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Abstract 

Senescence is critical for plant survival and fitness as it ensures the most 

efficient use of nutrients for development and production of offspring. 

Senescence is a genetically controlled and hormone-mediated programme. 

Besides being induced in an age-dependent manner, senescence can also be 

initiated precociously from harvest-induced stress such as light- and sugar-

deprivation. Understanding the biological mechanisms behind dark-mediated 

senescence is important as it helps to provide a new strategy for extending 

shelf life of crop plants. 

 

This project aims to understand the regulation of dark-induced inflorescence 

senescence in model plant Arabidopsis thaliana by using a forward genetic 

approach. Arabidopsis mutants showing accelerated and delayed inflorescence 

senescence (named ais and dis) were identified previously. Here, I rescreened 

23 mutants and confirmed the altered time to senescence phenotype of nine 

mutants, including two ais and seven dis mutants. Of those, the dis2, dis9, dis15 

and dis51 mutants were used for further analysis. The delayed degreening 

phenotype was also observed in detached dark-held leaves of dis2 and dis51 

mutants, indicating that the causal mutations affected genes that regulate both 

leaf and inflorescence senescence. Segregation analysis was used to 

determine the genetic nature of dis traits in the dis2 and dis51 mutants. The 

dis2 trait was found to be monogenic recessive while the dis51 trait is dual-

genic recessive. The dis2 mutant showed an extended “stay-green” phenotype 

and retained higher chlorophyll (Chl) b than Chl a. These findings were 

consistent with a lesion in the NON-YELLOW COLORING1 (NYC1) gene. 

Sequencing revealed a C/T transition in exon 8 of NYC1, which caused a highly 

conserved proline to be substituted by serine at amino acid position 360 of the 

NYC1 protein. By contrast, dis51 retained a similar amount of Chl a and Chl b. 

One of the genetic lesions in this mutant was mapped to a ~665 kb region at 

the top arm of chromosome 5 by using High Resolution Melt (HRM)-based 

mapping technology. The ETHYLENE INSENSITIVE2 (EIN2) gene was 

considered as a promising candidate because similar phenotypes were 

observed in ein2 mutants and dis51 seedlings did not show triple response 
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when treated with the ethylene precursor ACC in the dark. PCR-based 

sequencing showed a G to A mutation in exon 6 of EIN2, resulting in a 

premature stop codon, which thereby resulted in a truncated EIN2 protein 

missing part of the C-terminal region that is required for ethylene signal 

transduction. In addition, the dis51 mutant emitted a pleasant aroma, which is 

abnormal in Arabidopsis. Four compounds (benzaldehyde, benzyl alcohol, 

phenylacetaldehyde and phenylethanol) were detected by using GC-MS 

analysis. However, it is not clear if the mutation causing the aroma phenotype 

also contributed to the dis51 phenotype. 

 

The mutations in the dis9 and dis15 mutants were previously mapped to 

chromosome 3 and chromosome 2, respectively. Here, further HRM and whole 

genome sequencing (WGS) data analyses were used to identify the causal 

mutation in the dis9 mutant. The mutation changed a highly conserved Ser-97 

to Phe in the active site of strigolactone (SL) receptor gene DWARF14 (D14), 

likely causing loss-of-activity. Since dis15 showed similar phenotypes to dis9, I 

hypothesised that the genetic lesion in dis15 may also have occurred in an SL 

pathway gene. The MORE AXIALLY GROWTH1 (MAX1) SL biosynthesis gene 

was present within the previously mapped region of this mutant. By using WGS 

data, I found a G/A mutation in the coding region of MAX1. The mutation in 

MAX1 substituted a highly conserved Gly-469 (G469) with Arg (R) in the haem-

iron ligand signature of the Cytochrome P450 proteins. Using a N. benthamiana 

transient expression system, I found that the G469R substitution caused loss-

of-activity of MAX1. In addition, the delayed sepal degreening of dis9 and dis15 

was also observed in planta, suggesting a role of SL in regulation of both 

developmental and dark-induced sepal/inflorescence senescence. nCounter 

transcript counting technology was used to investigate the relationship between 

SL biosynthesis and signalling, sugar signalling and dark-induced senescence. 

There was no evidence of SL biosynthesis during the normal night in the 

inflorescences. During the extended night, the expression patterns of the SL 

biosynthetic gene MAX3 and signalling gene SUPPRESSOR OF MAX2-LIKE7 

(SMXL7) best correlated with the sugar-responsive senescence regulatory 

genes [ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN92 (ANAC092) 

and NAC-LIKE, ACTIVATED BY AP3/PI (NAP)] and senescence marker gene 
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(SENESCENCE-ASSOCIATED GENE12; SAG12), suggesting an interaction 

between SL and sugar signalling in controlling dark-induced inflorescence 

senescence. ANAC092 and NAP were further induced in the max1 mutant by 

the SL analogue, GR24, suggesting they are SL-inducible genes. 

 

The overall findings in this project reflect a complex regulatory network, which 

involves multiple phytohormones and degradation pathways, during dark-

induced inflorescence senescence in Arabidopsis. Here, I proposed a model in 

which prolonged darkness first causes sugar-starvation in the excised 

inflorescence; the plant hormones ethylene and SL subsequently work together 

to regulate inflorescence senescence, including NYC1-regulated Chl 

degradation. 
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1. General introduction 

1.1. Overview of plant Senescence 

Senescence is the final phase of plant or organ development and eventually 

leads to the death of the organ or whole plant. Senescence typically occurs in 

mature cells of tissues, after their growth phase has ceased, to enable efficient 

recycling of nutrients to new growing sinks or seeds (Thomas, 2013). At the 

whole plant level, senescence is considered critical for plant fitness, enabling 

plants to survive optimally in their given environments. 

 

The ability to senesce was proposed to require a change in competency of the 

tissue that occurs during aging. When such competency is acquired, age- or 

developmentally-induced senescence can be induced (Jing et al., 2005; 

Fracheboud et al., 2009). Age-induced senescence is an active process and is 

regulated by interaction between developmental (e.g. age and hormones) and 

environmental (e.g. day/night length) signals and it requires involvement of 

numerous senescence-associated genes (SAGs) (Lim et al., 2003). 

Nevertheless, imposition of stresses (e.g. wounding and prolonged darkness) 

can make tissues senesce early, possibly as an adaptive response to allow 

survival of the plant as a whole (Kanojia and Dijkwel, 2018). 

 

Molecular genetic studies showed senescence is a genetically controlled 

programme as altered leaf longevity has been observed in some senescence 

associated mutants such as the onset of leaf death (old) and stay-green 

mutants (Jing et al., 2002; Hörtensteiner, 2009). The old mutants were isolated 

by an ethylene (ET)-induced senescence screen and they showed altered 

timing of onset of leaf senescence. The studies of old mutants suggest that ET 

promoted leaf senescence is restricted by the age of the leaf (Jing et al., 2002; 

Jing et al., 2005). Stay-green mutants exhibit a delay in leaf degreening 

compared with wild type (WT) and can be classified into functional and non-

functional (cosmetic) mutants. Functional stay-green mutants exhibit a coupled 

retention of chlorophyll (Chl) and photosynthetic activity; whereas cosmetic 

stay-green mutants only show a defect in Chl catabolism coupled with 
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disruption of photosynthetic activity, while other senescence processes still 

take place (Hörtensteiner, 2009). 

 

In addition to genetic mutant screens, transcriptome analysis was also 

extensively used to identify key genes that control both developmental- and 

stress-induced leaf senescence (Buchanan-Wollaston et al., 2005; van der 

Graaff et al., 2006; Breeze et al., 2011; Guo and Gan, 2012). Numerous SAGs 

which are differentially expressed during leaf senescence were identified in 

model plant Arabidopsis. For example, senescence marker gene SAG12, 

genes encoding NAC and WRKY transcription factor (TF) families and genes 

involved in hormone biosynthesis and signalling (Buchanan-Wollaston et al., 

2005; van der Graaff et al., 2006). 

 

Phytohormones have long been known to play key roles in the regulation of 

senescence. Ethylene (ET), salicylic acid (SA), abscisic acid (ABA), jasmonic 

acid (JA) and brassinosteroid (BR) promote the onset or progression of 

senescence; whereas cytokinin (CK), gibberellic acid (GA) and auxin delay 

senescence (Gan and Amasino, 1997; Lim et al., 2007). More recently, 

strigolactones (SLs), which are well-known for their function in regulating seed 

germination in parasitic plants (Toh et al., 2012; Wang and Bouwmeester, 2018) 

and plant shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 2008), 

were reported to regulate natural- and dark-induced leaf senescence (Woo et 

al., 2001; Snowden et al., 2005; Yan et al., 2007; Hamiaux et al., 2012; Yamada 

et al., 2014; Ueda and Kusaba, 2015). The plant hormones do not work alone, 

but rather in concert with, or against, each other to control senescence 

progression (Jibran et al., 2013; Ma et al., 2018). For example, ET, ABA and 

jasmonates have been found to crosstalk with each other to control leaf 

senescence in Arabidopsis (Kim et al., 2011). 

 

Leaf senescence involves cell transitioning from anabolic to catabolic 

metabolism (Bate et al., 1991; Bleecker and Patterson, 1997). It is 

accompanied by a series of physiological and biochemical events, which 

proceed orderly in senescing cells (Lim et al., 2007). Degradation of Chl, 

proteins, and membrane lipid are three hallmarks of leaf senescence (Trivellini 
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et al., 2012). Chloroplast degradation is the earliest event during leaf 

senescence which results in visible yellowing of leaves (Matile et al., 1996; Gan 

and Amasino, 1997). This process is required to prevent phototoxicity in the 

cells and therefore essential for survival of senescing cells to facilitate nitrogen 

remobilization and progression of senescence (Hörtensteiner, 2004, 2006). 

Metabolism of membrane lipids also occurs early during leaf senescence, which 

causes an increased membrane permeability and loss of ionic gradients 

(Thompson et al., 1998; Rolny et al., 2011). Other macromolecules such as 

sugars, specifically sucrose, are catabolized and exported as hexoses from the 

senescing ‘source’ leaves (leaves that produce sugars are called ‘source’ 

leaves) to ‘sinks’ organs (e.g. young leaves and seeds, which require sugars 

for growth) (Rolland et al., 2006). 

 

Beside relatively well-characterised leaf senescence, senescence of floral 

organs, especially petals, has also been widely investigated (Tripathi and 

Tuteja, 2007; Rogers, 2013; Ahmad and Tahir, 2016; Ma et al., 2018). Both 

similarities and differences were found between flower and leaf senescence. 

For instance, at the molecular level, large numbers of genes are involved in 

both leaf and flower senescence (Price et al., 2008; Trivellini et al., 2012), 

indicating a similarity. As for hormone regulation, however, ET-insensitive 

flower systems exist during flower but not leaf senescence (Woltering and 

Vandoorn, 1988). 

 

In this introduction, senescence-related physiological changes, regulatory 

genes and plant hormones during age- and postharvest stress-induced leaf and 

flower senescence are reviewed. 

 

1.2. Leaf senescence 

1.2.1. Regulation of developmental-dependent leaf senescence 

1.2.1.1. Senescence associated genes and transcription factors 

In order to elucidate the molecular mechanisms underlying leaf senescence, 

genome-wide transcriptome analysis was used extensively over the past 

decades to identify key regulators that control both age- and artificially induced 
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leaf senescence in different plant species (Lin and Wu, 2004; Buchanan-

Wollaston et al., 2005; van der Graaff et al., 2006; Breeze et al., 2011; Guo and 

Gan, 2012; Zhang et al., 2014a). 

 

In Arabidopsis, a large number of genes have been found to be differentially 

expressed during developmental leaf senescence. Of them, downregulated 

genes are overrepresented for genes involved in anabolic processes including 

photosynthesis activity, carbon fixation and amino acid metabolism. By contrast, 

upregulated genes are enriched for genes participated in degradation of 

proteins, lipids and nucleotides (Buchanan-Wollaston et al., 2005; van der 

Graaff et al., 2006; Breeze et al., 2011). Such extensive transcriptional changes 

of SAGs revealed a dramatic alteration in cell metabolism at the transition 

phase from anabolism to catabolism. In addition, genes involved in plant 

hormone biosynthesis and signalling are also differentially expressed 

(Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006). For instance, 

genes encoding regulators involved in CK signalling (e.g. type A response 

regulators ARR4, ARR6, ARR7 and ARR9) were down regulated during 

developmental leaf senescence; whereas those encoding ET biosynthetic 

enzymes (e.g. ACC synthases AtACS2, AtACS5, and AtACS6) were up-

regulated significantly (Buchanan-Wollaston et al., 2005; van der Graaff et al., 

2006). 

 

Senescence marker gene SAG12 

Of up-regulated SAGs, SAG12 perhaps is the most famous one because it is 

used frequently as a marker gene for indicating the timing of developmental 

senescence and it reaches the highest expression level at late stages of 

senescence (Noh and Amasino, 1999a; Olsen et al., 2005a). SAG12 encodes 

a cysteine protease, whose promoter has a highly conserved region that 

specifically responds to age-related senescence cues (Lohman et al., 1994; 

Noh and Amasino, 1999a). However, the up-regulation of SAG12 has also been 

reported in dark-induced senescence in both attached and detached leaves 

(van der Graaff et al., 2006). Its whole promoter has been used to drive 

expression of the isopentenyl transferase (IPT) gene (a bacterial CK 

biosynthesis gene) to delay leaf senescence by increasing endogenous CK 



5 
 

production in transgenic tobacco plants (Gan and Amasino, 1995). Remarkably, 

this auto-regulated proSAG12:IPT system has been successfully applied in 

many crop species, including lettuce, rice, tomato, cauliflower, wheat and 

broccoli, to delay senescence (Zwack and Rashotte, 2013). This suggests that 

the regulation of developmental-senescence-specific SAG12 is highly 

conserved in both monocots and dicots. Interestingly, although SAG12 is 

specifically-induced upon senescence, when this gene was knocked out in 

Arabidopsis mutants, the plants did not show an altered senescence phenotype 

(Otegui et al., 2005). It could be that SAG12 function is compensated by the 

activity of other proteases when SAG12 is mutated (Pružinská et al., 2017). 

SAG12 is expressed predominantly in senescence-associated vacuoles 

(Otegui et al., 2005; Carrión et al., 2013), and it has been suggested to be 

involved in degradation of ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco) in tobacco leaves (Martínez et al., 2008; Carrión et al., 2013), 

whereas another study suggested that lacking SAG12 is not detrimental for 

Rubisco breakdown in Arabidopsis and soybean (Otegui et al., 2005). Recently, 

James et al. (2018) found that the sag12 mutant did affect yield of Arabidopsis 

under the low nitrogen condition. Thus, the authors suggested a role of SAG12 

in nitrogen remobilisation during the leaf senescence for seed filling (James et 

al., 2018). 

 

Senescence-related transcription factors 

The regulation of leaf senescence requires TFs that bind to specific motifs in 

the regulatory regions of their target genes. Transcription profile analysis of 

differentially expressed TFs during different developmental stages or under 

various environmental stresses provides a global picture of the gene regulatory 

network of leaf senescence in Arabidopsis (Chen et al., 2002; Buchanan-

Wollaston et al., 2005; Breeze et al., 2011). Buchanan-Wollaston et al. (2005) 

reported that 96 putative TF genes (within 827 up-regulated genes) increased 

their transcript abundances during developmental leaf senescence. These 

include WRKY, NAC, MYB, bZIP and AP2/EREBP (AP2/ERF) TF families. 

More recently, Breeze et al. (2011) used a time-course microarray analysis to 

investigate the regulation of leaf senescence at various developmental stages 

in Arabidopsis. By analysing transcriptional profiles of 6323 differentially 
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expressed genes, they found that the NAC and WRKY TF families showed 

particular over-representation in the SAG pool, suggesting members of these 

families play important roles in the leaf senescence programme (Breeze et al., 

2011). These are consistent with the findings in molecular genetic studies that 

many members of these two families are critical for cascades of a diverse range 

of biological processes during leaf senescence (Robatzek and Somssich, 2001; 

Miao et al., 2004; Olsen et al., 2005b; Rushton et al., 2010; Podzimska-Sroka 

et al., 2015). 

 

NACs (for NAM-ATAF1/2-CUC2) constitute one of the largest plant-specific TF 

families (Olsen et al., 2005b). In Arabidopsis, more than 100 genes encoding 

NAC proteins have been identified (Nakashima et al., 2012). Transcriptome 

analyses revealed that many NAC genes are senescence associated (Guo et 

al., 2004; Buchanan-Wollaston et al., 2005; Balazadeh et al., 2008; Breeze et 

al., 2011). Of them, NAP (also known as ANAC029), ANAC092 (also known as 

NAC2 and ORE1) and its paralog ORS1 (also known as ANAC059) are known 

to have significant roles during leaf senescence, and they are up-regulated 

during both age- and stress-induced (e.g. darkness, salt or ROS treatment) 

senescence (Guo and Gan, 2006; Kim et al., 2009; Balazadeh et al., 2010; 

Balazadeh et al., 2011; Yang et al., 2014). Mutants defective in these genes 

exhibited delayed senescence; while their overexpression lines showed 

precocious senescence in Arabidopsis (Guo and Gan, 2006; Kim et al., 2009; 

Balazadeh et al., 2010; Balazadeh et al., 2011). These results suggested that 

they positively regulate senescence in a non-redundant manner. NAP promotes 

rosette leaf senescence in Arabidopsis and appears primarily up-regulated by 

age (Guo and Gan, 2006). However, a recent study found that NAP transcripts 

were significantly increased upon dark treatment and it promoted Chl 

degradation by enhancing transcription of the ABA biosynthetic gene AAO3 

(Yang et al., 2014). ANAC092 is considered as the central regulator of 

senescence because it targets huge numbers of SAGs during both 

developmental and stress-induced senescence (Balazadeh et al., 2010; Breeze 

et al., 2011). Both ANAC092 and NAP are directly up-regulated by EIN3, a key 

TF downstream of EIN2-dependent ET signalling pathway (Kim et al., 2014). 

Transcriptional analysis found that they regulated both common (e.g. ANAC041, 
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ANAC079, and VNI2) and distinct targets (e.g. ANAC087 and ANAC102 are 

only regulated by ANAC092) during senescence, suggesting that both 

overlapping and distinct gene regulatory networks for ANAC092 and NAP exist 

(Kim et al., 2014). Consistently, the anac092/nap double mutant showed 

partially additive delayed senescence phenotypes as compared to their single 

mutants, which indicated independent regulatory pathways for these two genes 

(Kim et al., 2014). Although ORS1 also controls developmental leaf senescence, 

this gene itself was strongly induced by H2O2 and transcriptome analysis found 

high percentages of its target genes were induced by salt-stress and H2O2 

treatment, suggesting it also involved in stress-induced senescence 

(Balazadeh et al., 2011). 

 

The second largest plant-specific TF family for regulating leaf senescence is 

the WRKY superfamily (Guo et al., 2004). In Arabidopsis, it consists of up to 

100 members (Eulgem et al., 2000). TFs in this family, in addition to having 

important roles in the regulation of leaf senescence and hormone pathways, 

also participate in plant defence responses in response to various biotic and 

abiotic stresses (Rushton et al., 2010; Chen et al., 2012). WRKYs regulate leaf 

senescence by binding to the W-box element (C/T)TGAC(C/T) in the promoters 

of targets (Eulgem et al., 2000). WRKYs regulate the expression of SAGs either 

alone or by interacting with other TFs. For example, WRKY6 is strongly and 

specifically expressed in senescent leaves of Arabidopsis where it regulates 

leaf senescence by targeting and activating the transcription of SAGs such as 

the senescence-induced receptor like kinase SIRK (Robatzek and Somssich, 

2001, 2002). The regulation of senescence by WRKY30 is more complex and 

can be positive or negative depending on what other WRKY TFs it interacts 

with. WRKY30 positively regulates leaf senescence when it interacts with 

WRKY53 and negatively regulates leaf senescence when it interacts with both 

WRKY54 and WRKY70, which show some degree of functional redundancy 

with each other and with WRKY30 in their senescence regulation (Besseau et 

al., 2012). These findings suggest that several WRKY TFs are important 

regulatory components of the senescence programme and that they provide 

the tissue with a mechanism to finely control the promotion or inhibition of the 

programme. 
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1.2.1.2. Phytohormone-modulated leaf senescence 

Phytohormones have profound effects on almost every biological event during 

plant development and defence, including seed germination, floral organ 

maturation and abscission, leaf/flower senescence and in response to various 

biotic (e.g. pathogen infection) and abiotic (e.g. drought and darkness) stresses 

(Gray, 2004; Smith et al., 2017). The wide involvement and diverse functions 

of plant hormones reveal complex and overlapped regulatory networks. This 

makes it difficult to determine the function of a single hormone during a specific 

biological process. Nevertheless, the roles of phytohormones in modulating leaf 

senescence have been extensively documented (Schippers et al., 2007; Jibran 

et al., 2013; Khan et al., 2014; Akhtar et al., 2019). Based on their senescence-

associated functions, phytohormones can be classified into two groups that are 

stimulators and inhibitors. The stimulators, including ET, SA, ABA, JA, BR, and 

SL, promote the onset or progression of senescence; whereas, the inhibitors, 

including CK, and GA, delay senescence (Schippers et al., 2007; Jibran et al., 

2013; Yamada and Umehara, 2015). However, the senescence regulatory role 

of auxins is debatable. Evidences for the involvement of this hormone in 

promoting or inhibiting leaf senescence were reviewed in Mueller-Roeber and 

Balazadeh (2014) and Wojciechowska et al. (2018). Of the senescence-

stimulating hormones, some, e.g. ET, JA, SA and SLs, are also involved in plant 

defence response (Breeze et al., 2011; von Saint Paul et al., 2011; Guo and 

Gan, 2012; Torres-Vera et al., 2014; Marzec, 2016). The phytohormones do 

not work alone, but rather in concert with each other to control senescence 

progression. For example, ET, ABA and JA have been found to crosstalk with 

each other to control leaf senescence in Arabidopsis (Kim et al., 2011). Other 

regulators including TFs (e.g. EIN3, AP2/ERF and ARFs) and proteins (e.g. F-

box proteins and suppressors) are also involved in phytohormone-mediated 

senescence and plant hormone signalling (Woo et al., 2001; Potuschak et al., 

2003; Lim et al., 2010). In this chapter, ET, SL and CK, whose biological 

functions are well-established and are relevant to this project, are highlighted. 

 

Ethylene 

Ethylene (ET), a gaseous phytohormone, has crucial roles in a range of 

biological processes during plant development (Schaller, 2012; Dubois et al., 
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2018). For instance, it affects the morphology of etiolated seedlings (seedlings 

grown in the dark) (Goeschl et al., 1966). Exposure of dark-grown seedlings to 

a saturating concentration of ET results in a characteristic phenotype known as 

the triple response (Guzman and Ecker, 1990). In Arabidopsis, the triple 

response consists of three distinct alterations: shorter and thicker hypocotyls 

and roots and an exaggerated curvature of the apical hook of the WT seedlings 

grown in the dark (Guzman and Ecker, 1990; Merchante and Stepanova, 2017). 

Since these phenotypes are robust and easy to screen, the triple response 

assay was used frequently to identify ET-related mutants and numerous ET-

insensitive mutants have been isolated [summarised in Merchante and 

Stepanova (2017)]. 

 

ET is also well-known as a positive regulator of plant organ senescence (Abeles 

et al., 1988; Lim et al., 2007). Endogenous ET increases during both organ 

senescence and stress response in many plants (Lim et al., 2007). Consistently, 

genes encoding enzymes involved in ET biosynthesis, including 1-

AMINOCYCLOPROPANE-1-CARBOXYLIC ACID (ACC) SYNTHASEs (ACSs; 

e.g. ACS2 and ACS5) and ACC OXIDASEs (ACOs; e.g. EAT1), were up-

regulated during senescence (van der Graaff et al., 2006). In Arabidopsis, 

exogenous ET treatment induces premature leaf senescence (Jing et al., 2005). 

However, the presence of this hormone seems not absolutely required to 

promote the onset or progression of the senescence in many cases because 

ET defective mutants eventually senesce (Grbić and Bleecker, 1995; Jing et al., 

2002). In addition, the studies of old mutants also suggested that the effect of 

ET on senescence induction relies on age-related signals or factors (Jing et al., 

2005). 

 

The molecular basis of ET-modulated senescence has been characterised by 

identification of ET-defective mutants. Mutants with defects in ET biosynthesis 

or signalling exhibited altered timing of senescence (Graham et al., 2012; 

Bennett et al., 2014; Schippers et al., 2015). For example, transgenic plants 

which accumulated high-level of ACS7 protein exhibited precocious 

senescence of Arabidopsis leaves (Sun et al., 2017). In addition, two ET 

insensitive mutants ethylene receptor1-1 (etr1-1) and ethylene insensitive2 
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(ein2) showed delayed leaf senescence (Grbić and Bleecker, 1995; Alonso et 

al., 1999); whereas overexpressing EIN3, a key gene involved in ET signalling, 

resulted in accelerated leaf senescence (Li et al., 2013). 

 

With the help of genetic and biochemical analyses (Guo and Ecker, 2004), the 

ET biosynthetic and signalling pathways have been established in Arabidopsis 

(Figure 1.1). ET is synthesised from precursor S-Adenosylmethionine (SAM) 

which is derived from methionine and is the activated form of this amino acid 

(Yang and Hoffman, 1984; Wang et al., 2002). The following reactions require 

activity of ACS and ACO to sequentially catalyse SAM to ACC and then to ET 

(Yang and Hoffman, 1984; Wang et al., 2002). 

 

Figure 1.1. The biosynthesis and signalling of ethylene in Arabidopsis thaliana 
Simplified pathways are shown in the figure. Enzymes involved in biosynthesis are 
highlighted with light yellow background; receptors, proteins, protein kinase and TFs 
of ethylene signalling are highlighted with light orange background. Intermediate 
products are indicated, and ethylene is highlighted with an orange-yellow background. 
 

ET is perceived by five endoplasmic reticulum-localised receptors, including 

ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYLENE RESPONSE SENSOR1 
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(ERS1), ERS2, and ETHYLENEINSENSITIVE4 (EIN4) (Chang et al., 1993; 

Hua et al., 1995; Hua and Meyerowitz, 1998; Sakai et al., 1998). These 

receptors have distinct but also overlapping functions in regulating ET signalling 

(Hao et al., 2017), and they negatively regulate ET response via downstream 

CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), a Raf-like protein kinase 

(Kieber et al., 1993; Hua and Meyerowitz, 1998; Huang et al., 2003). The ET 

signalling relies on the function of EIN2, an integral membrane protein that 

locates at the endoplasmic reticulum and acts downstream of CTR1 as a 

positive and central regulator of the ET response (Bisson et al., 2009; Bisson 

and Groth, 2011). The stability of EIN2 is regulated by two F-box proteins, EIN2 

TARGETING PROTEIN 1 (ETP1) and ETP2, which target the carboxyl-terminal 

end (CEND) of EIN2 and mediate EIN2 degradation through the ubiquitin–

proteasome system (Qiao et al., 2009). When ET is absent, both ET receptors 

and CTR1 are active, and CTR1 inhibits EIN2 activity by phosphorylation of the 

EIN2-CEND (Ju et al., 2012). This results in an EIN3-BINDING PROTEIN 1 

(EBF1)/EBF2-mediated proteasomal degradation of downstream TFs 

EIN3/EIN3-LIKE1(EIL1) (Guo and Ecker, 2003; Potuschak et al., 2003; An et 

al., 2010), key positive regulators for transcriptional activation of all ET 

response genes (Chao et al., 1997; Chang et al., 2013), and therefore the ET 

response is not activated. In the presence of ET, the EIN2-CEND is 

dephosphorylated, which is critical for its cleavage and translocation into the 

cytoplasm-localised P-bodies (Li et al., 2015; Merchante et al., 2015) or into the 

nucleus (Qiao et al., 2012). In the P-body, EIN2-CEND represses the 

translation of EBF1/EBF2 (Li et al., 2015; Merchante et al., 2015). In the 

nucleus, EIN2-CEND stabilises EIN3/EIL1 proteins and thereby activating 

EIN3-based ET response (An et al., 2010; Chang et al., 2013). 

 

Since ET promotes the senescence in different plant species, Schippers et al. 

(2015) have investigated and compared the EIN3-based transcriptional network 

between Arabidopsis and rice. They examined the promoters of the rice 

orthologs of 159 Arabidopsis SAGs to which EIN3 can bind (Guo et al., 2004; 

Buchanan-Wollaston et al., 2005), and over 90% of them showed at least one 

EIN3 core binding site. This conservation in apparent EIN3 binding sites 
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suggests that ET signalling pathways during leaf senescence might be similar 

between monocots and dicots (Schippers et al., 2015). 

 

Strigolactones 

Strigolactones (SLs) are plant hormones that have important roles in plant 

development including seed germination (Toh et al., 2012), shoot branching 

(Gomez-Roldan et al., 2008; Umehara et al., 2008), root architecture (Kapulnik 

et al., 2011; Ruyter-Spira et al., 2011; Rasmussen et al., 2012) and in 

responses to environmental stresses such as drought and salt stress (Bu et al., 

2014; Ha et al., 2014). SL has also been suggested to regulate natural- and 

dark-induced leaf senescence based on SL-deficient and -insensitive mutants 

showing a delayed senescence phenotype in Arabidopsis, petunia and rice 

(Woo et al., 2001; Snowden et al., 2005; Yan et al., 2007; Hamiaux et al., 2012; 

Yamada et al., 2014; Ueda and Kusaba, 2015).  

 

In Arabidopsis, the oresara9 (ore9) mutant (the first identified SL-related 

mutant), which later was found to have a defect in SL signalling gene MORE 

AXILLARY GROWTH2 (MAX2), exhibited delayed age-dependent leaf 

senescence and increased shoot branching (Woo et al., 2001; Stirnberg et al., 

2002). MAX2 is a F-box protein that regulates both SL and karrikin (KAR; a 

class of butanolide compounds discovered in smoke and are known to promote 

seed germination) signalling (Nelson et al., 2011; Waters et al., 2012). However, 

only the mutants that have defects in SL biosynthetic genes (MAX1, MAX3 and 

MAX4) and receptor gene DWARF14 (AtD14) but not the KAR signalling gene 

(KARRIKIN INSENSITIVE2; KAI2) showed a delay in dark-induced leaf 

senescence. This suggests that only SL and not KAR is involved in the 

regulation of leaf senescence (Ueda and Kusaba, 2015). The developmental 

senescence of the SL signalling and biosynthesis mutants, max2-4 and max4-

11, have also been examined, and the delayed yellowing has been observed 

supporting the involvement of SLs during age-dependent senescence (Ueda 

and Kusaba, 2015). Exogenously treated SL analogue rac-GR24 (a racemic 

mixture of GR24) restored normal senescence phenotype in the mutants 

defective in SL biosynthesis but not signalling upon dark incubation (Ueda and 

Kusaba, 2015). 
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The SL biosynthetic genes MAX1, MAX3 and MAX4 increase their transcript 

abundances during dark-induced leaf senescence, suggesting their 

involvement in this process (Ueda and Kusaba, 2015). However, it is difficult to 

determine whether SLs are synthesised in the leaf or transported from roots to 

promote senescence due to the technique limitation for measuring endogenous 

SL content (Seto et al., 2014; Lv et al., 2018). Ueda and Kusaba (2015) 

performed a grafting experiment and used Col-0 WT as the scion and max4-11 

mutant as the stock. They found that leaves from max4-11 showed delayed 

senescence compared to that of WT suggesting SLs are likely produced in WT 

leaves in the dark to promote senescence because they cannot be produced 

by the SL-deficient mutant max4-11 (Ueda and Kusaba, 2015). 

 

Although the mechanism behind SL-mediated natural- or dark-induced 

senescence is still not clear, SL has been recently proposed to accelerate leaf 

senescence by enhancing the action of ET in Arabidopsis (Ueda and Kusaba, 

2015). 

 

Cytokinin 

Cytokinins (CKs) have been considered to have the strongest influence on 

delaying leaf senescence compared with other hormones (Schippers et al., 

2007). It has been reported that CK delays senescence by preventing 

chloroplast degradation (Eugenia Gómez-Lobato et al., 2012). 

 

Endogenous CK levels decline before senescence starts and this is thought to 

be one of the key events that initiates senescence (Gan and Amasino, 1995). 

Consistently, transcriptome analysis found that transcript abundances of many 

CK-associated genes, which are involved in CK biosynthesis, such as genes 

encoding CK synthase and isopentenyl phosphotransferase, and in CK 

signalling including the type A response regulators (ARR4, ARR5, ARR6, ARR7 

and ARR9), are decreased during leaf senescence; while a CK oxidase gene 

that functions in CK degradation is up-regulated during senescence 

(Buchanan-Wollaston et al., 2005). This supported the hypothesis that CK has 

an antagonistic function in leaf senescence. 
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Since a reduced level of endogenous CK appears essential for the initiation of 

senescence (Breeze et al., 2011), it was expected that over-production of CK 

could increase the longevity of leaves. This has been confirmed by the 

observation that transgenic plants with the proSAG12:IPT transgene show 

delayed age-induced senescence (Gan and Amasino, 1995; Zwack and 

Rashotte, 2013). A similar system was also used for delaying stress-induced 

senescence by using a stress-induced promoter to drive IPT expression (Rivero 

et al., 2007). Therefore, increasing exogenous CK production can delay both 

age-related and stress-induced senescence. 

 

In Arabidopsis, the CK signal is perceived by three histidine kinase receptors, 

AHK2 (Arabidopsis histidine kinase), AHK3 and AHK4 (Ueguchi et al., 2001). 

Of these three receptors, AHK3 plays a major role in regulating CK-dependent 

leaf senescence by specific phosphorylation of type B response regulator ARR2 

and transcriptional induction of CK response factor CRF6 (Kim et al., 2006a; 

Zwack et al., 2013). However, whether ARR2 interacts with CRF6 in regulating 

leaf senescence remains to be examined. CRF6 acts as a negative regulator 

of dark-induced leaf senescence and its transcription is induced by CK and 

multiple abiotic stresses (Zwack et al., 2013). For example, CRF6 has been 

reported to be transcriptionally induced by oxidative stress and it repressed CK-

related genes in response to stress (Zwack et al., 2016). 

 

Although several key receptor genes and TFs involved in upstream CK 

signalling have been identified, the mechanism of downstream signalling in 

delaying leaf senescence is not well-understood. One probability is that CK 

delays senescence by increasing the activity of extracellular invertase (Lara et 

al., 2004). The function of invertase is to catalyse hydrolytic cleavage of sucrose 

into hexoses, which are then uploaded to the sink organs to be metabolised 

and eventually transported into adjacent cells (Roitsch and Gonzalez, 2004). 

The rate of this metabolism is a key determinant of the sink strength of plant 

tissues (Roitsch and Tanner, 1996). By elevating the extracellular invertase 

activity, CK increases the sink feature of plant tissues. Once the enzyme activity 

is inhibited, CK fails to prevent leaf senescence in transgenic tobacco plants 

(Lara et al., 2004). Although CK seems to modulate senescence by regulating 
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the activity of extracellular invertase, the link between upstream regulators such 

as ARR2 and CRF6 and downstream enzyme activity is still not clear and 

further investigation is required. 

