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Stefan Fairburn  Abstract 

Abstract 

Food security is important to feed a growing global population in a changing 

climate. Heterosis (the phenomenon of increased yield in hybrid crops) is a 

significant way to maximise crop yields without increasing input. One difficulty 

with breeding hybrid plants is preventing self-fertilisation, and there is therefore 

interest in male sterile plants in commercial crop systems. This can be achieved 

by controlling development or release of pollen. 

MYB26 has been shown to be a key driver of anther endothecium secondary 

thickening, which is critical for anther dehiscence, working via NAC transcription 

factors NST1/NST2. Here mathematical modelling is used to suggest that NST2 

upregulates MYB26 at the post-translational level. Other anther endothecium 

genes are investigated with the F-box protein SAF1 being shown to be 

downregulated by MYB26 and seeming to negatively regulate NST2 

accumulation.  A potential network using these observations is hypothesised 

and further equations to test out this hypothesis in the model are suggested. 

Possible SAF1 orthologues and redundant genes are identified and investigated. 

Knock out lines of these genes were investigated to determine their role in the 

network.  

TGA9, and its orthologue TGA10 have been shown to encode proteins which 

interact affect MYB26 and double knockout lines to be anther indehiscent.  Their 

role in relation to SAF1 is investigated.
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Chapter 1: Introduction 

1.1 Food Security 

Global food security is one of the major concerns facing scientists at this 

moment in time. Food security is defined by the Food and Agriculture 

Organization of the United Nations (FAO 2014) as being when “people, at all 

times, have physical, social, and economic access to sufficient, safe, and 

nutritious food that meets their dietary needs and food preferences for an active 

and healthy life” (Pinstrup-Andersen 2009). Currently there are 2 billion people 

who are not ‘food secure’ (FAO 2014) and this is only going to continue get 

worse as populations continue to rise and diet preferences change (Godfray et 

al. 2010). This problem is exacerbated by a number of other factors, including 

climate change which has had a number of potential negative effects on 

agriculture ranging from more unpredictable weather patterns (Gregory et al. 

2005) to an increase in plant disease (Coakley et al. 1999), or increased losses 

due to pests (Deutsch et al. 2018), all which are likely to only continue to get 

worse as global temperatures continue to rise. 

1.2 Heterosis and Male Sterility 

Due to the increased demand for food, coupled with the limited land and water 

available for food production (growing populations also require increased 

habitable land and some land is not cultivable), it is important to maximise 

yields. One way to achieve this is through heterosis – the fact that hybrid plants 

produce higher yields than their parents (Duvick 1999; Lippman and Zamir 

2007). Hybrid plants are plants grown from two different parent varieties. For 

hybrid plant growth to be an option, there is need to prevent self-fertilisation 

within the same variety. This is usually achieved by emasculation (removing 

anthers) of plants, however achieving this is challenging with either the need 

for application of chemical gametocides, which are difficult to apply and 

frequently unreliable, or the use of male sterile lines which are limited by 
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germplasm and the need for fertility restoration systems (Wilson and Zhang 

2009). Previously the focus has been on pollen viability and production with 

regards to producing sterile lines (Feng and Dickinson 2007; Ma 2005), 

however this may lead to issues when trying to maintain lines of these crops 

due to difficulties is rescuing fertility (Wilson et al. 2011). One option to 

overcome this is to produce plants which are male sterile because they fail to 

release pollen, yet still produce viable pollen. This can achieved by affecting 

anther dehiscence (Wilson et al. 2011). 

1.3 Anther and Pollen Development 

1.3.1 Anther Development Overview 

During plant floral development, pollen is formed within the stamen of flowers. 

These are organs which consist of a long stalk known as the filament, which 

has a wider region at the top where pollen is formed – the anther. In Arabidopsis 

floral development is separated into 12 stages, with the anther emerging at 

stage 5 (Smyth et al. 1990). At this point the stamen primordia emerge from 

the flowering bud in the third whorl (Goldberg et al. 1993) and then develop 

into the stamen – the anther and the filament – through cell differentiation. 

Anther development is separated into 14 stages, and subsequent references to 

stages of development refer to anther development stages (Sanders et al. 

1999) and development of the stamen in the developing flower is illustrated in 

Figure 1.1. During phase 1, anther morphology is established, cell and tissue 

differentiation occur, and meiosis of the microspore mother cell occurs. Most 

specialised tissues and cells are present, along with the microspore tetrads 

within pollen sacs. Phase  2 involves the differentiation of pollen grain, 

enlargement and dehiscence of the anther, and eventually pollen release 

occurs. 
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The first stages (1-5) establish the shape along with the cellular differentiation 

of the four locule cell layers in the developing anther. This involves divisions of 

the hypodermal cells in the anther primordium into four clusters of archesporial 

cells in the anther lobes, which then divide again to produce two cell layers – 

the primary parietal (PP) and the primary sporogenous (PS) cell layers. The PS 

will go on to form the diploid pollen mother cells (PMC) which then develop into 

pollen, whilst the PP forms the maternal cell layers surrounding the PMCs (Scott 

et al. 2004; Wilson et al. 2011). These are, from the layer closest to the PCM 

outwards, the tapetum, the middle layer and the endothecium (Li et al. 2006). 

This is stage 5 and it is at this point where the anther has developed its 4 lobed 

morphology. Once the PCM and the cell layers have developed the PMC 

undergoes meiotic divisions at stage 6 to form four haploid microspore cells (Ma 

2005; Stern et al. 2011). The meiotic cells differentiate from each other and 

the tapetum, giving rise to a cavity inside the tapetum called the locule, where 

the microspore cells are located. Stage 7 is defined as the point where meiosis 

is complete. Whilst this is occurring the tapetum secretes nutrients which are 

Figure 1.1 – Schematic representations of anther developmental stages and cross-

sections from Goldberg et al. (1993). C, connective; CCC, circular cell cluster; E, 

epidermis; En, endothecium; PG, pollen grain; PS, pollen sac; St, stomium; T, tapetum; 

Td, tetrads; Th, theca; V, vascular bundle. 
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taken up by the microspore cells, along with lipids, enzymes and 

polysaccharides which are used to build the outer wall around the developing 

pollen cells (Mariani et al. 1990; Piffanelli et al. 1998; Shi et al. 2011). This 

development from microspores to pollen takes place during stages 9-12. Once 

the pollen has matured, at stage 12, mitotic divisions occur which leads to 

tricellular pollen grains which are haploid. Alongside this, at stages 10 and 11, 

the tapetum is broken down whilst the endothecial layer undergoes selective 

secondary thickening, in anticipation for anther dehiscence, which occurs at 

stage 13 when the stomium degrades. This anther dehiscence can be coupled 

with an elongation of stamen filaments in some plant species, for example 

wheat plants (Kirby 2002). Stage 14 involves the senescence of anther cells 

after pollen release in the previous stage, with anthers eventually detaching 

from the filament. (Ma 2005). Because of the importance of pollen and anther 

development in reproductive success across plant species, the general 

developmental pathways are conserved very strongly across species (Gómez et 

al. 2015). 

1.3.2 Anther Dehiscence 

Anther dehiscence is the process at the end of pollen development which 

involves the opening of the anther to allow mature pollen to be released. It is 

of particular interest because by controlling dehiscence of plants it is possible 

to cause male sterility without affecting pollen development – this means it is 

easier to recover fertility because viable pollen is produced. For example, plants 

with reversible male sterility have been generated by mutating genes involved 

the jasmonic acid biosynthesis pathway causing male sterility, with exogenous 

application of jasmonic acid able to recover fertility (Park et al. 2002). A number 

of male sterile mutants have been identified with defects in anther dehiscence 

and previous studies have characterised key genes involved in regulating this 

process. For anther dehiscence a series of coordinated events are required. 
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Two specific specialised tissues are especially important in opening as part of 

anther dehiscence – the stomium and the septum of developing anther (Wilson 

et al. 2011). The stomium is made up of specialised, modified cells within the 

epidermis and determines the position of anther dehiscence, whilst the septum 

is the cluster of cells separating the 2 lobes within the anther (Figure 1.2).  

