratio (number 

of enriched genes / number of DEGs), and the color of the dots from 

blue to red represents p.adjust from low to high. 
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Table 3.1 Gene ontology (GO) categories among the differentially expressed genes of dxo-1 and dxo-2 compared to wild-

type 

 

Data Set GO ID Term Count 
Fold 
Enrichment p.adjust 

dxo-1/wild-
type 
upregulated 
 
 
 
 
 
 
 
 
 
 
 
 

GO:0006952 defense response 529 4.915145554 2.36E-138 
GO:0006950 response to stress 884 3.29568118 8.79E-129 
GO:0002376 immune system process 389 6.186340907 4.87E-128 
GO:0009814 defense response, incompatible interaction 276 9.615018163 5.76E-124 
GO:0009627 systemic acquired resistance 249 11.4240098 8.00E-123 
GO:0050896 response to stimulus 1205 2.888126351 1.73E-121 
GO:0045087 innate immune response 350 6.325960203 4.54E-118 
GO:0006955 immune response 350 6.239039279 8.16E-117 
GO:0009607 response to biotic stimulus 449 4.372866115 2.42E-106 
GO:0043207 response to external biotic stimulus 448 4.360754438 8.04E-106 
GO:0051707 response to other organism 448 4.360754438 8.04E-106 
GO:0098542 defense response to other organism 364 5.023680947 7.79E-101 
GO:0042221 response to chemical 810 2.912516209 2.54E-100 
GO:1901700 response to oxygen-containing compound 595 3.370208868 5.85E-99 
GO:0034976 response to endoplasmic reticulum stress 191 10.1287047 2.10E-89 
GO:0009605 response to external stimulus 522 3.274930832 2.30E-85 
GO:0010033 response to organic substance 637 2.86023131 9.32E-82 
GO:0009697 salicylic acid biosynthetic process 134 15.3870754 1.43E-76 
GO:0009751 response to salicylic acid 206 6.803305095 1.93E-75 
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GO:0009696 salicylic acid metabolic process 137 13.89266211 4.22E-75 
GO:0033554 cellular response to stress 383 3.639779142 6.32E-75 
GO:0031347 regulation of defense response 217 5.881786254 4.06E-71 
GO:0071446 cellular response to salicylic acid stimulus 169 7.906726268 5.72E-69 
GO:0051716 cellular response to stimulus 579 2.698077383 8.04E-69 
GO:0080134 regulation of response to stress 220 5.538836444 1.24E-68 

 
 
 
 
 
 
 
 
 
 
dxo-2/wild-
type 
upregulated 

GO:0006952 defense response 447 5.037214206 1.03E-123 
GO:0009627 systemic acquired resistance 228 12.3688246 5.37E-123 
GO:0009814 defense response, incompatible interaction 247 10.11986062 1.03E-119 
GO:0002376 immune system process 336 6.407134654 3.71E-118 
GO:0045087 innate immune response 306 6.659075927 1.17E-111 
GO:0006955 immune response 306 6.57452394 1.40E-110 
GO:0098542 defense response to other organism 316 5.316636543 1.52E-95 
GO:0006950 response to stress 695 3.084358543 3.41E-95 
GO:0009607 response to biotic stimulus 377 4.445793112 4.77E-94 
GO:0043207 response to external biotic stimulus 376 4.430936286 1.69E-93 
GO:0051707 response to other organism 376 4.430936286 1.69E-93 
GO:0009697 salicylic acid biosynthetic process 131 18.86246742 1.49E-85 
GO:0050896 response to stimulus 935 2.632802726 1.38E-83 
GO:0009696 salicylic acid metabolic process 133 16.79367063 3.40E-83 
GO:0034976 response to endoplasmic reticulum stress 168 10.14676066 7.36E-83 
GO:0009605 response to external stimulus 427 3.259416467 9.96E-72 
GO:1901700 response to oxygen-containing compound 464 3.105545238 1.45E-71 
GO:0009751 response to salicylic acid 180 7.025024979 1.54E-70 
GO:0031347 regulation of defense response 193 6.336692375 7.11E-70 
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GO:0033554 cellular response to stress 326 3.808634064 1.27E-69 
GO:0051704 multi-organism process 415 3.215877614 9.72E-69 
GO:0080134 regulation of response to stress 196 6.009221061 4.89E-68 
GO:0071446 cellular response to salicylic acid stimulus 152 8.459156931 8.06E-68 
GO:0009863 salicylic acid mediated signaling pathway 150 8.337872734 2.23E-66 
GO:0051716 cellular response to stimulus 487 2.840743743 1.04E-64 