 

1.2.1.3. Degradation pathways 

Chloroplast degradation 

Visible yellowing is the most conspicuous phenotype of senescence, which is 

caused by the ordered dismantling of chloroplasts and breakdown of Chl in 

mesophyll cells during early stages of senescence (Hörtensteiner and Feller, 

2002). The significance of Chl breakdown during senescence is to detoxify the 

phototoxic pigments (coloured Chl intermediates) to sustain viability of the 

senescing cell for degradation of chloroplast proteins and thereby facilitating 

the efficient remobilization of nitrogen (Hörtensteiner, 2004, 2006). Chloroplast 

degradation involves both Chl breakdown and proteolysis, and their catabolic 

pathways are normally correlated during senescence (Hörtensteiner and Feller, 

2002). 

 

Chlorophyll catabolism (PAO pathway) 

In the absence of a functional light-harvesting complex (LHC) and 

photosynthetic apparatus, Chl is highly phototoxic. Chl catabolism is therefore 

essential for the survival of senescing cells and recycling of nitrogen because 

it is a prerequisite for degradation of chlorophyll-binding proteins such as LHC 

II which account for approximately 20% of cellular nitrogen (Hörtensteiner and 

Feller, 2002; Hörtensteiner and Kräutler, 2011). 

 

So far, the best characterised mechanism of Chl breakdown is the ‘PAO 

pathway’ (Figure 1.2), which is named after a key enzyme pheophorbide a 

oxygenase (PAO) in this pathway (Hörtensteiner, 2013). PAO accounts for the 

oxygenolytic opening of chlorine macrocycle of pheophorbide a (pheide a), 

which provides the typical structural basis identified in all downstream catabolic 

products (Hörtensteiner, 2013). The PAO pathway can be separated into two 

parts. In the first part (also known as detoxification of coloured Chl 

intermediates), the reactions are localised in the plastid and start with removal 

of the Mg atom in the centre of chlorin ring and end with formation of a non-
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phototoxic primary fluorescent Chl catabolite (pFCC). The second part includes 

subsequent modification of pFCC and isomerisation of modified FCCs to non-

fluorescent Chl catabolites (NCCs) and these reactions occur in the cytosol and 

vacuole respectively (Hörtensteiner, 2013). At least five enzymes have 

important roles in the Chl catabolic pathway (Sakuraba et al., 2012), which are 

NONYELLOW COLORING1 (NYC1), NYC1-LIKE (NOL), pheophytinase (PPH), 

PAO and red Chl catabolite reductase (RCCR). 

 

Figure 1.2. The PAO pathway of Chl catabolism 
The chemical structures of chl and chl catabolites and relevant catabolic enzymes are 
displayed. R1–R3 in mFCCs and NCCs represent the species-specific modifications. 
Green dash lines separate the reactions that occur in plastid, cytosol and vacuole. 
Abbreviations: Chl, chlorophyll; FCC, fluorescent Chl catabolite; HCAR, hydroxy-Chl a 
reductase; MCS, metal-chelating substance; mFCC, modified FCC; NCC, non-
fluorescent Chl catabolite; NYC1/NOL, NON YELLOW COLORING1/NYC-ONE LIKE; 
PAO, pheide a oxygenase; pFCC, primary FCC; Pheide, pheophorbide; PPH, 
pheophytinase; RCC, red Chl catabolite; RCCR, RCC reductase. Figure was edited 
from Hörtensteiner (2013). 

 

Conversion of Chl b to Chl a has been considered to be the initial step of Chl 

breakdown as all NCCs are derived from Chl a in higher plants (Hörtensteiner 

et al., 1995). This two-step reaction is catalysed by Chl b reductase (encoded 

by two genes NYC1 and NOL in Arabidopsis and rice) and 7-

HYDROXYMETHYL Chl a REDUCTASE (HCAR), respectively (Kusaba et al., 

2007; Horie et al., 2009; Meguro et al., 2011). In the following step, the central 

Mg atom of Chl a is removed by metal chelating substance (MCS) which 

converts Chl a to phein a, and then PPH dephytylates phein a to pheide a 

(Schelbert et al., 2009). The next reaction is catalysed by PAO, which 

oxygenolytically opens the chlorine macrocycle of pheide a and yields red Chl 

catabolite (RCC) (Hörtensteiner, 2009). By the end of the first part, RCCR 

catalyses the site-specific reduction of RCC to colourless pFCC (Hörtensteiner, 

2013). This product is then transported to cytosol for species-specific 
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modification, and finally to be isomerised and stored in vacuole as NCCs (Christ 

and Hörtensteiner, 2013). 

 

Stay-green mutants 

Stay-green mutants refer to the mutants that exhibit a delayed tissue 

degreening. They can be classified into two major categories, functional and 

non-functional (cosmetic) mutants (Thomas and Howarth, 2000; Hörtensteiner, 

2009). Functional stay-green mutants exhibit a defect in initiation (type A) or 

progression (type B) of senescence and their delayed Chl degradation 

(compared with WT) is correlated with retention of photosynthetic activity; 

whereas non-functional stay-green mutants (type C) only affect the Chl 

breakdown but not progression of senescence (Thomas and Howarth, 2000; 

Hörtensteiner, 2009). Consistently, in type C stay-green mutants, Chl 

degradation is compromised, while stromal proteins, specifically Rubisco, still 

degrade as in the WT (Thomas et al., 2002; Park et al., 2007). 

 

Functional stay-green mutants have both agronomic and economic importance 

as they seem to have a positive influence on crop yield by delaying leaf 

senescence and maintaining photosynthetic capacity (You et al., 2007; 

Hörtensteiner, 2009). For instance, a field experiment found that the highest 

yield of maize was obtained from the variety FS854 that has a stay-green trait 

(Thomas and Howarth, 2000). Similarly, a type B functional stay-green variant 

of japonica rice (named SNU-SG1) showed positive correlation with grain yield 

(You et al., 2007). These findings support the hypothesis that functional stay-

green mutants delay the onset or progression of senescence rather than only 

disrupt by Chl breakdown. 

 

Non-functional stay-green phenotype is commonly caused by a defect of the 

genes that encoding Chl catabolic enzymes. For example, Mutants defective in 

NYC1, NOL and PPH show a stay-green phenotype with delayed degradation 

of LHC II subunits but not of Rubisco, which is one of the distinctive features of 

cosmetic stay-green mutants (Kusaba et al., 2007; Horie et al., 2009; Schelbert 

et al., 2009). Interestingly, mutating NYC1 in either Arabidopsis or rice but only 

NOL in rice exhibit a stay-green phenotype, which indicates NOL may function 
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differently in these two species. In addition, these mutants exhibit high retention 

of Chl b and LHC II, suggesting Chl b reductase might play an important role in 

LHC II degradation though the mechanism is unclear so far (Kusaba et al., 2007; 

Horie et al., 2009). Likewise, mutants defective in PAO and RCCR retain more 

Chl than WT, while they also induce lesion mimic phenotypes (mutants show 

necrotic lesions without presence of pathogens) which is due to the 

accumulation of phototoxic Chl catabolic intermediates (Lim et al., 2007). This 

reveals the importance of detoxification of coloured Chl catabolites during 

senescence. Furthermore, stay-green phenotypes in many plant species are 

also caused by mutations in another gene termed STAY-GREEN (SGR). SGR 

proteins are not directly involved in Chl catabolism, but they are required for 

destabilization of Chl binding protein complexes and therefore facilitate the Chl 

catabolic enzymes to interact with their substrate (Hörtensteiner, 2009; 

Hörtensteiner, 2013). 

 

Degradation of chloroplast proteins 

Chloroplasts contribute up to 75% of the nitrogen in mesophyll cells, and the 

majority of the nitrogen (55%) is contributed by stromal proteins (mostly in the 

form of Rubisco) while the remaining fraction (20%) is from thylakoid proteins 

(especially LHC II) (Hörtensteiner and Feller, 2002; Lee et al., 2013). 

Degradation of proteins and subsequent export of resulting catabolites from 

aging leaves provide the majority of the nitrogen for the sink organs during 

senescence (Hörtensteiner and Feller, 2002). 

 

The chloroplast stroma contains many enzymes involved in photosynthesis and 

nitrogen assimilation such as glutamine synthetase and Rubisco (Hörtensteiner 

and Feller, 2002). During early stages of senescence, these proteins degrade 

rapidly in intact chloroplasts and their degradation leads to the decline of 

photosynthetic capacity. Rubisco, a dominant stromal enzyme in plants, is a 

major contributor of nitrogen in chloroplast. It has been proposed that the 

initiation of Rubisco degradation is induced by reactive oxygen species (ROS), 

because the large subunit of Rubisco could be directly cleaved by active oxygen 

(Ishida et al., 1997; Hörtensteiner and Feller, 2002). The degradation of 

Rubisco has long been considered to occur in the chloroplast. However, as yet 
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no chloroplast protease has been identified that specifically breaks down 

Rubisco (Lee et al., 2013; Carrion et al., 2014). On the other hand, an extra-

plastidial degradation pathway has been proposed, which suggests that 

Rubisco might be transported to the senescence-associated vacuoles and 

degraded by the cysteine proteases inside (Carrion et al., 2014). However, this 

hypothesis needs to be further confirmed. 

 

Although degradation of thylakoid proteins is not well understood, LHC II and 

Rubisco subunits degrade at similar rates during senescence in WT plants. In 

contrast, Chl catabolic mutants retain more Chl and LHC II, but not Rubisco 

subunits (Hörtensteiner and Feller, 2002). This suggests that Chl breakdown is 

the prerequisite for degradation of LHC II. However, enzymes that participated 

in digestion of LHC II have not been identified so far. 

 

Other catabolic processes 

Macromolecules, such as regulatory proteins, lipids and sugars, are also 

degraded and recycled during leaf senescence. Protein turnover and nutrient 

reallocation appear to be controlled by the ubiquitin-26S proteasome pathway, 

which is different from degradation of chloroplast proteins (Yoshida, 2003; Lin 

and Wu, 2004). Metabolism of lipids, particularly membrane lipids, occurs in 

early stages of leaf senescence and leads to increased membrane permeability 

and electrolyte leakage (Thompson et al., 1998; Rolny et al., 2011). Membrane 

lipids are catabolized by four lipolytic enzymes (phospholipase D, phosphatidic 

acid phosphatase, lipolytic acyl hydrolase and lipoxygenase) and this process 

is important for remobilization of lipid phosphate and fatty acids (Thompson et 

al., 1998). Sugars derived from photosynthesis in mature ‘source’ leaves, 

especially sucrose, is catabolized and exported in the form of hexoses to 

growing sinks such as young leaves and seeds (Rolland et al., 2006). By 

contrast, the nucleus and mitochondria remain intact until the final stages of 

senescence, probably because they provide instructions and energy 

respectively for the completion of senescence (Lim et al., 2007). 
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1.2.2. Regulation of postharvest stress-induced leaf senescence 

Senescence of plant organs can be prematurely induced by a range of 

postharvest stresses including wounding (e.g. detachment), energy deprivation 

(e.g. darkness and sugar starvation) and water deficiency (Hunter et al., 2011; 

Trivellini et al., 2012; Liebsch and Keech, 2016). Understanding the genetic and 

molecular mechanisms behind such organ deterioration may provide a new 

strategy for extending storage and shelf life of agriculturally important plants 

and plant products by manipulating key genes that control postharvest 

senescence. 

 

1.2.2.1. Genes and transcription factors 

Comparison of transcriptome data between detached-dark-induced and 

age-dependent senescence 

It has long been thought that the genetic programmes of senescence in 

attached leaves and detached dark-held leaves are very different (Becker and 

Apel, 1993; Weaver et al., 1998). This was also supported by microarray meta-

analysis done by Buchanan-Wollaston et al. (2005) who compared 

transcriptome changes occurring in leaves of dark-held plants, sucrose-

starvation induced cell cultures and natural senescence. However, another 

transcriptome study has revealed that in addition to these differences there are 

also remarkable similarities (van der Graaff et al., 2006). For instance, 

approximately 77% of the genes up-regulated during senescence of detached 

dark-held leaves are also upregulated during natural senescence. However, the 

total number of genes specific to natural senescence is nearly two times higher 

than that of genes specific to senescence of detached dark-held leaves or 

attached shaded leaves (van der Graaff et al., 2006). This might imply that more 

metabolic processes are activated during natural senescence compared with 

senescence of detached dark-held leaves and attached shaded leaves. 

Interestingly, the gene expression patterns of senescence induced by various 

treatments are similar to those of natural senescence at the execution stage of 

senescence (after the senescence is initiated) but are significantly different at 

the initiation stage (Guo and Gan, 2012). This suggests that the progression of 

natural senescence and artificially-induced senescence share many catabolic 

processes. 
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Transcription factors 

Although some WRKY TFs such as WRKY6 and WRKY53 play important roles 

in developmental-dependent senescence, other members in this family are also 

found to be key regulators in stress-induced senescence. For example, over-

expression of AtWRKY22 and OsWRKY23 accelerate detached dark-held leaf 

senescence in Arabidopsis and rice respectively (Jing et al., 2009; Zhou et al., 

2011). AtWRKY22 expression is strongly induced by darkness and H2O2 but 

suppressed by light, suggesting its role in response to abiotic stress. It has been 

suggested that AtWRKY22 regulates dark-induced senescence by mutual 

interaction with other WRKY TFs including WRKY53, WRKY6 and WRKY70 

(which are key regulators in age-related senescence) and thereby indirectly 

influence the expression of several SAGs such as SAG12 and SAG20 (Zhou et 

al., 2011). This implies that WRKY TFs control both age- and stress-induced 

senescence in a rather complex manner and further studies are required for 

uncovering their regulatory network. 

 

Unlike dark-induced AtWRKY22 and OsWRKY23, several TFs are involved in 

regulating both developmentally- and detachment-dark-induced leaf 

senescence processes. Some representative examples of these TFs are 

ANAC092/AtNAC2/ORE1 (NAC TF) (kim, 2009; Balazadeh et al., 2010), RAV1 

(RAV TF) (Woo et al., 2010), EIN3 (Chao et al., 1997) and AZF2 (Cys2/His2 

type zinc finger protein) (Li et al., 2012). All of them are the positive regulators 

of developmentally- and detachment-dark-induced leaf senescence. Taken 

together, these findings reveal that TFs regulate age- and stress-induced 

senescence; however, how distinct TFs interact to contribute to senescence is 

not clearly understood. 

 

1.2.2.2. Phytohormones 

Plant hormones have important roles in both age-dependent and stress-

induced senescence and their signalling pathways show both similarities and 

differences. For example, ET, JA and SA pathways control gene expression 

during natural senescence and ET and JA (but not SA) pathways regulate gene 

expression during leaf senescence of dark-held plants and sucrose-starvation 

induced cell cultures (Buchanan-Wollaston et al., 2005). 
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A detailed characterization of JA-related genes found that 11 of 19 JA-

biosynthesis and 6 of 11 JA-response or signalling genes are differentially 

expressed but some of them show remarkably different expression patterns in 

natural senescence, senescence of detached dark-held leaves and attached 

shaded leaves (van der Graaff et al., 2006). For instance, eight of 11 

differentially expressed JA-biosynthesis genes are specifically and transiently 

activated in natural senescence but not in senescence of detached dark-held 

leaves or attached shaded leaves. However, two JA-biosynthesis genes 

encoding AtLOX1 and AtαDOX1 are only activated in senescence of detached 

dark-held leaves but not in natural senescence or attached shaded leaves, 

indicating these two genes are induced by wounding. 

 

The SA-regulated signalling pathway is essential for plant stress response and 

it seems to be specifically involved in developmental- but not dark-induced 

senescence, because most of senescence-associated SA-responsive genes 

are up-regulated in response to age-related senescence but are either not or 

weakly expressed in detached dark-held leaves or attached shaded leaves (van 

der Graaff et al., 2006). In Arabidopsis, transgenic plants with reduced SA 

levels, caused by overexpression of bacterial gene SALICYLIC 

HYDROXYLASE (NahG), exhibit delayed leaf degreening during age-related 

but not dark-induced senescence (Morris et al., 2000; Buchanan-Wollaston et 

al., 2005). 

 

1.2.2.3. Senescence-induced nutrient catabolism 

Nitrogen remobilisation 

Nitrogen remobilization, a crucial catabolic process during senescence, shows 

alternative pathways in natural senescence and senescence of detached dark-

held leaves (Lin and Wu, 2004; Buchanan-Wollaston et al., 2005; van der 

Graaff et al., 2006). Nitrogen is transported as glutamine (GLN) during natural 

senescence but as asparagine (ASN) during senescence of detached dark-held 

leaves. This makes biological sense as ASN contains less carbon than GLN 

and therefore serves as a major nitrogen carrier during carbon deprivation-

induced senescence that is caused by darkness (Lam et al., 1994; Lin and Wu, 

2004; Buchanan-Wollaston et al., 2005). Consistently, the transcript abundance 
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of genes encoding the ASN-biosynthetic enzymes such as ASPARAGINE 

SYNTHASE and GLUTAMATE DEHYDROGENASE is substantially increased 

during dark-induced senescence but not during natural senescence. In contrast, 

genes involved in ammonia assimilation (e.g. GLUTAMINE SYNTHETASE) 

and genes encoding glutamate decarboxylases are up-regulated in natural 

senescence but not in senescence of detached dark-held leaves (Buchanan-

Wollaston et al., 2005; van der Graaff et al., 2006). Glutamate decarboxylase 

plays a role in the conversion of glutamate to GABA (4-aminobutyrate), which 

presumably functions as a signalling molecule to balance carbon to nitrogen 

ratio during natural senescence (Buchanan-Wollaston et al., 2005). 

 

Carbohydrates 

Carbohydrates, specifically sugars, function as both metabolites and signalling 

molecules during leaf senescence (Rolland et al., 2006). The differences of 

transcriptome profiles between natural senescence and senescence of 

detached dark-held leaves are probably due to the dark-induced carbon-

deprivation. To cope with the daily period of darkness, starch and sugars are 

produced in Arabidopsis leaves through photosynthesis during the day, which 

are then mostly used during the night. For example, it has been reported that 

only 10% of starch and 50% of sucrose and reducing sugars are left by the end 

of the night compared with their accumulated amount during the day (Usadel et 

al., 2008). If the night is extended, the carbohydrate contents fall to extremely 

low levels while the level of free amino acids such as phenylalanine and 

asparagine increase. 

 

The dark-induced metabolite changes are executed by altering around 90% of 

the biochemical pathways (Lin and Wu, 2004). In dark-treated or otherwise 

sugar-starved leaves, numerous metabolic pathways are induced to provide 

alternative carbohydrate sources. For instance, β-oxidation genes which 

function in breaking down the straight chain fatty acids are activated during 

sugar depletion-induced but not developmentally-induced senescence because 

a sufficient sugar level must be maintained during natural senescence (Graham 

and Eastmond, 2002; Lin and Wu, 2004). Similarly, genes encoding enzymes 

that participate in branched-chain amino acid catabolic pathways are only 
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induced in dark-induced sugar-depleted cell culture tissue of Arabidopsis to 

provide an alternative carbon source (Fujiki et al., 2000). Moreover, another 

signalling molecule trehalose-6-phosphate (T-6-P), also involved in regulation 

of sugar metabolism, may help the plant to cope with the carbohydrate 

imbalance that results from carbon-deprivation (Eastmond et al., 2003; Thimm 

et al., 2004). Genes encoding T-6-P synthase and T-6-P phosphatase are only 

up-regulated upon sucrose starvation during dark-induced senescence but not 

during natural senescence (Contento et al., 2004; Buchanan-Wollaston et al., 

2005). 

 

1.3. Flower senescence 

1.3.1. General introduction of flower senescence 

Flowers are essential for the plant life cycle as they are responsible for 

pollination and seed set for the next generation. Compared with leaves, flowers 

are more complex and are composed of many distinct components including 

sepals, petals and androecium/gynoecium. These organs interact with each 

other which makes the study of flower senescence more difficult (Ashman and 

Schoen, 1994; Oneill, 1997). Petal senescence commences after pollination 

whereas other floral organs (e.g. carpel) are still developing to produce siliques 

(Stead, 1992). This requires strict regulation and involves an ordered set of 

events including structural, biochemical and molecular changes (Hunter et al., 

2004b; Tripathi and Tuteja, 2007; Ahmad and Tahir, 2016). Such well-

organised senescence program enables nutrients to be transported from petals 

to other sink tissues such as young leaves and developing ovary (Rogers, 

2013). 

 

In general, flower senescence is similar to leaf senescence. Previous study of 

sepal senescence in broccoli suggests that the sepal senescence is very similar 

to leaf senescence as it also requires degradation of Chl (Page et al., 2001). In 

Arabidopsis, microarray analysis revealed numerous common regulators 

between developmental leaf senescence and dark-induced inflorescence 

senescence suggesting similarity of the molecular mechanism (Trivellini et al., 

2012). 
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However, petal senescence is more complex, and it shows both similarities and 

differences compared to leaf senescence. Evolutionarily, a petal is a leaf-

derived floral organ (Bowman et al., 1991; Friedman et al., 2004) and petal 

senescence shares some common regulatory/degradation pathways with leaf 

senescence (Xu and Hanson, 2000; Price et al., 2008). For example, both petal 

and leaf senescence require degradation of macromolecules (e.g. membrane 

proteins and nucleic acids) for nutrient recycling (Shahri and Tahir, 2011; Akhtar 

et al., 2019) and the senescence processes are regulated by phytohormones 

such as ET and CK (Jibran et al., 2013; Ma et al., 2018). However, petal 

senescence is also distinct from leaf senescence in several aspects (Price et 

al., 2008; Wagstaff et al., 2009). For example, petal senescence is irreversibly 

and tightly controlled by developmental (e.g. activated by pollination) rather 

than environment signals, which is different from leaf senescence (Xu and 

Hanson, 2000; Chen et al., 2002; Rogers, 2013; Woo et al., 2019). In addition, 

ET-insensitive systems exist during petal senescence in some floral plant 

species (Woltering and Vandoorn, 1988); whereas ET has critical role in 

regulating leaf senescence (Jibran et al., 2013). Since petal senescence is 

extensively investigated compared with other floral organs, some details of 

petal senescence are described below (Rogers, 2013; Ahmad and Tahir, 2016). 

 

1.3.2. Regulation of petal senescence 

Petals play important roles during flower development and they function 

primarily to promote pollination by attracting pollinators (Glover and Martin, 

1998). The longevity of petals is also a key factor affecting vase life and quality 

of cut flowers in many ornamentals. Visible signs of petal senescence include 

colour change, wilting and abscission (Hunter et al., 2004b). These are 

associated with a series of physiological changes including degradation of 

proteins (e.g. membrane proteins and regulatory proteins), nucleic acids, lipids 

and carbohydrates (Hunter et al., 2004b; Tripathi and Tuteja, 2007; Ahmad and 

Tahir, 2016). Petal senescence is a genetically controlled and strictly regulated 

programme and is mediated by various phytohormones (Shahri and Tahir, 2014; 

Ma et al., 2018; Shibuya, 2018). Some petal senescence-related hormones and 

genes are reviewed below. 
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Hormones 

Like leaf senescence, plant hormones ET and ABA promote flower senescence 

whereas CK and GAs inhibit it [reviewed by Ma et al. (2018)]. Auxin can 

promote or delay senescence in different plant species, and JA has also been 

reported recently to affect petal senescence [reviewed by Ma et al. (2018)]. 

Here, some details of ET-dependent and ET-independent flower systems are 

reviewed. 

 

Unlike ET-mediated leaf senescence, both ET-sensitive and -insensitive flower 

senescence systems exist (Woltering and Vandoorn, 1988). ET plays a central 

regulatory role during senescence in ET-sensitive flowering plants including 

Arabidopsis, petunia and carnation (Iqbal et al., 2017; Ma et al., 2018). In those 

ET-sensitive species, the production of endogenous ET has been suggested to 

be induced by developmental signals (e.g. pollination) (Woltering and Vandoorn, 

1988; Shahri and Tahir, 2011). In carnation, after pollination, ET was produced 

in petals during senescence, and this is associated with the transcriptional 

increases of the ET biosynthetic genes such as genes encoding ACC synthase 

and ACC oxidase (Park et al., 1992; tenHave and Woltering, 1997). 

Exogenously applied ET or its precursor (e.g. ACC) promoted senescence of 

the corolla in China rose flowers; whereas treatment with chemicals which 

inhibited ET biosynthesis or action delayed it (Trivellini et al., 2011a; Trivellini 

et al., 2011b). Besides biosynthesis, ET signalling is also involved in controlling 

flower senescence. For example, transgenic carnation and petunia plants 

expressing the Arabidopsis etr1-1 gene exhibited delayed flower senescence 

and extended vase life (Wilkinson et al., 1997; Bovy et al., 1999). In petunia, 

transgenic plants expressing the etr1-1 gene of Arabidopsis or with reduced 

expression of PhEIN2 showed delays in flower senescence (Shibuya et al., 

2004). All these findings again indicate an essential role of ET in the 

acceleration of flower senescence in diverse ET-sensitive species. 

 

In plant species with ET-insensitive flower systems (e.g. tulip and daylily), ET 

appears to not affect (or have little effect on) petal senescence though it may 

be still involved in other plant organ/tissue development such as pedicel 

elongation and ovary development (Woltering and Vandoorn, 1988; Shahri and 
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Tahir, 2011; Woltering, 2017). Endogenous ET levels did not show significant 

increase during petal senescence, and treatment with exogenous ET or 

chemicals preventing ET action did not show a dramatic effect on petal 

senescence (Woltering and Vandoorn, 1988). This suggests petal senescence 

is likely regulated by an ET-independent pathway. In some ET-independent 

species, ABA is thought to be the primary regulator of petal senescence 

(Borochov and Woodson, 1989; Panavas et al., 1998; Hunter et al., 2004a). 

Treatment with exogenous ABA promotes senescence in certain flowers 

(Borochov and Woodson, 1989). In daffodil (Narcissus pseudonarcissus), 

endogenous ABA content increased in the petals during flower senescence, 

while exogenous ABA treatment induced transcript abundances of SAGs and 

such ABA-dependent induction was not affected when flowers were pre-treated 

with an inhibitor of ET action, suggesting this ABA-mediated transcript 

accumulation is independent of ET (Hunter et al., 2004a). In the petals of ET-

insensitive daylily, many senescence-associated changes such as increased 

ion leakage and proteinase activity were stimulated by exogenous ABA 

treatment (Panavas et al., 1998). Although some studies have been carried out, 

the knowledge of the mechanism behind petal senescence in the ET-insensitive 

flowers is extremely limited thus far (Ma et al., 2018). 

 

ABA also regulates senescence in ET-sensitive flowers and its function is likely 

to be ET-dependent. For instance, ABA promotes ET production and petal 

senescence in carnation (Mayak and Dilley, 1976; Ronen and Mayak, 1981), 

while inhibiting ET signaling suppress ABA production and corolla senescence 

in petunia (Jones et al., 2009). Other hormones including CK, GA, JA and auxin 

are also involved in regulation of flower senescence. These hormones do not 

work alone, but crosstalk with each other to control floral organ senescence 

(Iqbal et al., 2017; Ma et al., 2018). For example, the transgenic petunia flowers 

with increased CK production showed delayed corolla senescence and reduced 

sensitivity to ET (Chang et al., 2003). In some cut roses and carnations, GA 

acts as antagonist of ET and delays petal senescence (Saks et al., 1992; Saks 

and Van Staden, 1993; Lü et al., 2014). All in all, phytohormones have essential 

roles in regulation of flower/petal senescence. 
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Genes and transcription factors 

Petal senescence is thought to be one type of programmed cell death (PCD), 

and this process is genetically regulated (Rogers, 2006, 2013). Genes that 

control flower senescence have been identified in various plant species. These 

genes encode enzymes/proteins involved in phytohormone biosynthesis and 

signalling, macromolecule degradation (e.g. proteases, lipases and nucleases) 

and nutrient remobilisation (e.g. transporters) (Shahri and Tahir, 2014; Shibuya, 

2018). For example, cysteine proteases are considered to regulate nutrient 

recycling from senescing floral organs. Genes encoding cysteine proteases 

have been reported to be induced during senescence in several flower systems 

[summarised in Shahri and Tahir (2014)]. Some of these genes, such as SAG12 

in Arabidopsis and its orthologues in Brassica napus (BnSAG12-1 and 

BnSAG12-2) and in Petunia hybrida (PhCP10), have been commonly used as 

senescence markers (Noh and Amasino, 1999b; Jones et al., 2005). 

 

Genes encoding various TFs, such as NAC and MADS-box TF families, also 

play key regulatory roles during flower senescence (Shahri and Tahir, 2014; 

Shibuya, 2018). In the ET-dependent flower systems, including Arabidopsis, 

petunia and wallflower, multiple NAC genes show up-regulation during petal 

senescence suggesting their involvement in regulation of ET-mediated flower 

senescence (Price et al., 2008; Wagstaff et al., 2009; Broderick et al., 2014). 

For instance, NAP and ANAC092 were up-regulated during developmental-

induced petal senescence in Arabidopsis (Wagstaff et al., 2009), while a 

number of NAC genes were down-regulated in ET-insensitive corollas of 

transgenic petunias with induced expression of etr1-1 (Wang et al., 2013). In 

addition to these ET-dependent NACs, some NACs are involved in regulation 

of petal senescence in the ET-insensitive flower systems. For example, 

EPHEMERAL1 (EPH1), a TF with sequence similarity to ANAC092 in the NAM 

sub-family, has been reported to positively regulate petal senescence in the 

ET-independent Japanese morning glory ‘Violet’ (Shinozaki et al., 2011; 

Shibuya et al., 2014). The expression of EPH1 was not affected by endogenous 

ET signals or exogenous treatment with an ET signalling inhibitor (Shibuya et 

al., 2014). Transgenic plants with reduced expression of EPH1 exhibited 

delayed petal but not leaf senescence (Shibuya et al., 2014). Interestingly, the 
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transcript abundances of senescence marker SAG12 ortholog and several 

PCD-related gene orthologs such as autophagy-related genes and a vacuolar 

processing enzyme gene were suppressed in those plants (Shibuya et al., 

2014). These findings suggested EPH1 may be induced by developmental 

signals and it regulates petal senescence via up-regulation of PCD-related 

genes in the ET-insensitive flower system. 

 

MADS-box TFs are widely involved in regulating multiple plant developmental 

processes such as floral organ specification and flower senescence 

(Smaczniak et al., 2012; Chen et al., 2015). In Arabidopsis, overexpression of 

MADS-box genes AGL15 (AGAMOUS like 15) or AGL18 results in delay in 

perianth senescence and abscission, suggesting they act as negative 

regulators during flower senescence and abscission (Fernandez et al., 2000; 

Fang and Fernandez, 2002; Adamczyk et al., 2007). Similarly, AGL42 (also 

known as FOREVER YOUNG FLOWER; FYF) also function as a repressor of 

floral organ senescence by suppressing ET responses (Chen et al., 2011a; 

Chen et al., 2015). AGL42 overexpression lines exhibited significant delay in 

senescence and abscission of perianth organs (Chen et al., 2011a). This gene 

also negatively regulates Ethylene Response DNA-binding Factors 1 to 4 

(EDF1/2/3/4) in the ET pathway (Chen et al., 2015). Recently, AGAMOUS, 

another MADS-box gene, has been reported to promote sepal senescence by 

driving JA production in Arabidopsis (Jibran et al., 2017). These findings reveal 

essential roles of MADS-box TFs in controlling flower senescence in 

Arabidopsis. 

 

1.3.3. Regulation of postharvest stress-induced inflorescence 

senescence 

Compared with the extensively investigated leaf and petal senescence (as 

described above), less is known about postharvest inflorescence senescence. 

Some studies were carried out on a commercial vegetable broccoli and the 

model plant Arabidopsis. 
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Broccoli 

Broccoli (Brassica oleracea L. italica) is considered as one of the healthiest 

vegetables in the world because it has high content of vitamins and minerals 

and it also provides many beneficial compounds such as flavonoids, 

antioxidants and glucosinolates (Chen et al., 2008; Eugenia Gómez-Lobato et 

al., 2012).  

 

The head of broccoli is composed of a number of immature florets and each 

consists of a flower enclosed by Chl-containing sepals (Page et al., 2001; Chen 

et al., 2008). After harvesting, this floret head deteriorates rapidly (within 2-4 

days) if stored at room temperature and the most visible phenotype is the 

yellowing of peripheral sepals which is caused by Chl degradation (Chen et al., 

2008) and accompanied by the transcriptional increase of a broccoli SGR gene 

(Gomez-Lobato et al., 2014). The rapid deterioration of broccoli might be due 

to a series of postharvest stresses such as loss of water that is normally 

supplied from roots and reduced phloem import. Sugar-starvation might be one 

of the major stresses in harvested and dark-stored broccoli heads, which 

changes the sugar-mediated signalling and metabolism. It has been found that 

the floret head of broccoli loses almost 50% of their sucrose within 6 h after 

detachment, while the transport of amino acids such as glutamine and 

asparagine and ammonia levels increase (Downs et al., 1997). More recently, 

a study found that the inflorescence type had an effect on the physiological 

changes of cut broccoli during storage. The primary florets showed lower Chl 

degradation, less sugar lost and dehydration than lateral florets during storage 

(Hasperué et al., 2015). 

 

Plant hormone levels are also affected by postharvest stresses. For instance, 

a burst of ET is produced by broccoli florets after harvest and this probably 

plays a role in regulating the postharvest sepal degreening (Chen et al., 2008). 

Interestingly, a high level of ET is produced by the reproductive organs, 

especially the stamens; whereas relatively low amounts of ET is produced by 

the sepals and only subsequent to ET produced by the reproductive organs 

(Tian et al., 1994). The yellowing of sepals is more likely caused by the 

increased ET that is produced by reproductive organs rather than ET production 
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by the sepals because removing these reproductive organs reduces the rate of 

sepal degreening (Tian et al., 1994). Transgenic broccoli with reduced ET 

production, caused by driving the expression of an antisense ACC oxidase 

(BoACO2), shows delayed Chl loss, declined protease activity and higher 

content of total protein (Gapper et al., 2005). Similarly, transgenic broccoli with 

reduced expression of ACO1, ACO2 or ACS1 exhibit extended shelf life 

(Higgins et al., 2006). 

 

Consistent with the senescence-inhibiting role of CKs, import of this hormone 

in broccoli floret heads decreases as a result of detachment. Exogenous 

application of CK (Tian et al., 1995) or increasing endogenous CK production 

by over-expressing the CK-biosynthetic gene IPT (Chen et al., 2001b) delays 

floret degreening in broccoli. It has been suggested that CK-mediated 

retardation of postharvest senescence in transgenic broccoli with IPT is caused 

by the accumulated antioxidant enzyme activity and stress-responsive proteins 

(Liu et al., 2011). 

 

Arabidopsis 

Although some molecular and biochemical mechanisms of postharvest 

inflorescence senescence are characterised in broccoli (described above), 

many biological events are not clear so far. Since the transformation of broccoli 

is time- and space-consuming, a more convenient system is expected to help 

understand the mechanisms of postharvest senescence in broccoli. 