Degeneration of specific anther 

tissues is required – particularly 

the stomium and septum – which 

occurs at stage 13 (Sanders et al. 

1999). It has been established 

that Programmed Cell Death 

(PCD) (Keijzer 1987; Wu and 

Cheung 2000) of tapetal cells is 

required for normal development 

of pollen cells (Kawanabe et al. 

2006; Parish and Li 2010), and a 

similar PCD mechanism is 

thought to be important in the 

breakdown of stomium and 

septum tissues in anther 

dehiscence. Use of mutant analysis has identified a number of genes important 

in the role of degeneration of the appropriate tissues in developing anthers 

(Sanders et al. 1999; Scott et al. 2004), for example NON-DEHISCENCE1. 

Mutant plants for non-dehiscence1 have a failure of stomium region breakage 

due to abnormalities in PCD, and so were male sterile despite developing 

normal, viable pollen because the pollen was trapped within the anther 

(Sanders et al. 1999). Currently, it is believed that PCD commences in 

developing tapetal tissue and spreads out into the middle cell layer and the 

stomium (Varnier et al. 2005). The actual process of breaking down cells has 

Figure 1.2 – Developing anthers photographed 

to highlight the septum and stomium in wild type 

Arabidopsis. (A) displays the stomium region 

following release of the microspore whilst (B) 

shows this region at the moment of septum and 

stomium lysis – anther dehiscence. Secondary 

thickening of the endothecium can be observed 

in (A), highlighted by the arrows. En, 

endothecium; St, stomium, S, septum. 

Bar=50 μm. Figure from Wilson et al. (2011). 
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been suggested to be mediated by cysteine proteases (Xu and Chye 1999), 

although additionally there is evidence that Reactive Oxygen Species (ROS) 

may also play a role (Dong et al. 2005; Dai et al. 2019). 

Equally as important to normal anther dehiscence is the selective thickening of 

the anther endothecium. There are some differences in types of anther 

endothecium thickening, with 4 main types having been observed in a generally 

species-specific manner (Wilson et al. 2011), however role of this secondary 

thickening is concerned. The endothecium undergoes thickening from stages 6-

10 of anther development, with selective secondary cell wall thickening then 

occurring at stage 11 (Sanders et al. 1999; Scott et al. 2004). This secondary 

cell wall thickening has been shown to consist mostly of lignin and cellulose 

through phloroglucinol and ethidium acridine orange staining (Dawson et al. 

1999; Yang et al. 2007), with the composition of this secondary cell wall also 

being important in anther dehiscence (Thévenin et al. 2011). Selective 

secondary cell wall deposition leading to thickening of the anther endothecium 

(which does not occur in other tissues) leads to the sections of the endothecium 

being stronger than surrounding tissues. 

This enzymatic breakdown of the stomium and septum, along with the selective 

thickening of the anther endothecial tissues is combined with the dehydration 

of the endothecium and epidermal cells. This has been suggested, in part, to 

occur due to stomatal evaporation of water (Keijzer 1987), however there 

appears to be active relocation of water within anthers and petals (Bonner and 

Dickinson 1990). Observation of starch levels and H+-sucrose transporter, 

AtSUC1 localisation in the connective tissues of developing anther suggest that 

an increased osmotic pressure could be used to draw water out of the anther 

(Stadler et al. 1999). There is also an accumulation of cation localisation 

observed in developing anthers which could also be used to increase osmotic 

pressure around the anther leading to dehydration (Matsui et al. 2000; Rehman 

and Yun 2006). Aquaporins PIP1 and PIP2 have also been identified as being 
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anther and style specific, and likely allow the passive movement of water across 

membranes out of the anther during dehydration (Bots et al. 2004; Bots et al. 

2005). 

The combination of the breakdown of stomium and the septum, the secondary 

thickening of the endothecium and the dehydration of the anther synchronously 

occurring leads to differential pressures on the anther. The dehydration of the 

anthers causes the locule to bend outwards. The strengthened endothecium 

does not break under the forces exerted on it by this dehydration, whereas the 

weakened stomium and septum can break open releasing pollen from the 

anther. It has been shown that these differential pressures are mathematically 

enough to lead to anther dehiscence in Arabidopsis by developing a model 

describing the biomechanics of all the various cell layers and how forces 

interacting on different tissues would be enough to lead to rupture of the 

relevant cell layers (Nelson et al. 2012).  

1.4 Regulation of Anther Endothecium Thickening 

1.4.1 Genetic Control 

1.4.1.1 MYB26/MALE STERILE35 (MS35) 

A number of genes which affect the jasmonic acid (JA) pathway have been 

identified as leading to male sterility when mutated. These are mainly in water 

transport during the dehydration of anthers as dehydration is a process which 

seems to be initiated by increased jasmonic acid accumulation (Ishiguro et al. 

2001; Park et al. 2002; Sanders et al. 2000; Stintzi 2000) (further information 

about anther dehydration in Section 1.3.2, further information about JA in 

Section 1.4.2.1). However, a JA independent gene, MYB26, has been identified 

as having a major role in endothecium secondary thickening (Yang et al. 2007). 

The myb26 mutant was isolated from a collection of mutants generated by x-

ray mutagenesis of Landsberg erecta (Ler) seeds and homozygous plants are 

male sterile due to anther indehiscence – pollen is normal and viable and plants 
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are female fertile (Dawson et al. 1999). MYB26 is a R2R3-type transcription 

factor, which are thought to act as transcriptionally repressors or activators.  

MYB26 mutant and wild type plants are developmentally equivalent until stage 

11 of anther development (Figure 1.2), when myb26 plants have no lignification 

of the endothecium and subsequently pollen release fails. Lignification of non-

anther tissues is unaffected in the myb26 plants, which may suggest that 

MYB26 has anther specific expression. One could argue that this point is 

countered by the fact that GUS staining shows strong expression in the styles 

and nectaries of ProMYB26:GUS plants, although there was no significant 

difference in phenotype between wild type and myb26 plants (Yang et al. 2007) 

Figure 1.2 – Stages of anther development in Triticum aestivum as displayed by Browne 

et al. (2018). Although this is a different species, Arabidopsis anther development is the 

same and this is a excellent diagram of anther development. L1, 1st Cell layer; L2, 2nd 

Cell Layer; L3, 3rd Cell layer; Pa, Parietal Tissue; Sp, Sporogenous Tissue; E, Epidermis; 

En, Endothecium; ML, Middle Layer; T, Tapetum; L, Lacunae; StR, Stomium Region; 

MMC, Microspore Mother Cells; Tds, Tetrads; YM, Young Microspores; VM, Vacuolate 

Microspores; VP, Vacuolate Pollen; PG, Pollen Grains; MC, Meiotic Cells; V, Vascular 

Region; C, Connective Tissue; CC, Central Callose. Scale bar is 100 μm for stages 1–7 

and 200 μm for stages 8–15. 
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and MYB26 protein has only been seen in the endothecium layer, however it 

may be that MYB26 is expressed in non-endothecium tissues and the protein is 

transported into the endothecium, or alternatively expression of MYB26 in non-

endothecium tissue occurs but MYB26 protein is degraded before it can have 

any effect. The secondary thickening role of MYB26 is highlighted by ectopic 

secondary cell wall thickening throughout the plant when MYB26 is 

overexpressed. 