 
 
 
 
dxo-1/wild-
type 
downregulated 

GO:0009657 plastid organization 138 6.093324373 1.39E-49 
GO:0015979 photosynthesis 136 5.482112779 6.05E-45 
GO:0019682 glyceraldehyde-3-phosphate metabolic process 120 6.299073519 1.42E-44 

GO:0019288 
isopentenyl diphosphate biosynthetic process, 
methylerythritol 4-phosphate pathway 94 7.749096626 8.47E-41 

GO:0009240 isopentenyl diphosphate biosynthetic process 94 7.526107501 4.80E-40 
GO:0046490 isopentenyl diphosphate metabolic process 94 7.526107501 4.80E-40 
GO:0009668 plastid membrane organization 84 8.222084866 4.79E-38 
GO:0010027 thylakoid membrane organization 84 8.222084866 4.79E-38 
GO:0006081 cellular aldehyde metabolic process 125 4.638890533 7.74E-36 
GO:0008299 isoprenoid biosynthetic process 123 4.328248562 5.17E-33 
GO:0006720 isoprenoid metabolic process 125 4.178638056 2.46E-32 
GO:0019684 photosynthesis, light reaction 98 5.006891219 1.17E-30 
GO:0006644 phospholipid metabolic process 112 4.325818331 2.87E-30 
GO:0008654 phospholipid biosynthetic process 108 4.423566339 6.39E-30 
GO:0034660 ncRNA metabolic process 102 4.459898924 1.30E-28 
GO:0044699 single-organism process 1027 1.724053728 3.76E-28 
GO:0006364 rRNA processing 80 5.416148713 3.84E-27 
GO:0016072 rRNA metabolic process 80 5.383039534 5.24E-27 



 52 

GO:0044763 single-organism cellular process 833 1.713185037 6.11E-27 
GO:0044085 cellular component biogenesis 242 2.372401163 1.67E-26 
GO:1903047 mitotic cell cycle process 84 4.887537545 4.93E-26 
GO:0009658 chloroplast organization 77 5.368958034 5.15E-26 
GO:0000911 cytokinesis by cell plate formation 71 5.905778432 5.27E-26 
GO:0032506 cytokinetic process 71 5.905778432 5.27E-26 
GO:1902410 mitotic cytokinetic process 71 5.905778432 5.27E-26 

dxo-2/wild-
type 
downregulated 

GO:0015979 photosynthesis 98 5.035427823 6.06E-32 
GO:0019682 glyceraldehyde-3-phosphate metabolic process 83 5.361316812 5.91E-29 
GO:0006081 cellular aldehyde metabolic process 87 4.139852895 9.36E-24 
GO:0019684 photosynthesis, light reaction 73 4.850673694 1.33E-23 

GO:0019288 
isopentenyl diphosphate biosynthetic process, 
methylerythritol 4-phosphate pathway 59 5.550123242 8.51E-22 

GO:0009240 isopentenyl diphosphate biosynthetic process 59 5.42214876 2.17E-21 
GO:0046490 isopentenyl diphosphate metabolic process 59 5.42214876 2.17E-21 
GO:0044711 single-organism biosynthetic process 293 1.907481811 9.67E-19 
GO:0009657 plastid organization 74 3.702444396 3.07E-18 
GO:0008299 isoprenoid biosynthetic process 79 3.504846322 3.77E-18 
GO:0006720 isoprenoid metabolic process 81 3.436399334 3.98E-18 
GO:0044699 single-organism process 720 1.646009335 6.40E-18 
GO:0008610 lipid biosynthetic process 125 2.435731528 4.93E-16 
GO:0044763 single-organism cellular process 577 1.606119113 5.56E-16 
GO:0006812 cation transport 99 2.726591175 8.31E-16 
GO:0008654 phospholipid biosynthetic process 68 3.48390142 8.43E-16 
GO:0006811 ion transport 123 2.401505236 1.98E-15 
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GO:0006644 phospholipid metabolic process 69 3.322776946 3.95E-15 
GO:0090558 plant epidermis development 95 2.677522537 7.62E-15 
GO:0006364 rRNA processing 50 4.110391313 2.10E-14 
GO:0016072 rRNA metabolic process 50 4.089102038 2.49E-14 
GO:0006739 NADP metabolic process 42 4.633149959 8.05E-14 
GO:0044710 single-organism metabolic process 390 1.618760666 8.75E-14 
GO:0009888 tissue development 140 2.134632418 1.04E-13 
GO:0006098 pentose-phosphate shunt 41 4.616016356 1.73E-13 