 

Arabidopsis thaliana, belonging to the Brassicaceae family, is a popular model 

organism that is widely used for studying genetics, cellular and molecular 

biology, evolution and development in plant science research because of the 

following advantages: a small and fully sequenced genome, a fast life cycle, 

small size of adult plants, prolific seed production, efficient transformation, and 

availability of a large number of mutant lines (TAIR, 

https://www.arabidopsis.org/). It has been used widely for investigating the 

biological mechanisms of age- and stress-induced senescence in leaves (see 

Section 1.2). Recently, it has also been used for studying the postharvest 

inflorescence senescence (Trivellini et al., 2012; Jibran et al., 2015) and is 
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considered to be an ideal model for elucidating the gene functions in 

postharvest broccoli because extensive collinearity between these two 

genomes for chromosomal segments has been found (Li et al., 2003). 

 

During dark treatment of Arabidopsis inflorescences, the detached immature 

inflorescences undergo a series of phenotypical and physiological changes, 

including growth arrest (no flower opening or pedicel elongation), degreening 

(due to the Chl loss), reduced soluble protein content and increased ion leakage 

(Trivellini et al., 2012). Phytohormones also had significant effect on the timing 

of inflorescence degreening. For example, treatment with ABA promoted the 

yellowing of detached inflorescence; whereas treatment with 6-

benzylaminopurine (synthetic CK) delayed this process (Trivellini et al., 2012). 

 

SAGs that were differentially regulated during dark-induced inflorescence 

senescence were also identified (Trivellini et al., 2012). A large number of 

genes are differentially expressed during both leaf and inflorescence 

senescence, notably senescence marker gene SAG12 and senescence-related 

TF genes such as ANAC092 and NAP (Trivellini et al., 2012). This supports the 

idea that senescence of some floral organs such as sepals and petals is 

generally similar to leaf senescence (Page et al., 2001; Price et al., 2008). 

Genetic analysis also confirmed the roles of some common regulators in 

controlling dark-induced inflorescence senescence. For example, the defective 

mutants of ANAC092 and NAP exhibited delayed senescence of cut 

inflorescences upon dark treatment (Trivellini et al., 2012). In addition, mutants 

with a defect in NYC1 also showed delayed senescence of both cut and 

attached inflorescences when treated in the dark (Jibran et al., 2015). Although 

some regulators have been identified in Arabidopsis, our knowledge of 

postharvest stress-induced inflorescence senescence is still limited and further 

investigation is required. 
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1.4. Research background 

To identify key genes that regulate dark-induced inflorescence senescence in 

Arabidopsis, a forward genetic approach was applied, and large numbers of 

ethyl methanesulfonate (EMS) mutants were screened by previous researchers 

using the Arabidopsis Inflorescence Degreening Assay (AIDA) (Jibran et al., 

2015). AIDA allowed the isolation of a number of mutants that show altered 

timing of inflorescence senescence (Jibran, 2014; Jibran et al., 2015). 

 

Mutants whose immature inflorescences show complete yellowing at day 3 of 

dark incubation (two days ahead of WT) were named accelerated inflorescence 

senescence (ais) while those that exhibit delayed degreening at day 5 

compared with WT were named delayed inflorescences senescence (dis). In 

total, 10 ais and 20 dis were identified and their inflorescence degreening 

phenotypes are shown in Figure 1.3 (Jibran, 2014). Based on this preliminary 

screen, a total of twenty-one mutants (16 from reported data, see figure 1.3 and 

5 from unpublished data) that showed altered time to degreening were used for 

the further physiological and genetic analysis in this study. 
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Figure 1.3. Screening of detached-dark-held inflorescences of EMS mutants via 
AIDA 
(A) Degreening of ais mutants at day 3. (B) Degreening of dis mutants at day 5. 
Inflorescences were harvested from the M5 plants. Numbers on the top of each well 
indicate mutant number. wt is an abbreviation of wild type. Mutants with yellow (for ais) 
or green (for dis) circles on their inflorescences are investigated further in this research. 
Figures were edited from Jibran (2014). 
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1.5. Project aims 

This project aims to better understand the key biological processes and 

regulation of dark-induced inflorescence senescence in Arabidopsis thaliana. 

The specific objectives of this project were as follows: 

1) To confirm the altered inflorescence degreening phenotype of selected 

EMS mutants. 

2) To identify the genetic lesions that are responsible for the altered 

senescence phenotype in a selection of the mutants. 

3) To investigate the roles of the identified genes during dark-induced 

senescence. For instance, in which phytohormone-related pathways or 

degradation processes they are involved, and how they interact with other 

genes or signals in those pathways or processes in senescence regulation. 

Investigating the senescence-related functions of these genes was 

hypothesised to allow for a better understanding of how postharvest 

senescence of dark-stored tissue is regulated. 
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2. Materials and Methods 

2.1. Plant materials 

Ethyl methanesulfonate (EMS)-mutated seeds (M2) from Arabidopsis thaliana 

ecotype Landsberg erecta (Ler-0) background were purchased from LEHLE 

Seed Company (Round Rock, TX, USA; www.lehleseeds.com). M2 seeds were 

screened and the plants that showed altered timing of degreening were self-

fertilized to collect M3 seeds. M3 seeds were rescreened and M4 seeds were 

collected from the self-fertilized positive M3 plants. M4 plants were backcrossed 

with Ler-0 and the F1 seeds were sown to produce F2 segregating population. 

The above work was previously performed by Rubina Jibran (Jibran, 2014). The 

M4 and F2 (after first backcross to Ler-0) generation of the identified mutants 

were provided by Donald Hunter at the New Zealand Institute for Plant & Food 

Research (PFR; Palmerston North) and the details of these mutants are listed 

in Table 2.1.  

 

2.2. Chemicals and reagents 

Chemicals, reagents, solvents and enzymes were sourced from Duchefa 

Biochemie (Netherlands), BDH Chemicals (United Kingdom), HydraGene 

(United States), Sigma (United States), Invitrogen (United States), Merck 

(Germany) and Roche (Switzerland) and New England Biolabs (United States) 

unless otherwise stated. Primers were ordered from Macrogen (Korea). Probes 

for nCounter analysis were ordered from Integrated DNA Technologies (United 

States). Buffers, solutions and media were prepared with Milli-Q purified water 

and were sterilised by autoclaving for 20 min at 120°C and 100 kPa or by filter 

sterilization using 0.2 μm Puradisc™ polyethersulfone filters (Whatman) unless 

otherwise stated. Lab stock solutions were from Molecular biology and 

biochemistry lab, PFR, Palmerston North unless otherwise stated. 
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Table 2.1. Details of 22 previously identified EMS mutants 

Mutants Generation Seeds status AIDA 
phenotype 

Other phenotypes  
(before backcross) 

dis2 M4 Homozygous dis  WT-like  
dis7  M4 Homozygous dis WT-like 
dis24  M4 Homozygous dis Unknown  
dis29  M4 Homozygous dis Unknown 
dis31  M4 Homozygous dis Unknown 
dis51  M4 Homozygous dis WT-like 
dis54  M4 Homozygous dis Unknown 
dis3  x Ler-0 F2 Segregating dis WT-like 
dis9 x Ler-0 F2 Segregating dis Stunted 
dis15  x Ler-0 F2  Segregating dis Stunted 
dis21  x Ler-0 F2  Segregating dis WT-like 
dis39  x Ler-0 F2  Segregating dis WT-like 
ais1  x Ler-0 F2  Segregating ais Unknown 
ais3  x Ler-0 F2  Segregating ais Stunted 
ais9  x Ler-0 F2  Segregating ais Thin stem and small leaves 
ais10  x Ler-0 F2  Segregating ais WT-like 
ais12  x Ler-0 F2  Segregating ais Stunted 
ais16  x Ler-0 F2  Segregating ais Stunted 
ais19  x Ler-0 F2  Segregating ais Stunted 
ais20  x Ler-0 F2  Segregating ais WT-like 
ais26  x Ler-0 F2  Segregating ais WT-like 
ais61  x Ler-0 F2  Segregating ais apetala-1-like 

Mutants and their listed phenotypes were previously identified by Rubina Jibran (Jibran, 
2014). M2 seeds were screened and the plants that showed altered timing of 
degreening were self-fertilized to collect M3 seeds. M3 seeds were rescreened and 
M4 seeds were collected from the self-fertilized positive M3 plants. M4 plants were 
backcrossed with Ler-0 and the F1 seeds were sown to produce F2 segregating 
population. 

 

2.3. Phenotypic analysis 

2.3.1. General plant growth conditions  

Seeds of Arabidopsis ecotype Columbia (Col-0), Ler-0 and EMS mutants were 

germinated and grown in a temperature-controlled growth chamber set at 21°C 

with 65% relative humidity and under a 16 h/8 h light (200 μM photons m-2s-1; 

gro-lux and cool-white fluorescent lamps)/dark cycle (long day) unless 

otherwise stated. For the in planta assay, plants were grown in a temperature-

controlled growth cabinet (Contherm Model CAT 630, 20-22 °C with 60% 

relative humidity at a light intensity of ~180 μE with Metal Halide lamps under 

long day). 
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2.3.2. Arabidopsis inflorescence degreening assay 

Plants were screened by using AIDA as described in (Trivellini et al., 2012; 

Jibran et al., 2015; Hunter et al., 2018). In brief, immature inflorescences 

[growth stages 6.00–6.10; (Boyes et al., 2001)] were cut from primary bolts of 

4-6 weeks old (after sowing) M2 plants and were placed in Milli-Q purified water 

in a microtitre plate. The plate was then housed in a black container (to mimic 

dark conditions) and incubated in the dark at 21°C. Photos were taken at 3 and 

5 days of dark treatment. This required a brief illumination period of less than 2 

minutes to minimise the light contamination. Mutants with inflorescences that 

showed altered time to degreening were selected for further genetic analysis. 

For long day (defined in Section 2.3.1) treatment, similar procedures were used 

with the exception that inflorescences were placed in a transparent container 

that was covered with transparent film and incubated under long day conditions. 

 

2.3.3. Calculation of bolting and flowering percentages 

Twenty-four plants per phenotype were sown and grown under long day 

conditions and were used for investigating the time to bolting and flowering 

between WT and mutants. Bolting was defined as the plant having a 5 mm 

primary bolt, and flowering as the plant having its first flower open in the primary 

bolt. The number of the plants that were bolting and flowering were counted on 

indicated days and expressed as percentages. Percentages were calculated as 

the number of bolting or flowering plants divided by the total number of plants 

multiplied by 100. 

 

2.3.4. Synchronisation of flowering time 

Time to flowering between WT and mutants was synchronised by sowing 

mutants ahead of WT. The purpose of synchronisation was to be able to harvest 

the inflorescences that have their first flower opened at the same time or to 

collect the first cauline leaves at the same age. dis2 and dis51 were sowed 12 

and 4 days before their WT controls respectively. Inflorescences were 

harvested from plants having their first flower opened at the same time but at 

different plant ages between mutants and WT. For dis2, inflorescences from 29 

days old Ler-0 and 41 days old dis2 plants were collected; whereas 

inflorescences from 28 days old Ler-0 and 32 days old dis51 plants were 
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detached for dis51. AIDA screening was applied in the dark as described in 

Section 2.2.1. Photos were taken before (day 0) and after 5 and 7 days of dark 

treatment. 

 

2.3.5. Degreening assay of detached and dark-held leaves 

The synchronisation also allowed collecting the first cauline leaves at the similar 

age between WT and mutants. About 2 weeks after sowing, the leaf numbers 

were counted and recorded. A leaf with a length longer than 2 mm was 

considered as emerged. The number and the emergence date of the first 

cauline leaf was recorded. Leaves at similar ages (time differences less than 

one to two days) between WT and mutant were detached and placed in a round 

petri dish (90x15 mm; CITOTEST, CN) with filter paper (90 mm; Whatman, UK) 

moistened with 3 mL sterilised water. The petri dish was then sealed and 

incubated at 21˚C in the dark. Photos were taken before (day 0) and after 5 and 

7 days of dark treatment. 

 

2.4. Physiological analysis 

2.4.1. Chlorophyll analysis 

Chl was extracted from single inflorescence. The fresh weights of uncrushed 

inflorescences were measured and the Chl was extracted by incubating 

samples in 96% (v/v) ethanol (1 mg of tissue per 30 μL of ethanol) for 4 days in 

the dark at 4°C. The concentration of Chl was quantified by measuring the 

absorbance of 2 μL of the supernatant at the wavelengths of 649 (A649) and 

665 (A665) nm with a Nanodrop ND-1000 spectrophotometer. The absolute Chl 

content (μg/mg) was calculated using the following equation (Wintermans and 

de Mots, 1965):  

Chl a = 13.70 * A665 - 5.76 * A649 

Chl b = 25.80 * A649 - 5.76 * A665 

Total Chl = 6.1 * A665 + 20.04 * A649 

The Chl retention at day 3 or day 5 was expressed as percentage, which was 

calculated as the day 3 or day 5 Chl content divided by day 0 Chl content 

multiplied by 100.  
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2.4.2. Phytohormone treatment 

2.4.2.1. Ethylene treatment  

Preparation of Murashige and Skoog (MS) salts medium 

Half MS salts medium was prepared using standard protocols (Murashige and 

Skoog, 1962). Half MS basal salt mixture (2.165 g/L) was dissolved in Milli-Q 

purified water and the pH of the medium was adjusted to 6.2 using 1M KOH 

solution and then 1% agar was added. The medium was autoclaved and then 

was cooled to 50-55˚C and poured equally to petri dishes under sterilised 

conditions. Approximately 20 mL or 60 mL of liquid medium was poured to a 

round petri dish (90x15 mm) or a square one (120x120x17 mm), respectively. 

The petri dishes were left at room temperature for the media to solidify. 

 

Preparation of 1-Aminocyclopropane-1-carboxylic acid (ACC) 

To make 10 mM stock solution, 0.01g ethylene precursor ACC (sigma, USA) 

was dissolved in 10 mL 10% ethanol and was filter sterilised. 

 

Seeds sterilisation 

100 mL of 70% (v/v) ethanol, 50% (v/v) Janola Premium Bleach and 0.1% (v/v) 

Triton X-100 solutions were prepared for seed sterilization. Arabidopsis WT and 

dis51 seeds were first sterilised with 70% ethanol for 1 minute and then washed 

with 50% bleach for 6-8 minutes. The seeds were then rinsed with 0.1% Triton 

X-100 solution for 2-3 times around 1 minute each time. Finally, the seeds were 

rinsed with sterile water twice. 

 

Triple response assay 

The triple response assay was carried out according to the protocol described 

in Jing et al. (2002). Sterilized seeds (20 seeds per genotype) were sown on 

the half MS medium and grown under long day conditions for 2 days for 

germination. After germination, the seeds were transferred carefully by using 

forceps to half MS plate with and without 10 μM ACC (20 μL 10mM ACC per 

20 mL half MS medium) and were incubated in the dark at 21˚C for 5 days.  
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2.4.2.2. Strigolactone treatment 

To make 10 mM stock solution, 1.49 mg SL analogue racemic-GR24 (rac-GR24; 

Chiralix, NL) was dissolved in 500 μL pure DMSO and was diluted with 1% 

DMSO to different concentrations for experiments. Detached inflorescences 

were treated with diluted rac-GR24 or 1% DMSO (mock) and were incubated 

in the dark or long day at 21˚C.  

 

2.5. Genetic and high-resolution melt (HRM)-analysis 

2.5.1. Determination of genetic nature of selected ais or dis mutants 

Homozygous M4 mutants that showed stable altered degreening phenotype 

were selected were backcrossed with Ler-0 and Col-0 following the protocol of 

Koornneef et al. (2006) for the genetic analysis. F1 plants were selfed to 

generate the F2 populations for mapping. F2 plants were screened by AIDA 

and followed by segregation analysis. Pearson’s chi-squared test was used to 

determine the genetic nature (e.g. no significant difference between observed 

ratio and expected ratio 3:1 was considered to be a monogenic recessive trait) 

of selected mutants and was performed with online P-value calculator 

(http://graphpad.com/quickcalcs/chisquared1/). The P-value was determined at 

one degree of freedom and P<0.05 indicated a statistically significant difference. 

 

2.5.2. Primer design 

The primers for HRM-analysis were designed using Primer3web version 4.1.0 

(Koressaar and Remm, 2007; Untergasser et al., 2012) according to the 

settings described in Jibran et al. (2015). Primers were designed with default 

parameters, except for the following changes: set “Max Self Complementarity” 

to 4, “Max 3ʹ Self Complementarity” to 1, “Primer GC%” Min to 40 and Max to 

50 and “Product Size Ranges” to 70 - 150. Primers were designed to single 

nucleotide polymorphisms (SNPs) between Col-0 (TAIR10) and Ler-0 

sequence (Ler-0 sequence provided by Korbinian Schneeberger, Max Planck 

Institute for Plant Breeding Research) and the sequence alignment was 

performed with Geneious software (version 10.0.3). Primers were listed in 

Appendix 1. 
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2.5.3. HRM-based polymerase chain reaction (PCR) 

HRM-analysis was performed using the genomic DNA isolated from the leaves 

of F2 positive plants of the mutants, homozygous WT plants (Col-0 and Ler-0) 

and heterozygous F1 progeny of crossed Ler-0 and Col-0. Genomic DNA was 

extracted according to the protocol of Dellaporta et al. (1983) or by SlipStream 

Automation (www.slipstream-automation.co.nz). The causal mutations were 

coarse mapped by Rubina Jibran (Jibran, 2014) to chromosome 3 between 

markers 3-1 and 3-2 for dis9 and chromosome 2 between markers 2-4 and 2-5 

for dis15 (Hunter et al., 2018). Markers 3-1 and 3-2 in Hunter et al., 2018 

correspond to markers 3-14 and 3-16 in Jibran, 2014; while markers 2-4 and 2-

5 corresponding to markers 2-8 and 2-11. For fine-mapping of dis9 and dis51, 

HRM reaction was prepared using HRM master mix (Roche) and the PCR was 

carried out with LightCycler 480 instrument (Roche) following the procedures 

described in Jibran et al. (2015) and Hunter et al. (2018). The PCR reaction 

mixtures for 96-well and 384-well plates screen were shown in Table 2.2 and 

the PCR conditions were shown in Table 2.3. Data analysis was performed with 

the LightCycler 480 software (version 1.5.0) using the method “Gene scanning”.  

Table 2.2. HRM-PCR reaction components 

For each reaction Volume for 96-well plate 
(μL)

Volume for 384-well 
plate (μL) 

HRM Master Mix 5 3.5
Mg2+ 1 0.7
Forward primer (10 μM) 0.2 0.14
Reverse primer (10 μM) 0.2 0.14
H2O 1.1 0.52
Genomic DNA (5 ng / μL) 2.5 2
Total reaction volume 10 7

 

Table 2.3. HRM-PCR conditions 

 Temperature (°C) Time 
Initial denaturation 95 5 minutes 

PCR amplification 
(40 cycles) 

95 10 seconds 
56 (specific to primers) 30 seconds 
72 15 seconds 

HRM analysis 

95 1 minute 
40 1 minute 
65 0.01 second 
95 -

Cooling 40 30 second 
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2.5.4. Linkage analysis 

Linkage of causal mutations of dis mutants to SNP markers was determined as 

recombination frequency which was calculated by the following formula:  

Recombination frequency = (number of heterozygotes + 2 * number of 

homozygous Col-0) / (2 * total number of plants tested). 

 

2.6. Molecular cloning 

2.6.1. Plasmid constructions 

For MAX1 constructs for complementation of max1-5/dis15, the fragment of 

MAX1-WT (consisting of the 1293 bp region upstream of the start codon, the 

2420 bp genomic sequence, and a 185 bp region downstream of the stop codon) 

or MAX1-G469A (with a G to C mutation at position 1406 relative to the start 

codon of the MAX1 coding sequence causing a G469A substitution of MAX1 

protein) was amplified from genomic DNA and was then cloned into the binary 

vector pGreen0229 (Hellens et al., 2000b) via restriction digestion with EcoRI 

and NotI (Roche, CH). The details of cloning procedures and the primers used 

for PCR are described in sections 2.6.2 to 2.6.13. For complementation of d14-

6/dis9, the D14-pGWB1 construct (comprising 553 bp sequence upstream of 

the start codon and 804 bp of the coding sequence) was provided by Pilar 

Cubas (Centro Nacional de Biotecnología/Consejo Superior de Investigaciones 

Científicas; (Chevalier et al., 2014)). The positions of the mutations and the 

cloned regions were assigned based on the Col-0 gene and protein reference 

sequences from TAIR (www.arabidopsis.org).  

 

For transient expression assay, The Arabidopsis Col-0 based SL biosynthetic 

genes (D27, MAX3, MAX4 and MAX1) were cloned by Yanxia Zhang 

(University of Amsterdam) and the protocol was described in Zhang et al. 

(2014b). The Ler-0 based MAX1 genes (MAX1-WT, MAX1-G469R or MAX1-

G469A) were cloned using the same protocol. The coding sequence of MAX1 

was amplified (and/or point mutated) from the cDNA of WT or max1-5/dis15 

inflorescences and was then cloned into impact vector pIV1A_2.1 (containing 

a CaMV35S promoter) (Ting et al., 2013) via restriction digestion with NcoI and 

NotI (Roche, CH). The gene fragments were then transferred to the binary 
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vector pBin-Plus (Vanengelen et al., 1995) via Gateway LR reaction as 

described in Section 2.6.13. 

 

The maps of all vectors used for cloning were shown in Appendix 2. 

 

2.6.2. Plant genomic DNA isolation 

Plant genomic DNA was isolated by using Plant Genomic DNA Mini Kit 

(Geneaid Biotech; Taiwan, CN) according to the instruction manual or was 

extracted according to the protocol of Dellaporta et al. (1983). Detailed 

procedures are as follows: leaf samples were ground to a powder with liquid 

nitrogen. 20 mg/mL RNase A (Roche, CH; 1 μL per sample) was added to the 

extraction buffer (100 mL extraction buffer consisted of 20 mL of 1 M TrisꞏHCl 

(pH 7.5), 5 mL of 5 M NaCl, 5 mL of 0.5 M EDTA (pH 8.0), 5 mL of 10% SDS 

and 65 mL of sterilised water) just before use. Then 600 μL of extraction buffer 

was added to each sample and the solution was mixed by vortex for 5 seconds. 

After that, 600 µL Chloroform/Octanol (v/v, 24:1) was added and followed by 

vortex for 5 seconds, and then the sample was incubated at 37˚C for 5 minutes. 

The mixed solution was spun at 18000 RCF or 14000 r.p.m (Sigma 1-15 

centrifuge unless otherwise described in chapter 2) for 10 minutes at room 

temperature. 400 μL supernatant was transferred to a new Eppendorf tube, an 

equal volume of isopropanol was added for DNA precipitation, and then the 

solution was mixed and kept at room temperature for 5 minutes. The solution 

was spun at 14000 r.p.m for 10 minutes and the supernatant was discarded. 

The DNA pellet was washed with 70% ethanol twice and vacuum dried at room 

temperature. The DNA pellet was resuspended in 50 μL sterilised water and 

stored at 4˚C or -20˚C. 

 

2.6.3. Standard polymerase chain reaction (PCR)  

Genomic DNA for cloning or sequencing was amplified using iProof™ High-

Fidelity DNA Polymerase (BIO-RAD) or KAPA HiFi HotStart PCR Kit (Roche) 

with primers listed in Appendix 3. The PCR reaction mixtures (Table 2.4) and 

the PCR conditions (Table 2.5) were prepared and programmed according to 

the manufacturer's instructions. 
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Table 2.4. PCR reaction components 

iProof High-Fidelity PCR Kit Volume KAPA HiFi HotStart PCR Kit Volume 

Sterile water - μL Sterile water - μL 

5 x HF Buffer (contain 7.5 mM 

MgCl2) 

10 μL 5 x HiFi Buffer (contain 2 mM 

MgCl2) 

10 μL 

10 mM dNTP mix 1 μL 10 mM dNTP mix 1.5 μL 

10 μM Forward primer 0.5 μL 10 μM Forward primer 1.5 μL 

10 μM Reverse primer 0.5 μL 10 μM Reverse primer 1.5 μL 

DNA template (gDNA) 50-500 ng DNA template (gDNA) 10-100 ng

iProofTM HiFi DNA Polymerase 0.5 μL KAPA HiFi HotStart DNA 

Polymerase 

1 μL 

Total 50 μL Total 50 μL 

 

Table 2.5. PCR conditions 

 iProof High-Fidelity PCR condition KAPA HiFi HotStart PCR condition 

Step Temp. Time Cycles Temp. Time Cycles 

Initial denaturation 98˚C 30 sec 1 95˚C 3 min 1 

Denaturation 98˚C 10 sec 

35 

98˚C 20 sec 

30 Annealing varies* 30 sec varies* 15 sec 

Extension 72˚C 20 sec/kb* 72˚C 1 min/kb* 

Final extension 72˚C 5 min 1 72˚C 5 min 1 

Abbreviations: Temp., temperature; min, minute; sec, second. 
*The annealing temperatures are specific to primers used and was set according to 
the Tm (subjected to the lower one between forward and reverse primer) 
recommended by Macrogen (Korea) from where these primers were obtained. The 
extension time was adjusted to the length of amplicon expected. 

 

2.6.4. Site-directed mutagenesis 

PCR-based site-directed mutagenesis was used to make the MAX1-G469A 

substitutions for both Arabidopsis transformation and transient expression 

assay in N.benthamiana. The MAX1-G469A sequence used for Arabidopsis 

transformation of dis15 was generated according to the following procedures: 

forward and reverse primers (named MAX1_G469A_F1 and MAX1_G469A_R1; 

Appendix 3.1) were designed over the region to be mutated and the G bp in the 

WT sequence was replaced with a C in both primers. The mutated base pair 

region of the primers corresponded to position 1406 downstream of the start 

codon of the MAX1 CDS and it caused a G469A substitution of MAX1 protein. 

The forward primer (MAX1_G469A_F1) with G/C mutation on MAX1 genome 

was then partnered with a reverse gene primer (named 
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MAX1GA_CompNotI_R1; Appendix 3.1) located on the 3’-UTR of the gene and 

the reverse primer (MAX1_G469A_R1) partnered with a forward gene primer 

(MAX1GA_CompEcoRI_F1; Appendix 3.1) located on the promoter region of 

MAX1. The two PCRs were then run independently to generate two amplicons 

containing the point mutation. These two amplicons were purified (Section 2.6.6) 

and then combined via another PCR which was performed using the two 

amplicons as templates with the forward and reverse gene primers 

(MAX1GA_CompEcoRI_F1/R1) used in the above PCR to generate the full-

length of MAX1-G469A sequence for Arabidopsis transformation experiments. 

For producing the MAX1-G469A sequence for transient expression assay, the 

same strategy was used except the forward gene primer was designed to the 

start of the MAX1 CDS and the reverse gene primer was designed to the end 

of the MAX1 CDS (Appendix 3.3). 

 

2.6.5. Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate DNA following isolation, 

PCR or restriction enzyme digestion. 1% (w/v) agarose gels were used for 

agarose gel electrophoresis. 5 μL of ethidium bromide (10 mg/mL) was added 

to 250 mL of gel solution (lab stock, stored at 50˚C incubator) for DNA staining 

just before use. Gel solution was poured into a gel apparatus and the comb was 

placed on this apparatus. Once solidified, the gel was transferred to the 

electrophoresis tank and submerged by 1x TBE buffer. 10x loading dye was 

added to DNA samples to make a 1x final concentration before loading onto the 

gel. After loading the DNA ladders and samples, electrophoresis was carried 

out at 10 Volt/cm. DNA fragments in the gel were visualised using the UV 

transilluminator in the BIO-RAD Gel-Image system (BIO-RAD, USA) and digital 

photographs were obtained using Quantity One software (v4.6.2; BIO-RAD, 

USA). The length of the DNA fragments was estimated by comparing the 

mobility of DNA samples against the High DNA Mass Ladder (Invitrogen, USA) 

and/or 1 Kb Plus DNA Ladder (Invitrogen, USA). 
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2.6.6. PCR product purification 

PCR products were purified using the High Pure PCR Product Purification Kit 

(Roche, CH) according to the manufacturer’s instructions with the exception 

that purified PCR products were eluted in 30 µL (per sample) elution buffer.  

 

2.6.7. Restriction enzyme digestions 

PCR products and vectors were digested using restriction endonucleases. Two 

different restriction endonucleases were used for each construct to allow 

directional cloning. Typically, 1-2 μL of PCR product or 100-300 ng of vector 

was digested with 5 Units (per enzyme) of restriction enzymes (Roche, CH) in 

their recommended SuRE/Cut buffers (Roche, CH) in a total volume of 10 μL. 

The digest reaction mixture was incubated at 37°C for 1-2 hours. The digested 

DNA fragments were purified using PCR product purification kit (Section 2.6.6) 

and were checked by agarose gel electrophoresis (Section 2.6.5). The 

concentrations of the gene fragments and vectors were quantified by using 

Nanodrop ND-1000 spectrophotometer (Thermo Scientific). 

 

2.6.8. Ligation 

Digested gene fragments and vectors were ligated using T4 DNA Ligase (New 

England Biolabs) according to the manufacturer’s instructions. Typically, 1 μL 

of T4 ligase and 2 μL of T4 ligase buffer (10X) were used in a total volume of 

20 μL reaction solution. The amount of insert was calculated using online 

NEBioCalculatorTM (v1.9.0) (https://nebiocalculator.neb.com/#!/ligation) 

according to the following formula: required mass insert (ng) = desired 

insert/vector molar ratio (3:1) x mass of vector (~50 ng) x ratio of insert to vector 

lengths. The reaction mixture was incubated at 16°C overnight and then the 

reaction was inactivated at 65°C for 10 minutes. 

 

2.6.9. Bacterial transformation 

2.6.9.1. Preparation of Luria-Bertani (LB) medium 

For LB broth (pH 7.5), 1% (w/v) Tryptone, 0.5% (w/v) Yeast extract and 1% (w/v) 

NaCl were dissolved in water and the pH was adjusted to 7.5 using 1M KOH 

solution. The medium was autoclaved and stored at room temperature. For 

solid medium, 1.5% (w/v) Bacto-agar (Difco) was added before autoclaving. 
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2.6.9.2. Bacterial strains and general growth conditions 

Escherichia coli (E. coli) strains XL1-blue (Stratagene California, USA), 

NovaBlue (Novagen, Merck Biosciences, DE), Top 10 (Invitrogen, USA) and 

DB3.1 (Invitrogen, USA) were used for cloning. XL1-blue and NovaBlue contain 

resistance to tetracycline. DB3.1 contains the gyrA462 allele that renders this 

strain resistant to the toxic effects of the ccdB gene (Bernard and Couturier, 

1992) and was used for propagating plasmids containing the ccdB gene in 

GATEWAYTM system. Agrobacterium tumefaciens strains GV3101 (containing 

the disarmed pMP90 Ti plasmid) and AGL0 were used for plant transformation. 

Both GV3101 (Koncz and Schell, 1986) and AGL0 (Lazo et al., 1991) contain 

chromosomal resistance to rifampicin but GV3101 also contains resistance to 

gentamicin because of presence of the disarmed pMP90 Ti plasmid (Hellens et 

al., 2000a). E. coli and Agrobacterium were grown at 37°C overnight and at 

28°C for 2 days, respectively, on LB-agar plates or LB-broth with appropriate 

antibiotics. Liquid cultures were shaken at 250 r.p.m in addition to the described 

growth conditions. 

 

2.6.9.3. Preparation of competent cells 

Chemically competent cells 

Chemically competent cells of E.coli XL1-blue and NovaBlue were from lab 

stock and were prepared by the method of Inoue et al. (1990) using 10 mg/L of 

tetracycline for selection. Chemically competent cells of E.coli Top10 

(Invitrogen, USA) were provided by Caroline Kim (PFR, Palmerston North, NZ). 

 

Electrocompetent cells 

Electrocompetent E.coli DB3.1 cells were prepared according to the following 

procedures: 500 mL of LB-broth was inoculated with 5 mL of fresh overnight 

DB3.1 culture. Cells were grown at 37°C and shaken at 250 r.p.m to an OD600 

of approximately 0.5-0.7. After that, cells were chilled on ice for ~20 minutes 

and then were harvested by centrifugation at 4000 x g for 10 minutes at 4°C. 

Cells were washed three times with ice-cold 10% (v/v) glycerol and finally 

resuspended in 1 mL of 10% (v/v) glycerol. Cells were dispensed into 50 μL 

aliquots per tube and were snap frozen in liquid nitrogen and stored at -80°C.  
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Electrocompetent Agrobacterium GV3101 cells were from lab stock and were 

prepared by the methods of McCormac et al. (1998) using 20 mg/L of rifampicin 

for selecting Agrobacterium and 20 mg/L gentamicin for selecting disarmed Ti 

plasmid MP90. Electrocompetent Agrobacterium AGL0 cells were provided by 

Harro Bouwmeester (University of Amsterdam). 

 

2.6.9.4. Bacterial transformation methods 

Heat-shock transformation  

Heat-shock transformation was applied for transformation of ligated PCR 

products using chemically competent E. coli cells. 10 μL of ligated PCR product 

was gently added to 100 μL of freshly thawed competent cells and the mixture 

was placed on ice for ~30 minutes. After that, cells were heat-shocked at 42°C 

(water bath) for 90 seconds and then 500 μL of LB-broth was added 

immediately to the cells. Cells were incubated at 37°C and shaken at 250 r.p.m 

for 1 hour to allow them to recover. Finally, 50-100 μL of cell culture per 

construct was spread on LB-agar plates with appropriate antibiotics. 

 

Electroporation  

Electrocompetent E.coli DB3.1 cells were transformed with Gateway 

destination vector pBin-Plus containing ccdB gene (obtained from Harro 

Bouwmeester, University of Amsterdam, NL; Appendix 2.3.2) and 

Agrobacterium GV3101 or AGL0 cells were transformed with constructed 

plasmids by electroporation. 50-100 ng of plasmid was gently added to 50 μL 

of freshly thawed competent cells and the mixture was then placed between the 

electrodes of a pre-chilled electroporation cuvette (0.1 cm electrode gap, 

BioRad, USA). Cells were electroporated at 300 V in a Cell-Porator 

Electroporation System (Life Technologies) following the manufacturer’s 

instruction. After electroporation, cells were transferred to an Eppendorf tube 

containing 1 mL LB-broth and were recovered by shaking (250 r.p.m) at 37°C 

for 1 hour or at 28°C for 2 hours for E.coli or Agrobacterium, respectively. Finally, 

the recovered transformed cells (50-100 μL) were spread on LB-agar plates 

containing appropriate antibiotics. The helper plasmid pSoup (100 ng) was co-

transformed with pGreen0229 to GV3101 as it is required for the replication of 

pGreen0229 in Agrobacterium (Hellens et al., 2000b). 
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2.6.9.5. Antibiotics selection 

Antibiotics used for bacterial or transformants selection were prepared by 

dissolving antibiotic salts in appropriate solvents to make stock solutions. The 

details of antibiotics preparation and selection were shown in Table 2.6. All 

stock solutions were filter sterilised and stored in a tube wrapped with 

aluminium foil to avoid light. Kanamycin (kanamycin sulphate) and gentamicin 

(gentamicin sulphate) were stored at 4°C. Tetracycline (tetracycline 

hydrochloride) and rifampicin were stored at -20°C.  