Expression of MYB26 has been shown to be highest during pollen mitosis I 

before dropping away later in development. This corresponds to the time before 

secondary thickening begins, suggesting that MYB26 is important in earlier 

stage development of endothecium thickening. This may suggest that MYB26 

leads to secondary thickening of the anther by turning on a number of other 

genes which have to accumulate to synthesise secondary cell wall thickening. 

Additionally, as mentioned earlier, overexpression of MYB26 leads to ectopic 

deposition of secondary cell walls in other tissues, strengthening the suggestion 

that it plays a role in the thickening of the anther endothecium (Yang et al. 

2007). 

Investigation of the expression of other genes in relation to MYB26 in the myb26 

mutant and overexpression lines has been previously carried out (Yang et al. 

2007). It is known that two NAC factors NAC SECONDARY WALL–PROMOTING 

FACTOR1 (NST1) and NST2 have an impact of endothecium thickening due to 

previous studies (Mitsuda et al. 2005). Originally it was suggested that these 

two NAC factors regulated the expression of MYB26, however data suggests 

that this relationship is more complex, with NST1 and NST2 expression reduced 

in the myb26 mutant and overexpressed in the MYB26 overexpression lines 

(Yang et al. 2007). Further work by Yang et al. (2017) showed that induction 

of MYB26 expression directly upregulated NST1 and NST2 expression. However, 

overexpression of NST1 or NST2 did not rescue the indehiscence phenotype in 

myb26 lines, and overexpressing NST1 and NST2 in this background led to 
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ectopic secondary thickening in the epidermis, but not the endothecium. This 

suggests that MYB26 plays a role in the expression of NST1/NST2, but that the 

lack of ectopic expression (as visualised with GUS promoter systems) in the 

anther endothecium in NST1 and NST2 overexpression lines may be the result 

of a negative regulation of NST1/NST2 specific to the anther endothecium. 

The fact that MYB26 is expressed earlier than secondary thickening occurs, 

coupled with the fact that MYB26 expression correlates with NST1 and NST2 

expression could suggest that MYB26 acts as a master switch for endothecium 

thickening. Downstream of MYB26 are NST1 and NST2, with NST2 being 

particularly important in anther development since it is more sensitive to MYB26 

expression (Yang et al. 2017) and it is expressed specifically in the developing 

anther compared to NST1 (Mitsuda et al. 2005) which has more expression in 

a number of other tissues, such as interfascicular fibers of inflorescence stems, 

woody tissues, xylems (Mitsuda et al. 2007) and involvement in pod shattering 

in siliques (Mitsuda and Ohme‐Takagi 2008). 

1.4.1.2 NAC SECONDARY WALL–PROMOTING FACTOR1 (NST1) and NST2 

As previously suggested, originally NST1 and NST2 were identified as playing a 

role in secondary cell wall thickening but their exact regulation was unclear 

(Mitsuda et al. 2005). However, now it appears that MYB26 may drive 

NST1/NST2 expression which via regulation of lignin and cellulose biosynthesis 

genes drives secondary cell wall thickening (Yang et al. 2007). Looking at 

expression levels in different tissues of NST1/NST2 it was previously suggested 

that the two work to promote secondary cell wall thickening in different tissues 

– NST1 promotes thickening in xylem and other non-anther tissues whereas 

NST2 seems to have a more specific role in anther tissue secondary thickening 

(Mitsuda et al. 2007). However, although it may be that only NST1 is required 

for secondary thickening to occur in xylem tissues, both NST1 and NST2 are 

able to promote secondary thickening in the endothecium of the anther 

redundantly – only double mutants showed a phenotypic difference to the wild 
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type plants. Additionally, in knockout mutants there was no significant 

phenotypic differences in stems and so it is possible that a third NST is 

responsible for controlling secondary cell wall thickening in tracheal elements 

(Mitsuda et al. 2005). It is known that NST3 plays a role in secondary thickening 

of woody tissues in Arabidopsis (Mitsuda et al. 2007), and so could be 

responsible for tracheal secondary thickening along with NST1, but the lack of 

endothecium thickening in nst1/nst2 plants suggests that NST3 does not play 

a role in anther development. 

NST1/NST2 are part of a large NAC-domain family, which is made up of plant-

specific transcription factors (Olsen et al. 2005). Transcription factors act by 

up/down regulating other genes. It has been shown that NST1 (Mitsuda et al. 

2005) upregulation leads to a subsequent upregulation of a number of genes 

which are known to have a role in secondary thickening, including genes which 

are xylem-specific as well as genes known to be involved in the modification of 

xyloglucans (a factor in secondary cell walls). Increased NST1 expression also 

led to an increase in expression of genes which are involved in secondary cell 

wall specific cellulose synthase production - IRREGULAR XYLEM3 (IRX3) (Taylor 

et al. 1999), IRX4 (Jones et al. 2001) and IRX12 (Brown et al. 2005) 

highlighting its role in controlling a number of secondary cell wall specific 

factors. NST1 is seen as a key factor in the development of secondary cell walls 

in vascular tissues (Mitsuda et al. 2007) and is expressed throughout 

developing plants. NST2 is a orthologous gene to NST1 and has been identified 

as playing a redundant role in anther dehiscence (Mitsuda et al. 2005). 

Knockout analysis of single gene mutations did not lead to a phenotype whilst 

double knock out of nst1/nst2 leads to anther-indehiscent plants. This, coupled 

with the knowledge of how MYB26 affects NST1/NST2 expression levels, 

suggests that the NAC transcription factors are controlled by MYB26 protein and 

subsequently regulate secondary thickening in the anther redundantly by 

affecting expression levels of a number of other secondary cell wall biosynthesis 
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genes, as NAC transcription factors have been shown to do throughout the plant 

(McCahill and Hazen 2019). 

The relationship between NST1/NST2 and MYB26 does not remain completely 

clear however. Overexpression of NST2 or NST1 in myb26 plants could not 

recover the sterile phenotype, whilst overexpressing both NST1 and NST2 in a 

myb26 background led to ectopic secondary thickening (Yang et al. 2017) in 

the epidermis layer. It appears therefore that MYB26 plays an additional role in 

secondary cell wall thickening outside of simply upregulation of NST1/NST2. It 

could be that MYB26 and NST1/NST2 are required to form a dimer to initiate 

downstream activation of genes, it could acts as a stabiliser, or MYB26 could 

play a role in the removal of a repressor to NST1/NST2. Previous work (Mo 

2017) has shown that NST1 and NST2 have a binding site for MYB26 protein, 

but did not bind MYB26 by ESMA, supporting the idea of a secondary function 

of MYB26 in downstream regulation. There are possibly other ways to 

investigate protein binding, such as DAP-seq, however that was not carried out 

here or previously. Alternatively, there may be additional proteins and genes 

involved in the network, for example SAF1 has been identified as having a role 

in anther endothecium thickening (Kim et al. 2012) and may interact with both 

MYB26 and NST1/NST2. 

Another potential gene, ANTHER DEHISCENCE REPRESSOR (ADR) has recently 

been identified in endothecium thickening may interact with NST1/NST2 (Dai 

et al. 2019). ADR plays a role in accumulation of Reactive Oxygen Species 

(ROS) and reduces expression throughout anther development. Overexpression 

of ADR leads to indehiscent anther and reduction in the expression of NST1 and 

NST2. It is known H2O2 presence is involved in the control of anther 

endothecium thickening (Goto-Yamada et al. 2014) and it appears that ADR 

negatively regulates secondary thickening in the anther. The fact ectopic 

expression of ADR leads to altered expression levels of NST1 and NST2 would 

suggest it could play a role within this network. The role that ADR plays in 



Stefan Fairburn  Chapter 1 

 

13 

 

preventing the accumulation of ROS could also mean that it plays a role in the 

breakdown of tissues through PCD in anther development, and it could 

therefore be a link between the PCD of stomium and septum tissue whilst 

ensuring endothecium secondary thickening occurs – in simple terms as ADR 

expression is lowered, then ROS can accumulate and break down tissues, whilst 

at the same time, NST1/NST2 expression is initiated. 