*The false discovery rate (FDR) for each listed enriched GO term was less than 0.01. The number of counts represents the median 

read count of gene number in that GO category, and the fold enrichment represents the function of intensity. The list is sorted by 

p.adjust from low to high.    
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3.4.2 qPCR verification corresponded with the RNA-Seq results 

and showed upregulation of defense-related genes and 

downregulation of photosynthesis-related genes  

To further verify if the RNA-seq analysis results correspond with intrinsic 

RNA expressions levels, 31 genes from different pathways were 

selected for real-time PCR analysis (Figure 3.9). According to the KEGG 

pathway and GO enrichment analyses, the expression levels of genes 

involved in plant-pathogen interaction and protein processing in 

endoplasmic reticulum were significantly elevated in the atdxo mutants, 

while expression levels of genes in the photosynthesis pathway were 

decreased. The results of RNA-Seq and qPCR were consistent with 

each other (Table 3.2). This indicated that the RNA-Seq data was 

reliable and could be used for transcriptome analysis about AtDXO. For 

16 well-known defense response-related genes, the mRNA expression 

levels were increased in both dxo-1 and dxo-2. The expression of the 

defense-associated marker genes PR1 and PR2 showed more than 30-

fold increases in both dxo-1 and dxo-2. These results indicated that 

atdxo mutants constitutively express defense response-related genes at 

high levels and implied that these mutants could be pathogen-resistant 

mutants.  

qPCR analysis was also done for some other differentially expressed 

genes that were not enriched in the KEGG pathway but essential to plant 

development, including response to salt stress and phosphate 
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acquisition and utilization. qPCR results of these genes were consistent 

with the RNA-Seq results, with expression levels all downregulated.  
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Figure 3.9. Real-time PCR verification of RNA-Seq Analysis 

Expression levels of 31 differentially expressed genes (Table 1) in wild-

type, dxo-1 and dxo-2. RNAs were extracted from 16-day-old rosette 

leaves. (Error bars represent standard deviation.) 
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Table 3.2 Real-time PCR verification summary (qPCR) 

 
Accession no. Gene Name Description Relative mRNA level 

(mutants/WT) 
Defense response 
AT2G14610 PR1 Pathogenesis-related protein 1  + 
AT3G57260 PR2 Pathogenesis-related protein 2 + 
AT1G02450 NIMIN1 Protein NIM1-INTERACTING 1  + 
AT4G39030 EDS5 Enhanced disease susceptibility 5  + 
AT1G33960 AIG1 Protein AIG1  + 
AT2G29350 SAG13 Senescence-associated protein 13  + 
AT2G46400 WRKY46 Probable WRKY transcription factor 46  + 
AT3G52430 PAD4 Lipase-like PAD4  + 
AT1G74710 ICS1 Isochorismate synthase 1, chloroplastic  + 
AT1G01480 ACS2 1-aminocyclopropane-1-carboxylate synthase 2  + 
AT1G01560 MPK11 Mitogen-activated protein kinase 11  + 
AT1G19250 FMO1 Probable flavin-containing monooxygenase 1  + 
AT2G04450 NUDT6 Nudix hydrolase 6  + 
AT4G12720 NUDT7 Nudix hydrolase 7  + 
AT2G31865 PARG2 Probable poly(ADP-ribose) glycohydrolase 2  + 
AT3G45860 CRK4 Cysteine-rich receptor-like protein kinase 4  + 
Protein processing in endoplasmic reticulum 
AT5G61790 CNX1 Calnexin homolog 1  + 
AT3G53230 CDC48D Cell division control protein 48 homolog D  + 
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AT5G28540 MED37A Mediator of RNA polymerase II transcription subunit 37a  + 
AT3G12580 HSP70 Heat shock protein 70 + 
AT5G02490 HSP70-2 Heat shock protein 70 (Hsp 70) family protein + 
AT4G16660 HSP70-17 Heat shock 70 kDa protein 17  + 
AT5G09590 HSP70-10 Heat shock 70 kDa protein 10, mitochondrial  + 
AT5G52640 HSP81-1 heat shock protein 90.1  + 
AT5G42020 MED37F Mediator of RNA polymerase II transcription subunit 37f  + 
AT1G77510 PDIL1-2 Protein disulfide isomerase-like 1-2  + 
Photosynthesis - antenna proteins 
AT3G27690 LHCB2.3 Photosystem II light harvesting complex gene 2.3  - 
Response to salt stress 
AT2G20880 ERF053 Ethylene-responsive transcription factor ERF053  - 
AT5G24770 VSP2 Vegetative storage protein 2  - 
Phosphate acquisition and utilization 
AT1G14700 PAP3 Purple acid phosphatase 3  - 