Table 2.6. Antibiotics preparation and selection 

Antibiotics Solvents Stock 
(mg/mL) 

Working 
(μg/mL) 

Bacterial selection Vectors selection 

Kanamycin Water 50 50 N/A pGWB1, 
pGreen0229, 
pBIN_PLUS 

Tetracycline 70% 
Ethanol 

10 10 XL1-blue, 
NovaBlue 

pSoup 

Gentamycin Water 50 50, 20 (pIV1A) N/A pMP90, pIV1A_2.1 
Rifampicin DMSO 50 20 Agrobacterium N/A 

 

2.6.10. Colony PCR 

Colony PCR was used to preliminarily screen putative transformants for the 

presence of transgenes. Individual E. coli colonies (used as DNA templates) 

were picked using sterile toothpicks and were mixed well with PCR reaction 

mixtures which were prepared using KAPA2G Robust PCR Kit (Roche). Each 

reaction mixture (25 μL) contains 5 μL of 5X KAPA2G Buffer A, 0.5 μL 10 mM 

dNTP Mix, 10 μM forward and reverse primers (1.25 μL per primer), 0.1 μL of 

5 U/μL KAPA2G Robust DNA Polymerase and PCR-grade water (up to 25 μL). 

The PCR was performed using the following conditions: Initial denaturation 

95°C/3 minutes, 30 cycles of [95°C/15 seconds, Tm -°C (specific to primers; set 

as described in Section 2.6.3)/15 seconds, 72°C/- minutes (adjusted to the 

length of amplicon; 30 seconds/kb)] and final extension 72°C/1 minute. 

 

2.6.11. Plasmid DNA isolation 

Plasmid DNA was extracted using DNA-spin™ Plasmid DNA Purification Kit 

(iNtRON Biotechnology, Korea) according to the instruction manual or was 

isolated using the modified alkaline lysis method that was optimised based on 

Sambrook et al. (1989). Briefly, bacterial cells were collected from 3 mL of 
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overnight cultures by centrifugation at 6000 r.p.m for 5 minutes at room 

temperature. The supernatant was discarded, and the cells were resuspended 

in 200 μL of solution I (50 mM Glucose, 10 mM EDTA, 25 mM Tris pH 8.0). The 

resuspended cells were lysed with 200 μL of solution II [0.2 M NaOH, 1% (w/v) 

SDS; prepared just before use] and the solution was then neutralised with 200 

μL of solution III [3 M potassium acetate, 11.5% (v/v) glacial acetic acid]. The 

protein, carbohydrates and genomic DNA mixtures were pelleted by 

centrifugation at 12000 r.p.m for 15 minutes and ~500 μL of supernatant was 

transferred to a new microfuge tube where the plasmid DNA was precipitated 

by adding an equal volume of isopropanol. After that, the precipitated plasmid 

DNA was pelleted by centrifugation at 12000 r.p.m for 10 minutes. The 

supernatant was discarded, and the pellet was washed with 700 μL of 70% (v/v) 

ethanol by gently pipetting the solution to the pellet. Then ethanol was removed, 

and the pellet was vacuum-dried for around 10 minutes. Finally, the plasmid 

DNA was dissolved in 20 μL of sterile water. 

 

2.6.12. Standard DNA sequencing 

Purified PCR products or plasmids containing appropriate sequencing primers 

were sent to Macrogen DNA Sequencing Service (Standard-Seq; Seoul, Korea) 

or Massey Genome Service (ABI Sequencing Service using BigDyeTM 

Terminator Version 3.1 chemistry; Massey University, Palmerston North, NZ) 

for sequencing. Samples were prepared following the instructions in their 

websites https://dna.macrogen.com/eng/support/ces/guide/ces_sample_subm

ission.jsp or http://www.massey.ac.nz/massey/learning/departments/centres-

research/genome/abi-sequencing-services/abi-sequencing-service-technical-

information.cfm, respectively. Sequence alignments were performed with 

Geneious desktop software (http://www.geneious.com/) (Kearse et al., 2012) 

using the method “Map to Reference”. 

 

2.6.13. Gateway cloning 

Gateway cloning was used for making MAX1 (WT/mutated) constructs for 

transient expression assay in N. benthamiana. The genes were cloned to the 

Gateway entry vector pIVA_2.1 (Appendix 2.3.1) via restriction enzyme 

digestion method as described in above Sections 2.6.1-2.6.12. The cloned 
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genes were then transferred to the binary vector pBin-Plus (destination vector) 

via the LR reaction using the Gateway™ LR Clonase™ II Enzyme Mix 

(Invitrogen, USA), according to the manufacturer’s instructions with minor 

changes. Briefly, a total volume of 10 μL reaction mixture containing entry 

vector (75 ng), destination vector (150 ng), 1 μL of LR Clonase™ II enzyme mix 

and TE buffer (pH 8.0, up to 10 μL). The reaction was incubated at 25°C for 3 

hours and terminated by incubating samples in 2 μL of the Proteinase K solution 

at 37°C for 10 minutes. The original pBin-Plus vectors were stored and 

propagated in E. coli DB3.1 due to the lethal ccdB gene. The recombined pBin-

Plus vectors were transformed into E. coli Top10 by heat-shock transformation 

(Section 2.6.9.4). The transformants were selected on LB-Agar plates 

containing 50 mg/L kanamycin. The confirmed constructs were transformed 

into A. tumefaciens AGL0 by electroporation (Section 2.6.9.4). 

 

2.7. Transcriptional analysis 

2.7.1. RNA isolation 

Inflorescences from primary bolts (the buds with opened flowers were removed) 

of 6-7-week-old plants grown in the growth chamber under long day condition 

(Section 2.3.1) were harvested and snap frozen in liquid nitrogen. Four to six 

inflorescences from individual plants were pooled to make one biological 

replicate, and three biological replicates per genotype/treatment were used. 

Total RNA was isolated with the Quick-RNA™ MiniPrep kit (Zymo Research, 

USA) according to the instruction manual. Possible traces of DNA were 

eliminated by In-column DNase I (provided in the Kit) treatment. Total RNA was 

eluted with 30 μL of DNase/RNase-Free water (per sample) and the 

concentration of RNA was measured by using Nanodrop ND-1000 

spectrophotometer (Thermo Scientific, USA). Total RNAs were stored at -80°C. 

 

2.7.2. cDNA synthesis 

The first-strand cDNA was synthesised from total RNA (500 ng). A total volume 

of 20 μL of reaction mixture was prepared using iScript™ Reverse Transcription 

Supermix for RT-qPCR (BIO-RAD) following the instruction manual. The 

mixture was then incubated in a PCR machine (BIO-RAD) according to the 
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following protocol: Priming at 25°C for 5 minutes, reverse transcription at 46°C 

for 20 minutes and inactivation at 95°C for 1 minute. 

 

2.7.3. Quantitative Real-Time PCR (qRT-PCR) 

qRT-PCR was used to quantify relative transcript abundance of genes of 

interest in the inflorescences under different treatments. The reaction mixture 

was prepared using a LightCycler® 480 SYBR Green I Master kit (Roche). For 

a 384-well plate reaction, each reaction mixture (5 μL) contains 3.75 μL of 2X 

SYBR Green Master Mix, 10 μM forward and reverse primers (0.14 μL per 

primer) and 0.97 μL of PCR-grade water. The cDNA (Section 2.7.2) was 10-

times diluted before use and 2 μL of cDNA was added to each reaction mixture 

as a template. The PCR was performed using LightCycler® 480 Instrument II 

(384-well; Roche) according to the following conditions: initial denaturation at 

95°C for 5 minutes, amplification 45 cycles of [95°C/10 seconds, 58°C (specific 

to primers)/20 seconds, 72°C/10 seconds], melting curve analysis at 95°C for 

5 seconds, 65°C for 1 minute and 97°C continuous and finally cooling at 40°C 

for 10 seconds. Four technical replicates were done for each biological replicate. 

Primers were designed using QuantPrime online software (Arvidsson et al., 

2008) (http://quantprime.mpimp-golm.mpg.de/) or using “Universal 

ProbeLibrary Assay Design” in Roche website. Primer pairs are listed in 

Appendix 4. The Cp value was calculated using the algorithm of “Abs Quant / 

2nd Derivative Max” present in LightCycler® 480 Software (version 1.5). Data 

were normalized to the reference gene PP2AA3 (At1g13320) (Czechowski et 

al., 2005) and relative transcriptional changes were calculated using the ΔΔCt 

method relative to one control sample (Livak and Schmittgen, 2001; Dvinge and 

Bertone, 2009). 

 

2.7.4. nCounter analysis 

Transcriptional analysis was performed using the nCounter Analysis System 

(NanoString, Seattle, WA, USA). This technique enables to count RNA 

molecules directly by utilising molecular barcodes on gene sequence-specific 

probes and single molecule imaging (Geiss et al., 2008). Two sets of gene-

specific probes (along with a reporter probe and a capture probe) were 

designed by NanoString support team and their sequences are listed in 
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Appendix 5. Total RNA (300 ng per sample) was hybridised with probes (A & 

B) and CodeSets (A-H) using nCounter PlexSet-24 Reagent Pack according to 

the “PlexSet™ Reagents User Manual”. After hybridisation, samples from each 

column were pooled and were placed on the automated nCounter Prep Station 

(NanoString, USA) for purification and were immobilised in the cartridge. This 

cartridge was then transferred to the nCounter Digital Analyzer for data 

collection. Data analysis was performed with nSolver™ 4.0 Analysis Software 

according to user manual. All samples passed the quality control. The 

background threshold was set to “12” according to the count value of the 

internal negative control and therefore any count below 12 was not considered. 

Positive control normalization was carried out by using the geometric mean of 

the Top 3 positive counts. Reference gene normalization was calculated using 

the geometric mean of counts for the three reference genes 

PP2AA3/At1g13320, ACT2/At3g18780 and MON1/At2g28390 (Czechowski et 

al., 2005). 

 

2.8. Whole genome sequencing (WGS) 

Genomic DNA for WGS was isolated from dis9 using the Plant Genomic DNA 

Mini Kit (Geneaid, Taiwan, CN) and from dis15 using the method of Lutz et al. 

(2011). Genomic DNA at a concentration of 100 ng/μL in 1× TE buffer was sent 

to Macrogen (http://dna.macrogen.com) for 100 bp paired end sequencing on 

an Illumina HiSeq2000 sequencer. This work was carried out by Kerry Sullivan 

(PFR, NZ). 

 

2.9. Plant transformation 

2.9.1. Arabidopsis transformation 

2.9.1.1. Floral dip methods 

Arabidopsis transformation was performed by using the floral dip method 

described in (Zhang et al., 2006). The dis mutants were grown in a growth 

cabinet under normal growth conditions (Section 2.3.1) for ~4 weeks. When 

plants started to flower, the first bolts were removed to allow proliferation of 

many secondary inflorescences. The transformation was performed at ~1 week 

after clipping of first bolts. Agrobacterium GV3101 carrying different genes of 
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interest were grown at 28°C in 500 mL (250 mL per bottle) of LB-broth with 

appropriate antibiotics to an OD600 of 1-1.2. Agrobacterium cells were collected 

by centrifugation at 4000 × g for 10 minutes. Cells were resuspended in 500 

mL of freshly made 5% (w/v) sucrose solution and Silwet L-77 was added just 

before dipping to a concentration of 0.03% (v/v). Aerial parts of plants were 

inverted and dipped in the Agrobacterium solution for 30 seconds with gentle 

agitation. The treated plants were laid down on their sides and stored in a 

sealed plastic container to maintain high humidity in the dark at 21°C for 24 

hours. After that, plants were transferred to growth cabinet and grown under 

normal growth conditions (Section 2.3.1). F1 seeds were harvested from the 

dipped plants upon maturity and were used for transformant selection. 

 

2.9.1.2. Transgenic plants selection 

For dis9 transgenic plants, T1 and T2 seeds were sterilised and sown on half-

MS-Agar plates (see Section 2.4.2.1 for seeds sterilisation and half-MS-Agar 

plate preparation) containing 25 mg/L hygromycin and grown in a temperature-

controlled growth chamber under long day condition (Section 2.3.1) for 

approximately 1 month. Only transformants harbouring hygromycin resistant 

gene developed true leaves and proper roots. For dis15 transgenic plants, T1 

seeds were sown on soil and grown in a plant house under natural day/night-

length conditions at 21-24°C. After germination, 3-day-old seedlings were 

sprayed with 100 mg/L of BASTA and thereafter every two days for 2-3 weeks. 

Only transformants harbouring the BASTA resistance gene survived. Standard 

PCR (Section 2.6.3) and sequencing (Section 2.6.12) were used to confirm the 

insertion of the WT gene in the mutant background. Genomic DNA was isolated 

(Section 2.6.2) from the leaves of the potential transformants. PCR was 

performed with the primers listed in Appendix 3.2 and the positions of the 

primers on the genes or the vectors were shown in Chapter 5 Figure 5.8A and 

Figure 5.11A. PCR products were purified (Section 2.6.6) and sent for 

sequencing. 
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2.9.2. Transient expression in leaves of N. benthamiana 

To characterise the enzymatic activity of MAX1 and the mutated MAX1 variants, 

transient expression in N. benthamiana was carried out according to the 

protocol described in Zhang et al. (2014b), except for the following changes: A. 

tumefaciens was resuspended in 50 mM MES [2-(N-Morpholino) 

ethanesulfonic acid hydrate] (Sigma) - KOH buffer (pH 5.6) containing 2 mM 

NaH2PO4 (Sigma), 100 µM acetosyringone (Sigma) and 0.5% glucose 

(Duchefa) to a final OD600 of 0.5. For preparation of the infiltration solution, 

equal volumes of the A. tumefaciens carrying different constructs were mixed 

(called gene combinations), and A. tumefaciens harbouring empty vectors were 

used to compensate for the dosage of each gene in each combination (Table 

2.7). Instead of OsD27, OsCCD7 and OsCCD8 that were shown by Zhang et 

al. (2014b) to result in the production of carlactone (CL) upon transient 

expression in N. benthamiana, I used AtD27, MAX3 and MAX4 to produce CL. 

By co-infiltrating MAX1 and genetic variants with these genes, I can study the 

conversion of CL to carlactonoic acid (CLA). In all infiltration solutions, the 

agrobacterium strain carrying p19 gene of tombusvirus was added to suppress 

gene silencing (Lakatos et al., 2004). The combined solutions were mixed by 

rolling the tubes at room temperature for 2-3 hours. Infiltration was performed 

using 4-week-old N. benthamiana plants which were soil-grown in pots in a 

plant house with artificial light to make a photoperiod of 16 h light at 25 °C and 

8 h dark 22 °C. Infiltration solutions were slowly injected into the backside of 

leaves by using a 1-mL syringe. The injection started at the abaxial side of the 

leaf which allowed the solution spread from abaxial side to the whole leaf area. 

Leaves at the same stage were selected to minimise the variability and the 

whole leaf area was infiltrated. For each gene combination, six individual plants 

(two leaves per plant were infiltrated) were used as biological replicates. Six 

days after infiltration, the infiltrated leaves were harvested and snap frozen in 

liquid nitrogen for further analysis. 
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Table 2.7. Combinations of different gene constructs for infiltration 

Construct/gene 

combinations 

Volume (v) of bacterial suspension of each gene added to each combination 

D27 MAX3 MAX4 MAX1-

Col 

MAX1-

Ler 

MAX1-

GR 

MAX1-

GA 

P19 pBIN-

plus 

Total 

Empty vector - - - - - - - v 4v 5v 

CL pathway v v v - - - - v v 5v 

CL+MAX1-Col v v v v - - - v - 5v 

CL+MAX1-Ler v v v - v - - v - 5v 

CL+MAX1-GR v v v - - v - v - 5v 

CL+MAX1-GA v v v - - - v v - 5v 

CL pathway includes D27, MAX3 and MAX4. 1v = 8 mL. 

 

2.10. Biochemical analysis 

2.10.1. Analysis of carlactone and carlactonoic acid in N. benthamiana 

Samples were analysed for the presence of CL and CLA using UPLC-LC-

MS/MS. For sample preparation, 200 mg fine-ground N. benthamiana leaves 

were extracted in 2 mL of ethyl acetate, using GR24 (5 pmol) as internal 

standard. Samples were vortexed and centrifuged for 20 mins at 2000 r.p.m. at 

4 °C. The supernatant was dried in vacuo. Prior to mass analysis, samples were 

reconstituted in 100 µL of 25% acetonitrile/water (v/v) and filtered using a micro-

spin 0.2 µm nylon membrane filter (Thermo Fisher Scientific, Waltham, MA, 

USA). 

 

Extracted samples were submitted to Kristyna Flokova (University of 

Amsterdam) for CL and CLA analyses. The targeted analysis of CL and CLA 

was performed by on an Acquity UPLC system (Waters, Milford, MA, USA) 

coupled to a Xevo® TQ-XS triple-quadrupole mass spectrometer (Waters MS 

Technologies, Manchester, UK) with electrospray (ESI) interface. Samples 

were injected onto a reverse-phase UPLC® column Acquity BEH C18 

(2.1x100mm, 1.7 µm, Waters), thermostat held at 45°C. The retention of 

analytes was controlled by gradient elution of 15 mM formic acid in water (A) 

and 15 mM formic acid in acetonitrile (ACN, B) at a flow rate 0.4 ml/min. The 

10 min linear gradient started by isocratic elution 0-0.5 min with 5% B, 

increased to 60% B in 1.5 min and to 90% B in the next 5.3 min. The column 

was washed for 1.5 min with 90% B and equilibrated for to initial conditions for 

1.5 min. The eluate was introduced in the ESI ion source of the triple quadrupole 
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MS analyser, operating in both positive and negative mode at following 

conditions: capillary voltage (1.2 kV), ion source/desolvation temperature 

(150/600°C), desolvation/cone gas flow (1000/150 L.h-1), cone voltage (20-25 

V) and collision energy (18-25 eV). MS data were recorded in multiple reaction 

monitoring mode (MRM) of four characteristic transitions for each of the 

compounds. MassLynxTM software package (version 4.2, Waters, Milford, MA, 

USA) was used to operate the instrument, and acquire and process MS data. 

 

2.10.2. Volatile analysis by Gas Chromatography–Mass Spectrometry 

(GC-MS) 

Volatiles emitted from dis51 mutant were examined by using GC-MS. 

Arabidopsis plants were grown in the growth cabinet under normal growth 

conditions (Section 2.3.1). ~200 mg fully opened flowers (combined from 6 

individual plants per genotype) were harvested from 6-7 weeks old WT and 

dis51 plants and were collected into 20-mL headspace vials (Shimadzu). After 

flower collection, vials were sealed and submitted to Martin Hunt (PFR, 

Palmerston North, NZ) for GC-MS analysis. Samples were incubated at 40°C 

for 5 minutes before sampling using divinylbenzene (DVB) fibre. Volatiles were 

screened by GC-MS using solid-phase microextraction (SPME)/cryo-focusing 

on the GCMS-TQ8050 (Shimadzu, Japan). The dis51 mutant was also sent to 

Harro Bouwmeester and Rob Schuurink (both from University of Amsterdam) 

for volatile analysis. 

 

2.11. Bioinformatic analysis 

2.11.1. In silico analysis 

The three-dimensional structure of AtD14 was obtained from the SL-induced 

AtD14-D3-ASK1-complex (PDB: 5HZG) (Yao et al., 2016). The MAX1 protein 

sequence was submitted to I-TASSER On-line Server (Zhang, 2008; Roy et al., 

2010; Yang et al., 2015) (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) 

and the homology model of MAX1 was calculated using default settings. The 

3D images were prepared with the CCP4MG (McNicholas et al., 2011) and 

were provided by Andrew Sutherland-Smith. 
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2.11.2. WGS data analysis 

The trimmed reads from WGS data of dis9 and dis15 were obtained from 

Donald Hunter (PFR, Palmerston North, NZ). The trimmed reads of dis9 were 

aligned to the Ler-0 reference obtained from Korbinian Schneeberger (Max 

Planck Institute for Plant Breeding Research). The alignment was carried out 

using Bowtie 2 software (Langmead and Salzberg, 2012) with the help of Dave 

Wheeler (Massey University, School of Fundamental Sciences, currently at 

NSW Department of Primary Industries). Commands used in Bowtie 2 were: 

# command 1 (Indexing Ler-0 reference genome) 

bowtie2-build ler.fa ler_ref 

# command 2 (Aligning dis9 reads) 

bowtie2 --very-sensitive-local -x ler-ref -1 reads_R1.fq -2 reads_R2.fq -S 

ler_ref.sam 

# command 3 (.bam file was created by Dave Wheeler for saving the space in 

the disk) 

bowtie2 --very-sensitive -p 2 -x ler_ref -1 Dis9_ec.paired.mcf20.A.fastq.gz -2 

Dis9_ec.paired.mcf20.B.fastq.gz | samtools view -bS - > output.bam 

The .bam file was opened with the Integrative Genomics Viewer (IGV) 

(Robinson et al., 2011; Thorvaldsdottir et al., 2013) for SNP identification in the 

mapped region. 

 

The trimmed reads of dis15 were aligned to the MAX1 CDS using the ‘Map to 

Reference’ function in Geneious desktop software (Kearse et al., 2012). 

 

2.11.3. Standard sequence alignments 

Standard sequence alignments were generally performed using the ‘Map to 

Reference’ function in Geneious desktop software (Kearse et al., 2012). 

Sequences of all cytochrome P450 proteins with cysteine haem-iron ligand 

signature were aligned using ‘Multiple Align’ function in Geneious. 

 

2.11.4. Accession numbers 

The accession numbers for the Arabidopsis genes (TAIR IDs) are: NYC1 

(AT4G13250), EIN2 (AT5G03280), MAX3 (AT2G44990), MAX4 (AT4G32810), 

MAX1 (AT2G26170), D14 (AT3G03990), MAX2 (AT2G42620), SMXL6 
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(AT1G07200), SMXL7 (AT2G29970) ， SMXL8 (AT2G40130) ，  NAP 

(AT1G69490), ANAC092 (AT5G39610), SAG12 (AT5G45890), SGR1 

(AT4G22920), AKINβ1 (AT5G21170), ACS2 (AT1G01480), bZIP63 

(AT5G28770), PP2AA3 (AT1G13320), ACT2 (AT3G18780) and MON1 

(AT2G28390). 

 

The accession numbers for the protein sequences (UniProt IDs) used in this 

study are as follows: Arabidopsis AtD14 (Q9SQR3), AtKAI2 (Q9SZU7); rice 

OsD14 (Q10QA5); petunia PhDAD2 (J9U5U9); poplar PtD14a (B9GNP9); pea 

PsRMS3 (A0A109QYD3); Arabidopsis AtMAX1 (B9DFU2); rice Os900 

(M9R6D3), Os1400 (W5QV10), Os1900 (Q0E2P9) and Os5100 (Q5Z6A5); 

petunia PhMAX1 (I1SSI4); maize ZmMAX1a (C0PKK5), ZmMAX1b (C4PJN6) 

and ZmMAX1c (B7ZXI8); tomato SlMAX1 (K4CL78); poplar PtMAX1a (U5FFK5) 

and PtMAX1b (U5G8D7); and Selaginella SmMAX1a (M9R4W4) and 

SmMAX1b (D8RNA4). 

 

2.12. Statistical analysis 

Statistical analysis was performed with GenStat 17th Edition (a VSNI product: 

https://www.vsni.co.uk/software/genstat/). One-way ANOVA (Fisher’s 

protected LSD test P<0.05) was used to determine the statistical significances 

for the Chl data, qRT-PCR data and nCounter data for a period of 72-h of dark 

treatment in WT Ler-0. A linear mixed model was used to determine the 

differences for the data of a period of 6-h and 18-h treatments in both WT and 

max1-5/dis15 (with rac-GR24 or 1% DMSO treatment). Comparisons among 

means were made using least significant differences at P=0.05 (5% LSD). 
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3. Mutant defective in NYC1 exhibits a “stay-green” 

phenotype of excised Arabidopsis inflorescence 

upon dark treatment 

3.1. Introduction 

Forward and reverse genetics are effective approaches for the functional study 

of specific genes (Alonso and Ecker, 2006). Forward genetics is the classical 

method in genetics, which starts with a large-scale mutant screen for a 

particular phenotype and subsequently identifies the causal mutation(s) that 

is/are responsible for this phenotype (Peters et al., 2003). The mutants used 

for the phenotypical analysis are usually created by chemical (e.g. ethyl 

methanesulfonate; EMS) or radiation (e.g. X-rays) treatment or insertional 

mutagenesis (e.g. T-DNA/transposon) (Koornneef et al., 1982; Alonso and 

Stepanova, 2003; Kim et al., 2006b). In Arabidopsis, EMS mutagenesis 

primarily (>99%) induces C/G to T/A transitions in the genome (Greene et al., 

2003). Of these EMS-induced mutations, ~5% lead to premature stop codons 

of the encoded proteins, while 50-65% are missense mutations which cause 

single amino acid substitutions in the coding region (McCallum et al., 2000; 

Greene et al., 2003). These missense mutations are very valuable for analysing 

gene function and protein structures. Apart from creating gain/loss-of-function 

mutants, EMS mutagenesis also generates leaky mutations that result in 

partially reduced function of the targeted genes (Maple and Møller, 2007). Thus, 

it is very useful for studying a gene that is lethal when mutated in plants (Chen 

et al., 2001a; Katoh et al., 2006; Schippers et al., 2008; Robert et al., 2010; Xu 

et al., 2010; Effendi et al., 2015). By contrast, T-DNA/transposon insertion 

usually causes completely knock-out of the targeted genes (Alonso and 

Stepanova, 2003; Radhamony et al., 2005). Thus, EMS mutagenesis is 

considered as a powerful tool for identifying novel genes involved in the 

regulation of various biological processes. The advantages of a forward genetic 

approach are that they are effective and guaranteed to provide the result. 

However, it is not an ideal method for systematic genome-wide functional 

analysis because of the enormous effort required to characterise the genetic 

lesions (Peters et al., 2003). 
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By contrast, reverse genetic analysis begins with selecting the gene(s) of 

interest, and then characterising the gene function by phenotypic analysis of 

mutants defective in selected genes or transgenic lines that contain gain-of-

function (e.g. overexpression) constructs (Peters et al., 2003). In addition to the 

EMS and T-DNA insertional mutagenesis, other methods that are commonly 

used for generating mutation(s) of specific gene(s) include RNA interference, 

overexpressing the gene(s) via 35S CaMV promoter and the recently 

developed CRISPR/Cas9 system (Agrawal et al., 2003; Lloyd, 2003; Zhang et 

al., 2016; Hahn et al., 2017). A reverse genetics approach is considered to be 

the faster and easier approach for functional studies of specific genes in the 

post-genome era (Alonso and Ecker, 2006). This strategy is especially suitable 

for studying model plants, e.g. Arabidopsis, owing to the availability of the 

genome sequence, a large number of mutants for specific genes, and well-

developed reverse-genetics technologies (Page and Grossniklaus, 2002; 

Alonso and Ecker, 2006). Although reverse genetics is widely used in functional 

genomics nowadays, this strategy is biased due to the dependence of the 

researcher’s judgment for selection of gene candidates. It is also risky because 

the altered phenotype(s) might not be exhibited in single mutants, owing to 

gene redundancy (Thomas, 1993; Eshed et al., 2001). 

 

In plant research, both forward and reverse genetics have successfully been 

applied to identify the genetic regulators of leaf and flower senescence (Oh et 

al., 1997; Jing et al., 2002; Higgins et al., 2006; Raziuddin et al., 2007; Li et al., 

2012; Jibran et al., 2015). These not only include functional regulators of 

senescence but also genes regulating Chl degradation. For example, mutants 

defective in functional regulators such as ANAC092 and EIN2 affect 

senescence progression (John et al., 1995; Oh et al., 1997; kim, 2009; Trivellini 

et al., 2012), whereas those defective in Chl catabolic genes such as NYC1 

and PPH, only affect Chl degradation and lead to a cosmetic stay-green 

phenotype (Kusaba et al., 2007; Horie et al., 2009; Schelbert et al., 2009; Jibran 

et al., 2015). 

 

In order to study the novel regulators for floral organ senescence, a forward 

genetic approach was applied in my project, and 21 previously identified EMS 
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mutants (Jibran, 2014) were rescreened using AIDA (Chapter 2.3.2, Jibran et 

al., 2015) to confirm their altered inflorescence degreening phenotypes. In this 

chapter, I describe the phenotypic, physiological and genetic analyses of 

selected mutants, and the characterisation of the genetic lesion in the dis2 

mutant. 
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3.2. Results 

3.2.1. Phenotypic analysis of Arabidopsis EMS mutants 

Screening of M4 plants of Arabidopsis EMS mutants 

To identify the key genetic regulators in controlling inflorescence senescence, 

a large number of EMS mutants of Arabidopsis were screened previously by 

using AIDA to search for the ones that exhibited altered time to senescence as 

described in Chapter 1 (Section 1.4). In total, thirty mutants, including 10 ais 

and 20 dis, were found (Jibran, 2014). In this study, twenty-one of these 

mutants were retested to confirm their altered timing of degreening phenotypes. 

 

For the M4 putative homozygous mutants, the delayed inflorescence yellowing 

phenotype of dis2, dis7, dis31 and dis51 was confirmed at day 5 of dark 

incubation though there was variation within biological replicates (Figure 3.1A). 

However, no visible colour difference was observed between dis29 and WT 

during dark treatment. Unexpectedly, the dis24 and dis54 exhibited accelerated 

time to degreening of detached dark-held inflorescences as compared to the 

WT, although their inflorescences were also less green than WT at day 0 

(before dark treatment). 

 

Screening of segregating population of Arabidopsis EMS mutants 

To characterise the genetic nature of the ais or dis trait, M4 plants were 

backcrossed with WT Ler-0 by previous researchers as described in Chapter 

2.1 to generate the F2 population for segregation analysis. Plants were grown 

from F2 seeds and the segregation of the ais and dis phenotypes in 

inflorescences was examined at day 5 of dark incubation (Figure 3.1B). The 

number of inflorescences that displayed clearly ais or dis phenotypes (samples 

circled with orange or green colours in the figure) was counted and the 

observed WT to mutant ratios were calculated for genetic analysis. The Chi-

squared test was used to determine whether the observed ratio was 

significantly different from the expected ratio (3 to 1 for a monogenic recessive 

mutation) and the result was presented in Table 3.1. Although the colour 

difference between WT and mutants was not very clear in all F2 populations, 

the degreening phenotype was readily distinguishable in ais3, ais10 and dis3 
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compared with WT. The statistical analysis indicated their segregation ratios 

were not significantly different (P<0.05) from 3 to 1, which suggested their ais 

and dis phenotypes were monogenic recessive traits. 

 

In planta phenotypes of the ais and dis mutants 

Besides the ais and dis phenotypes, some mutants also exhibited other 

phenotypes in planta (Table 3.2). Representative examples are shown in Figure 

3.2. For instance, one out of the sixteen F2 plants of ais3 and all of the M4 

plants of dis7 exhibited round and layered rosette leaves (Figure 3.2A, B), 

though the leaf phenotype for dis7 varied (Figure 3.2B1-3). Two out of 24 F2 

plants of ais20 displayed smaller inflorescences and shorter siliques compared 

with WT (Figure 3.2C), whereas all M4 plants of dis51 exhibited bigger petal 

and longer siliques (Figure 3.2D). Interestingly, the flowers of two out of 24 F2 

plants of ais61 showed a leaf-like structure (Figure 3.2C) and such phenotype 

is similar to the one that was reported on apetala 1-1 (ap1-1) mutant (Irish and 

Sussex, 1990). 

 

Based on the results above, four dis mutants, which are dis2, dis3, dis7 and 

dis51, were selected for the further analysis because of their clearer dis 

phenotype and interesting in planta phenotypes. 

 

  



66 
 

 

 
Figure 3.1. Degreening of detached and dark treated inflorescences 
(A) AIDA screening of M4 plants. Immature inflorescences were harvested from 
primary bolts of the dis mutants and Ler-0 WT, respectively. Five biological replicates 
are shown. Photos were taken at day 0 (before dark incubation), 3, 5 and 7 of dark 
treatment. (B) AIDA screening of backcrossed (x Ler-0) F2 segregating population. 
Immature inflorescences were harvested from primary bolts of the ais and dis mutants 
and Ler-0, respectively. The number of F2 plants investigated per mutant is indicated 
at the top of the figure. Photos were taken at day 5 of dark incubation. Inflorescences 
exhibiting ais or dis phenotypes are circled with orange and green colours respectively. 
Phenotypes that were not clear are circled in blue. In both (A) and (B), the red lines 
separate the experiments that were conducted at different times. The degreening 
phenotype of the mutants is compared to Ler-0. Red triangles indicate inflorescences 
from plants for which their progenies in the subsequent generation were retested for 
ais or dis phenotypes (Figure 3.3 and 3.6). 
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Table 3.1. Pearson's chi-squared test for F2 population of ais/dis x Ler-0 

Mutants Total 
plants 

WT-like 
plants 

ais or dis – 
like plants

Observed ratio 
(WT : mutant)

χ²  P-values 

ais1 22 15 7 ~2.1:1 0.545 0.4602 
ais3 22 16 6 ~2.7:1 0.061 0.8055 
ais9 23 19 4 ~4.8:1 0.710 0.3994 
ais10 21 15 6 ~2.5:1 0.143 0.7055 
ais12 23 14 9 ~1.6:1 2.449 0.1176 
ais16 24 14 10 1.4:1 3.556 0.0593 
ais19 19 12 7 ~1.7:1 1.421 0.2332 
ais20 24 19 5 ~3.8:1 0.222 0.6374 
ais26 24 14 10 1.4:1 3.556 0.0593 
ais61 24 11 13 ~0.8:1 Not clear Not clear
dis3 19 14 5 2.8:1 0.018 0.8946 
dis15 24 12 12 1:1 Not clear Not clear
dis21 22 19 3 ~6.3:1 1.515 0.2184 
dis39 24 20 4 5:1 0.889 0.3458 

Chi-squared test was used to test the statistical difference between observed ratio and 
expected ratio (3:1) of the WT to mutant degreening inflorescence phenotypes. “~” 
means approximately. P<0.05 implies a statistical significance. “Not clear” means the 
segregation ratios in the F2 population of ais61 and dis15 mutants are abnormal, not 
following the recessive segregation ratio (e.g. 3:1 for monogenic recessive trait). This 
is against with the previous findings that suggested the ais or dis trait was a recessive 
trait (Jibran, 2014). Thus, further analyses are required to determine the genetic nature 
of these two mutants. 
 