NAC domain and homeobox HD-ZIP Class III (HD-ZIPIII) transcription factors  

are usually regarded as initiators of secondary cell wall thickening (Taylor-

Teeples et al. 2015). This is part of a 3 tiered system of secondary cell wall 

thickening regulation, where these three layers of transcription factors bind 

with promoter sequences of “lower level” regulatory genes, but also directly 

upregulate secondary cell wall biosynthesis genes (Mangan and Alon 2003; 

Taylor-Teeples et al. 2015; Zhang et al. 2018b) (Figure 1.4). In A. thaliana, 

NAC family genes as generally regarded as most upstream layer of these feed-

forward loops (McCahill and Hazen 2019). These genes, along with upregulating 

secondary biosynthesis genes, also upregulate the next layer of regulation - 

MYB46 and MYB83. The third layer of regulation is the highly redundant biding 

of these MYB transcription factors to a suite of secondary cell wall biosynthesis 

genes (Zhong et al. 2010). Within anther endothecium secondary thickening, it 

has been hypothesised that MYB26 initiates NST1/NST2 expression, which are 

then the initiators of this three layered regulation of secondary cell wall 

synthesis via MYB46 (Taylor-Teeples et al. 2015; Yang et al. 2017). 
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1.4.1.3 SECONDARY WALL THICKENING-ASSOCIATED F-BOX 1 (SAF1) 

SAF1 is an F-box protein which is expressed predominantly in flower tissues.  

As with other F-box proteins SAF1 is responsible for protein turnover through 

the ubiquitin proteasome system.  Through previous work it has been identified 

that SAF1 plays a key role in endothecium secondary thickening through 

negative regulation and that overexpression of SAF1 leads to anther 

indehiscence (Kim et al. 2012). This anther indehiscence is due to the down 

regulation of the genes required for secondary thickening – the secondary cell 

wall biosynthesis genes responsible for lignin or cellulose deposition – IRX1, 

IRX3, IRX5, IRX6, IRX7, IRX8 and IRX9 – genes located in the “Secondary Cell 

Walls” box in Figure 1.4. 

1.4.1.4 Other Genes 

A number of other genes are known to be involved in secondary thickening in 

the endothecium, generally those which are regulated by MYB26 and 

Figure 1.4 – The three layered regulation of secondary cell wall thickening in Arabidopsis. 

Figure from Zhong et al. (2010). This network would be downstream of MYB26 

expression, with MYB26 activating NST1/NST2, in the “Secondary wall NAC master 

switches” section.  
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NST1/NST2. Genes which have expression levels altered by these transcription 

factors tend to therefore be genes which play some role in secondary cell wall 

synthesis. For example, the IRX3, IRX4 and IRX12 genes (Mitsuda et al. 2007; 

Yang et al. 2007) which are involved in cellulose synthase biosynthesis, a series 

of isoenzymes involved in secondary cell wall development (Taylor et al. 1999). 

It is also likely that NST1/NST2 and MYB26 upregulate a number of other 

secondary cell wall genes which have been shown to be upregulated by NST3 

previously. Examples of genes which are known to be upregulated by NST3 in 

vascular and woody tissues are MYB63, MYB52, and MYB54 which have been 

shown to be involved in the lignin biosynthesis pathway and are therefore 

important in secondary cell wall deposition (Zhong et al. 2006). It has been 

suggested that NST3 does not seem to have a role in anther endothecium 

secondary thickening (Mitsuda et al. 2005), and so it is possible that 

NST1/NST2 upregulate these MYB transcription factors in this tissue. 

Additionally, it is likely that the suite of secondary cell wall biosynthesis genes 

upregulated by these MYB transcription factors, such as cellulose synthase 

genes, CESA4, CESA7, and CESA8 are upregulated downstream of the three 

layered regulation of secondary cell wall synthesis initiated by NAC domain 

transcription factors (Taylor-Teeples et al. 2015). 

Mo (2017) has also identified a number of genes which seem to interact with 

MYB26. These include a gene which have a binding motif for MYB26 which also 

show high expression in the anther endothecium, PROTEIN KINASE 

SUPERFAMILY PROTEIN (PKSP). The potentially redundant genes to PKSP – 

PATTERN-TRIGGERED IMMUNITY (PTI) COMPROMISED RECEPTOR-LIKE 

CYTOPLASMIC KINASE 1 (PCRK1) – was also discovered. Additionally, Mo 

(2017) also identified proteins which were hypothesised to interact with MYB26 

– namely TGACG (TGA) MOTIF-BINDING PROTEIN 9 (TGA9) (and its orthologue 

TGACG (TGA) MOTIF-BINDING PROTEIN 10 (TGA10)) and CHY ZINC-FINGER 

AND RING PROTEIN 1 (CHYR1) – based on FRET assay experiments and 
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expression profile analysis. These proteins seem to act with MYB26 but their 

roles are unclear so far. 

1.4.2 Hormonal Control of Endothecium Secondary Thickening 

1.4.2.1 Jasmonic Acid 

As with most processes, hormones play a key role in anther and pollen 

development and anther dehiscence. One of the main hormones in relation to 

anther dehiscence is jasmonic acid (JA), as highlighted by the number of 

mutants involved in JA synthesis that are male sterile (Ishiguro et al. 2001; 

Park et al. 2002; Sanders et al. 2000; Stintzi 2000). One example of this is 

DEFECTIVE IN ANTHER DEHISCENCE1 (DAD1) which encodes a lipase like 

protein whose expression is restricted to stamens. The dad1 mutant is defective 

in both pollen maturation as well as anther dehiscence, highlighting the key 

role it has in anther development. DAD1 has a role in JA biosynthesis as 

application of exogenous JA can recover the dad1 mutant. It is believed that 

DAD1 has a role in the extraction of linoleic acid – a JA precursor – from cellular 

lipids within the plant, and therefore a failure in this process leads to a failure 

in all subsequent processes which require JA. It is believed that once JA is 

synthesised in the anther that it plays a role in the late stages of anther 

development, including synchronising pollen release with flower opening. 

Despite seemingly having a role in stomium opening, it is not localised in the 

anther endothecium (Ishiguro et al. 2001) and therefore does not appear to 

directly influence anther endothecium thickening. This is supported by other 

evidence where endothecium thickening occurred as normal in the JA-defective 

opr3 mutant highlighting that JA seems to involved in other aspects related to 

anther dehiscence, such as stomium opening (Cecchetti et al. 2013). 

1.4.2.2 Auxin 

Auxin is extremely important during many stages of anther and pollen 

development (Cecchetti et al. 2004), particularly the early stages of anther 

development (Cecchetti et al. 2008; Cheng et al. 2007; Nemhauser et al. 2000; 
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Okada et al. 1991). However, it seems that auxin mainly has an effect on anther 

dehiscence by negative regulation – auxin perception mutants, for example 

auxin response factor (ARF6/ARF8) have earlier pollen maturation and anther 

dehiscence along with shorter filaments than wild types (Cecchetti et al. 2008). 