 
 
The genes listed in the table are grouped by their molecular function. + or – in the relative mRNA level column represents expression 
level down- or up-regulated in atdxo mutants versus wild-type. 
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3.5. atdxo mutants showed enhanced immunity response 

According to the RNA-Seq and qPCR results, a large amount of defense 

response genes were elevated in the atdxo mutants. It has been 

reported that in some mutants, the plant defense response is inhibited 

by a moderately high temperature (Alcázar and Parker, 2011). Therefore, 

dxo-1 and dxo-2 were grown at 28 °C to observe changes in their growth 

defect phenotype. At 22 °C, atdxo mutants showed dwarfism and curled 

leaves, as described before. An apparent alteration could be observed 

when the plants were grown at 28 °C, even though the phenotype was 

not restored to that of wild-type (Figure 3.10A-C). The strong constitutive 

expression of PR1 and PR2 in dxo-2 growing at 22 °C was suppressed 

when growing at 28 °C (Figure 3.10D). The most distinguishable 

difference was the larger size of atdxo plants grown at 28 °C compared 

with those grown at 22 °C, and the leaves were wider, smoother and 

uncurled. Nevertheless, atdxo mutants still retained some phenotypes at 

28 °C or 22 °C, such as yellowish color and poor fertility (Figure 3.10A-

C).  

When under pathogen attack, plants generally generate reactive oxygen 

species (ROS) as a defense response. Since atdxo had continuously 

induced defense response-related genes and showed autoimmunity, 

ROS accumulation was investigated by staining the tissue with DAB (3�, 

3�- diaminobenzidine), a reagent detecting H2O2. The first pair of true 

leaves from 16-day-old plants were collected for staining. Leaves from 
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atdxo plants showed intense H2O2 accumulation, while staining was not 

detectable in wild-type (Figure 3.11C). This suggested that atdxo 

mutants exhibited a constitutively elevated defense response and that 

AtDXO could be involved in disease resistance.  

Numerous SA-dependent defense response genes were increased in 

the atdxo mutants. NPR1 (Nonexpresser of PR genes 1) is a critical 

signaling component downstream of SA in Arabidopsis (Dong, 2004). 

Therefore, dxo-2 was crossed with npr1-1, a loss-of-function mutant of 

NPR1, to test whether the mutation of NPR1 could influence the 

phenotype of the atdxo mutants. Compared with the single dxo-2 mutant, 

the dxo-2 npr1-1 double mutant was slightly bigger, but no other 

significant change in the phenotype was observed (Figure 3.11A). EDS1 

(Enhanced Disease Susceptibility 1) encodes a 72-kD lipase-like protein 

that operates upstream of SA-mediated defenses (Falk et al., 1999). An 

additional cross between dxo-2 and eds1-2 partially restored the 

phenotype of dxo-2. The dxo-2 eds1-2 double mutant was visibly larger 

than dxo-2, and its leaves exhibited uncurled and a smooth in shape 

(Figure 3.11A). Moreover, the high expression level of PR1 and PR2 in 

dxo-2 was significantly repressed in npr1-1 dxo-2 or eds1-2 dxo-2 

mutants (Figure 3.11B). These mutational analyses indicated that the 

phenotype of the atdxo mutants could at least in part be attributed to 

enhanced defense resistance.  