Table 3.2. Summarised phenotypes of 21 EMS mutants 

Mutants ais or dis Observed in planta phenotypes
dis2 dis  Bushy, delayed bolting, flowering and attached sepal degreening, dark 

green colour of whole plant 
dis7  dis Bushy, round and layered rosette leaves, light green colour of whole plant
dis24  ais Accelerated bolting and flowering, light green colour of whole plants 
dis29  WT-like WT-like 
dis31  dis Bushy, more branching, light green colour of whole plant 
dis51  dis Bushy, delayed bolting, flowering, bigger petal and leaf, with aroma 
dis54  ais WT-like 
dis3  dis WT-like 
dis15  Not clear WT-like 
dis21  dis  WT-like 
dis39  dis  WT-like 
ais1  ais WT-like 
ais3  ais  Only one plant showed round rosette leaf, stunted, short silique and light 

green colour of whole plant
ais9  ais  Five plants showed small leaves and thin stems 
ais10  ais  WT-like 
ais12  ais  Three plants showed less rosette leaves 
ais16  ais WT-like 
ais19  ais  Three plants have more rosette leaves and shorter stems 
ais20  ais  Two plants showed stunted, small inflorescence and short siliques 
ais26  ais WT-like 
ais61  Not clear Flowers of two plants showed leaf-like structure

The listed phenotypes were based on the preliminary screening described above. First 
column specifies original designation of mutant. Second column specifies the ais or dis 
phenotype observed in this screening. “Not clear” has the same meaning as explained in 
Table 3.1. 
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Figure 3.2. In planta phenotypes of ais3, ais20, ais61, dis7 and dis51 
Rosette leaf phenotypes for (A) 3-week-old ais3 plant and (B) 4-week-old dis7 plants. 
(B 1-3) Variations of rosette leaf phenotypes in different plants. Floral organs and 
silique phenotypes for (C) 8-week-old ais20 and ais61 plants and (D) 7-week-old dis51 
plant. Plants were grown in long day conditions (18-h-light/6-h-dark) and were grown 
in growth chamber for ais3, ais20, ais61 and dis7 but in growth cabinet for dis51 
(Section 2.3.1). 
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3.2.2. dis2, dis3, dis7 and dis51 exhibit stable delayed degreening 

phenotypes in subsequent generation 

Since the variation for the dis phenotype occurred within biological replicates, 

the degreening phenotype of dis3, dis7 and dis51 was rescreened in their 

subsequent generation for the indicated samples in Figure 3.1. All of them 

exhibited a stable dis phenotype (Figure 3.3). For the dis2 mutant, the 

screening was not done in the subsequent M5 plants because the plants were 

severely damaged by spider mites. However, a separate analysis on M4 plants 

of dis2 confirmed its dis phenotype (Figure 3.3). Strikingly, the excised 

inflorescences of these plants were still green at day 11 of dark incubation 

(Figure 3.3). 

Figure 3.3. The stability of dis phenotype in dis2, dis3, dis7 and dis51 
Immature inflorescences were harvested from primary bolts of M4 plants for dis2, M5 
plants for dis7 and dis51, and backcrossed F3 plants for dis3 respectively. Red lines 
separate the independent experiments. The degreening of the mutants is compared 
with Ler-0. Five biological replicates are shown. Photos were taken before (day 0) and 
after 5 and 7 days (and 9, 10 and 11 days for dis2) dark treatment. 

3.2.3. Chlorophyll analysis of dis2, dis3, dis7 and dis51 during dark 

incubation 

Chl analysis was used to confirm the degreening phenotype of selected dis 

mutants. At day 5 of dark incubation, the dis2 and dis51 mutants retained 

significantly more Chl including total Chl, Chl a and Chl b than WT in their 

detached inflorescences (Figure 3.4.A, B). Interestingly, dis2 exhibited 
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preferential Chl b retention (nearly 1.6 times higher Chl b retention than a; 

P<0.01), whereas dis51 retained Chl a and Chl b at similar levels (P>0.05). The 

Chl analyses for dis3 and dis7 were carried out at day 3 of dark incubation 

because it was difficult to measure the extremely low Chl content of WT 

inflorescences at day 5. The Chl retention in dis3 was significantly higher than 

WT (P<0.01), while there was no significant difference in Chl retention between 

Chl a and Chl b (Figure 3.4.C). In contrast, dis7 retained similar amounts of Chl 

as the WT (Figure 3.4.D). 

Figure 3.4. Chl retention of dis mutants during dark incubation 
Chl retention (% of day 0 Chl content) at day 5 for dis2 (A) and dis51 (B) or at day 3 
for dis3 (C) and dis7 (D) of dark incubation. Abbreviations: Chl, chlorophyll. The error 
bars show the standard error (S.E.). The asterisks represent the significant differences 
between Chl a and Chl b in each phenotype. The hash symbols represent the 
significant differences between Ler-0 and dis mutants in each Chl type. Double 
asterisks or hash symbols indicate P<0.01. 

3.2.4. dis2 exhibits delayed time to bolting and flowering 

Apart from dis phenotype, M4 plants of dis2 showed delayed time to bolting and 

flowering compared with WT (Figure 3.5.A). The time to bolting and flowering 

of dis2 was delayed by approximately 14 and 10 days respectively (Figure 3.5.B, 
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C). Also, such delays for dis2 plants were also observed in the subsequent M5 

generation (Appendix 6.1). 

Figure 3.5. Time to bolting and flowering of dis2 
(A) Delayed bolting and flowering of dis2 during plant development. M4 plants were 
grown in growth chamber under long day conditions (18h/6h light/dark). Photo was 
taken at 32 days after sowing. Red line separates Ler-0 and dis2 plants. (B) 
Percentage of plants that had primary bolts at the specified time after sowing. (C) 
Percentage of plants that had first flower opened from the primary bolt at the specified 
time after sowing. D on X axis of (B) and (C) means days after sowing. 

3.2.5. The delayed inflorescence degreening of dis2 is not caused by 

delayed time to flowering 

To test whether the delayed degreening of dis2 was caused by the delayed 

transition from juvenile phase (vegetative growth) to reproductive phase 

(flowering), time to flowering between WT and dis2 mutant was synchronised 

by sowing dis2 seeds ahead of WT (as described in Section 2.3.4). The 

inflorescences of WT and dis2 mutant, that were flowering at the same time but 

were harvested from plants of different ages, exhibited a similar delay in time 

to yellowing during dark treatment (Figure 3.6) as observed before (Figure 3.3). 

0

20

40

60

80

100

D24 D26 D32 D33 D34 D35 D36 D38

B
o

lt
in

g
 p

er
ce

n
ta

g
e 

(%
)

Time after sowing (days)

Bolting – Ler-0 vs. dis2
Ler-0 dis2

B

0
10
20
30
40
50
60
70
80
90

100

D26 D32 D33 D34 D35 D36 D38 D39 D40 D41 D42

F
lo

w
er

in
g

 p
er

ce
n

ta
g

e 
(%

)

Time after sowing (days)

Flowering – Ler-0 vs. dis2
Ler-0 dis2

C



72 

Therefore, the delayed degreening of dis2 was not caused by the delayed time 

to flowering. 

Figure 3.6. Degreening of inflorescences of dis2 at synchronised flowering time 
Samples were collected from the inflorescences that having their first flower opened at 
the same time but at different plant ages. Inflorescences from 29-day-old Ler-0 and 
41-day-old M5 plants of dis2 were harvested. Mutants are compared with Ler-0. Photos 
were taken before (day 0) and after 5- and 7-days of dark treatment. Six biological 
replicates are indicated. 

3.2.6. Detached cauline leaves of dis2 exhibit delayed yellowing during 

dark incubation 

To determine whether the delayed degreening of dis2 was specific to the 

inflorescences, 12-day-old (after initiation) first cauline leaves of WT and dis2 

were harvested and held in the dark. The leaves of dis2 exhibited delayed 

yellowing compared with that of WT at day 7 of dark treatment (Figure 3.7). 

Thus, the delayed degreening phenotype was not tissue specific in dis2. 

Figure 3.7. Degreening of detached dark-held leaves of dis2 
Around 12-day-old first cauline leaves were harvested from M5 plants of dis2 and 
compared to leaves of Ler-0 of the same age. Photos were taken at day 0, 5 and 7 of 
dark treatment. Three representative biological replicates are shown. 

3.2.7. The dis2 phenotype is caused by a monogenic recessive trait 

M4 plants of dis2 were backcrossed to WT Ler-0 to generate F2 population for 

segregation analysis. This analysis was used to determine the genetic nature 

of dis trait in dis2. In total 143 F2 plants were screened by using AIDA and an 

example for the segregated degreening phenotypes was shown in Figure 3.8. 
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The segregation ratio of WT to dis2 was approximately 4 to 1 which was not 

significantly different from 3 to 1 by Chi-squared test (P>0.05). This indicated a 

monogenic recessive trait of dis phenotype in dis2. 

Figure 3.8. Example for segregation of F2 population of dis2 x Ler-0 
Ler-0 WT is circled with red rectangle, and the inflorescences showed a dis phenotype 
are marked with green circle. Photos were taken at day 5 of dark incubation. 

3.2.8. dis2 has a missense mutation in the coding sequence of NYC1 

Amplification of NYC1 in genomic DNA of dis2 

The dis2 phenotype suggested that the causal mutation in this mutant may 

affect Chl b degradation. Previous study has reported that a mutation in NYC1 

caused a phenotype similar to the dis2 phenotype (Jibran et al., 2015). 

Therefore, the NYC1 gene from dis2 plants was amplified by two independent 

PCRs with different proof-reading enzymes, and the results are shown in 

agarose gel images (Figure 3.9). The product size is 4.296 kb for genomic DNA 

of NYC1, which includes promoter, 5’-UTR, exons, introns, and 3’-UTR. 
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Figure 3.9. Amplification of NYC1 in genomic DNA of dis2 
(A) PCR performed with KAPA HiFi HotStart PCR Kit at 55℃ annealing temperature. 

(B) PCR performed with iProof High-Fidelity PCR Kit at 65℃ annealing temperature. 

L, high DNA mass ladder; kb, kilobase. The actual size of the amplified band is 4.296kb. 
Three technical replicates are shown. The number on the left side of the ladder 
represents the size of the band. 

Sequencing of NYC1 region in dis2 

By sequencing, a point mutation (C to T) was identified in the area of exon eight 

of NYC1 in dis2 mutant (Figure 3.10). This point mutation causes a proline to 

serine substitution at amino acid position 360 (P360S) in NYC1 protein which 

may result in an altered function of this protein. The result suggests that a 

mutation in NYC1 is likely to be the cause of the dis2 phenotype. 
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3.3. Discussion 

3.3.1. Altered degreening phenotypes are confirmed in some EMS 

mutants 

AIDA has been shown to be a useful method for visibly identifying mutants with 

altered timing of inflorescence degreening (Trivellini et al., 2012; Jibran, 2014; 

Jibran et al., 2015). Therefore, it was used in my research for multiple purposes, 

including confirmation of ais and dis mutants, test for hormone responses, and 

screening of segregating populations for genetic analysis. In this chapter, the 

altered degreening phenotypes of seven EMS mutants, with two ais and five 

dis mutants, were confirmed by using AIDA. 

For the M4 mutants, the delayed degreening phenotype was confirmed for dis2, 

dis7, dis31 and dis51, but not for dis24, dis29 and dis54. The latter mutants 

either exhibited similar degreening as WT (e.g. dis29) or even displayed an 

accelerated yellowing (e.g. dis24 and dis54). Differences from Jibran 

(unpublished data) may have arisen because of different growth environments 

(e.g. day/night length and temperature), which may change the production of 

stress-related hormones and thereby affect the timing of senescence (Lim et 

al., 2007; Jibran et al., 2013). 

Of the 14 F2 backcrossed mutants examined, only ais3, ais10 and dis3 

exhibited relatively distinguishable ais or dis phenotypes compared with WT. 

Their accelerated or delayed degreening phenotypes segregated in 

approximately 1:3 (mutant to WT), which suggested monogenic recessive ais 

or dis traits in these mutants. As for the rest of the ais/dis F2 mutants, it was 

difficult to distinguish whether they were accelerated or delayed in their 

inflorescence degreening compared with WT in the segregating population. 

This was reasonable because the altered degreening phenotypes for some of 

the mutants (e.g. ais19, ais20, ais26, ais61, dis21 and dis39) was not very 

different to that of the WT when examined by Jibran (2014).  

Although the altered degreening phenotypes of two ais (ais3 and ais10) and 

five dis (dis2, dis3, dis7, dis31 and dis51) mutants were visibly confirmed using 
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AIDA, Chl analysis was used to provide more precise physiological evidence 

for altered Chl catabolism in four selected dis mutants. 

Chl loss is a marker that is typically used as a proxy of senescence progression 

(Matile et al., 1996; Gan and Amasino, 1997; Trivellini et al., 2012). However, 

in some instances such as in cosmetic stay-green mutants, measurement of 

Chl fails to reveal that senescence is occurring because their Chl catabolism is 

uncoupled from their underlying molecular senescence programme 

(Hörtensteiner, 2009). Therefore, in these mutants, other physiological markers 

such as photosynthetic activity and ion leakage are more informative for 

describing the timing of senescence (Kusaba et al., 2007; Nakano et al., 2014). 

In WT and functional stay-green mutants, however, Chl loss reliably indicates 

both initiation and progression of senescence (Woo et al., 2001; Kim et al., 

2006a; Trivellini et al., 2012). 

In this study, Chl content was quantified to further characterise the dis 

phenotype in dis2, dis3, dis7 and dis51. The dis2, dis3 and dis51 mutants 

retained significantly higher Chl content than WT at day 3 (for dis3) or day 5 (for 

dis2 and dis51) of dark incubation, confirming their dis phenotype. Interestingly, 

dis2 retained significantly higher Chl b than Chl a (Chl a/b ratio was 

approximately 0.63 for dis2 but 0.87 for WT) and was still green even at day 11 

of dark treatment. These findings raised the possibility that dis2 was a cosmetic 

stay-green mutant with a defect in conversion of Chl b to Chl a, which can be 

caused by mutations in NYC1 or PPH in Arabidopsis (Horie et al., 2009; 

Schelbert et al., 2009). By contrast, no preferential Chl a and Chl b retention 

was observed in dis51 at day 5 and dis3 at day 3 respectively, suggesting their 

mutations may not directly affect Chl catabolism. 

Besides the altered inflorescence degreening phenotypes, several mutants 

also exhibited other phenotypes (list in Table 3.2) such as bushy rosette leaves 

(e.g. dis2 and dis51) and altered leaf shape and colour (e.g. ais3 and dis7). 

These multiple phenotypes might be due to the EMS mutagenesis of additional 

genes as it often causes multiple mutations in plant genomes (Kim et al., 2006b; 
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Dinh et al., 2014). Confounding background mutations that are unrelated to the 

ais or dis phenotypes could be eliminated by additional backcrossing. 

I confirmed the ais and dis phenotypes of 7 mutants previously isolated by 

Jibran (2014). Chl analysis further confirmed the delayed degreening of 3 

selected dis mutants. The dis2 mutant appears to be a cosmetic stay-green 

mutant, suggesting a defect in a gene affecting Chl catabolism. 

3.3.2. dis2 has a defect in Chl catabolism and the mutation causes a 

P360S substitution in the NADPH binding pocket of the NYC1 

protein 

The genetic lesion that led to a stay-green phenotype of dis2 was identified. 

Although EMS mutagenesis often induces multiple mutations in each treated 

plant (Kim et al., 2006b; Dinh et al., 2014), the 3 to 1 (WT to dis) segregation 

ratio suggests a monogenic recessive dis trait in the dis2 mutant. The retained 

Chl b, compared with Chl a, in the dis2 mutant but not WT suggested the 

mutation likely affects Chl b degradation. Chl b reductase plays a crucial role in 

the conversion of Chl b to Chl a in the initial step of Chl catabolism 

(Hörtensteiner, 2009; Hörtensteiner, 2013). In Arabidopsis and rice, it is 

encoded by two genes, NYC1 and NOL (Kusaba et al., 2007; Horie et al., 2009). 

However, only a defect in NYC1 leads to a stay-green phenotype in Arabidopsis 

(Horie et al., 2009). This made NYC1 a strong candidate for being the cause of 

the stay-green phenotype in dis2. This hypothesis was confirmed by the 

identification of a missense mutation (C/T transition) occurring in the exon 8 of 

the NYC1 gene in the mutant. Unexpectedly, the same mutation was found in 

the nyc1-4 mutant that was published by Jibran et al., (2015). The mutation 

causes an amino acid change from proline to serine at the position of 360 

(P360S) in the amino acid sequence (Jibran et al., 2015). 

NYC1 belongs to a short-chain dehydrogenase/reductase (SDR) superfamily, 

and the Pro360 of NYC1 is highly conserved in this SDR protein family in both 

plants and animals (Moummou et al., 2012; Jibran et al., 2015). In silico 

analysis indicates that the P360S substitution may change the steric structure 

of the NADPH binding site, making residue 360 become part of the end of the 
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β-sheet rather than the beginning of the coil (Jibran et al., 2015). Previous study 

of the function of an equivalent proline residue (P185) in the recombinant SDR 

protein (3α-hydroxysteroid dehydrogenase/carbonyl reductase) from a human 

pathogen found that when P185 was mutated to Ala or Gly, the altered amino 

acids caused an increased flexibility of the substrate-binding loop (Hwang et al., 

2013). This increased flexibility substantially weakens the binding of NAD+ in 

the mutant, thereby decreasing the catalytic efficiency of the enzyme (Hwang 

et al., 2013). NYC1 has been suggested to use NADPH rather than NADH as 

its cofactor (Kallberg et al., 2002; Kusaba et al., 2007; Yin et al., 2014). The 

finding in human pathogen raised a possibility that the stay-green phenotype of 

dis2/nyc1-4 may also be caused by a similar mechanism (i.e. weaker binding 

of NADPH in the coenzyme pocket of mutated NYC1, which reduced the 

catalytic activity of this enzyme and thereby prevented the reduction of Chl b). 

The genetic complementation also supported that the delayed degreening of 

nyc1-4 (i.e. dis2) was caused by the loss-of-function of NYC1 protein resulting 

from the P360S substitution (Jibran et al., 2015). Thus, I conclude that the C/T 

transition in NYC1 gene is responsible for the dis phenotype of dis2 mutant. 

Further analysis of dis2 mutant also found that it exhibited a striking delay in 

time to bolting and flowering compared to WT. It has been widely suggested 

that plant organ senescence is under the direct control of age (Clarke et al., 

1994; Grbić and Bleecker, 1995; Tian et al., 1995; Jing et al., 2002). For 

example, the study of detached broccoli heads found that the peripheral older 

florets showed an earlier degreening than the central younger florets (Clarke et 

al., 1994; Tian et al., 1995). Similarly, in Arabidopsis it was previously noticed 

that WT inflorescences with more older buds showed accelerated degreening 

compared with those with more younger buds (Jibran, 2014). Therefore, this 

delayed timing of flowering made comparing inflorescence samples between 

WT and mutant problematic because when harvested at the same time, the WT 

inflorescences had more older buds than the detached inflorescences from dis2 

mutants. It also raises a possibility that the delayed degreening of dis2 could 

have been because its inflorescences were younger than WT. To test this, an 

experiment was designed (see chapter 2.3.4) to enable inflorescences to be 

collected from WT and mutants that had the same number of young and old 
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buds. It was found that the degreening of the dis2 mutant was still delayed 

compared with WT, indicating that it was not due to the younger inflorescences 

of the mutants at harvest time. 

So far, it is not clear that the delayed time to bolting and flowering in the dis2 

mutant is also due to the defect in NYC1. Some common regulators have been 

found to participate in regulating both plant development and senescence 

(Jibran, 2014). For example, mutant defects in WRKY53 exhibited both delayed 

time to flowering and senescence (Miao et al., 2004). For dis2, however, the 

delay in bolting and flowering time is more likely caused by additional 

mutation(s) rather than the mutation in NYC1 because these phenotypes have 

not been reported in other identified nyc1 mutants (Kusaba et al., 2007; Horie 

et al., 2009; Sato et al., 2009). 

Previous AIDA screening found that the delayed degreening phenotype of many 

identified dis mutants such as dis13 and dis47 appeared to be specific to the 

inflorescence, suggesting that inflorescence senescence may be regulated by 

inflorescence-specific genes (Jibran, 2014). However, other studies have found 

that many SAGs regulate both leaf and inflorescence senescence. For instance, 

Arabidopsis mutants defective in EIN2, ANAC092, MAX2 and AHK3 showed 

delayed senescence in both leaf tissue and detached dark-held inflorescences 

(Kim et al., 2006a; kim, 2009; Trivellini et al., 2012). Here, the delayed 

degreening phenotype of dis2 was observed in both inflorescences and leaves. 

As dis2 was found to have the mutation in NYC1, this result is consistent with 

the findings that other characterised nyc1 mutants in both rice and Arabidopsis 

also showed a stay-green phenotype in leaves (Kusaba et al., 2007; Horie et 

al., 2009; Sato et al., 2009; Jibran et al., 2015). This suggests NYC1 regulates 

Chl catabolism in both tissues. 

To sum up, the dis2 mutant is identified as a non-functional stay-green mutant 

and it has a defect in NYC1 gene. This gene regulates Chl degradation in both 

inflorescences and leaves. 
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4. Mutation in EIN2 contributes to the delayed

degreening phenotypes of the dis51 mutant

4.1. Introduction 

Map-based cloning is a frequently used method for identifying the causal 

mutations induced by mutagens (Peters et al., 2003; Uchida et al., 2011; Zhu 

et al., 2016). The first step of this method involves the generation of a 

segregating population for genetic mapping via linkage analysis. This is usually 

done by crossing the mutant to another WT accession of the same species 

between which sufficient genetic variation exists. The mutation can then be 

mapped to a chromosomal region by determining the linkage of the mutation to 

DNA polymorphisms (molecular markers) present between the accessions 

(Peters et al., 2003). 

HRM analysis has been shown to be an efficient, cost-effective and labour-

saving technology for genotyping genetic variations such as SNPs and 

mutations in mapping populations (Gundry et al., 2003; Liew et al., 2004; 

Lochlainn et al., 2011; Chagné, 2015). HRM analysis starts with PCR 

amplification of the DNA fragments with the variant of interest in the presence 

of special fluorescent dyes, such as LCGreen or ResoLight. These dyes only 

show high fluorescence when bound to double-stranded DNA (dsDNA) (Gundry 

et al., 2003; Wittwer et al., 2003; Liew et al., 2004; Grievink and Stowell, 2008). 

In a segregating (mapping) population, markers such as SNPs can exist in 

homozygous or heterozygous state. During amplification, dsDNA fragments are 

denatured at 95 °C and then quickly reannealed at 40 °C (Chagné, 2015; 

Hunter et al., 2018). This rapid melting/reannealing step is critical for the 

subsequent HRM analysis. During this step, homozygous samples reanneal 

perfectly to form homoduplexes (perfect complementary dsDNA duplexes), 

whereas heterozygous samples having more than one allele reanneal to form 

a mixture of homoduplexes and heteroduplexes (Gundry et al., 2003; Chagné, 

2015). In the following HRM analysis, PCR products are melted, and the 

dissociation causes a change in fluorescence, which is represented in a melting 

curve. Heterozygous samples containing heteroduplexes melt at lower 

temperature than homozygous samples containing only homoduplexes, and 
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therefore exhibit different melting profiles from that of homozygous samples. 

Moreover, since a single nucleotide difference in DNA sequence can cause a 

slight change in the melting curve, different homozygous alleles can often be 

distinguished as well (Gundry et al., 2003; Chagné, 2015). Hence, the shape of 

the melting curve allows the discrimination between each of the homozygous 

and the heterozygous alleles. Since HRM-based PCR provides results within 

hours, it has been used extensively for high-throughput screening of 

segregating populations of EMS mutants in different plant species to map the 

causal mutations of a phenotype (Gady et al., 2009; Botticella et al., 2011; 

Lochlainn et al., 2011; Jibran et al., 2015). This technology can be used 

independently or in combination with whole genome sequencing (WGS) for 

mutation identification.  

WGS has been considered to be an efficient and rapid method for identifying 

causative EMS-induced mutations by comparing the sequence of the mutant 

with that of the reference sequence (e.g. sequenced WT genome) 

(Schneeberger and Weigel, 2011; Thole and Strader, 2015). Such technology 

is especially suitable for model plants like Arabidopsis due to the availability of 

WT genome sequences of multiple accessions (Cao et al., 2011) and a 

database for the genetic markers, e.g. single SNPs (TAIR, Map-based Cloning, 

https://arabidopsis.org/portals/mutants/mapping.jsp). When HRM analysis only 

maps the mutation to a chromosomal region, subsequent WGS can quickly 

identify the causal mutation by screening the SNPs between WT and mutant 

genomes in the mapped region. 

In this chapter, HRM analysis was used to map the dis locus of the dis51 mutant. 

I furthermore describe the phenotype of the dis51 mutant and the identification 

of a mutation that contributes to the dis51 phenotype. 
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4.2. Results 

4.2.1. dis51 exhibits delayed time to bolting and flowering 

Besides the previous described phenotypes (Section 3.2.1), M4 plants of dis51 

also exhibited delayed time to bolting and flowering compared with WT (Figure 

4.1.A). The delay in bolting and flowering times was around five and three days, 

respectively (Figure 4.1.B, C). Such delay was also observed in the subsequent 

M5 plants (Appendix 6.2). 

Figure 4.1. Time to bolting and flowering of dis51 
(A) Delayed bolting and flowering of dis51 during plant development. M4 plants were 
grown in growth chamber under long day conditions (18h/6h light/dark). Photo was 
taken at 26 days after sowing. Red line separates Ler-0 and dis51 plants. (B) 
Percentage of plants that had primary bolts at the specified time after sowing. (C) 
Percentage of plants that had first flower opened from the primary bolt at the specified 
time after sowing. D on X axis of (B) and (C) means days after sowing. 

4.2.2. The dis phenotype of dis51 is not due to delayed time to flowering 

The synchronisation of time to flowering between WT and dis51 (described in 

section 2.3.4) allows to examine if the dis phenotype of dis51 was due to the 
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delayed transition from juvenile phase (vegetative growth) to reproductive 

phase (flowering). The inflorescences of WT and dis51 mutant were harvested 

from the plants of different ages but were flowering at the same time. As 

observed before (Figure 3.3), inflorescences of dis51 showed a delay in time to 

degreening compared with that of WT upon dark incubation (Figure 4.2). Thus, 

the delayed yellowing of dis51 was not caused by its delayed time to flower. 

Figure 4.2. Degreening of inflorescences of dis51 at synchronised flowering time 
Samples were collected from the inflorescences that had their first flower opened at 
the same time but at different plant ages. Inflorescences from 28-day-old Ler-0 and 
32-day-old M5 plants of dis51 were detached. Mutants are compared with Ler-0. 
Photos were taken before (day 0) and after 5 and 7 days of dark incubation. Six 
biological replicates are shown. 

4.2.3. dis51 shows delayed yellowing of detached dark-held cauline 

leaves 

To test if the delayed yellowing of dis51 was inflorescence specific, the 

degreening of leaves were also examined. The first cauline leaves of WT and 

dis51 at 14 days after initiation were harvested and incubated in the dark. The 

delayed leaf yellowing of dis51 compared with WT was observed at day 5 of 

dark incubation and the delay was more striking at day 7 (Figure 4.3). Therefore, 

the delayed yellowing was not a specific trait for the inflorescence in dis51. 

Figure 4.3. Degreening of detached dark-held leaves of dis51 
Around 14-day-old first cauline leaves were harvested from M5 plants of dis51 and 
compared to leaves of Ler-0 of the same age. Photos were taken at day 0, 5 and 7 of 
dark treatment. Three representative biological replicates are shown. 
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4.2.4. The dis phenotype of dis51 is caused by a dual-genic recessive trait 

M4 plants of dis51 were backcrossed to Ler-0 and Col-0 for segregation 

analysis and for mapping purpose. The segregation analysis was performed in 

F2 population after crossing and the plants were screened by using AIDA. 

Examples of the segregated degreening phenotypes in the F2 inflorescences 

of dis51 x Ler-0/Col-0 are presented in Figure 4.4. The segregation ratio of WT 

to dis51 in F2 population of dis51 x Ler-0 was around 9.4 to 1. This ratio was 

compared with both the ratio of 3 to 1 and 15 to 1 by Chi-squared test (Table 

4.1). The ratio is significantly different from 3 to 1 (P<0.01) but not 15 to 1 

(P>0.05), suggesting the dis trait of dis51 might be a dual-genic recessive trait 

rather than monogenic recessive trait. Because the sample size is small (total 

125 plants), another analysis was performed with dis51 x Col-0 mapping 

population using total number of 1308 plants. The segregation ratio (WT to 

dis51) was approximately 7.8 to 1, which is highly significantly different from 

both 3 to 1 and 15 to 1 in Chi-squared test (P<0.01; Table 4.1). This result is 

consistent with the result that obtained from F2 population of dis51 x Ler-0.  

Apart from the two probabilities mentioned above, the observed dis phenotype 

could also be caused by the combination of a recessive and a semi-dominant 

trait which leads to a segregation ratio of 5.3 to 1. The Chi-squared test 

indicates that the observed ratios in the F2 population of dis51 x Col-0 is 

significantly different from 5.3 to 1 whereas that of dis51 x Ler-0 is nearly 

significant (Table 4.1). Thus, it is less likely that the dis trait was resulting from 

the additive effect of a recessive and a co-dominant mutation. 

Therefore, the dis phenotype of dis51 was likely caused by two mutations while 

it is not clear if these two mutations were linked or not based on the data 

obtained. 
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Table 4.1. Pearson's chi-squared test for F2 progenies of dis51 x Ler-0/Col-0 

Mutants Total 
plants 

WT-like 
plants 

dis-
like 
plants

Observed 
ratio 

Expected 
ratio 

χ² P-values 

dis51 x Ler-0  125 113 12 ~9.4:1 3:1 15.811 <0.0001
dis51 x Ler-0  125 113 12 ~9.4:1 15:1 2.394 0.1218 
dis51 x Ler-0 125 113 12 ~9.4:1 5.3:1 3.683 0.0550 
dis51 x Col-0 1308 1159 149 ~7.8:1 3:1 129.191 <0.0001
dis51 x Col-0 1308 1159 149 ~7.8:1 15:1 59.010 <0.0001
dis51 x Col-0 1308 1159 149 ~7.8:1 5.3:1 19.674 <0.0001

Chi-squared test was used to test the statistical difference between observed ratio and 
expected ratio (WT to mutant ratio: 3:1 or 15:1). Chi-squared value was calculated at 
one degree of freedom. “~” means approximately. P<0.05 implies a statistical 
significance. 

Figure 4.4. Example for segregation of F2 population of dis51 x Ler-0/Col-0 
Segregation of F2 population of dis51 x Ler-0 (A) and x Col-0 (B). Ler-0 or Col-0 WT 
is circled with red rectangle, and the inflorescences showed a dis phenotype are 
marked with green circle. Photos were taken at day 5 of dark incubation. 

4.2.5. HRM-based mapping of dis locus in dis51 

An iterative HRM analysis was used to map the putative dual-genic recessive 

mutations that were responsible for the dis phenotype of dis51. Initially, markers 

on chromosome 1 to 5 (Figure 4.5B; these markers were published by Hunter 
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et al., 2018) were used on a population of 13 F2 dis plants and the dis locus 

was coarsely mapped to the top arm of chromosome 5 with 8% linkage to the 

marker 5-2 (Figure 4.5B; Appendix 7.1). Additional markers (5-1 and 5-3; 

Hunter et al., 2018) on chromosome 5 used on a total of 26 plants, which 

included the 13 previously used, confirmed that the mutation(s) were within 6 

cM of markers 5-1 and 5-2 at the top arm of chromosome 5 (Figure 4.5B; 

Appendix 7.2). Testing of 65 plants (i.e, a further 39 plants) with markers 5-1 

and 5-2 still did not associate the trait preferentially with one of the markers with 

the genetic distance to both markers 5-1 and 5-2 remaining at ~6 cM (Appendix 

7.3). 

Based on these results, new markers/primers were designed outside and in 

between markers 5-1 and 5-2 (Figure 4.5B) and were used for further HRM 

analysis. It was found from melting profiles that the best markers (i.e., those 

that best distinguished the different genotypes) were those having two or three 

SNPs between the forward and reverse primers (Figure 4.5A). 

To maximise the efficiency of mapping, initially only the 7 plants that exhibited 

recombination with markers 5-1 and 5-2 were used with the new markers for 

further mapping. When there was no crossing over events between the new 

markers and the mutations in these samples, new plants were tested. 

Eventually, out of the 92 dis-positive F2 plants examined, there was none that 

separated marker A5-4 from the dis locus/loci. This indicated that this marker 

was very close to the causal mutation(s). A summary of the mapping results is 

presented in Appendix 7.4, which indicates that the dis locus/loci was ultimately 

mapped to a ~665 kb region between markers 5-1 and A5-5 (Figure 4.5B; 

Appendix 7.4) at the top arm of chromosome 5. 
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Figure 4.5. HRM-based mapping of dis locus in dis51 mutant 
(A) Melting peaks of good markers from HRM analysis. Markers with one, two and 
three SNPs are shown. Het, heterozygous. (B) Positions of mapping markers indicating 
mapped region for dis locus of dis51 in Arabidopsis chromosomes. Marker names are 
indicated on the right side of the chromosomes, and the positions of representative 
markers are shown on the left. The dis mutation was roughly mapped to the 
chromosome 5 using the markers 5-1 and 5-2 and was eventually mapped to the ~665 
kb region in-between markers 5-1 and A5-5. The details of the markers are described 
in the Appendix 1.2. 

4.2.6. Senescence-related genes in the mapped region for dis locus of 

dis51 

To identify the potential candidate genes in which the mutation(s) may occur, 

the senescence related genes were searched in the mapped region. Firstly, the 

gene list in the mapped region was obtained by using SeqViewer 

(https://seqviewer.arabidopsis.org; Close-up View) in TAIR website. In total 391 
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genes were found in the mapped region (342423-1007097 bp). Then the 

senescence related genes were found by searching the key words in the gene 

description column and the details of these genes were summarised in Table 

4.2. From them, EIN2 was considered as the most promising candidate 

because the dis51 mutant also exhibited other phenotypes (e.g. bigger petals 

and leaves, longer siliques and delayed leaf senescence; Figure 3.2D and 

Figure 4.3) which were also observed in other ein2 mutants of Arabidopsis (Oh 

et al., 1997; Feng et al., 2015). 

Table 4.2. Senescence-related genes in the mapped region for the dis locus/loci 

in dis51 

Physical 
location 

AGI (TAIR) Gene 
name 

Gene description 

625254-
627124 

AT5G02760 APD7/
SSPP 

Encodes a phosphatase that functions in sustaining proper leaf longevity and 
preventing early senescence by suppressing or perturbing SARK-mediated 
senescence signal transduction. 

769438-
770563 

AT5G03230  senescence regulator (Protein of unknown function, 
DUF584);(source:Araport11) 

787428-
793404 

AT5G03280 EIN2 Involved in ethylene signal transduction. Acts downstream of CTR1. 
Positively regulates ORE1 and negatively regulates mir164A,B,C to regulate 
leaf senescence. A maternally expressed imprinted gene. Mutations in ein2 
block ethylene stimulation of flavonol synthesis. The mRNA is cell-to-cell 
mobile. 

4.2.7. dis51 does not display triple response phenotype upon ACC 

treatment in the dark 

The triple response assay was previously used to characterise ET mutants in 

Arabidopsis (Guzman and Ecker, 1990). Here, this assay was used to test the 

hypothesis that the EIN2 gene was mutated in the dis51 mutant. The triple 

response was evaluated in seedlings which were grown on half-MS media 

containing 10 μM ACC in the dark for 3 days after germination. WT but not dis51 

seedlings displayed triple response phenotypes, i.e., WT exhibited shorter and 

thicker hypocotyls and roots compared with dis51 seedlings and WT showed 

exaggerated curvature of the apical hooks which was not observed in the dis51 

seedlings (Figure 4.6). This confirmed that at least one mutation in dis51 

located in EIN2 gene. 
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Figure 4.6. The triple response assay for Ler-0 and dis51 mutant 

Seeds were grown on half MS media under the long day condition for 2 days 
for germination, and then were transferred to the half-MS plate containing 10 
μM ACC and grown in the dark for 3 days. 