Auxin transport mutants have a similar phenotype with regards to filament 

elongation but only a mild effect on the pollen maturation and anther 

dehiscence, suggesting that auxin is being produced in the anthers themselves 

(Cecchetti et al. 2008). Once auxin levels start to decline, JA levels increase, 

along with increased expression of MYB26, suggesting that auxin is repressing 

the expression of JA synthesis genes and MYB26. This could be a method of 

synchronising the JA dependent processes of anther dehiscence (e.g. 

dehydration of the epidermis and endothecium) and the MYB26-driven 

secondary thickening of the endothecium.  Analysis by Cecchetti et al. (2013) 

found that plants with inhibited auxin response factors had early expression of 

MYB26 throughout the developing anther, suggesting that the detection of 

auxin leads to direct repression of MYB26, and the removal of auxin from the 

system allows MYB26 to be expressed. It seems that one major role of auxin 

during late stage anther development is to ensure than pollen release and 

maturation is synchronised with flower opening (Ishiguro et al. 2001). It 

therefore appears to play a role in endothecium thickening by delaying the 

expression of secondary thickening genes via repression of MYB26 expression, 

and has a role in anther dehiscence by delaying JA-driven processes like 

stomium and flower opening, and filament elongation (Cecchetti et al. 2013). 

This is achieved by auxin from the tapetum and throughout the anther being 

transported to the middle layer where an auxin maxima (Cecchetti et al. 2017) 

is achieved. This, conversely, means that there may be an auxin minima in the 

endothecium, which can then initiate the MYB26 network for normal secondary 

thickening. 
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1.5 Aims 

Here computational models will be used to investigate whether NST2 leads to 

a downregulation of MYB26 at the transcription/translation level of regulation, 

or whether it acts at a post-translational level. 

SAF1 will be investigated to see if, as hypothesised here, it works in the MYB26 

driven network by inhibiting the accumulation of NST1/NST2 proteins. It is also 

hypothesised that MYB26 acts to inhibit SAF1 expression, and that this is the 

post-translational method of allowing for the accumulation of NST1/NST2. 

Downstream genes of MYB26 along with proteins which are believed to interact 

with MYB26 will be investigated. It is hoped that they can be located within the 

currently known network and it can be deduced what role they play in anther 

endothecium thickening. It is hypothesised that these genes will have varying 

gene expression and protein accumulation levels in SAF1, MYB26 and 

NST1/NST2 mutant variations. 
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Chapter 2: Methods and Materials 

2.1 Plant Materials and Plant Growth 

2.1.1 Plant Growth Conditions 

All T-DNA insertion mutants were obtained from the Nottingham Arabidopsis 

Stock Centre (NASC). Other plant lines (wild type or transgenic such as 

overexpression lines etc.) were obtained or generated by the Wilson Lab at the 

University of Nottingham. Any deviation from this is specified and seeds 

obtained elsewhere are stated in the text. 

Arabidopsis thaliana seeds were sown on Levington M3 compost provided by 

The Scotts Company Ltd, UK, unless stated otherwise. 3 – 5 seeds were sown 

on 9cm plastic pots with extra plants removed after ~1 weeks’ growth if too 

many plants were growing. Pots were covered with closed transparent plastic 

lid for 12-15 days as plant growth was initiated before the lid was removed and 

open-topped clear plastic sleeves were placed over plants to prevent cross-

pollination between lines. Plants were grown in a controlled growth room with 

16/8 hour light/dark cycles with a measured intensity of 180 ± 20 μmol/s/m2 

and a temperature of 23/18℃ ± 2 (day/night). 

Plants containing transgenes carrying antibiotic resistance genes were selected 

on 1% (w/v) agar plates were made with Murashige and Skoog (MS) Basal Salt 

Mixture (Sigma, UK) (2.15 g salt mixture per 1 litre distilled water made up to 

pH 5.9 with 1M potassium hydroxide). Seeds were sterilised (section 2.1.2) 

before being sown on these plates. Plates were sealed with micropore tape to 

prevent infection before being placed in a cold room for two days to promote 

synchronised seed germination. Plates were then transferred to a 24 hour light 

growth room for ~2 weeks, before plants transfer to soil as described 

previously. 
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2.1.2 Seed Sterilisation 

All steps were carried out in a laminar flow cabinet. Seeds were sterilised in 

Eppendorf tubes in 0.75 ml of 5% (v/v) bleach for two minutes before 0.75 ml 

distilled water (0.05% triton) was added and tubes were inverted 7 times. The 

liquid was poured out leaving a small amount with the suspended seed in the 

tubes. This washing with 0.75 ml distilled water (with 0.05% triton) was 

repeated 3-5 times to fully wash off bleach. This was checked by putting a drop 

of the liquid on a blue towel to ensure no discolouration. 1 ml 100% ethanol 

was added to tubes, shaken and poured out. 0.5 ml 100% ethanol was added 

to tubes before immediately being poured out onto filter paper with the seeds, 

which were left to dry for ~1 hour, before being scattered onto ½ MS salt plates 

(section 2.1.1). 

2.1.3 Transformation by Floral Dipping 

An overnight culture of Agrobacterium (5 ml in LB broth with the appropriate 

antibiotic) was inoculated into 100 ml of LB broth with the appropriate 

antibiotic, and grown in a 28℃ shaker to an optical density (OD) of 0.8-1.2 at 

600 nm. 5 g of sucrose (2%) and 50 uL silwet (200 ul/L) (Lehle Seeds, US) 

were added and then this was used to transform floral plants using the floral 

dip method according to Clough and Bent (1998). After floral dipping, plants 

were kept away from direct light and were placed in closed sleeves for 24 hours 

to encourage Agrobacterium growth before being returned to normal growth 

conditions (section 2.1.1). 

2.2 DNA Extraction and Genotyping 

2.2.1 Crude DNA Extraction by Sucrose Buffer Method 

A small (5 – 7 mm diameter), young (~3 week old) leaf was removed from 

Arabidopsis plants and place directly into 100 μl sucrose buffer (Appendix II) in 

PCR tubes on ice. Plant tissue was crushed using a 200 μl pipette tip and 

samples were then heated to 99℃ for 10 minutes. Samples were then stored 
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at -20℃. The supernatant could then be used as crude genomic DNA for 

genotyping. This DNA extraction method was adapted from Berendzen et al. 

(2005). 

2.2.2 Genomic DNA extraction by Mini Kit 

High quality genomic DNA was isolated using ISOLATE Plant DNA Mini Kits 

(Bioline) from 7 – 10 mm leaves from ~3 weeks old Arabidopsis plants. A 

Nanodrop ND-1000 fluoro-spectrometer (NanoDrop Technologies, USA) was 

used to determine the quantity and quality of DNA, which were then stored at 

-20℃.  

2.3 Relative Gene Expression 

2.3.1 RNA Extraction 

Plant material (>100 mg) was collected and flash frozen in liquid nitrogen. This 

material was either stored in the -80℃ freezer until RNA was extracted, or RNA 

was immediately extracted. Total RNA was extracted using RNeasy Plant Mini 

Kits (Qiagen, UK) following the manufacturer’s procedure except that the first 

use of the centrifuge was increased to a 10 minute cycle, and then the step 

involving the digestion of DNA was repeated twice. 

To summarise, the Arabidopsis tissue was ground into a fine powder using an 

automated plastic pestle. This was performed over liquid nitrogen. The powder 

was homogenised in 450μl lysis buffer RLT with 1% (v/v) β-mercaptoethanol 

before being incubated at 56℃ for 5 minutes. The lysate was centrifuged at 

13,000 x g for 10 minutes before the supernatant was combined with 500 μl 

100% ethanol. This mixture was loaded into RNeasy Mini Spin Columns 

(provided in the kit) and centrifuged (8000 x g for 30 seconds). Columns were 

washed with 700 μl of buffer RW1 and centrifuged (8000 x g for 30 seconds). 