To investigate whether the atdxo mutant could resist pathogen infection, 

the dxo-2 mutant and wild type were infected with Pst DC3000. The dxo-
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2 showed significantly increased resistance to Pst DC3000 based on 

quantification of pathogen growth three days after inoculation (Figure 

3.12).     
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Figure 3.10. Plant growth of atdxo mutants is partially temperature 

dependent 

(A) Twenty-one-day-old plants of wild-type and dxo-2 grown at 28 °C and 

22 °C. Bar: 1 cm. 

(B) Twenty-eight-day-old plants of dxo-1 grown at 28 °C and 22 °C. Bar: 

1 cm. 

(C) Thirty-five-day-old plants of dxo-2 grown at 28 °C and 22 °C. Bar: 1 

cm. 

(D) Expression levels of PR1 and PR2 of 21-day-old plants of wild type 

and dxo-2 grown at 28 °C and 22 °C. (Error bars represent standard 

deviation; t-test was used for statistical significance; **P <0.01.) 
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Figure 3.11. Mutational analysis of dxo-2 in the immunity response 

pathway and detection of ROS 

(A) Twenty-eight-day-old plants of wild-type, dxo-2, eds1-2 dxo-2 and 

npr1-1 dxo-2 grown at 22 °C. Bar: 1cm. 
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(B) Expression levels of PR1 and PR2 in 28-day-old plants of wild-type, 

dxo-2, eds1-2 dxo-2 and npr1-1 dxo-2 grown at 22 °C. (Error bars 

represent standard deviation; t-test was used for statistical 

significance compared with dxo-2; **P <0.01.) 

(C) DAB staining of wild type and dxo-2. The first pair of true leaves were 

detached from 16-day-old seedlings and stained with DAB for H2O2 

detection.  

 

 

Figure 3.12. The in planta bacterial growth assay 

WT and dxo-2 were inoculated with Pst DC3000. Bacteria growth was 

counted three days after inoculation. (Error bars represent standard 

deviation; t-test was used for statistical significance; **P <0.01) 
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3.6 atdxo is resistant to oxidative stress and sensitive to salt stress 

Since the atdxo mutant was tolerant to biotic stress, dxo-2 was 

challenged with paraquat-induced oxidative stress and salt stress. In 

green plants, paraquat accepts electrons generated by PSI and transfers 

them to molecular oxygen, causing production of reactive oxygen 

species (ROS) (Haley, 1979). Under normal growth conditions, 9-day-

old dxo-2 mutants showed no distinguishable difference between wild-

type in root length and leaf size. However, when germinated and grown 

in the presence of 100 mM paraquat, dxo-2 exhibited a phenotype that 

was more resistant than wild-type plants (Figure 3.13). The leaf size in 

dxo-2 was larger than in wild-type. Moreover, the root length was 

significantly longer in dxo-2 when compared with wild-type.  

Seeds were grown in medium containing NaCl to test the response to 

salt stress. The relative root growth of dxo-2 plants was significantly 

inhibited under salt stress compared with the standard medium (Figure 

3.14). The responses of dxo-2 to salts and mannitol were compared to 

determine if atdxo is hypersensitive to general osmotic stress or salt 

stress. Figures 3.14B showed that dxo-2 was hypersensitive to NaCl but 

not to mannitol. The results indicated that the dxo-2 was not sensitive to 

general osmotic stress but was hypersensitive to salt stress. 
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Figure 3.13. dxo-2 is tolerant to paraquat-induced oxidative stress 

(A) Nine-day-old wild-type and dxo-2 seeds grown on MS and MS 

containing 100 nM paraquat. Bar: 1 cm. 
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(B) The primary root length of wild-type and dxo-2 grown on MS and MS 

+ 100 nM paraquat. (33 seedlings were measured per treatment; 

error bars represent standard deviation; t-test was used for statistical 

significance; ***P<0.001) 

 

 

Figure 3.14. dxo-2 is hypersensitive to salt stress but insensitive to 

osmotic stress  

(A) Nine-day-old wild-type and dxo-2 seedlings on MS, MS with 100 mM 

NaCl, and MS with 150 mM NaCl MS plate.  