4.2.8. dis51 has a nonsense mutation in the coding region of EIN2 

Amplification of EIN2 in genomic DNA of dis51 

Based on the result above, the EIN2 gene including promoter and 3’-UTR was 

amplified from the genomic DNA extracted from dis51 leaves. The full length of 

amplified fragment is 6.065 kb, and the agarose gel image is shown in Figure 

4.7. 
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Figure 4.7. Amplification of EIN2 in genomic DNA of dis51 
PCR performed using the DNA that isolated from the pooled leaves from 6 individual 
plants. L, high DNA mass ladder; kb, kilobase. The actual size of the amplified band is 
6.065kb. Four technical replicates are shown. The number on the right side of the 
ladder represents the size of the band. 

Sequencing of EIN2 region in dis51 

According to sequencing result, a G to A transition was found in the exon 6 of 

EIN2 gene in dis51, which led to the amino acid tryptophan (W) at position 622 

was replaced by a premature stop code in EIN2 protein (Figure 4.8). Such 

change likely causes loss-of-function of EIN2 protein and thereby contributes 

to the dis phenotype of dis51. 
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4.2.9. dis51 aroma phenotype is due to the volatile compounds 

phenylacetaldehyde and phenylethanol 

Preliminary screen of volatile compounds in dis51 and Ler-0 

During the mutant screening, I noticed that whenever flowering dis51 mutants 

were grown in the growth chamber, a pleasant fragrance was present in that 

growth chamber. This led me to hypothesise that the dis51 phenotype included 

a change in volatiles. Therefore, ~200 mg fully opened flowers of Ler-0 and 

dis51, respectively, were prepared for GC-MS analysis to determine if there is 

any difference in volatile compounds. Examples of the GC-MS profiles for two 

of the compounds (benzaldehyde and phenylacetaldehyde) that showed 

striking enhancements in dis51 compared with in WT are shown in Figure 4.9. 

In total, four volatile compounds that were emitted from the plants were 

identified and are listed in Table 4.3. 

Rescreen of volatiles in dis51 and Ler-0 with a single flower sample for 

each genotype 

The dis51 mutant and Ler-0 seeds were sent to the University of Amsterdam 

for an independent analysis. The GC-MS analysis was carried out with one 

flower sample from Ler-0 and dis51, respectively. This analysis confirmed the 

presence of two compounds, phenylacetaldehyde and phenyl ethyl alcohol 

(Figure 4.10), that were identified from the first experiment. Thus, the aroma of 

dis51 is likely caused by the enhanced emission of phenylacetaldehyde and 

phenylethanol. 
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Figure 4.9. GC-MS profiles of volatile compounds in Ler-0 and dis51 from 
preliminary scanning 
The analysis was performed using ~200 mg of fully opened flowers that were 
harvested from 6 individual plants of Ler-0 or dis51. Peak area represents the signal 
intensity of the compound to the specific mass in Ler-0 and dis51. The pink profile is 
for dis51 mutant while the black one is for Ler-0. The potential volatile compounds 
responsible for the aroma phenotype in dis51 mutant are indicated by red arrows. The 
figure is provided by Martin Hunt (PFR, Palmerston north, NZ). 

Table 4.3. Potential volatile compounds that are responsible for the aroma 

phenotype in dis51 mutant 

dis51 mutant Ler-0 WT 

Compounds Enhancement 
RT 
(min) 

Area 
RT 
(min) 

Area 
Measured ion 
(m/z) 

benzaldehyde 9.14 13.598 1218305 13.596 133332 106 

benzyl alcohol 6.00 18.151 78890 18.152 13141 108 

phenylacetaldehyde 6.96 15.253 180616 15.293 25938 91 

phenylethanol 3.60 18.563 75973 18.568 21128 91 

RT, retention time. The enhancement of potential volatile compounds between dis51 
and Ler‐0 were calculated using area comparisons. 
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Figure 4.10. GC-MS profiles of volatile compounds in Ler-0 and dis51 with one 
flower for each genotype 
The semi-quantitative analysis was performed using one fully opened flower that was 
harvested from Ler-0 or dis51 plant. Three representative biological replicates are 
shown. Peak area represents the signal intensity of the compound to the specific mass 
in Ler-0 and dis51. The potential volatile compounds responsible for the aroma 
phenotype in dis51 mutant are indicated by red arrows. The figure is provided by Rob 
Schuurink and Harro Bouwmeester (University of Amsterdam, NL). 
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4.3. Discussion 

4.3.1. A nonsense mutation in the C-terminal region of EIN2 contributes 

to multiple dis51 phenotypes 

In this chapter, another EMS mutant dis51 was characterised and one of the 

causal mutations that was responsible for the dis phenotype was identified. The 

G to A mutation occurs at the exon 6 of EIN2 gene. It causes a premature stop 

codon that (likely) removes amino acids from 622 to 1294 at the C-terminal 

region of the EIN2 protein. This region includes the carboxyl-terminal domain 

[CEND; 646-1294 at amino acid positions (Qiao et al., 2012)] containing nuclear 

localization signal [NLS; 1262-1269 at amino acid positions (Bisson and Groth, 

2011)] of EIN2 that is necessary for ET signal transduction, more specifically, 

is required for nuclear translocation of EIN2-CEND to activate downstream ET 

responses (Wen et al., 2012). Therefore, removal of these amino acids likely 

results in loss-of-function of EIN2 and defective ET signalling. This is supported 

by the findings that missing of amino acids from 1262 to 1269 of EIN2-CEND 

causes failure to interact with ETR1, loss of nuclear localisation and EIN2-

CEND functions (Bisson and Groth, 2015; Li et al., 2015). In addition, the C-

terminal region (amino acids 1047-1294) is required for targeting by F-box 

proteins ETP1 and ETP2 for the degradation of EIN2 protein that is essential 

for triggering ET response. Deletion of this portion in the EIN2-CEND 

completely lost the ability to interact with ETP1 and ETP2 (Qiao et al., 2009). 

The mutation in EIN2 is very likely to contribute to the dis phenotype of dis51. 

Although the genetic complementation was not carried out for this mutant, the 

triple response assay confirmed that dis51 is insensitive to ACC treatment. This 

is consistent with the finding that loss-of-function ein2 mutants are completely 

insensitive to ET (Roman et al., 1995). 

ET is a well-known senescence regulatory hormone involved in controlling 

longevity of both leaves and flowers/petals (Grbić and Bleecker, 1995; Tripathi 

and Tuteja, 2007; Jibran et al., 2013; Ma et al., 2018). EIN2 plays a critical role 

in ET signal transduction and acts as a positive regulator downstream of CTR1 

(Roman et al., 1995; Alonso et al., 1999). Previous studies reported that the 

Arabidopsis EIN2 loss-of-function mutants exhibit a delay in both age-
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dependent and dark-induced leaf senescence (Oh et al., 1997). Also, mutation 

in an EIN2 ortholog in petunia showed a significant delay in flower senescence 

(Shibuya et al., 2004). In this study, dis51 mutant, which has a nonsense 

mutation in EIN2, exhibited delayed senescence phenotype in both excised 

inflorescences and first cauline leaves upon dark incubation. This is consistent 

with the findings in other ein2 mutants and agrees with the role of ET in 

regulating both flower and leaf senescence. Unlike the cosmetic stay green 

mutant dis2/nyc1 (described in Chapter 3), dis51/ein2 mutant is a functional 

stay green mutant which affects the senescence progression. It is therefore not 

surprising that the detached dark-incubated inflorescences of dis51 did not 

exhibit preferential retention between Chl a and Chl b and they eventually 

showed yellowing. 

Besides the altered senescence phenotype, dis51 also displayed other 

phenotypes including delay in bolting and flowering time and an increase in size 

of cauline leaf, the delay in bolting time and increase in rosette size were also 

reported in another ein2 mutant (Guzman and Ecker, 1990). This is also 

consistent with the findings that ein2-1 and ein2-5 mutants exhibit enlarged 

organs including leaves, stems, flowers and siliques compared with WT (Feng 

et al., 2015). The delayed time to bolting, flowering and increased rosette size 

have also been observed in the ET insensitive mutant etr1 (Bleecker et al., 1988; 

Chang et al., 1993). This suggests these phenotypes are likely due to the defect 

in ET signalling. Although the dis51 showed a delay in flowering time (delayed 

~3 days) compared with WT, its delayed degreening was also observed in the 

inflorescences that were harvested after synchronisation of the time to flowering 

(see Chapter 2.3.4) between WT and dis51. This suggests that the 3-day 

delayed flowering time was not the reason that the mutants were delayed in 

inflorescence degreening. 

As discussed in Chapter3, EMS mutagenesis can induce multiple mutations in 

each treated plant (Ostergaard and Yanofsky, 2004), which could cause 

complex phenotypes caused by defects in multiple genes. Interestingly, here 

the segregation ratios in the F2 population of dis51 x Ler-0/Col-0 was 

significantly different from 3 to 1. This suggests the dis phenotype is not caused 
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by a single recessive trait. It also raises the possibility that the dis trait results 

from two or more mutations. Two possibilities were tested, first, the dis 

phenotype might be caused by an unlinked dual-genic recessive trait which 

leads to a segregation ratio of 15 to 1. With total 125 tested plants in the F2 

population of dis51 x Ler-0, the observed ratio (9.4:1; WT:dis) was not 

significantly different from 15 to 1, suggesting the phenotype may due to the 

two unlinked recessive mutations. However, the segregation ratio (7.8:1; 

WT:dis) in the F2 population of dis51 x Col-0 with total 1308 tested plants 

showed a significant difference from 15 to 1. Although the phenotypes that 

segregate between WT Ler-0 and Col-0 may complicate phenotyping of 

additional traits, including dis trait of dis51, the Chi-squared test indicates the 

two recessive mutations are linked. Another possibility is that dis trait is resulted 

from combined effect of a recessive mutation and a semi-dominant mutation 

which causes a 5.3 to 1 (WT to dis) segregation ratio. The Chi-squared test 

appeared to reject this hypothesis though whether the observed ratio was 

different from 5.3 to 1 in the F2 dis51 x Ler-0 was ambiguous (P=0.055). These 

results revealed that the dis trait of dis51 appeared to be caused by two 

recessive mutations, however it was not clear whether these two mutations 

were linked or not. 

To sum up, the delayed inflorescence/sepal senescence phenotype of dis51 

highlights the role of ET in regulating senescence of sepals/inflorescences of 

Arabidopsis. One of the lesions that contributes to the dis phenotype was 

identified. The nonsense mutation in dis51 results in a premature stop codon 

which likely causes deletion of critical EIN2-CEND region and leads to an ET 

insensitive phenotype. 

4.3.2. Floral fragrance compounds phenylacetaldehyde and 

phenylethanol are likely the cause for the aroma phenotype of dis51 

Apart from dis or ein2-related phenotypes, flowering dis51 mutants also 

released a pleasant fragrance. The GC-MS analysis from two independent 

experiments detected two volatile compounds, phenylacetaldehyde (2-

phenylacetaldehyde; 2-PHA or 2-PAld) and phenylethanol (2-phenylethanol; 2-

PE), that were likely responsible for the fragrance phenotype. 2-PE and/or 2-
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PHA/2-PAld are important volatile compounds that contribute to the flavour of 

many fruits such as tomato and strawberry (Baldwin et al., 2000; Aubert et al., 

2005). It is also the major aromatic component of many flowers (Knudsen et al., 

1993) such as rose (Shalit et al., 2004; Rusanov et al., 2005) and petunia 

(Verdonk et al., 2003; Boatright et al., 2004). These two compounds have 

essential biological functions in both plant defense and reproduction. For 

instance, both are potent insect attractants, with each attracting different groups 

of pollinators and predators (Raguso et al., 2003; Zhu et al., 2005). 2-PE has 

also been reported to possess antimicrobial properties (Berrah and Konetzka, 

1962) and may have protective role for floral organs and fruit as it is synthesised 

by reproductive organs. 

2-PE is synthesised from the aromatic amino acid L-phenylalanine (L-Phe) via 

phenylacetaldehyde (reviewed by (Dudareva et al., 2013; Muhlemann et al., 

2014)). The genes and enzymes involved in the biosynthetic pathway of 2-PE 

have previously been characterised in several plant species including petunia, 

rose and tomato (Dudareva et al., 2013; Muhlemann et al., 2014) (Figure 4.11). 

In petunia petals, conversion of L-Phe to phenylacetaldehyde is catalysed by 

phenylacetaldehyde synthase (PAAS) which belongs to group II pyridoxal 5’-

phosphate-dependent amino acid decarboxylases (AADCs) (Kaminaga et al., 

2006). In rose petals, however, an alternative biosynthetic route has been found 

(Sakai et al., 2007; Farhi et al., 2010; Hirata et al., 2012), while in tomato an 

additional reaction is required to form 2-PAld/2-PHA (Tieman et al., 2006) 

(Figure 4.11). Although the biosynthesis of 2-PAld shows different pathways in 

distinct species, the conversions of 2-PAld to 2-PE in tomato (Tieman et al., 

2007) and rose (Sakai et al., 2007; Chen et al., 2011b) are identical and both 

are catalysed by phenylacetaldehyde reductases (PARs). 

In Arabidopsis, the emission and function of 2-PAld varies in different ecotypes 

(Gutensohn et al., 2011). 2-PAld has been found to be emitted by leaves of Col-

0 in response to the MeJA treatment or wounding stress, but by flowers of 

accessions Sei-0 and Di-G. Two genes (At2g20340 and At4g28680), encoding 

pyridoxal 5’-phosphate-dependent AADCs and showing high homology to the 

identified petunia PAAS, have been identified in Arabidopsis. However, only 
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At2g20340 has been proved to be an aromatic aldehyde synthase (AtAAS) and 

is responsible for phenylacetaldehyde formation in planta (Gutensohn et al., 

2011). T-DNA knock-down and transgenic RNA interference (RNAi) lines of 

AtAAS exhibit significant reduction of 2-PAld production. Although it is not clear 

so far that the ecotype Ler-0 also produces 2-PAld, the strikingly increased 2-

PAld and 2-PE in the mutant compared with Ler-0 suggests the mutation in 

dis51 likely affects the transcription or function of gene(s) involved in this 

pathway. 

Figure 4.11. Schematic representation of the biosynthetic pathways for 
phenylacetaldehyde, phenylethanol, benzaldehyde and benzyl alcohol 
Figure was made based on the published biosynthetic pathways of 
phenylpropanoid/benzenoid compounds (Muhlemann et al., 2014; Widhalm and 
Dudareva, 2015; Hirata et al., 2016). For simplicity, only the formation of the 2-PAld/2-
PHA, 2-PE, benzaldehyde and benzyl alcohol are shown, and the names of these four 
compounds are highlighted with yellow background. Solid and dashed arrows indicate 
the characterised and speculated pathways/enzymes, respectively. Biosynthesis of 2-
PE in petunia (light blue arrow), rose (dark green arrows), Arabidopsis (dark blue arrow) 
and tomato (black arrows) are presented. Enzymes and routes for CoA independent 
and dependent non-oxidative pathways are shown in red and pink. AAAT, aromatic 
amino acid aminotransferase; AtAAAS, Arabidopsis aromatic aldehyde synthase; 
AADC, aromatic amino acid decarboxylase; 4CL, 4-Coumarate CoA-ligases; PAAS, 
phenylacetaldehyde synthase; PAL, L-Phenylalanine ammonia lyase; PAR, 
phenylacetaldehyde reductase; PPDC, phenylpyruvate decarboxylase; PPY-AT, PPA 
aminotransferase. 
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Besides the two compounds described above, other two volatile compounds 

(Benzaldehyde and benzyl alcohol) which showed striking increase in dis51 

compared with WT were also detected in the first experiment. Although they 

were not detected in the second experiment, I could not ignore the possibility 

for the presence of these two compounds because it might be caused by the 

different sample harvest times at these two independent experiments. This is 

supported by the findings that floral volatile emission exhibits circadian 

rhythmicity (Kolosova et al., 2001; Picone et al., 2004). Interestingly, 

benzaldehyde is also derived from L-Phe (Muhlemann et al., 2014; Widhalm 

and Dudareva, 2015) (Figure 4.11). If the enhancement of benzaldehyde and 

benzyl alcohol can be confirmed, the mutation in dis51 is more likely affects the 

upstream pathway, i.e., biosynthetic pathway of L-Phe (shikimate pathway) 

(Tzin and Galili, 2010). 

So far, whether the aroma phenotype is linked with the dis phenotype is not 

clear. However, a negative correlation has been suggested between floral 

fragrance and longevity because loss of fragrance has been found when 

selection for longevity of rose flowers (Vainstein et al., 2001; Guterman et al., 

2002). This is also supported by the fact that the common floral aromatic 

compounds JA and MeJA accelerate flower senescence (Porat et al., 1993; 

Porat et al., 1995). To my best knowledge, it has not been shown that ein2 

mutants emit increased amounts of aromatic volatiles. Although the aroma 

phenotype does not appear to dependent on the ein2 mutation per se, a 

correlation between ET production and floral volatile emission has previously 

been reported. For example, it has been found that increased ET production 

(36 h after pollination) or after 10 h of exposure to external ET suppresses the 

biosynthesis and emission of major volatiles including 2-PHA/2-PAld, 2-PE, 

benzaldehyde and benzyl alcohol in petunia (Underwood et al., 2005). This is 

also consistent with the findings that the transcript accumulation of 

benzenoid/phenylpropanoid biosynthetic genes, including petunia PAAS, were 

reduced when treated with ET for 2-4 hours (Colquhoun et al., 2010). A similar 

effect of ET on fragrance production and emission has been also observed in 

cut sweet pea flowers (Sexton et al., 2005). In rose flowers, however, 

endogenous ET production or exogenous ET exposure does not affect volatile 
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emission (Borda et al., 2011). These findings suggest that floral volatile 

production/emission is differentially regulated among plant species. If ET also 

involved in regulation of volatile emission in Arabidopsis, the mutation in EIN2 

may enhance the aroma emission in dis51 mutant. Therefore, further 

investigation is needed to find out if the aroma-related causal mutation is 

genetically linked with the dis51/ein2 locus. In addition, it will be interesting to 

determine the relationship between fragrance emission, ET production and 

senescence in this Arabidopsis mutant. 
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5. Strigolactone defective mutants of Arabidopsis

exhibit delayed sepal senescence

5.1. Introduction 

Strigolactones (SLs) are carotenoid-derived phytohormones (Al-Babili and 

Bouwmeester, 2015). In Arabidopsis, SL biosynthesis involves stepwise 

conversion of all-trans-β-carotene into carlactone (CL). This relies on the 

sequential activities of carotenoid isomerase, encoded by DWARF27 (D27), 

carotenoid cleavage dioxygenases, encoded by CCD7/MORE AXIALLY 

GROWTH3 (MAX3) and CCD8/MAX4 (Alder et al., 2012). CL, a common 

precursor to SLs, is then oxidised into carlactonoic acid (CLA) by the 

cytochrome P450 enzyme MAX1 (Abe et al., 2014). CLA is further converted 

into methyl carlactonoate (MeCLA) (also known as SL-LIKE1), a bioactive 

compound that interacts with SL receptor D14, by an unknown 

methyltransferase (Abe et al., 2014). Subsequently, MeCLA is converted by 

LATERAL BRANCHING OXIDOREDUCTASE (LBO) to an unidentified SL-like 

compound (MeCLA+16 Da, which refers to a MeCLA-like compound with an 

additional mass of 16 Da) (Brewer et al., 2016). SL signalling requires the 

receptor AtD14 that binds to SL and hydrolases it to form a covalently linked 

intermediate molecule (CLIM), which acts as active form of SL (Yao et al., 2016). 

This allows AtD14 to interact via a conformational change with the F-box protein 

D3, a rice ortholog of Arabidopsis MAX2, to recruit repressors (e.g. Arabidopsis 

SMXL6/7/8) for degradation through the 26S proteasome system (Jiang et al., 

2013; Zhou et al., 2013; Wang et al., 2015). The biosynthesis and signalling 

pathways of SL is shown in Figure 5.1. 
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Figure 5.1. The strigolactone biosynthetic and signalling pathways in 
Arabidopsis thaliana 
Characterised enzymes and proteins of SL biosynthesis and signalling are highlighted 
with light and dark blue background, respectively. Intermediate products are indicated, 
and SLs are highlighted with a green background. 

SLs play diverse roles in plant development, including the regulation of leaf 

senescence (Snowden et al., 2005; Brewer et al., 2013; Yamada and Umehara, 

2015; Saeed et al., 2017). However, whether they regulate floral organ 

senescence has not been reported. Floral organ senescence is tightly regulated 

and can be initiated precociously by various stresses including prolonged 
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darkness, which causes starvation and transcriptional changes of sugar-

responsive genes and senescence-associated genes (SAGs). Such genes 

include senescence marker gene SAG12 and transcription factors (TFs) 

ANAC092 and NAP (Tripathi and Tuteja, 2007; Trivellini et al., 2012; Ahmad 

and Tahir, 2016). 

In this chapter, I describe the identification of two SL defective mutants and 

suggest a role of SL in regulating flower senescence. Also, I performed the 

nCounter-based transcriptional analysis to investigate the relationship between 

SL biosynthesis/signaling and dark/starvation-induced inflorescence 

senescence in Arabidopsis. 
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5.2. Results 

5.2.1. Phenotypic analysis of dis9 and dis15 mutants 

The delayed inflorescence senescence (dis) mutants dis9 and dis15 mutants 

were identified by Rubina Jibran from a preliminary screen using AIDA (Jibran, 

2014; Jibran et al., 2015). These two mutants were also found to exhibit 

increased branch number and decreased plant height in planta (Jibran, 2014). 

The delayed sepal degreening and the observed in planta phenotypes were 

confirmed in this study and were shown in Figure 5.2. 

Figure 5.2. Delayed inflorescence degreening and bushy phenotypes of dis9 and 
dis15 
(A). Degreening of detached dark-held inflorescences. Inflorescences were placed in 
water and were photographed at day 5 of dark incubation. Three biological replicates 
are shown. (B). Branching phenotype in planta. 6-week-old plants grown under long 
day conditions (16 h/8 h light/dark cycle) were photographed. Bar = 1 cm. 

In addition to the two phenotypes described above, dis9 and dis15 also 

exhibited delayed sepal degreening in planta (Figure 5.3 A, B; Appendix 8 A) 

and in detached inflorescences that were subjected to long day conditions 

(Figure 5.3 C; Appendix 8 B). 
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Figure 5.3. Delayed sepal degreening of dis9 and dis15 in planta and in detached 
inflorescences held in long day conditions 
(A) Inflorescences attached to plants. Inflorescences from the primary bolts of 4.5-
week-old WT and dis plants were photographed. Two biological replicates with 
representative abscising sepals (circled in white and magnified) are shown. (B) 
Degreening of sepals in planta. Flowers of 5-week-old plants were harvested when 
their sepals were just starting to abscise. Each flower of the seven biological replicates 
is from an independent plant. (C) Sepal degreening of excised inflorescences. 
Inflorescences were harvested from the primary bolts of 4.5-week-old plants that had 
their first flower opened on the same day. The inflorescences with removed opened 
buds were placed in water and incubated in long day conditions (16 h/8 h light/dark 
cycle) for 3 days. Three biological replicates are shown. Representative sepals are 
indicated by red arrows. 

5.2.2. Chlorophyll quantification of dis9 and dis15 

The dis phenotypes of dis9 and dis15 were confirmed by Chl analysis. Both 

mutants retained significantly higher Chl in excised inflorescences than WT 

control at day 3 of dark incubation (Figure 5.4). 
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Figure 5.4. Chlorophyll quantification of detached dark-held inflorescences in 
dis9 and dis15 mutants 
Total chlorophyll retention (% of day 0 value) at day 3 of dark incubation. Data are 
mean ± standard error (S.E.) (n=6). Letters represent significant differences between 
Ler-0 and dis mutants in one-way ANOVA test (Fisher’s protected LSD test P<0.05). 

5.2.3. Transcript abundance of senescence marker genes are suppressed 

in dis9 and dis15 upon dark incubation 

To determine whether the stay green phenotype of dis9 and dis15 was caused 

by inability to degrade Chl or by another defect in the senescence programme, 

the transcript abundances of senescence marker genes ANAC092 (Kim et al., 

2009; Balazadeh et al., 2010; Trivellini et al., 2012) and SAG12 (Grbic, 2003) 

in WT and the two mutants during dark treatment were examined. The transcript 

abundance of the genes increased substantially upon dark treatment in both 

Ler-0 WT and mutants, but the increase in the mutants was significantly less 

than that of WT at 72 h (Figure 5.5). This suggests that senescence progression 

in the mutants was supressed compared with WT. 
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Figure 5.5. Transcript abundance based on qPCR analysis of ANAC092 and 
SAG12 in Ler-0 and dis mutants at 0 h and 72 h 
(A) for ANAC092. (B) for SAG12. In both (A) and (B), transcript abundance was 
normalised to PP2AA3 and expressed relative to Ler-0 0 h. Data are mean ± standard 
error (n=3). Letters represent significant differences between Ler-0 and dis mutants at 
72h dark incubation for each gene comparison in one-way ANOVA (Fisher’s protected 
LSD test P<0.05). Means with same letter denote not significantly different between 
dis9 and dis15. 

5.2.4. Segregation analysis of dis9 and dis15 mutants 

To identify genetic lesions in dis9 and dis15, these two mutants were crossed 

to WT Ler-0 and Col-0, respectively. Segregation analysis was used to 

determine the genetic nature of dis trait in both mutants and was performed in 

the F2 population of crosses between the mutants dis9 and dis15 with the WT 

Col-0 (dis9 x Col-0 and dis15 x Col-0). The analysis was previously performed 

by Rubina Jibran and a 3:1 WT:mutant segregation ratio was confirmed for both 

mutants by using Chi-squared test (Jibran, 2014; results summarised in Table 

5.1). In this study, a total of 1126 F2 plants of a dis9 x Col-0 cross were 

screened using AIDA for fine mapping purpose and an example of AIDA 

screening is shown in Figure 5.6. A 3:1 (WT:mutant) ratio was also confirmed 

for a dis9 x Col-0 F2 segregating population using the Chi-square test (Table 

5.1). The results described above indicate that a single locus is responsible for 

the dis phenotype in both mutants. 
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Table 5.1. Pearson's chi-squared test for F2 progenies of dis9 x Ler-0/Col-0 and 

dis15 x Ler-0/Col-0 

Mutants Total 

plants 

WT-like 

plants 

dis-like 

plants 

Observed 

ratio 

Expected 

ratio 

χ² P-values 

dis9 x Ler-0* 37 31 6 ~5.2:1 3:1 1.523 0.2172 

dis15 x Ler-0* 40 29 11 ~2.6:1 3:1 0.133 0.715 

dis9 x Col-0* 72 54 18 3:1 3:1 0 1 

dis9 x Col-0 1126 850 276 ~3.1:1 3:1 0.143 0.705 

dis15 x Col-0* 96 76 20 3.8:1 3:1 0.889 0.3458 

Chi-squared test was used to test the statistical difference between the expected ratio 
(3 to 1; WT to mutants) and observed ratios for both dis9 and dis15. Chi-squared value 
was calculated at one degree of freedom. P<0.05 implies a statistical significance. * 
Results were taken from Jibran (2014). 

Figure 5.6. An example for screening of dis9 x Col-0 F2 population 
Col-0 WT is marked by red rectangle, and the inflorescences showed a dis phenotype 
are marked by green circles. Photo was taken at day 5 of dark incubation. 

5.2.5. HRM-based mapping of dis9 locus 

To identify the genetic lesion that was responsible for the dis phenotype in dis9, 

HRM analysis was carried out. The causal mutation was previously mapped by 

Rubina Jibran to the top arm of chromosome 3 between 0.58-3.89 Mbp using 

markers 3-1 and 3-2 (Jibran, 2014; Figure 5.7A). In this study, additional HRM 

primers were designed for further mapping of dis9 on chromosome 3. Initially, 
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markers A3-1 and A3-5 (Figure 5.7A) were used on a population of 50 plants 

(from a segregating population) that exhibited the dis phenotype to confirm the 

linkage and to identify F2 plants in which a recombination event occurred 

between the marker and the causal mutation in dis9. At the same time, markers 

outside the previously mapped region of chromosome 3 were also used to 

identify additional F2 plants with crossing over events between the markers 

used and the dis9 locus. This allowed me to better estimate the genetic distance 

between the two loci and the plants were subsequently used for fine-mapping 

purposes. The dis9 locus was mapped to an 8 cM distance using the marker 

A3-1, whereas the linkage for A3-5 was not clear because the genotypes of 

some samples were not clear based on the melting profiles in HRM analysis 

(Appendix 9.1). The strategy for the further mapping was to use new markers 

in the mapped region (between markers A3-1 and 3-2) on the samples that 

showed recombination events between the markers A3-1 and A3-5 and the dis9 

locus to narrow down the mapped region. This was considered the most 

efficient and cost-effective strategy. Out of all F2 plants with the dis9 phenotype 

used, ultimately no plants were found that indicated a crossing over event 

between marker A3-3 and the dis trait. This suggested that this marker was 

very close to the causal mutation. The positions of additional markers are 

shown in Figure 5.7A and a summary of the mapping results is presented in 

Appendix 9.2. By using the strategy above, the dis9 locus was eventually 

mapped to a 0.98 Mbp region on the top arm of chromosome 3 between 

markers A3-2 and A3-4 (Figure 5.7A; Appendix 9.2). 
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Figure 5.7. HRM and WGS analysis of dis9 
(A) HRM-based mapping of dis9 locus. Representation of Arabidopsis chromosome 3 
showing the position of markers A3-2 and A3-4 which delimited the 889 kb region in 
which dis9 was mapped. The mutation in the gene AT3G03990 (D14) responsible for 
the dis9 phenotype was identified by WGS analysis (Fig. B) and is indicated. Marker 
names are indicated above the chromosome, and the positions of representative 
markers (indicated in bp) shown below. Markers 3-1 to 3-4, corresponding to markers 
3-14, 3-16, 3-17 and 3-19 in Jibran, 2014, are listed in Hunter et al., 2018. (B) 
Identification of C to T mutation in dis9 according to WGS data. Reads were mapped 
to Ler-0 WT sequence and the aligned reads were viewed by IGV. Screenshot from 
IGV shows the C to T transition (red arrow) in the mapped region of chromosome 3. 
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5.2.6. WGS analysis of dis9 

WGS analysis was also performed to identify the potential SNP responsible for 

the dis phenotype of dis9 in the mapped region. Genomic DNA was isolated 

and used for WGS as described in Section 2.8. The trimmed reads were aligned 

to Ler-0 WT using Bowtie2 (Section 2.11.2). Using IGV (Robinson et al., 2011; 

Thorvaldsdottir et al., 2013), the aligned reads present within the mapped 

region were scanned for SNPs between the WT and the dis9 mutant. Thirty-

two SNPs were found and of these, 19 arose from a G/A or C/T transition 

characteristic of an EMS-based change. Of these, 4 occurred in genes, but only 

two resulted in nonsynonymous changes in the genes AT3G03990 and 

AT3G04000, respectively. A transition (C to T) occurred at position 290 relative 

to the translation start site of the D14 gene (AT3G03990) (Figure 5.7B), 

encoding a SL receptor (Yao et al., 2016). This mutation was considered to be 

a promising candidate for causing the increased branch number, decreased 

plant height and delayed senescence phenotypes in dis9, because these 

phenotypes had previously been reported in other Arabidopsis d14 mutants 

(Waters et al., 2012; Chevalier et al., 2014; Ueda and Kusaba, 2015; Yao et al., 

2016). 

5.2.7. Genetic complementation of dis9 

Complementation test was used to confirm the delayed sepal yellowing of dis9 

was caused by the lesions in D14. The dis9 plants were transformed via 

Agrobacterium GV3101 with the D14-pGWB1 construct (Section 2.6.1), which 

harbours the WT D14 sequence, using the floral dip method as described in 

Section 2.9.1.1. The D14-pGWB1 construct was obtained from Pilar Cubas and 

was previously used to rescue the increased branching phenotype of the 

Arabidopsis d14-2/seto5 mutant (Chevalier et al., 2014). The T1 and T2 

transformed seedlings were selected with 25 mg/L hygromycin on half MS-agar 

plates as described in Section 2.9.1.2. Only true transformants developed true 

leaves and proper roots. The dis phenotype of dis9 was complemented in those 

true transformants (Figure 5.8B). Sequencing of the complemented dis9 plants 

revealed the presence of both the mutated D14 and transformed WT 

sequences in the dis9 background (Figure 5.8A, C). 
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The results above confirmed the delayed sepal degreening of dis9 was caused 

by the genetic lesion in the coding sequence of D14. This mutant was therefore 

renamed as d14-6/dis9. 

Figure 5.8. Genetic complementation of dis9 
(A) Schematic showing the WT D14 fragment used for complementation. The location 
of the C to T mutation in D14 gene is indicated. Two sets of primers (indicated by red 
and blue arrows) were used to confirm the complementation in the T2 plants of 
transformed dis9. Red arrow primers were used to amplify only the WT D14 sequence 
present in the inserted construct of the dis9 background. The blue arrow primers were 
used to amplify both the mutated D14 fragment present in the dis9 background and 
the WT D14 fragment transformed into the mutant. (B) Degreening of Ler-0, dis9 and 
complemented dis9 (dis9-c) inflorescences at day 5 of dark incubation. Inflorescences 
were harvested from T2 dis9-c plants. Each T2 plant was the progeny of an 
independent T1 plant. Ler-0 and dis9 inflorescences were used as controls. Six 
biological replicates are shown. (C) A representative sequencing result for the sample 
that is circled in figure (B) is shown. 

5.2.8. Identification of genetic lesion in dis15 

Since dis15 and dis9 had similar branching and dis phenotypes, it was plausible 

that the causal mutation in dis15 also caused a defect in the SL pathway. The 

genetic lesion in dis15 was previously mapped by Rubina Jibran to the bottom 

arm of chromosome 2 between 9.6-12.4 Mbp using markers 2-4 and 2-5 (Jibran, 

2014). Therefore, this region was interrogated for genes related to SL 

biosynthesis and signalling. The locations of SL-pathway genes (Table 5.2) on 

the Arabidopsis chromosome map showed that only the MAX1 gene 

(AT2G26170) was located in the mapped region between markers 2-4 and 2-5 

(Figure 5.9). The trimmed reads from WGS data of dis15 were obtained and 

were aligned to the MAX1 coding sequence (CDS) as described in Section 2.8 
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and 2.11.2 and a G to A transition was identified at position 1405 relative to the 

translation start site of the MAX1 CDS (Figure 5.10). 