10 ul RNase-Free DNase solution (QIAGEN, UK) was combined with 70 μl RDD 

buffer and added to columns, before being incubated for 45 minutes. This stage 

was repeated to ensure genomic DNA was removed. RNA bound on the columns 
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was washed twice (500 μl, spun down 700 μl) with buffer RPE. RNA was then 

eluted from the column with 20 μl RNAse-free water and stored at -80℃. 

2.3.2 Complementary DNA Synthesis 

RNA concentration and quality was measured using a Nanodrop ND-1000 

fluoro-spectrometer (NanoDrop Technologies, USA) with 0.5 μl of RNA as for 

DNA quality level. RNA was mixed with 1μl oligo (dT) 12-18, 1 μl 10 mM dNTP 

Mix and sterile distilled water. RNA and water volumes were calculated to have 

a final RNA concentration of 1.5 ng RNA / μl (except in cases when RNA 

concentration was too low to achieve this in <11 μl, where volumes were 

worked out to a final concentration of 1.5 ng RNA /ul. Concentrations were kept 

consistent across syntheses). This mixture was incubated at 65℃ for 5 minutes 

before being cooled on ice for at least 1 minute.  4μl 5X First-Strand Buffer, 1μl 

DTT (0.1M), 1μl RNaseOUT Recombinant RNase Inhibitor and 1μl SuperScript 

III Reverse Transcriptase (Invitrogen, UK) were added and total mixture was 

incubated at 50℃ for 60 minutes, before incubation at 70℃ for 15 minutes to 

inactivate the reaction. cDNA samples was stored at -20℃ until required. 

2.3.3 Real Time (RT) PCR 

A PCR reaction mixture was made by combining either 0.1 μl cDNA (or 0.5 μl 

crudely extracted genomic DNA (Section 2.2.2) for genotyping) with 5 μl 

REDTaq 2x Master Mix (VWR, UK), 0.25 μl each primer (10pmol/μl) (usually 

pairs but sometimes 3 primers were used in genotyping), and molecular grade 

distilled water (SIGMA, UK) to a total volume of 10 μl, before being mixed by 

gently pipetting.  PCR was carried out using a Thermos Temperature Cycler with 

variability occurring in annealing temperatures, extension times and cycle 

number (Table 2.1). Annealing temperatures were set to Tm – 3℃, extension 

times were set to 1 minute / kb and cycle number was 35 for genotyping and 

25 for real time PCR. PCR products were analysed by gel electrophoresis.  
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2.3.4 Gel Electrophoresis 

1% (w/v) molecular biology grade agarose (Melford, UK) gels in 0.5x TBE buffer 

(45 mM Tris-borate, 1 mM EDTA) with 0.5% (w/v) ethidium bromide (Sigma, 

UK) were added and cast into gel moulds. RedTaq PCR product was loaded into 

wells in the agarose gel along with HyperLadder™ 1kb (Bioline, UK) (to evaluate 

fragment size) and electrophoresed in 0.5x TBE buffer in a 100V electric field 

until sufficient separation of DNA fragments had occurred. Gels were placed 

under long wave UV light (in a Molecular Imager® Gel Doc™ XR+ System 

(Bioline, UK)) and DNA imaged using Image Lab™ (Bioline, UK). 

2.3.5 Quantitative RT-PCR 

To investigate relative gene expression quantitative PCR (reverse transcriptase 

qRT-PCR) using Maxima SYBR Green QRT-PCR 2x Master Mix (Thermo Fisher 

Scientific, UK) which includes SYBR Green I was conducted. This fluoresces 

when bound non-specifically to double strand DNA with increased fluorescence 

with increased PCR products, and so can be used to quantify the levels of 

amplified DNA. qRT-PCR was carried out using LightCycler® 480 System 

(Roche, UK). Data (.txt) was extracted and analysed on Microsoft Excel. 

qRT-PCR reaction mixture consisted of 4.5 μl Maxima SYBR Green QRT-PCR 2x 

Master Mix, 0.2 μ l cDNA template mixed with 2 μl nuclease-free water, and 0.2 

μl primer pairs (10pmol/μl) mixed with 2 μl nuclease-free water. Primer 

efficiency was calculated by carrying out a qRT-PCR reaction with wild type 

Table 2.1 – PCR programme. Cycle number was 25 for RT-PCRs whilst 35 for 
genotyping PCR. 
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cDNA at varying dilutions (undiluted, 1:5, 1:25, 1:125; 1:625 made using 

series dilutions). For relative gene expression reactions cDNA was amplified 

using the appropriate primer pairs in individual wells and a Light Cycler 480 

multi-well plate 384 (Roche, UK); PP2A primers were used to amplify the PP2A 

housekeeping gene as a reference. Plates were centrifuged at 2000 g for 2 

minutes and then put in the LightCycler 480 according to manufacturer’s 

instructions. The qRT-PCR cycle is highlighted in Table 2.3. Samples were run 

in triplicate. 

 

2.4 Molecular Cloning Methods 

2.4.1 Genomic DNA Amplification with Phusion™ 

For amplification of DNA to be cloned into vectors, PCR were carried out using 

high fidelity polymerase Phusion™ (Thermo Fisher Scientific, UK). 1 μl genomic 

DNA (Section 2.2.2) was combined with 2 μl HF buffer, 0.2 μl dNTPs (10 mM), 

0.5 μl primer pair and 0.1 μl Phusion™ polymerase. PCR reactions were carried 

out using a Thermos Temperature Cycler following the conditions outlined in 

Table 2.3. 

 

  

Table 2.2 - qRT-PCR programme 
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2.4.2 TOPO® Cloning and Gateway® Technology 

2.4.2.1 TOPO® Cloning 

TOPO cloning is based around using the enzyme DNA topoisomerase I, which 

can act as both a ligase and a restriction enzyme. Following the 

pCR™8/GW/TOPO® TA Cloning Kit protocol (Invitrogen, UK) Entry Clones were 

generated with the appropriate gene (amplified DNA from Section 2.4.1). 

Following the manufacturer-supplied protocol for transformation of chemically 

competent E. coli. 4 μl of amplified PCR product (with a 3’ adenine added) was 

mixed with 0.5μl salt solution, 0.5μl TOPO® vector before being incubated for 

30 minutes at room temperature. 2 μl of the reaction product was then added 

to 100 μl DH5α E. coli and left on ice for 30 minutes before being heat shocked 

at 42℃ for 30 seconds. Transformed DH5α were added to 250 μl lysogeny broth 

(LB) media and incubated in a 37℃ shaker. After 1 hour this was spread onto 

selective 1% (w/v) LB agar plates and placed in a 7℃ incubator overnight. 

Individual colonies were confirmed for DNA insertion and orientation through 

colony PCR (Section 2.4.3) and sequencing. 

2.4.2.2 Gateway® Technology 

Entry vectors were isolated from transformed DH5α (Section 2.4.5) and inserts 

cloned into the relevant destination vectors using a Gateway BP/LR Clonase™ 

II Enzyme Mix (Invitrogen, UK) according to the supplied instructions to 

perform Gateway cloning. Generally, 2 μl entry vector, 0.5 μl destination vector 

were added to 1.5 μl H2O and combined with 1 μl LR Clonase II enzyme mix. 

This was incubated at 25 ℃ overnight in a PCR machine before the reaction was 

Table 2.3 - PCR programme for amplification with Phusion™ 
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terminated by adding 1μl proteinase K and incubating for 10 mins at 37℃. 