(B) primary root growth of wild-type and dxo-2 on MS with either 100 mM 

NaCl, 150 mM NaCl or 400 mM mannitol relative to growth on normal 

MS. (21 seedlings were measured each; error bars represent 
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standard deviation; t test was used for statistical significance; ***P 

<0.001) 

 

3.7 Suppression of genes in PTGS pathways did not rescue the 

atdxo phenotype  

In the past decades, it has been widely published that many components 

of RNA decay, which are destined to remove aberrant transcripts, are 

repressors of PTGS (Zhang and Guo, 2017). To test if AtDXO is involved 

in PTGS or affected by PTGS, dxo-2 was crossed with three different 

loss-of-function mutants in genes encoding central PTGS factors, 

namely. The phenotypes of the hybridized lines with dxo-2 and either 

RNA-dependent RNA Polymerase 6 (RDR6), RNA-dependent RNA 

Polymerase 1 (RDR1) or Dicer-like 2 (DCL2) were the same as dxo-2 

(Figure 3.15). However, the loss-of-function of DCL4, which is involved 

in biogenesis of 21-nt siRNA, aggravated the growth defect phenotype 

of dxo-2. The dxo-2 dcl4 double mutants were paler than dxo-2 and 

could not survive after the second true leaves began to emerge (around 

18 days after germination) (Figure 3.15A). The mutational analysis in the 

PTGS pathway suggested that DXO might not associate with the 

traditional RNA decay pathways, like other exoribonucleases such as 

XRN4, but that the inability to generate 21-nt siRNA caused by dcl4 

mutation exacerbates the atdxo phenotype.  

Small RNA sequencing (sRNA-Seq) was performed to find out if there 

were any changes in the sRNA population in dxo-2 and to determine the 
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cause behind the lethality of the dxo-2 dcl4-2 mutants. In dxo-2, 24-nt 

and 25-nt sRNAs accumulated, but in the dcl4-2 dxo-2 double mutant, 

these were suppressed while the 22-nt sRNAs were elevated (Figure 

3.16). This indicated that the 22-nt sRNA accumulation might impair the 

growth of dxo-2 mutants and that dxo-2 might be involved in endogenous 

sRNA biogenesis that is independent on RDR6.  

 

  

Figure 3.15. Mutational analysis of dxo-2 with genes disrupting 

core factors in the PTGS pathways 

(A) Eighteen-day-old plants of wild-type, dcl2-1, dxo-2 dcl2-1, dcl4-2, 

dxo-2 dcl4-2 and dxo-2. 
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(B) Twenty-one-day-old plants of wild-type, dxo-2, rdr6-11, dxo-2 rdr6-

11, rdr1-1 and dxo-2 rdr1-1. 

 

Figure 3.16. Size distribution of sRNAs 

Read counts were obtained from sRNA-Seq of wild-type, dxo-2, and 

dxo-2 dcl4-2 and normalized to reads per million. 

 

 

 

 

 

 

 

 

 

 

 



 72 

Chapter Four - Discussion 

RNA molecules play fundamental roles in all organisms. It is critical for 

living cells to generate, stabilize and degrade RNA appropriately. There 

are various ribonucleases in both prokaryotes and eukaryotes to 

eliminate aberrant or unnecessary RNAs and to control RNA quality. In 

plants, RNA degradation is involved in diverse biological processes 

including embryogenesis, stress responses and hormone signaling 

(Abbasi et al., 2013; Kurihara, 2017; Lange and Gagliardi, 2010). 

 

5.1 AtDXO is a newly identified RNA exonuclease in plant 

In this study, the ortholog of the DXO family protein in Arabidopsis 

thaliana, AtDXO, was identified and characterized for the first time. It 

was found to have 5’-3’ exoribonuclease activity in vitro, similar to other 

DXO/Rai1 family proteins in yeast or mammal (Chang et al., 2012; Jiao 

et al., 2013). In Arabidopsis, three XRN family proteins, AtXRN2, 

AtXRN3, and AtXRN4, were reported to function as 5’-3’ RNA 

exoribonucleases (Kastenmayer and Green, 2000). AtDXO, despite 

belonging to a different group of proteins, was shown to have similar 

functions as XRN proteins. The atdxo mutation had severe growth 

defects during both vegetative and reproductive stages. The 

transcriptome in atdxo mutants showed significantly different patterns 

compared with wild type plants. In yeast and mammal, DXO/Rai1 family 

proteins were thought to be mRNA quality control enzymes (Jurado et 

al., 2014; Jiao et al., 2013). AtDXO, as an exoribonuclease in the plant, 
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might be involved in multiple biological processes and might regulate 

these processes by eliminating aberrant mRNAs. 