Table 5.2. Name and AGI number of strigolactone-pathway genes 

SL biosynthesis AGI (from TAIR) SL signalling AGI (from TAIR) 
D27 AT1G03055 D14 AT3G03990
MAX3 AT2G44990 MAX2 AT2G42620
MAX4 AT4G32810 SMXL6 AT1G07200
MAX1 AT2G26170 SMXL7 AT2G29970
LBO1 AT3G21420 SMXL8 AT2G40130

Figure 5.9 Positions of strigolactone-pathway genes and markers indicating 
mapped region for dis15 locus in Arabidopsis chromosomes 
Representation of chromosome 1 to 5 showing the locations of SL biosynthetic and 
signalling genes and the positions of markers 2-4 and 2-5 which delimited the 3 mega 
base region to which dis15 was mapped (Jibran, 2014; Hunter et al., 2018). Markers 
2-4 and 2-5, corresponding to markers 2-8 and 2-11 in Jibran, 2014, were listed in 
Hunter et al., 2018. The locations of SL-pathway genes on the Arabidopsis 
chromosome map are shown. The image was created using the Chromosome Map 
Tool from TAIR website (https://www.arabidopsis.org/jsp/ChromosomeMap/tool.jsp). 
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Figure 5.10 Identification of G to A mutation in WGS data of dis15 
Screenshot from Geneious shows the G to A transition (indicated by red arrow) in the 
gene AT2G26170 (MAX1). Reads were aligned to MAX1 CDS using the method “map 
to reference” in Geneious. 
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5.2.9. Genetic complementation of dis15 

Genetic complementation was performed to confirm the dis phenotype of dis15 

resulted from the mutation in MAX1. The WT-MAX1 construct (Section 2.6.1) 

was cloned and transformed into Agrobacterium GV3101 (see Section 2.6 for 

details). Arabidopsis transformation of the dis15 mutant was carried out using 

the floral dip method (Section 2.9.1.1). The T1 seedlings were grown on soil 

and were selected by spraying with 100 mg/L of BASTA as described in Section 

2.9.1.2 and potential transformants survived. The delayed sepal degreening 

phenotype of dis15 was rescued in these potential transformants (Figure 5.11B). 

Sequencing of the complemented dis15 plants showed the presence of both 

the mutated MAX1 and transformed WT sequences in the dis15 background 

(Figure 5.11A, C). 

These results confirmed the dis phenotype of dis15 was due to the mutation in 

the coding sequence of MAX1. Thus, this mutant was renamed as max1-

5/dis15. 
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5.2.10. Highly conserved amino acid is substituted in d14-6/dis9 (S97F) 

D14 encodes an α/β-fold hydrolase protein that functions as a SL receptor (Arite 

et al., 2009; Hamiaux et al., 2012; Waters et al., 2012). The mutation in d14-

6/dis9 caused a Ser to be substituted with Phe at position 97 (S97F) of the 

encoded protein of D14. The D14 S97F substitution occurred at the Ser-His-

Asp catalytic triad that is located at the hydrophobic substrate-binding pocket 

of the D14 hydrolase. S97 in D14 of Arabidopsis is highly conserved in the 

orthologs from other species (Challis et al., 2013) including the characterised 

functional orthologues in petunia PhDAD2 (Hamiaux et al., 2012), rice OsD14 

(Arite et al., 2009; Gao et al., 2009; Liu et al., 2009), poplar PtD14a (Zheng et 

al., 2016), pea RMS3 (de Saint Germain et al., 2016) and the paralog AtKAI2 

(Waters et al., 2012) (Figure 5.12A). Changing the Ser-97 residue to alanine (a 

non-nucleophilic residue) was previously reported to cause loss of D14 

hydrolase activity (Abe et al., 2014) and prevent formation of a covalently linked 

intermediate molecule (CLIM) in the active site of the protein (Yao et al., 2016) 

(Figure 5.12B). The SL-defective phenotype observed in my study strongly 

suggests that substitution of Ser-97 to Phe (also a non-nucleophilic amino acid) 

caused loss of receptor activity in planta. 
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Figure 5.12. The serine to phenylalanine substitution in the D14 protein 
(A) Sequence alignment of Arabidopsis D14 with characterised homologs. Position of 
the mutation at Ser-97 (S97) in AtD14 is indicated in red. Amino acid positions are 
based on Col-0 sequence from TAIR. Aligned sequences were sorted by the 
differences to AtD14 reference sequence. Intensity of shading represents the 
percentage similarity of each residue among D14 homologs. At, Arabidopsis; Os, rice; 
Ph, petunia; Pt, poplar; Ps, pea. (B) Structure of AtD14 from the SL-induced AtD14-
D3-ASK1-complex (PDB: 5HZG). The CLIM is shown as orange and red sticks. The 
catalytic triad residues Ser-97 and His-247 are shown in atomic colouring as 
grey/blue/red sticks. AtD14 is shown in cartoon representation coloured in a rainbow 
scheme (N to C terminus from blue to red). 

5.2.11. Highly conserved amino acid is substituted in max1-5/dis15 

(G469R) 

MAX1 encodes a cytochrome P450 monooxygenase that is involved in SL 

biosynthesis (Booker et al., 2005; Abe et al., 2014). The mutation in max1-

5/dis15 led to replacement of Gly to Arg at position 469 (G469R) of the MAX1 

protein. The MAX1 G469R substitution occurs in the last residue of the cysteine 

haem-iron ligand signature [FW]-[SGNH]-x-[GD]-{F}-[RKHPT]-{P}-C-

[LIVMFAP]-[GAD], which is highly conserved in the cytochrome P450 

superfamily (Prosite: https://prosite.expasy.org/PDOC00081). This G469 

residue is invariant in all MAX1 functional orthologues studied thus far (Figure 

5.13A) (Yoneyama et al., 2018). However, as the ligand signature [GAD] 

indicates, glycine (G) can be replaced by alanine (A) or aspartate (D). This 

occurs at very low frequency in the wider cytochrome P450 protein family with 

G replaced by A in 3.4% or by D in 0.18% of the 1087 predicted cytochrome 

P450 proteins that have the cysteine haem-iron ligand pattern (according to the 

Prosite database) (Appendix 10). The 3D structure of AtMAX1 was modelled 
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on the most closely related cytochrome P450 (human cytochrome P450 

CYP3A4) with a protein crystal structure available (sequence identity of 28% 

and E value of 7e-51). The model showed that G469 is in the haem pocket 

packed against the haem group and is close to the haem-iron ligand cysteine 

(C467) (Figure 5.13B). The G469R substitution may cause loss-of-function of 

max1-5/dis15 by disrupting the steric structure of this pocket because there is 

not enough space in this pocket to accommodate Arg, which has one the largest 

side-chains as compared to Gly that has the smallest one. 

Figure 5.13. The glycine to arginine substitution in the MAX1 protein 
(A) Sequence alignment of Arabidopsis MAX1 with its functional orthologs (Yoneyama 
et al., 2018). Position of mutation at Gly-469 (G469) and of the haem-iron ligand at 
Cys-467 (C467) in Arabidopsis MAX1 is indicated in red and black, respectively. Amino 
acid positions are based on Col-0 sequence from TAIR. The sequences of the cysteine 
haem-iron ligand signature are shown. Aligned sequences were sorted by the 
differences to AtMAX1 reference sequence. Intensity of shading represents the 
percentage similarity of each residue among MAX1 orthologs. At, Arabidopsis; Sl, 
tomato; Sm, Selaginella; Os, rice; Ph, petunia; Pt, Poplar; Zm, maize. (B) MAX1 
modelled on the structure of the closely related human cytochrome P450 CYP3A4 
(PDB: 1TQN) (Yano et al., 2004). The haem group is presented as purple sticks 
(carbons mostly), which is indicated by a purple arrow. The side chain of Cys-467 (in 
black; haem ligand) is represented by sticks (carbon is purple and sulphur is yellow). 
The position of Gly-469 is indicated by the grey sphere and is highlighted by a red 
arrow. The structure is presented in cartoon representation coloured in a rainbow 
scheme (N to C terminus from blue to red). 

5.2.12. G469R substitution in max1-5/dis15 disrupts enzyme activity of 

MAX1 

To confirm the loss of activity of max1-5/dis15 (MAX1-G469R) suggested by in 

silico prediction, I used transient expression in N. benthamiana developed to 

study the function of SL biosynthetic enzymes (Zhang et al., 2014b). 
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Arabidopsis MAX1-WT, MAX1-G469R and MAX1-G469A were transiently 

expressed with the upstream enzyme-encoding genes of the CL biosynthetic 

pathway (AtD27, AtMAX3, and AtMAX4) in N. benthamiana and the substrate 

(CL) and product (CLA) of MAX1 were measured. Transient expression of 

AtD27, AtMAX3, and AtMAX4 indeed resulted in the production of CL and not 

CLA (Figure 5.14). When co-expressed with MAX1-WT (either Ler-0 or Col-0 

version) or with MAX1-G469A, CL was significantly reduced and some CLA 

was detected. However, when co-expressed with MAX1-G469R, the amount of 

CL did not decrease although CLA was produced to a similar level as that 

produced by MAX1-WT (Figure 5.14). The lack of a decrease in CL suggested 

that MAX1-G469R had reduced enzymatic activity. 

To confirm that the G469R mutation was affecting enzyme activity rather than 

exerting its effect through transcriptional changes, mRNA abundance of MAX1-

WT, MAX1-G469A and MAX1-G469R was analysed. There was no difference 

in expression among MAX1-WT, MAX1-G469A and MAX1-G469R when they 

were expressed in N. benthamiana (Appendix 11). Thus, the lack of CL 

conversion in N. benthamiana upon co-infiltration of the CL pathway with MAX1-

G469R was caused by loss-of-activity of the MAX1-G469R enzyme. 
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Figure 5.14. Analysis of CL and CLA in N. benthamiana leaves infiltrated with 
strigolactone biosynthetic gene constructs 
CL and CLA content in N. benthamiana transiently expressing MAX1 (Col/Ler-WT or 
with nucleotide changes resulting in G469R or G469A substitutions) plus CL pathway 
genes. Data are mean ± standard error (n=6). EV, empty vector (control); CL, 
carlactone pathway (expressing AtD27, AtMAX3, and AtMAX4); MAX1-Col/Ler, CL 
pathway plus MAX1 based on Col-0 or Ler-0 sequence; MAX1-GR/GA, CL pathway 
plus MAX1 with G469R or G469A substitutions based on Ler-0 sequence. Letters 
represent significant differences among different gene combinations for the infiltration 
for each compound comparison in one-way ANOVA. Upper and lower cases were used 
to distinguish the difference for each compound. Means for the same compound with 
the same letter are not significantly different (5% least significant difference 
comparisons made on log-transformed data). 

5.2.13. MAX1 remains functional when Gly-469 is replaced by Ala 

As mentioned above, Gly-469 in MAX1 is substituted by Ala in 3.4% of the 1087 

predicted cytochrome P450 proteins, but is invariant in MAX1 orthologues. 

Nevertheless, the above experiments show that Ala can functionally replace 

Gly-469 (Figure 5.14). The ability of Ala to functionally replace Gly-469 was also 

supported by MAX1-G469A complementing the dis phenotype of the max1-

5/dis15 mutant. (Figure 5.11). These results indicate that Ala (A), but not Arg 

(R), is functionally equivalent to Gly-469 at the haem-iron binding pocket of 

MAX1 protein maintaining enzyme activity. 
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5.2.14. Treatment with rac-GR24 rescues delayed sepal degreening of 

max1-5/dis15 but not d14-6/dis9 

To test whether SL could chemically complement the sepal degreening 

phenotype of the max1-5/dis15 biosynthetic mutant, the inflorescences of 

max1-5/dis15, d14-6/dis9 and Ler-0 WT were treated with different 

concentrations (1, 5, 25, 50 µM) of the SL analogue rac-GR24 (Figure 5.15A; 

Appendix 12 A). rac-GR24 can also induce karrikin (KAR) signalling, but this is 

likely not relevant for the dark-induced degreening phenotype as defects in 

KARRIKIN INSENSITIVE 2 (KAI2), a KAR-specific receptor, do not delay dark-

induced leaf senescence (Ueda and Kusaba, 2015). 

Figure 5.15. Sepal degreening of excised inflorescences treated with rac-GR24 
(A) Dark incubated inflorescences. Inflorescences were harvested from the primary 
bolts of 4.5-week-old plants that had their first flower opened on the same day. The 
inflorescences with removed opened buds were treated with 1% DMSO (mock) and 5 
µM rac-GR24 and incubated in the dark for 5 days. Three biological replicates for each 
genotype and treatment are shown. (B) Long day (16 h light) treated inflorescences. 
Inflorescences were harvested from the primary bolts of 4.5-week-old plants that had 
their first flower opened on the same day. The inflorescences with removed opened 
buds were treated with 1% DMSO (mock) and 5 µM rac-GR24 and incubated in 16h/8h 
light/dark cycle for 3 days. Red arrows indicate representative sepals. Three biological 
replicates are shown. 
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rac-GR24 at 5 µM was sufficient for rescuing the delayed sepal degreening 

phenotype in max1-5/dis15 but not d14-6/dis9 at day 5 of dark incubation 

(Figure 5.15A). Under long day (16-h light) conditions, the hormone analogue 

also hastened sepal yellowing of max1-5/dis15 but not d14-6/dis9 excised 

inflorescences (Figure 5.15B; Appendix 12 B). 

5.2.15. Strigolactone biosynthetic and response genes are up-regulated 

by 24 h of dark incubation in inflorescences 

The data above showed that SLs participate in controlling inflorescence sepal 

senescence. I then asked at what stage of senescence SLs were involved. It 

has been suggested that the SL biosynthetic pathway is induced by 

senescence signalling (Ueda and Kusaba, 2015). If so, SL pathway genes 

would be expected to be induced later than senescence marker genes. To test 

this, I compared the timing of transcriptional changes in selected senescence-

marker and SL-pathway genes in excised WT inflorescences every 24 h over a 

period of 3 days of dark treatment using nCounter Technology (NanoString, 

Seattle, WA, USA; Figure 5.16). Transcript abundance of early stage 

senescence markers, i.e. Chl degradation gene SGR1 (Park et al., 2007) and 

central regulator of senescence ANAC092 (Balazadeh et al., 2010) were 

significantly increased at 24 h (Figure 5.16A), suggesting senescence in the 

inflorescences had already initiated by this time. Increased transcript 

abundance of the late stage senescence-specific marker gene SAG12 (Grbic, 

2003) at 48 h indicated that at 2 days of dark incubation senescence was well 

advanced. 

I used the transcript abundance changes of three SL biosynthetic genes MAX1, 

MAX3 and MAX4 to determine when SL biosynthesis had initiated in the dark-

held inflorescences. MAX1 transcript abundance did not significantly change 

during the first 24 h of dark treatment, but then significantly and substantially 

increased to be highest at 72 h (Figure 5.16B). MAX3 transcript abundance was 

slightly increased at 24 h, suggesting that SL production in the tissue was just 

starting. From 24 h onwards, MAX3 transcript abundance increased in concert 

with both early senescence markers SGR1 and ANAC092. qRT-PCR analysis 

of MAX4 revealed a pattern of transcript accumulation that was very similar to 
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that of MAX3 suggesting co-regulation and beginning of SL synthesis by 24 h 

(Figure 5.17A). 

The timing of SL response was determined by measuring changes in transcript 

abundance of the SL signalling genes AtD14, SMXL6, SMXL7 and SMXL8. 

Transcript abundance of the first three genes increased significantly at 24 h of 

dark treatment (Figure 5.16C, D), whereas SMXL8 transcript abundance 

decreased to be undetectable at 24 h (Figure 5.16D). The nCounter results for 

MAX3, SMXL6/8, ANAC092 and SAG12 were confirmed by qRT-PCR analysis 

(Figure 5.17A-C). 

Figure 5.16 Transcript abundance changes of strigolactone pathway and 
senescence-related genes during a period of 72-h of dark treatment 
(A) Chlorophyll (Chl) degradation and senescence marker genes; (B) Strigolactone 
(SL) biosynthetic genes; (C) SL receptor; (D) SL signalling genes. Transcript 
abundance was quantified using nCounter technology on RNA isolated from detached 
WT inflorescences (n = 3 samples, > 4 inflorescences from independent plants per 
sample) that were incubated in the dark for 0 h, 24 h, 48 h and 72 h. Transcript 
abundance was normalised to geometric mean of PP2AA3, ACT2 and MON1. Data 
are mean ± standard error. Letters represent significant differences among four time 
points for each gene comparison in one-way ANOVA (Fisher’s protected LSD test 
P<0.05). Upper and lower case letters were used to distinguish the comparisons for 
each gene. Upper case letters in (A) represented comparisons for both ANAC092 and 
SGR1. 
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Figure 5.17 Confirmation of transcriptional changes of strigolactone-pathway 
and senescence-related genes by qRT-PCR analysis 
(A) SL biosynthetic genes; (B) senescence marker genes; (C) SL signalling genes. 
Transcript abundance of each gene was quantified by qRT-PCR using cDNA 
synthesised from RNA isolated from detached WT inflorescences (n = 3 samples, > 4 
inflorescences from independent plants per sample) that had been incubated in the 
dark for 0 h, 24 h, 48 h and 72 h. Transcript abundance was normalised to PP2AA3 
and expressed relative to the 0 h sample. Data are mean ± standard error. Letters 
represent significant differences among four time points for each gene comparison in 
one-way ANOVA (Fisher’s protected LSD test P<0.05). Upper and lower cases were 
used to distinguish the comparisons for each gene. The relative mRNA abundance of 
SAG12 is presented as the measured transcript abundance divided by 100. 

Overall the results from the transcript profiling of the inflorescence suggest that 

by 24 h of dark incubation SL biosynthesis has been initiated, SL signalling is 

occurring, and senescence has started. Thus, earlier time points were 

investigated to determine the order of pathway activation. 

5.2.16. Strigolactone signalling but not biosynthetic genes respond 

rapidly to the light-dark transition 

At 24 h of darkness, the inflorescence tissue had been exposed to 8 h of regular 

and 16 h of extended night. One of the most notable outcomes of keeping tissue 

in extended darkness for this length of time is acute carbon starvation caused 

by exhaustion of starch reserves (Usadel et al., 2008), which causes precocious 

senescence. This agrees with our previous work that found that carbon-

depletion resulting from a 24 h dark treatment is a key senescence stimulus for 

detached immature inflorescences (Trivellini et al., 2012). I therefore 

considered the possibility that SL biosynthesis and response early in the 

extended night are associated with acute carbon deprivation-based signalling. 

To test this, I compared the timing of expression of transcriptional markers of 

tissue carbon status (SnRK1-related genes AKINβ1 and bZIP63) (Blasing et al., 
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2005; Usadel et al., 2008; Li et al., 2009; Mair et al., 2015) with that of SL-

associated genes both in the regular and early extended night. 

In WT, during the first 6 h into the regular night, transcript abundance of the 

AKINβ1 and bZIP63 increased in the detached inflorescences held in the dark 

(Figure 5.18A). This was consistent with them being markers of reduced (but 

not yet acutely limited) carbon availability. Key senescence-regulatory genes 

ANAC092 (Kim et al., 2009) and AtNAP (Guo and Gan, 2006) that are also 

sugar responsive were upregulated at 3 h (Figure 5.18B). Since these two 

genes are also diurnally regulated (Kim et al., 2018; Song et al., 2018), their 

transcriptional increase was more likely in response to changes in soluble sugar 

(Blasing et al., 2005; Usadel et al., 2008) and circadian clock rather than 

senescence. Because of this, we did not expect SL biosynthesis and signalling 

genes to respond during this early night time frame. As expected, during the 

first 6 h into the regular night there was no increase in transcript abundance of 

MAX1, while MAX3 transcripts were not detected (Figure 5.19A). Transcript 

abundance of SMXL7 also did not change during the regular night (Figure 

5.19B). However, at 3 h into the dark period SMXL6 and SMXL8 were up- and 

down-regulated, respectively (Figure 5.19B).  

In the max1-5/dis15 mutant, the two MAX and three SMXL genes exhibited 

similar expression patterns to that of WT, although their abundance was lower 

(Figure 5.19A, B). The reduced expression of the three SMXLs was reversed 

when the mutant was treated with rac-GR24 for 3 h (Figure 5.19B; Appendix 

13). Intriguingly, AtNAP was significantly upregulated by rac-GR24 at 3 h of 

treatment (Figure 5.18B), suggesting it is also a SL-inducible gene. Thus, based 

on transcription, the WT inflorescences experienced a reduction in sugar 

content during the normal night, but this did not trigger initiation of SL 

biosynthesis. In the max1-5/dis15 mutant, both SL signalling genes and AtNAP 

respond rapidly to rac-GR24 treatment, indicating these genes were SL-

inducible. 
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Figure 5.18 Transcriptional changes of sugar- and senescence-related genes 
during the regular night 
(A) SnRK1-related genes; (B) functional senescence regulators. Transcript abundance 
of each gene was quantified using nCounter technology on RNA isolated from 
detached WT or max1-5/dis15 inflorescences (n = 3 samples, > 4 inflorescences from 
independent plants per sample) that were treated with 1% DMSO for WT and 1% 
DMSO/rac-GR24 for max1-5/dis15 and incubated in the dark for 0 h, 3 h and 6 h. 
Transcript abundance was normalised to geometric mean of PP2AA3, ACT2 and 
MON1. Data are mean ± standard error. Statistical significance of gene expression for 
all samples is listed in Appendix 13. 
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Figure 5.19 Transcriptional changes of strigolactone pathway genes during the 
regular night 
(A) Strigolactone (SL) biosynthetic genes; (B) SL signalling genes. Transcript 
abundance of each gene was quantified using nCounter analysis on RNA isolated from 
detached WT or max1-5/dis15 inflorescences (n = 3 samples, > 4 inflorescences from 
independent plants per sample) that were treated with 1% DMSO for WT and 1% 
DMSO/rac-GR24 for max1-5/dis15 and incubated in the dark for 0 h, 3 h and 6 h. 
Transcript abundance was normalised to geometric mean of PP2AA3, ACT2 and 
MON1. Data are mean ± standard error. Statistical significance of gene expression for 
all samples is listed in Appendix 13. Figure legends apply to all figures. 

5.2.17. GR24 supresses the transcript abundance of SnRK1-related genes 

in max1-5/dis15 during an extended night 

I next determined the effect of extended darkness (i.e. darkness that surpassed 

the anticipated night period) on carbon status markers, senescence-markers, 

and SL biosynthesis and signalling genes. In WT, at 4 h of extended night (i.e. 

12 h of dark treatment), transcript abundance of AKINβ1 and bZIP63 was 

substantially increased (Figure 5.20A; Appendix 13). This was consistent with 

the WT inflorescences experiencing carbon starvation as has been reported for 

rosette leaves exposed to a 4 h extended night (Usadel et al., 2008). Transcript 

abundance of ANAC092 (Kim et al., 2009) and AtNAP (Guo and Gan, 2006) 

were also significantly increased at this time (Figure 5.20B). However, transcript 

abundance of MAX1 was not increased by the 4 h night extension and MAX3 

abundance remained undetectable, suggesting SL biosynthesis was not 
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occurring. By 10 h of extended night (18 h of dark treatment), MAX1 transcript 

abundance had still not changed, but that of MAX3 had increased suggesting 

SL biosynthesis had started (Figure 5.20C). The three SMXL genes were 

differentially expressed during the extended night (Figure 5.20D). SMXL8 

transcript counts were undetectable at both 4 h and 10 h of extended night; 

SMXL6 transcript abundance was increased at 4 h but then declined; and 

SMXL7 started to increase at 10 h of extended night in a pattern strikingly 

similar to MAX3. 

I then determined how the patterns of expression of the above genes were 

affected by SL deficiency by examining their transcript accumulation in the 

max1-5/dis15 mutant. Overall the patterns of accumulation of carbon-status-

related, senescence-marker genes and SL biosynthesis and signalling genes 

in the mutant were very similar to what was seen in WT over the 10 h extended 

night (Figure 5.20A-D), suggesting that their pattern of regulation was not 

controlled by SL. Interestingly, when the mutant was treated with rac-GR24, the 

transcript abundance of sugar-related genes AKINβ1 and bZIP63 were 

suppressed significantly by rac-GR24 at 4 h and not at 10 h of extended night 

(Figure 5.20A). By contrast, the transcript abundance of the two senescence-

related genes ANAC092 and AtNAP was elevated at 12 h by rac-GR24 and so 

was MAX1 (Figure 5.20B, C). All three SMXL genes were upregulated by rac-

GR24 at both time points (Figure 5.20D) as observed during the regular night. 

Taken together, the nCounter profiling study has highlighted a temporal 

sequence of events whereby markers of carbon deprivation and senescence 

regulation first increase followed within hours by markers for SL production. 

Secondly, GR24 treatment of the max1-5/dis15 mutant indicated that SL acts 

to promote transcription of senescence controlling genes and suppress 

transcription of SnRK1-related genes. 
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5.3. Discussion 

5.3.1. Strigolactones regulate sepal senescence in Arabidopsis 

SLs are plant hormones that affect seed germination (Toh et al., 2012), shoot 

branching (Gomez-Roldan et al., 2008; Umehara et al., 2008), root architecture 

(Kapulnik et al., 2011; Ruyter-Spira et al., 2011; Rasmussen et al., 2012). Here 

I demonstrate that SLs regulate floral organ senescence in addition to their 

previous demonstrated role in affecting flower development (Snowden et al., 

2005; Chevalier et al., 2014). I identified two mutants, max1-5/dis15 (MAX1-

G469R) and d14-6/dis9 (D14-S97F), which have novel loss-of-function alleles 

in the SL biosynthetic gene MAX1 and receptor AtD14, respectively. Both 

mutants exhibited delayed sepal senescence in planta and in detached 

inflorescences upon dark or long day treatment. Such phenotypes were 

rescued in the max1-5/dis15 but not d14-6/dis9 mutant by treatment of the 

detached inflorescences with rac-GR24. Transcript abundance of senescence 

marker genes was supressed in the two mutants compared with in WT in the 

dark. These results indicate that SLs regulate both developmental and dark-

induced sepal senescence. 

5.3.2. Gly-469 of MAX1 is essential for catalysing the conversion of CL 

into CLA 

MAX1 encodes a CYP711A1 protein that belongs to the cytochrome P450 

superfamily (Booker et al., 2005). The MAX1 G469R substitution I identified 

occurs at the last residue in the highly conserved cysteine haem-iron ligand 

signature of the cytochrome P450 superfamily, which is just two amino acids C-

terminal to the absolutely conserved Cys at position 467 of MAX1. To date, no 

crystal structure of MAX1 has been reported. However, a 3D model based on 

the closest homologous structure, the human microsomal P450 CYP3A4, 

revealed that Gly-469 packs against the haem cofactor in the binding pocket 

and is close to the haem-iron ligand Cys-467 (Figure 5.13B). Since Gly-469 is 

very close to this Cys, substitution of the smallest amino acid Gly to the larger 

Arg likely introduces steric clashes within the haem binding pocket and loss of 

activity of max1-5/dis15 (MAX1-G469R). Interestingly, the G469 residue is 

invariant in MAX1 orthologues and its closely related proteins in Metazoa, 
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Bacteria and Archaea [Figure 5.13A; Appendix 10; (Challis et al., 2013)], 

whereas in the wider cytochrome P450 family in rare instances this residue is 

replaced by Ala, which suggests that this small nonpolar amino acid may not 

introduce steric clashes in the wider family of cytochrome P450 proteins. This 

is consistent with the equivalent Gly to Ala substitution not affecting activity of 

the Arabidopsis cytochrome P450 CYP83B1, a modulator of auxin homeostasis 

(Barlier et al., 2000; Bak et al., 2001). The transient expression assay in N. 

benthamiana, and successful genetic complementation of the max1-5/dis15 

mutant with MAX1-G469A demonstrated that the Ala substitution did not 

inactivate MAX1 function, whereas substitution with arginine did. The high 

content of CL (the substrate of MAX1) and strongly reduced production of CLA 

hexose conjugates in the leaves infiltrated with the MAX1-G469R construct are 

consistent with accumulation of CL previously observed for the Arabidopsis T-

DNA insertion mutant max1-4 (Seto et al., 2014) and indicates that conversion 

of the MAX1 substrate is prevented. Thus, I conclude that G469 is an important 

amino acid for MAX1 function, though it can be replaced by Ala. 

5.3.3. Substitution of catalytic Ser-97 affects activity of D14 

The d14-6/dis9 mutant displayed delayed dark-induced senescence, increased 

branch numbers and decreased plant height phenotypes. SL perception and 

signalling require the D14 receptor. D14 belongs to the protein superfamily of 

α/β-fold hydrolases (Arite et al., 2009). The crystal structures of AtD14 and its 

orthologs in petunia (PhDAD2) and rice (OsD14) reveal that they have a 

hydrophobic substrate-binding pocket containing a Ser-His-Asp catalytic triad 

essential for hydrolase activity (Hamiaux et al., 2012; Kagiyama et al., 2013; 

Zhao et al., 2013). Unlike the classical hormone receptors that non-covalently 

and reversibly bind to hormone molecules, the crystal structure of the SL-

induced AtD14–D3–ASK1 complex reveals that AtD14 binds to SL and 

hydrolyses it into a CLIM (Yao et al., 2016). It is under debate whether this 

hydrolysis is required for signalling to occur (Seto et al., 2019). Experiments 

with the F-box protein D3, a rice ortholog of Arabidopsis MAX2 showed that SL 

triggers SL signalling by enabling AtD14 to bind to MAX2 to recruit repressors 

(e.g. Arabidopsis SMXL6/7/8) for degradation through the 26S proteasome 

(Jiang et al., 2013; Zhou et al., 2013; Wang et al., 2015). In the d14-6/dis9 
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mutant, Ser-97 in the catalytic triad was replaced by Phe. This produced 

phenotypes similar to the null mutant d14-1 suggesting loss of activity of D14 

(Waters et al., 2012; Ueda and Kusaba, 2015). This is consistent with mutation 

of this residue (atd14:S97A) affecting binding of the receptor to the SL analogue 

GR24 and abolishing hydrolase activity (Abe et al., 2014). Thus, it is probable 

that the S97F mutation I identified causes complete loss of D14 activity. 

5.3.4. Strigolactones regulate dark-induced inflorescence senescence in 

association with a change of carbon status during the extended 

night 

SLs affect various stress responses including drought, high salinity, nutrient 

deficiency and light-deprivation/darkness (Bu et al., 2014; Ha et al., 2014; 

Yamada et al., 2014; Ueda and Kusaba, 2015; Yamada and Umehara, 2015). 

The findings in this study suggest that SLs also regulate senescence of 

Arabidopsis sepals under energy-deprivation conditions. Previous studies from 

our group demonstrated that the energy-deprivation resulting from prolonged 

darkness causes a reduction in soluble sugars and transcriptional changes of 

sugar-responsive genes in detached inflorescences (Trivellini et al., 2012). This 

suggests an interaction between SLs and sugar signalling in controlling dark-

induced inflorescence senescence. Crosstalk between SLs and sugar 

signalling has been reported for regulation of shoot branching and seedling 

establishment in Arabidopsis (Li et al., 2016; Otori et al., 2017). To investigate 

the interaction between SLs and sugar signalling in controlling inflorescence 

senescence, I harvested WT and SL deficient max1-5/dis15 inflorescences at 

the start of the dark cycle and examined the transcriptional changes of selected 

genes in SL, sugar, and senescence pathways after different times of dark 

incubation. 

During the night, SnRK1s have a crucial role in the sugar-dependent regulation 

of transcriptional response (Blasing et al., 2005; Baena-Gonzalez et al., 2007; 

Usadel et al., 2008). It is therefore not surprising that in WT inflorescences 

SnRK1-related genes AKINβ1 (a subunit of SnRK1) (Li et al., 2009) and bZIP63 

(one of the direct targets of SnRK1) (Mair et al., 2015) were both up-regulated 

at 3 h of dark incubation. Such early upregulation was also observed in 
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Arabidopsis rosettes and attributed to starch decline during the normal night 

(Blasing et al., 2005). Interestingly, in WT inflorescences key senescence 

regulators ANAC092 (Kim et al., 2009) and NAP (Guo and Gan, 2006) were 

also up-regulated at 3 h. However, in rosette leaves the decline in sugar content 

during the night does not cause starvation (Blasing et al., 2005; Usadel et al., 

2008) and therefore it is unlikely that up-regulation of these marker genes in the 

inflorescences was indicative of senescence initiation. Moreover, since 

expression of both genes also depends on sugar content and circadian clock 

(Blasing et al., 2005; Usadel et al., 2008; Kim et al., 2018; Song et al., 2018), 

their transcriptional changes more likely result from one or both of these cues. 

Because of technological limitations, precise quantification of SL content in 

Arabidopsis is extremely difficult (Seto et al., 2014; Lv et al., 2018). Thus, I used 

the transcriptional changes of selected SL biosynthetic genes to indirectly 

estimate SL content (Li et al., 2018). I found in WT during the normal night that 

MAX1 abundance was unchanged and MAX3 counts were below the set 

threshold for detection. This suggests that SLs are not synthesised during the 

regular night. I also examined transcriptional changes of SL signalling genes 

SMXL6, SMXL7 and SMXL8 to help determine timing of SL response. These 

three SMXLs are functionally redundant in controlling Arabidopsis shoot 

branching (Soundappan et al., 2015; Wang et al., 2015). I considered their 

involvement in senescence regulation because senescence and branching 

phenotypes were tightly linked in max1-5/dis15 and d14-6/dis9 mutants. 

SMXL7 transcript abundance was unchanged in WT during the normal night, 

consistent with expression patterns of the biosynthetic genes. However, 

SMXL6 transcript increased significantly at 3 h and SMXL8 transcript declined 

rapidly to become undetectable at 3 h and onwards. This raises the possibility 

that different cues affect transcription of these three SMXLs. Transcript 

abundance of the three SMXLs was lower in max1-5/dis15 inflorescences but 

was restored by rac-GR24 treatment. These findings suggest that the regular 

night causes sugar levels to decline without affecting SL biosynthesis. 

The extended night commences when the regular night ends and it was 

previously shown that in Arabidopsis rosettes, carbon became severely limited 

4 h into the extended night (Usadel et al., 2008). SnRK1s, have key roles in 
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regulating transcriptional reprogramming during energy-deprivation (Baena-

Gonzalez et al., 2007; Usadel et al., 2008). Consistent with these observations, 

I found that transcript abundance of AKINβ1 and bZIP63 increased more in WT 

at 12 h (4 h into extended night) than during the regular night. The sugar-

responsive and senescence-controlling genes ANAC092 and NAP also showed 

further increased transcript abundance 12 h. Then at 18 h (10 h into extended 

night), AKINβ1 and bZIP63 did not show further transcriptional changes. This 

could be because sugar depletion in the inflorescence is alleviated by metabolic 

readjustment, similar to what has been found in rosette leaves, where sugar 

(Glc-6-P and Fru-6-P) levels were partially recovered from 4 h onward in the 

extended night (Usadel et al., 2008). By contrast, ANAC092 and NAP transcript 

abundance continued to rise. This raises the possibility that at 18 h the 

ANAC092 and NAP gene products started to initiate senescence to prevent 

critically low sugar levels. In the max1-5/dis15 mutant, rac-GR24 treatment 

transiently repressed AKINβ1 and bZIP63 at 12 h, while ANAC092 and NAP 

were up-regulated. Here, the SL/GR24 treatment may induce senescence – 

and associated sugar recovery - earlier, alleviating the need for metabolic 

readjustment. Alternatively, the SL/GR24 may transcriptionally repress key 

energy-deprivation regulators directly, which then prevents recovery of sugar 

shortage and as a necessity promotes senescence as another nutrient recovery 

process. Regardless, these findings are consistent with the idea that SL 

promotes senescence to restore sugar shortage. SLs may not play a major role 

in metabolic adjustment until 18 h, when the MAX3 and SMXL7 transcripts were 

up-regulated in the WT. SMXL7 has been found to exhibit higher transcript 

abundance than SMXL6 and SMXL8 in senescent leaves (Stanga et al., 2013). 