Vectors were transformed into DH5α as TOPO® vector (Section 2.4.2.1). 

2.4.3 Colony PCR 

To check for the insertion of the desired vector containing the relevant DNA into 

DH5α or Agrobacteria a colony PCR was carried out. Colony PCRs were similar 

to genotyping PCRs (Section 2.3.3) with 5 μl REDTaq 2x Master Mix (VWR, UK) 

being combined with 0.25 μl each primer (10pmol/μl), and 4.5 μl H2O. Using a 

200 μl pipette tip, a small sample of individual colonies from overnight plates 

was mixed into this REDTaq PCR mix. A PCR reaction was carried out using a 

Thermos Temperature Cycler with variability occurring in annealing 

temperatures, extension times and cycle number (Table 2.7). 

 

2.4.4 DNA Extraction of Plasmids and Sequencing 

To extract plasmid DNA a GenElute™ Plasmid Miniprep Kit (Sigma, UK) was 

used following the manufacturer instructions. DNA was eluted in 50 μl elution 

buffer. The DNA concentration and quality was determined using a Nanodrop 

ND-1000 fluoro-spectrometer (NanoDrop Technologies, USA). This was diluted 

with water to get 10 μl of 100ng/μl DNA which was sequenced from both ends 

of the insert (Source Biosciences (Nottingham); analysis was carried out using 

SnapGene Software (GSL Biotech LLC, US). 

2.4.5 Electroporation Transformation of Agrobacterium 

40 μl Agrobacterium strain GV3101 (Genomics facility, University of 

Nottingham) was combined with 1.5 μl destination vector DNA (100 ng / μl) on 

Table 2.4 – PCR programme for colony PCR with REDTaq 2x Master Mix 
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ice. This mixture was transferred into an electroporation cuvette. Using a 

Micropulser, an electrical pulse was run across the Agrobacteria cells for 5 m/s. 

1 ml LB was added to the cuvette before incubation for 3 hour at 28℃. The 

transformed Agrobacterium was then plated out on selective antibiotic LB agar 

plates. 

2.4.6 Glycerol Stock Storage of Transformed Bacteria 

Glycerol stocks were generated by growing an individual DH5α or GV3101 

colony in 100 ml of LB with selective antibiotics overnight. 1 ml of this culture 

was added to 0.5 ml of 50% (w/v) glycerol in a 1.5 ml Eppendorf tube. This 

was flash frozen in liquid nitrogen and stored at -80℃. 

 

2.5 Microscopy, Dissection and Staining 

2.5.1 Dissection Microscopy Use 

For photographing plants during phenotyping, a Zeiss Stemi SV 6 Stereo Zoom 

Microscope was used with a camera attached. 

2.5.2 Alexander Staining 

To test for pollen viability in developed anthers Alexander staining was carried 

out. 20-40 μl of Alexander staining solution (Alexander 1969) was dropped onto 

excised anthers and analysed using a light microscope after staining for ~30 

minutes. Alexander stains pollen grains which are viable pollen red/purple, 

whilst non-viable pollen was stained black/green or non-stained. 

2.6 Development of a CRISPR Line 

2.6.1 Phusion™ Reaction of pCBC-DT1T2 vector 

A Phusion™ reaction was set up similar to Section 2.4.1, to enable the insertion 

of sgRNA into pCBC-DT1T2. Primers were designed with a 20 base pair sgRNA 

section flanked by DNA complementary to the vector at the 5’ end and an 
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overhang with site specific BsaI site at the 3’ end of the sgRNA section. The 

components listed in Table 2.5 were combined together and a PCR reaction was 

carried out using a Thermos Temperature Cycler following the cycle outlined in 

Table 2.3. 

  

 

2.6.2 GoldenGate Reaction 

150 ng of the PCR product from Section 2.6.1 was added to the components 

highlighted in Table. 2.6. A GoldenGate reaction (Table 2.7) was carried out in 

a Thermos Temperature Cycler. 

 

 

 

Table 2.6 - Components which were combined for GoldenGate reaction to clone sgRNAs 

into destination vector pHEE401E. 

Table 2.5 – Components which were combined for DNA amplification of sgRNAs into 
plasmid pCBC-DT1T2 
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Table 2.7 – PCR programme for GoldenGate reaction to insert sgRNA inserts in 

destination vector pHEE401E. 
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2.7 AGI Locus Codes 

Table 2.8 - details the AGI codes for genes used throughout this thesis 

Full Name Common name AGI Code 

MYB DOMAIN PROTEIN 

26 

MYB26 AT3G13890 

NAC SECONDARY 

WALL THICKENING 

PROMOTING FACTOR1 

NST1 AT2G46770 

NAC SECONDARY 

WALL THICKENING 

PROMOTING FACTOR2 

NST2 AT3G61910 

SECONDARY WALL 

THICKENING-

ASSOCIATED F-BOX 1 

SAF1 AT3G62440 

IRREGULAR XYLEM 1 IRX1 AT4G18780 

SERINE/THREONINE 

PROTEIN 

PHOSPHATASE 2A 

PP2A AT1G69960 

--- --- AT3G58960 

--- --- AT3G58920 

PROTEIN KINASE 

SUPERFAMILY 

PROTEIN 

PKSP AT5G03320   

--- PCRK1 AT3G09830 

TGACG (TGA) MOTIF-

BINDING PROTEIN 9 

TGA9 AT1G08320 

TGACG (TGA) MOTIF-

BINDING PROTEIN 10 

TGA10 AT5G06839 
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Chapter 3: Computational Modelling of Anther Endothecium 

Thickening Genetic Networks 

3.1 Introduction 

3.1.1 Genetic Network 

Anther and pollen development are key factors in male fertility in flowering 

plants (Scott et al. 2004; Smyth et al. 1990). The development of viable pollen 

is tightly regulated and coordinated with a number of physiological changes 

within the anther leading to the release of viable pollen at the appropriate time 

in floral development. One of these physiological changes is secondary cell wall 

thickening in the anther endothecium and a number of genes involved in this 

process have previously been identified. 

MYB26 (Steiner‐Lange et al. 2003; Dawson et al. 1993) has been identified 

through mutant analysis and is regarded as being the key driver in secondary 

endothecium thickening (Yang et al. 2017). NST1 and its homologue NST2 

(Mitsuda et al. 2005) have also been identified to affect secondary thickening 

and it is suggested that MYB26 drives expression of NST1 and NST2 (Yang et 

al. 2007). Further analysis has been carried out investigating the relationship 

between these three genes, and whilst NST1/NST2 expression is driven by 

MYB26, it is not simply a case of MYB26 leading to transcription of NST1/NST2. 

Instead it appears that MYB26 has to be present for the accumulation of NAC 

transcription factors in the cell since overexpression of NST1/NST2 fail to 

initiate secondary thickening in the myb26 line, suggesting that MYB26 plays 

an additional role in secondary cell wall biosynthesis (Yang et al. 2017). Yang 

et al. (2017) also suggested that NST2 also promotes MYB26 expression 

because overexpression of NST2 led to an increase in MYB26 expression 

(network illustrated in Figure 3.1). 
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Figure 3.1 – A visualisation of the proposed network. Note the unknown upregulation of 

MYB26 by NST2 (i.e. is it increasing MYB26 accumulation at the genetic or the protein 

level).  