 

5.2 AtDXO negatively regulates plant defense responses 

Our results revealed that atdxo mutants expressed higher levels of 

defense responsive genes, had constitutive ROS accumulation, and 

were more resistant to infection by Pst DC3000 than wild type. The atdxo 

mutation triggered a strong autoimmune response in Arabidopsis, 

indicating that AtDXO functions as a negative regulator of defense 

responses. Furthermore, the autoimmune phenotypes of atdxo mutants 

were partially dependent on EDS1 and NPR1. As the first identified 5’-3’ 

exoribonuclease directly involved in plant defense responses, AtDXO 

reveals that RNA degradation plays an important role in plant immunity. 

The atdxo mutation caused multiple growth defects in plants; however, 

inhibition of the defense responses by high temperature or introduction 

of the mutation of EDS1 or NPR1 could only partially restore the atdxo 

growth defect phenotypes, such as the size and shape of the leaves. 

These results indicated that AtDXO might be involved in biological 

processes other than defense responses and that the biological function 

of AtDXO in plants may be complicated and worth further investigation 

in the future.   
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5.3 AtDXO suppressed endogenous sRNA biosynthesis but did not 

depend on the RDR6 pathway  

It has been recently revealed that RNA decay could suppress RNA 

silencing of endogenous genes in plants (Gy et al., 2007; Martínez de 

Alba et al., 2015; Zhang et al., 2015). Transcriptional gene silencing 

(TGS) and posttranscriptional gene silencing (PTGS) are two major 

types of RNA silencing, with small interfering RNA (siRNA) one of the 

main small RNA molecules modulating RNA silencing (Ramachandran 

and Chen, 2008). The cellular enzyme RDR6 is required to generate 

siRNAs to transform ssRNAs into dsRNAs, while DICER-LIKE 4 (DCL4) 

or DCL2 processes these dsRNAs into 21 to 22-nt siRNAs. In this study, 

loss of RDR6 or DCL2 did not affect the developmental phenotype of the 

atdxo mutants, while the loss-of-function of DCL4 aggravated the growth 

defect phenotype. These results suggested that the subtraction of DXO 

might be different with canonical cap decapping enzyme DCP2 and 

exoribonuclease XRN.  The amount of 24- and 25-nt siRNAs were 

elevated in dxo-2, and the lethal phenotype of the dxo-2 dcl4-2 double 

mutant confirmed that DXO acts as a ribonuclease in Arabidopsis. The 

elevated 24- and 25-nt sRNA was suppressed in the dxo-2 dcl4-2 double 

mutant, while the 21- and especially the 22-nt sRNA were increased in 

the double mutant. Compared with the dxo-2 mutant, the severe 

phenotype of the double mutant corresponded to the previous 

conclusion that 22-nt sRNA might have a dominant role in Arabidopsis. 

Furthermore, this is the first demonstration that the knockout of DCL4 
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can suppress the elevated 24- and 25-nt sRNAs, implying that DCL4 

might regulate the balance of sRNA molecules of different length.  
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Chapter Five - Conclusion 

Arabidopsis has a DXO/Rai1 gene locus at At4g17620 that encoded a 

5’-3’ exoribonuclease and was named AtDXO.  

 

Loss of the function of DXO in Arabidopsis caused enhanced ROS signal, 

up-regulation of defense-related genes and resistance to pathogen 

attack. Therefore, AtDXO serves as a negative regulator of plant 

immunity.  

 

In contrast, AtDXO plays a positive role in chlorophyll metabolism and 

response to salt stress. atdxo mutants showed defects in the amount of 

chlorophyll, and a hypersensitivity to salt stress.  

 

The phenotype of the atdxo mutant was not suppressed by rdr6-11, 

implying that the in vivo substrate of DXO might follow different pathways 

of degradation than those involving exoribonucleases such as XRN4 or 

the decapping enzyme DCP2. However, the sRNA levels were 

increased in the atdxo mutant, and the dxo-2 dcl4-2 double mutant 

displayed a lethal phenotype. This provides evidence that AtDXO acts 

as a ribonuclease in the plant.  
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