Thus, the up-regulation of SMXL7 at 18 h may indicate a senescence regulatory 

role for this gene. However, I could not ignore the possibility that SMXL6 is also 

involved in regulating senescence because of its significantly changed 

transcript abundance at 12 h and 18 h as well as its important role in regulation 

of shoot branching (Soundappan et al., 2015; Wang et al., 2015). 

Previous studies in our group found during 24-h of dark treatment that soluble 

sugar and Chl contents reduced substantially in the inflorescence (Trivellini et 

al., 2012). The dark treatment was accompanied with transcriptome changes 
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of carbon-deprivation and senescence-related genes including AKINβ1, bZIP63, 

ANAC092 and NAP (Trivellini et al., 2012). In my study, expression of 

senescence-specific marker gene SAG12 started to increase at 48 h in WT 

suggesting that senescence was well underway at that time. The transcript 

abundances of SAG12, ANAC092 and NAP (Figure 5.21) increased more 

strikingly at 72 h and similar increases were found for the SL biosynthetic genes 

MAX3, MAX4 and MAX1. In the SL mutants, the senescence process was 

slowed down and expression of ANAC092 and SAG12 lower than in the WT 

(Figure 5.5). This demonstrates that SLs contribute to the senescence of dark-

detached inflorescences and is consistent with what has been observed during 

leaf senescence (Ueda and Kusaba, 2015). The expression pattern of signalling 

gene SMXL7 showed the strongest correlation with that of SL biosynthetic 

genes and senescence marker genes, which suggests involvement in 

senescence regulation. However, the decreased transcript abundance of 

SMXL6 after 24 h suggests it may play a more important role in early stages of 

senescence. 

Overall, these results suggest an intricate relationship among sugar starvation, 

senescence and SL biosynthesis and signalling in excised inflorescences. This 

is supported by a recent study finding that the SL-induced senescence of 

bamboo leaves was supressed by exogenous sugar treatment (Tian et al., 

2018). SLs do not appear to have a major role in the inflorescences during the 

normal night but are synthesised during the extended night, perhaps in 

response to sustained low sugar content and consequent senescence initiation. 

It seems thus that SLs play an important role in the regulation of nutrient 

redistribution from leaves and leaf-like organs to other organs of the plant by 

promoting senescence progression. 
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Figure 5.21 Transcriptional change of NAP gene during a period of 72 h of dark 
treatment 
Transcript abundance was quantified using nCounter technology on RNA isolated from 
detached WT inflorescences (n = 3 samples, > 4 inflorescences from independent 
plants per sample) that were incubated in the dark for 0 h, 24 h, 48 h and 72 h. 
Transcript abundance was normalised to geometric mean of PP2AA3, ACT2 and 
MON1. Data are mean ± standard error. Letters represent significant differences 
among four time points in one-way ANOVA (Fisher’s protected LSD test P<0.05). 
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6. Conclusion and potential future work

6.1. Summary and conclusion 

This project aimed to better understand the regulation of dark-induced 

senescence of harvested plant tissue or organs via a forward genetic approach. 

The research was performed on detached dark-incubated immature 

inflorescences of Arabidopsis, and the overall findings from this work reflect a 

highly regulated network during energy (light and carbon)-deprivation-induced 

inflorescence senescence in the model plant Arabidopsis. Here, I summarise 

the findings of this project and propose a model for part of the regulatory 

network of dark-induced inflorescence senescence based on these findings 

(Figure 6.1). 

The harvested dark-stored plant tissues or organs experience various stresses, 

including energy-deprivation resulting from prolonged darkness. Such 

detachment and dark incubation lead to precocious senescence of immature 

floral organs (Eason et al., 2005; Gapper et al., 2005; Trivellini et al., 2012). In 

this project, sugar starvation resulting from prolonged darkness is considered 

a key stimulus to promote senescence of the detached dark-held inflorescence 

of Arabidopsis. This hypothesis is supported by two main lines of evidence: first, 

in Arabidopsis, substantially reduced sugar contents were reported in both 

leaves and detached inflorescences in response to extended dark treatment 

(Usadel et al., 2008; Trivellini et al., 2012); second, Trivellini et al. (2012) found 

that glucose treatment delays senescence of detached inflorescence during 

dark incubation. Consistent with this, the nCounter results (chapter 5) showed 

that during the extended night SnRK1-related genes AKINβ1 and bZIP63 

further increased their transcript abundance compared to their diurnal-

dependent transcriptional increase during early regular night (3 h of dark 

treatment), perhaps in response to sugar shortage in WT inflorescences. Since 

ET and SL are stress-related hormones and are known to regulate dark-

induced senescence (Ha et al., 2014; Ueda and Kusaba, 2015; Verma et al., 

2016), the starvation stress is likely the cause for the biosynthesis of ET and 

SL, thereby mediating senescence initiation and progression of the 

inflorescence. This is supported by my findings that the transcript abundance 
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of ET and SL biosynthetic genes (ACS2 and MAX3; see Appendix 14 for ACS2 

expression data) gradually increased during the extended night; whereas such 

increase was not observed during the regular night when starvation did not 

occur in the tissue. These results are consistent with findings using detached 

dark-incubated WT leaves of Arabidopsis, where ET was produced and SL 

biosynthetic genes (MAX3 and MAX4) were upregulated (Ueda and Kusaba, 

2015). ET is known to regulate leaf senescence via an EIN2-EIN3-dependent 

regulatory network which involves key senescence regulators (ANAC092 and 

NAP) and Chl catabolic enzyme (NYC1) (Li et al., 2013; Kim et al., 2014; Yang 

et al., 2014; Qiu et al., 2015). This regulatory network is likely also involved in 

ET-mediated inflorescence senescence. In agreement with this, the dis 

phenotype was observed in dis51 (ein2, chapter 4) and dis2 (nyc1, chapter 3) 

mutants in this study and in anac092 and nap mutants in Trivellini et al. (2012), 

confirming their involvement in regulation of dark-induced inflorescence 

senescence. The mechanism behind SL-mediated dark-induced senescence is 

still not clear. However, the differential expression of SL signalling suppressor 

genes (SMXL6, SMXL7 and SMXL8) suggested their senescence-related roles, 

although the role of SMXL8 remains to be discovered, for example by mutant 

analysis. The strong association between shoot branching and senescence 

phenotypes also supported roles of these three SMXLs in controlling 

inflorescence senescence. SMXL6/7/8 (and rice ortholog D53) have been 

suggested to regulate shoot branching via transcriptional repression of 

downstream TFs in the absence of SL (Wang et al., 2015; Song et al., 2017). 

The TF gene NAP was found to be SL-inducible gene in this study and in 

Mashiguchi et al. (2009) for ANAC092. This makes these two TFs strong 

candidates that are suppressed by SMXL6/7/8 when SL is absent or SL 

signalling is blocked during inflorescence senescence in SL defective mutants. 

If so, these two genes are involved in the overlapping regulatory network 

between SL- and ET-mediated inflorescence senescence. This agrees with the 

observation that SL interacts with ET to accelerate leaf senescence (Ueda and 

Kusaba, 2015). However, the max1-1/ein2-5 double mutants showed an 

enhanced delay in leaf senescence in the dark, compared with their single 

mutants (Ueda and Kusaba, 2015), suggesting ET and SL may regulate 

senescence via ANA092/NAP-independent pathways as well. 
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Figure 6.1 A model for dark and starvation-induced, ethylene and strigolactone 
mediated inflorescence senescence including NYC1-regulated chlorophyll 
degradation 
Solid and dashed arrows/lines indicate the characterised and speculated regulatory 
pathways, respectively. Proteins in bold (NYC1, chapter 3; EIN2, chapter 4; MAX1 and 
D14, chapter 5) were studied in this thesis. 

In conclusion, this study highlights that sugar-starvation occurs in detached 

Arabidopsis inflorescences during the extended night, which triggers 

biosynthesis of stress-related hormones ET and SL. These two hormones then 

work in concert with each other to accelerate inflorescence senescence 

including NYC1-mediated Chl degradation. The findings from this work provide 

a genetic and molecular framework for continued study of postharvest stress-
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induced senescence. Moreover, this study will be useful for improving 

postharvest characteristics of crops that contain floral parts such as broccoli. 

6.2. Potential future work 

Based on the findings in this thesis, the following future work could either 

support or reject the model proposed above. First, sugar measurement in the 

excised inflorescences that were harvested at selected time points (e.g. 0 h, 8 

h, 12 h, 18 h and 24 h) during dark treatment. This provides direct evidence for 

the carbon/sugar status in the tissue throughout the dark treatment and 

supports the transcriptional analysis for the sugar-responsive genes. Second, 

investigation of the senescence regulatory roles of SMXL6, SMXL7 and SMXL8 

by phenotypic analysis of plants with mutations in their encoding genes. For 

this, single, double and triple mutants and the max2/smxl6/7/8 quadruple 

mutant and gain-of-function mutant of SMXL7 (due to its expression pattern 

showing the best correlation with the senescence marker genes during dark 

incubation) should be used. Thirdly, if SMXL6/7/8 were confirmed to regulate 

senescence, then it should be tested if ANAC092 and NAP were repressed by 

these three SMXLs in SL signalling. This can be tested by using three different 

assays: a) transcriptional analysis of ANAC092 and NAP expression in single, 

double, triple and quadruple mutants of MAX2 and SMXL6/7/8 upon dark 

treatment; b) in vitro assay: yeast two-hybrid assay or bimolecular fluorescence 

complementation to test physical interaction between these two genes and 

SMXL6/7/8; c) in vivo Chromatin Immunoprecipitation (ChIP) assay and 

NAP/ANAC092 ChIP-seq analysis of floral tissue in response to dark- and 

detachment-induced starvation to find out the targets of these TFs. Fourthly, 

test if these two genes were involved in overlapping or distinct pathways 

between ET and SL during dark-induced senescence by examination of the 

ANAC092 and NAP expression in the dis15 (max1-5), dis51 (ein2), and max1-

5/ein2 double mutants or by phenotypic analysis of the dis15, dis51, anac092 

and nap single, double, triple and quadruple mutants. 

Besides the senescence related work, the fragrance phenotype of the dis51 

mutant is also worth investigating further. To confirm which compounds from 

identified four ones (PHA, PE, benzaldehyde and benzyl alcohol) are the actual 
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candidates that contribute to the aroma phenotype of the dis51 mutant, targeted 

GC-MS analysis could be carried out on the flower samples that are harvested 

at different time points during a 24 h day/night cycle. Then genetic analysis, 

HRM-based mapping and WGS analysis could use to identify the causal 

mutation(s). Alternatively, the causal mutation(s) could possibly be identified by 

PCR-based sequencing of the genes involved in the putative biosynthetic 

pathway(s) of confirmed compounds. Finally, it is also important to investigate 

if the mutation(s) leading to the aroma phenotype also contribute to senescence 

phenotype in the dis51 mutant. 
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Appendices

1. List of primers and SNP markers for HRM-analysis

1.1. HRM primers for fine-mapping of dis9 
Chr. Col-0 

Pos. (bp) 
(TAIR10) 

ID Forward primers Reverse primers SNP 
(C/L) 

3 370080 
370107 

A3-1 CTGATCCCAAACTTAGCTGCA TCGAGAGGATGATGGCAGAA A/G 
T/C 

3 601391 
601413 

A3-2 TCCACCATCCACCACAAGAA CTTGAATACTAGAGACGAGATAGGT T/C 
T/C 

3 978506 A3-3 CAACGCAAGTTATTAGACCACA AGCATTCAACAGCAAATGGA A/G 
3 1490996 A3-4 ATGAACCAACAGCAGCAACA ATAAGGCCGAGCGTACATCA T/C 
3 2010819 A3-5 ACCCTTCAATTCCCACCATT CGTGCTTCAGTTTTTCTTGTTG G/A 
3 2987882 A3-6 TCAGAGAGGGGACAGAACTTACA TGGCTATGAGTCTTTTCTTGG G/A 
3 3920554 A3-7 TTCCTTGCTCTCCTGTGCTT GGAAGCCATCGACATCTTTATC C/A 
3 3956761 A3-8 GTTTTTGGTGAGTACGGAAACT AAACCGCTTCTCTTTCTAACACTC T/C 
3 5949493 

5949497 
A3-9 AGCCCTACCTAACGAGCTGA GGACTGTGCAAGGCTGGTAA G/A 

G/T 
3 7976473 

7976483 
A3-
10 

TCCTCTACCAAACCAAAACCA AGTTCAAGTCCACAGCACCA A/G 
A/G 

1.2. HRM primers for fine-mapping of dis51 
Chr. Col-0 

Pos. (bp) 
(TAIR10) 

ID Forward primer Reverse primer SNP 
(C/L) 

5 144389 A5-1 CCTTTCCAGAGAGCACGAAC TCTCCAACCAATCGACGTAA T/G 
5 252210 A5-2 CGTCGAGGTGATTCGTCTTT GGTCAATAACAAGTAAAGCTCTGTG T/C 
5 298229 A5-3 GCGGTGGATCACATAGTTGG GCTGCGTTTATTTTGGCTGT C/T 
5 675977 A5-4 CGTCAGATTTTCAGGGTCAA TGTTGTGTGGGAAAGTGTCAA A/G 
5 1007097/ 

1007098 
A5-5 AAGCTGCCACTCCATTGTTT GGCCCATTACAAGTTACACATC T/C 

T/C 
5 1522285/ 

1522325/ 
1522339 

A5-6 ACCTGGAATGAGCAACAGGA TGCACCAGAGATTGCGAGA T/C 
T/C 
T/C 

5 1665083 A5-7 GGCTGGTGACTTTTGCTTTC TCTGGTGGTGAGTTCTGTGG A/G 
5 2938561/ 

2938597 
A5-8 GAAAATTCACCCCAATCCAA ACTTCTCCGTCGTCTTCCAC C/T 

C/A 
5 5056405 A5-9 CCTGACTGGATAAACAAAGAAGG TTGGCTAATCTGTGGAGTAACA A/G 
5 5191744 A5-10 CCGTAAGGTTTCCATTTCCA GCGATACACGAACACCAAAA T/C 
5 5546722 A5-11 AGCCAACACTCCCATGAACT GGCATGTAGCATTTCCCTCT A/G 
5 5614941 A5-12 CCAAACCCTTTCTCACAGTTTC CAGAGCTGGTTAGTCGATTGG C/T 
5 6508875/ 

6508877 
A5-13 AAACGAAACACAAACCGTGA TGGATGTATGCTGGTCTGCT A/G 

T/G 
5 6724721/ 

6724722 
A5-14 GTCCGTAGTGCTCCTGTCAA GCTGTCTTCAGCAACCGTCT A/G 

A/C 
5 7505495 A5-15 TGTCTCATGGAGTTGGCTTATC GAAACATGCCCTTACAATATCC C/T 
5 7554175/ 

7554207 
A5-16 ACGAAAACGGTGCCAAATAG AGAAAAAGCGGTGAGCAAAA C/T 

C/T 
5 8496284 A5-17 GACAGCACAGCCAGAGTGAA TTCTCCATCAAAGGCAAACC G/A 

The causal mutation in dis51 was roughly mapped to Chr 5 by using the primers 
1-2, 1-4, 1-7, 2-3, 2-4, 2-6, 3-2, 3-3, 3-4, 4-2, 5-1, 5-2 and 5-3 that listed in 
Hunter et al., (2018). SNP positions were based on the Col-0 genomic 
sequence downloaded from TAIR10. L/C indicates Ler-0/Col-0. Only good 
primers which clearly distinguished Col-0, Ler-0 and Col-0/Ler-0 heterozygous 
are listed in the tables. 
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2. Maps of cloning vectors

2.1. Map of D14pro&D14-CDS-pGWB1 construct 



176 

2.2. Map of pGreen0229 & pSoup 
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2.3. Vectors for gateway cloning  
2.3.1. Map of pIV1A_2.1 (Entry vector) 

2.3.2. Map of pBin-Plus (Destination vector) 
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3. List of primers for standard PCR

3.1. Primers for cloning MAX1 and MAX1-G469A for complementation 
Primer name Restriction 

site 
Sequence (5’ to 3’) * 

MAX1_CompEcoRI_F  EcoRI ccggaattcCTTACGTGGGCTGGACTATAA 
MAX1_CompNotI_R NotI cgcgcggccgcGATTCGAGAAGCCGAGAGGT 
MAX1GA_CompEcoRI_F1  EcoRI ccggaattcCTTACGTGGGCTGGACTATAATCCATCCAAT

TCCT 
MAX1_G469A_R1 N/A GATCTCTTGCAGGGCAAATCTCTGTGCAACACAGGC

T 
MAX1_G469A_F1 N/A TATCGGTCCACGAGCCTGTGTTGCACAGAGATTTG 
MAX1GA_CompNotI_R1 NotI cgcgcggccgcGATTCGAGAAGCCGAGAGGTTAAATGT

GACCTTG 

* Restriction sites were included in the primer sequences.

3.2. Primers for confirmation of Arabidopsis transformants 
Primer name Position Sequence (5’ to 3’) * 

C_D14SNP_F D14 gene TTGGCACTTGATCCTTCCTT 
C_pGWB1_R pGWB1 vector AGCCTCCTCATCTCCCAGTT 
G-d14-1_F* (MW221) D14 promoter AAGAATATGGCAAGTGCAAC 
G-d14-1_R* (MW222) D14 gene GATGATTCCGATCATAGCG 
MAX1PCR_F MAX1 gene GAAGTGGAGATAGGAGG 
M13_R pGreen0229 vector CAGGAAACAGCTATGAC 
MAX1CDS-PCR_F MAX1 gene GAAACTGCTAAAGAAGTGGAG 
MAX1CDS_R2 MAX1 gene TCAGAATCTTTTGATGGTTCTGAGC 

* Primers are equivalent to the primers MW221 and MW222 in (Waters et al.,

2012). 

3.3. Primers for MAX1-related constructions for Agro-infiltration in 
N.benthamiana 

Primer name Restriction site Sequence (5’ to 3’) * 
MAX1_NcoI_XF NcoI catgCCATGGCAATGAAGACGCAACATCAATGGTGGGAAGT

TCTTGATC 
MAX1_G469A_R1 N/A GATCTCTTGCAGGGCAAATCTCTGTGCAACACAGGCT 
MAX1_G469A_F1 N/A TATCGGTCCACGAGCCTGTGTTGCACAGAGATTTG 
MAX1_NotI_XR NotI atttGCGGCCGCTCAGAATCTTTTGATGGTTCTGAGCTTAAC

CCCGTTC 

* Restriction sites were included in the primer sequences.

3.4. Primers for amplification of NYC1 and EIN2 
Primer name Genes Sequence (5’ to 3’)
at4g13250Scomp_F* NYC1 AAATTTTGACAACACGACTACTGG 
at4g13250SAScomp_R* NYC1 TTCAACAACGACACATTCTACAAC 
EIN2-G_F EIN2 CACGAGCACCCATAACCTTC 
EIN2-G_R EIN2 ACGTGCAGAGATCCGGTTTA 

* Primers were provided by Donald Hunter (PFR, Palmerston North, NZ).
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4. Primers for qRT-PCR analysis

Primer name Sequence (5’ to 3’)
qPP2AA3_F GACCGGAGCCAACTAGGAC
qPP2AA3_R AAAACTTGGTAACTTTTCCAGCA
qMAX3_F GGGCATTCACGGATACTCAC
qMAX3_R TGGTGACATTCCGCACATAG
qSMXL7_F TCAGTGGCTGCAAACTGTTC
qSMXL7_R GCGGGAACACACTTTTGTCT
qSMXL8_F TGCCTCACAACAAGTCCAGT
qSMXL8_R ACCGGAGAAGGGTAGTTTCAG
qANAC092_F TTCTCTGCTACTGCCATTGGT
qANAC092_R TCTCCCATCTTAGCCTTCCA
qSAG12_F CTTTGCCGGTTTCTGTTGAC
qSAG12_R TGAAAACGCCCAACAACAT
qBenPP2A_F GACCCTGATGTTGATGTTCGCT
qBenPP2A_R GAGGGATTTGAAGAGAGATTTC
qMAX1_F1 GATCAAACTCACATTACTGCATCTC
qMAX1_R1 CAGTGGTATCTCCATTTCTAGGG
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5. Probes for nCounter analysis

Probe Name Sequence (5’ to 3’) 
MAX3 _A CAT AGC CGC TAT GGA ACC TAT TGG ATT AAG CTT GAC TCG GTT GGC 

AAA GAC CTC AAG ACC TAA GCG ACA GCG TGA CCT TGT TTC A 
MAX1 _A TTC TTC CCG GAA AGA CCG AAG TCG ACT CCA AAA GCC GCT TGT CCG 

ATG ATC ATC CTC TTC TTT TCT TGG TGT TGA GAA GAT GCT C 
D14 _A CAC TAA GCT GCG GCA AAT GTC CTT CAG TTT TAA GAG TCT CCA CAG 

TAG TAC ACA ATT CTG CGG GTT AGC AGG AAG GTT AGG GAA C 
SMXL6 _A TCA TAC TAA TCA CTC TTC CAT GCA AAT CAC GGA TTT TCC CCG TAC TCA 

CAC TGT TGA GAT TAT TGA GCT TCA TCA TGA CCA GAA G 
SMXL7 _A TCT GGC TAG AAG AAC CAA GCT GAA GCG GGA ACT GCG GTC TAA CGG 

GCT GAC AAA GAC GCC TAT CTT CCA GTT TGA TCG GGA AAC T 
SMXL8 _A AGA TCA GTG GTG ACC GAT TTA GCT GAA CAG GTC GAT GCA GAA GCA 

CTG CTC GAA CCT AAC TCC TCG CTA CAT TCC TAT TGT TTT C 
NAP _A GAA ATC TGA ACC CTG GAG GGA GGG TAG ATT GGG AAG TTA CTT CCA 

TGA TTC AAC AGC CAC TTT TTT TCC AAA TTT TGC AAG AGC C 
SGR1 _A AAG AGT CTC AGT CTT GTG ACC ATC AGG CGA AAC AGC TTC CCA AAG 

CGG ACC AGA TAA GGT TGT TAT TGT GGA GGA TGT TAC TAC A 
AKINBETA1 _A CGT CCA CAA TCA CCT TGT AGT GGT ATA TGC CAG ATG GAA GGA CAA 

AGA GAC TTC CTT CCT GTG TTC CAG CTA CAA ACT TAG AAA C 
bZIP63 _A AAC AAT CTG AGG CAT ATT GTG GAA CAT TGG GTT AAA GCC AGT GAG 

TCT CTC TGG TCA AGA CTT GCA TGA GGA CCC GCA AAT TCC T 
ANAC092 _A CGG AGA AGC AGG TCA CGT GAG ACG ACG AAC CGG TGA AGG AGT CTC 

GTT GAC GAT TGC TGC ATT CCG CTC AAC GCT TGA GGA AGT A 
SAG12 _A CTT CAT CAG TGC TTG CTC ATC ATT AAC CGG GAC ATC CTC ATA ACC 

TGT AAC TGA GGC TGT TAA AGC TGT AGC AAC TCT TCC ACG A 
PP2AA3 _A GGA AAA TCC CAC ATG CTG ATA CTC TGG CTG TGA ACC ATT CAC CAG 

CTG AAC TAG GAC GCA AAT CAC TTG AAG AAG TGA AAG CGA G 
ACT2 _A TGA GAG CTT AGA AAC ATT TTC TGT GAA CGA TTC CTG GAC CTG CCT 

CAT CAC CAC GCG ATG ACG TTC GTC AAG AGT CGC ATA ATC T 
MON1 _A TCT TGC AAT ATG GTT CCT GTA GCT TGC CTT AAC GCA TAT GGA AGG 

GGA AGC ATT TGG AAT GAT GTG TAC TGG GAA TAA GAC GAC G 
MAX3 _B CGA AAG CCA TGA CCT CCG ATC ACT CTC GTT GCT TGG GTT TAA CGA 

TAA CGC TGA TAC CAT TGG TGA CAT TCC GCA
MAX1 _B CGA AAG CCA TGA CCT CCG ATC ACT CAG TAG ACA TGC TGG TTT ATG 

AAA TCA GTC ACC TCC ACA TCT TTG ATT GGT
D14 _B CGA AAG CCA TGA CCT CCG ATC ACT CAA GTC ACC GAG GAA GAG CTC 

GCC GGA GAA ACT GAG CAA GCT GCG CCG GAG
SMXL6 _B CGA AAG CCA TGA CCT CCG ATC ACT CAG TGG CAT TAT CCT TGG CAA 

TCC CAG ACG TCA CAA CAA CAA TCA CAT TTT
SMXL7 _B CGA AAG CCA TGA CCT CCG ATC ACT CCG TCC TAG TGC AAA CAA TTT 

TCT CAG TTG GGC TTC CAA GAC TCA TCT TGG 
SMXL8 _B CGA AAG CCA TGA CCT CCG ATC ACT CAA TGC TTC TTG AGA CCG GAT 

CCT GTG GTG ACT GAA CTT ACC CTA AGA TTC 
NAP _B CGA AAG CCA TGA CCT CCG ATC ACT CCA TGG TCT GGT TTC GAA GAT 

AGT AAA CGA TGA GTT CTT CGT CGG TAG GAT 
SGR1 _B CGA AAG CCA TGA CCT CCG ATC ACT CCT AAC GGT TGG AAA ACA ACA 

ACT ACA CTC GTC CGC ACA CCG AGC CTC GGG 
AKINBETA1 _B CGA AAG CCA TGA CCT CCG ATC ACT CGC CAA CTT CGT CTG CTA CAA 

AGG GTA AAT CTG GGA TGT ATT TGG ATT CAC 
bZIP63 _B CGA AAG CCA TGA CCT CCG ATC ACT CCT TGT AGT GTC TGG AGA ATT 

TGA TGT CTC TGA AGG AAG AGA GAC AGT TGA 
ANAC092 _B CGA AAG CCA TGA CCT CCG ATC ACT CAA AAC CGT CTT TGG ACT CGT 

GGA CAA GTC TTT TGT CTT CGG TTT CTT GGT 
SAG12 _B CGA AAG CCA TGA CCT CCG ATC ACT CTC AAA ACC ACC TCC TTC AAT 

TCC AAC GCT AAC CGG TTG GTG TGC CAC TGC 
PP2AA3 _B CGA AAG CCA TGA CCT CCG ATC ACT CTG ATC TTA GCT CCG TCT TTA 

GCA CAT CTG GGG CAC TTG GGT ATG CAA TAT 
ACT2 _B CGA AAG CCA TGA CCT CCG ATC ACT CAG AAA CTT TGA TCC CAT TCA 

TAA AAC CCC AGC TTT TTA AGC CTT TGA TCT 
MON1 _B CGA AAG CCA TGA CCT CCG ATC ACT CCC TTG TGT CTG CAC ATT AGT 

AGT GAG AAT AAG ACA CCA GAC GCG CAA ACT 
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6. Time to bolting and flowering of dis2 and dis51 in M5
plants 

Appendix 6.1. Time to bolting and flowering of dis2 (M5 plants) 

Appendix 6.2. Time to bolting and flowering of dis51 (M5 plants) 
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8. Sepal degreening of dis9 and dis15

Appendix 8. Delayed sepal degreening of dis9 and dis15 in planta and in 
detached inflorescences held in the long day conditions (16 h/8 h light/dark cycle) 
(A) Dissection of attached inflorescences in planta. Inflorescences were harvested 
from the primary bolts of 4-week-old wild-type and dis plants that had their first flower 
opened on the same day. Additional three representative biological replicates from an 
independent experiment are shown. (B) Excised inflorescences at day 3 of long-day 
incubation. Inflorescences were harvested from the primary bolts of 4.5-week-old 
plants that had their first flower opened on the same day. The inflorescences with 
removed opened buds were placed in water and incubated in the 16 h/8 h light/dark 
cycle for 3 days. Additional three biological replicates from an independent experiment 
are shown. The representative sepals are pointed by red arrows. 
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10. Sequence alignment of AtMAX1, AtMAX1-related
proteins and other cytochrome P450 proteins with the 
haem-iron ligand signature 

Appendix 10. Sequence alignment of Arabidopsis MAX1 with its putative 
orthologs, related proteins and other cytochrome P450 proteins with the haem-
iron ligand signature 
Putative orthologs and related proteins were selected based on sequence similarity 
and the representative examples that were most similar to AtMAX1 are shown. 
Positions of the mutation at Gly-469 (G469) and of the haem-iron ligand at Cys-467 
(C467) in Arabidopsis MAX1 are indicated in red and black arrows, respectively. Amino 
acid positions are based on the Col-0 sequence from TAIR. The sequences of the 
cysteine haem-iron ligand signature are shown. Aligned sequences were sorted by 
the % identity to the AtMAX1 reference sequence. % identity is shown using the 
heatmap and numbers style in Geneious. The intensity of shading of aligned 
sequences represents the percentage similarity of each residue among all aligned 
sequences. The sequence names are UniProt IDs (http://www.uniprot.org/) and the 
logo of the haem-iron ligand signature is from Prosite. Amino acids are coloured 
according to their chemical properties (Crooks et al., 2004): polar amino acids are 
indicated in green, basic in blue, acidic in red, and hydrophobic in black. Letter size 
represents percentage of conservation within cytochrome P450 proteins that shared 
this signature. 
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11. MAX1 expression in the infiltrated leaves of N.
benthamiana 

Appendix 11. Transcript abundance of MAX1 in the leaves of N.benthamiana 
infiltrated with constructs carrying MAX1-WT, -G469R or -G469A 
EV, empty vector control; MAX1-Ler, MAX1 based on Ler-0 sequence; MAX1-GR/GA, 
MAX1 with G469R or G469A substitutions based on Ler-0 sequence. Data are mean 
± standard error (n=3)  
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12. Degreening of inflorescences treated with rac-GR24

Appendix 12. Degreening of inflorescences treated with rac-GR24 
Inflorescences were harvested from the primary bolts of 4.5-week-old plants that had 
their first flower opened on the same day. Inflorescences with removed opened buds 
were used for experiment. (A) Inflorescences were treated with 1% DMSO (mock) and 
rac-GR24 at 1, 5, 25, 50 µM and were incubated in the dark for 5 days. Three biological 
replicates are shown. (B) Inflorescences were treated with 1% DMSO (mock) and 5 
µM of rac-GR24 and were incubated in the long day conditions (16 h/8 h light/dark 
cycle) for 3 days. The representative sepals were pointed by red arrows. Additional 
three biological replicates from an independent experiment are shown. 



189 

13. Statistical analysis of nCounter data for 0, 3, 6 h and

0, 12, 18 h treatments 

Gene Treatments (0, 3, 6 h) Difference* Treatments (0, 12, 18 h) Difference*
MAX1 0 h - Ler a 0 h - Ler ab 

0 h - dis15  a 0 h - dis15 ab 
3 h - Ler DMSO a 12 h - Ler DMSO ac 
3 h - dis15 DMSO a 12 h - dis15 DMSO ac 
3 h - dis15 GR24 a 12 h - dis15 GR24 d 
6 h - Ler DMSO a 18 h - Ler DMSO abcd 
6 h - dis15 DMSO a 18 h - dis15 DMSO a 
6 h - dis15 GR24 a 18 h - dis15 GR24 abcd 

AKINβ1 0 h - Ler a 0 h - Ler a 
0 h - dis15  a 0 h - dis15 a 
3 h - Ler DMSO bc 12 h - Ler DMSO c 
3 h - dis15 DMSO b 12 h - dis15 DMSO c 
3 h - dis15 GR24 b 12 h - dis15 GR24 b 
6 h - Ler DMSO c 18 h - Ler DMSO c 
6 h - dis15 DMSO b 18 h - dis15 DMSO c 
6 h - dis15 GR24 b 18 h - dis15 GR24 bc 

bZIP63 0 h - Ler a 0 h - Ler a 
0 h - dis15  a 0 h - dis15 a 
3 h - Ler DMSO c 12 h - Ler DMSO d 
3 h - dis15 DMSO bc 12 h - dis15 DMSO c 
3 h - dis15 GR24 b 12 h - dis15 GR24 b 
6 h - Ler DMSO d 18 h - Ler DMSO cd 
6 h - dis15 DMSO cd 18 h - dis15 DMSO bc 
6 h - dis15 GR24 d 18 h - dis15 GR24 bc 

SMXL6 0 h - Ler b 0 h - Ler a 
0 h - dis15  a 0 h - dis15 a 
3 h - Ler DMSO de 12 h - Ler DMSO d 
3 h - dis15 DMSO b 12 h - dis15 DMSO c 
3 h - dis15 GR24 c 12 h - dis15 GR24 e 
6 h - Ler DMSO e 18 h - Ler DMSO c 
6 h - dis15 DMSO d 18 h - dis15 DMSO b 
6 h - dis15 GR24 f 18 h - dis15 GR24 d 

SMXL7 0 h - Ler d 0 h - Ler c 
0 h - dis15  a 0 h - dis15 a 
3 h - Ler DMSO cd 12 h - Ler DMSO bc 
3 h - dis15 DMSO ab 12 h - dis15 DMSO ab 
3 h - dis15 GR24 cd 12 h - dis15 GR24 d 
6 h - Ler DMSO de 18 h - Ler DMSO e 
6 h - dis15 DMSO abc 18 h - dis15 DMSO d 
6 h - dis15 GR24 e 18 h - dis15 GR24 f 

SMXL8 0 h - Ler c 0 h - Ler e 
0 h - dis15  b 0 h - dis15 c 
3 h - Ler DMSO ab 12 h - Ler DMSO abc 
3 h - dis15 DMSO a 12 h - dis15 DMSO abc 
3 h - dis15 GR24 b 12 h - dis15 GR24 d 
6 h - Ler DMSO b 18 h - Ler DMSO ab 
6 h - dis15 DMSO a 18 h - dis15 DMSO a 
6 h - dis15 GR24 b 18 h - dis15 GR24 bc 

ANAC092 0 h - Ler a 0 h - Ler a 
0 h - dis15  ab 0 h - dis15 a 
3 h - Ler DMSO d 12 h - Ler DMSO b 
3 h - dis15 DMSO bc 12 h - dis15 DMSO c 
3 h - dis15 GR24 cd 12 h - dis15 GR24 d 
6 h - Ler DMSO abc 18 h - Ler DMSO c 
6 h - dis15 DMSO cd 18 h - dis15 DMSO f 
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6 h - dis15 GR24 cd 18 h - dis15 GR24 f 
NAP 0 h - Ler  a 0 h - Ler a  

0 h - dis15  a 0 h - dis15 a 
3 h - Ler DMSO c 12 h - Ler DMSO b 
3 h - dis15 DMSO c 12 h - dis15 DMSO b 
3 h - dis15 GR24 d 12 h - dis15 GR24 d 
6 h - Ler DMSO b 18 h - Ler DMSO c 
6 h - dis15 DMSO b 18 h - dis15 DMSO c 
6 h - dis15 GR24 c 18 h - dis15 GR24 e 

* Differences among treatments for each gene were indicated by lower cases.
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14. nCounter analysis of ethylene biosynthetic gene

Appendix 14. Transcriptional changes of ethylene biosynthetic gene ACS2 
during the regular and extended night 
Transcript abundance was quantified using nCounter technology on RNA isolated from 
detached WT inflorescences (n = 3 samples, > 4 inflorescences from independent 
plants per sample) that were incubated in the dark for the indicated time points. 
Transcript abundance was normalised to the geometric mean of PP2AA3, ACT2 and 
MON1. Data are mean ± standard error. 