Whilst Yang et al. (2017) investigated the relationship between MYB26 and 

NST1/NST2, the details of how this may occur remain unclear. This can be 

investigated using computational models of possible scenarios involving these 

genes and comparing them to the observed data. In simple terms gene 

transcription and translation within an organism can be described by an intrinsic 

gene expression rate multiplied by any additional factors (such as upstream 

genes which upregulate/downregulate gene expression or proteins) that lead 

the gene to be expressed at a higher/lower level. This transcription leads to 

translation and protein production, which is the next stage that gene expression 

can be affected. Proteins also have an intrinsic rate of breakdown, and the rate 

of this protein accumulation are included in gene expression (for example, the 

theoretical situation of a gene being translated to result in one functional 

protein per second, whilst protein degradation is occurring at 2 per second then 

the translation of the gene would be negated). This can be inserted into a 

mathematical models to investigate how gene expression is controlled by 

external factors (i.e. do upstream genes change gene expression of the 
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downstream genes by promoting/inhibiting gene transcription or do they alter 

protein accumulation rate). 

Here, rate of change differential equations are used to simulate gene 

interactions between MYB26, NST1, or NST2. These simulations can be used to 

generate graphical representations of relative gene expression levels of MYB26, 

NST1, and NST2 in various mutant plants, which can then be compared to 

actual observed relative expression levels from previous work (Yang et al. 

2017) to try and determine interactions between these three genes. It should 

be noted that at this stage the mRNA and protein expression has been 

considered together, and so transcription expression level and translation are 

equal for ease of modelling. 

3.1.2 MATLAB and Modelling 

By using mathematical models the transcription of genes and the translation of 

mRNA to proteins (which were assumed to have a direct relationship and so 

were grouped together for the simplicity of models) coupled with their 

degradation can be examined. In addition to this, by changing the equations to 

include other factors (e.g. expression of upstream genes) and where these 

factors are within the equations then the potential effects of changing gene 

expression of one gene on another gene can be investigated. By then comparing 

the theoretical models and how gene expression changes across scenarios with 

the observed data then the relationship between genes can be more closely 

understood. For example, by moving the location of parameters reliant on 

upstream gene expression to transcriptional or post-translational sections of 

simulated rate of change equations and analysing the simulated expression can 

suggest where gene expression of the upstream genes changed the 

accumulation of the relevant protein (i.e. do upstream genes affect the protein 

levels of the gene in question at the transcription/translation or at the post-

translation stage). This can be achieved because the basic layout of these rate 

of change equations is:- 
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𝑑𝑥

𝑑𝑡
= 𝑎𝑥 − 𝑏𝑥  

where α is the rate of transcription of the gene and translation of the mRNA to 

the protein (which are assumed to be directly proportional for practical reasons 

within developing this model and are therefore grouped together) and b is the 

degradation of proteins (for example through ubiquitination), therefore by 

changing whether upstream gene is inserted into this equation in section α or 

section b can simulate whether the upstream gene increases/decreases protein 

accumulation of x at the transcription/translation (a) or the post-translational 

level (b). 

MATLAB is a multi-paradigm programming tool developed by MathsWorks, 

primarily for numerical computing, but with the addition of the Simulink 

package can also be used for graphical representations, and model based 

designs. The MATLAB programme uses a computation script which is also called 

MATLAB. There are a few reasons why MATLAB is a popular computational 

programme for network modelling, particularly the graphical outputs it can 

generate which makes it easier for comparison of real observed data to 

simulated data here. 

3.1.3 Aims 

In this chapter a number of mathematical models were used to simulate 

different gene expression combinations to investigate the topology of the 

network and attempt to confirm suggestions of network interactions by Yang et 

al. (2017). The models have been designed using previously observed data 

relating to the relationship between MYB26, NST1 and NST2. Whilst the 

relationship between the promotions of NST1/NST2 expression by MYB26 was 

hypothesised by Yang et al. (2017), the way NST2 promotes MYB26 expression 

was not investigated with regards to transcription or post-translation 

upregulation in that study. These models generate theoretical relative 

expression graphs for different mutant plant lines, which can be compared to 
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the observed data generated by Yang et al. (2017). Comparisons of these can 

be used to try and confirm interaction details between genes involved in 

secondary anther thickening as suggested previously to identify the gene 

topology within this network and investigate gene topology. Here the precise 

interaction of NST1/NST2 and MYB26 is investigated to see if NST2 upregulates 

MYB26 accumulation at the transcription/translation stage, or post-

translationally. 

3.2 Methods 

3.2.1 Uses of equations 

A number of ordinary differential equations were coded into the MATLAB 

software. These rate of change equations were used to generate relative gene 

expression in different mutant lines. Different mutant lines were simulated by 

changing the parameters for intrinsic translation rate and for intrinsic rate of 

protein degradation (as an example, overexpression mutants for gene X would 

have a greater intrinsic transcription/translation (assuming they are directly 

proportional) rate (α) than the wild type plants. These relative expressions in 

various mutants were then programmed to be represented graphically for 

comparison with the observed data published by Yang et al. (2017). 

All parameters in these models are set to wild type expression (translation rate, 

α = 1) unless otherwise stated (e.g. overexpression lines have a higher base 

translation rate due to the overexpression construct). This was determined by 

an in-built programme in Matlab which runs the equations with a range of 

parameter (set from 0 to 100) and determines which is the most similar to the 

observed data. In the scenarios modelled below for mimicking overexpression 

lines then α is set to 20, and for knockout lines α = 0. In lines heterozygous for 

NST2, the parameter for α was set to wild type (=1) expression because 

previous experiments suggest that NST2 expression levels are similar (Yang et 
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al., 2017). Other parameter values were also determined using MATLAB’s in-

built parameter determination add-on as described above. 

3.3 Results 

3.3.1 Observed Expression Levels 

  

Figure 3.2 - Observed data of relative gene expression for MYB26 (A), NST1 (B), and NST2 (C) in Col. wild 

type, myb26 knockout lines, overexpression of NST1 in wild type, overexpression of NST1 in myb26 knockout, 

overexpression of NST2 in wild type, and NST2 in myb26 knockout. This data is taken from Yang et al. (2017) 

Relative expression was calculated compared to a housekeeping gene (actin or PP2A). Error bars represent 

standard deviation (t test statistical analysis compared to its relevant background for each line; **P ≤ 0.01) 
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Previous work (Yang et al. 2017) has investigated MYB26 interactions with 

NST1 and NST2 in various transgenic lines. Figure 3.1 shows observed data of 

relative gene expression of MYB26 (A), NST1 (B), and NST2 (C) in wild type, 

myb26 knockout lines, overexpression of NST1 in wild type, overexpression of 

NST1 in myb26 knockout, overexpression of NST2 in wild type, and 

overexpression of NST2 in myb26 knockout. MYB26 and NST2 are not 

expressed in the myb26 knockout line whilst there is some NST1 expression, 

though it is reduced compared to wild type. Overexpression of NST1 in wild 

type plants does not lead to any change in MYB26 or NST2 but does, as 

expected, lead to a higher expression of NST1 compared to wild type plants. 

Figure 3.3 - Observed data of relative gene expression for MYB26 in Col. wild type compared to an nst1/nst2 

double knockout mutant, MYB26 overexpression in an nst1/nst2 double knockout mutant, a 

nst1nst1/NST2nst2 and overexpression of MYB26 in nst1nst1/NST2nst2. It should be noted that comparison 

to modelled results that there was not a simulation of the nst1nst1/NST2nst2, but there is comparison to the 

other data. These graphs are taken from Yang et al. (2017). Relative expression was calculated compared to 

a housekeeping gene PP2A. ** denotes a p<0.01  
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When NST2 is overexpressed in wild type plants there is no significant change 

in NST1 expression compared to the wild type, whilst NST2 expression is 

increased compared to wild type. Surprisingly, an overexpression of NST2 in 

wild type plants leads to an increased expression of MYB26 compared to in wild 

type plants. Overexpression of either NST1 or NST2 in the myb26 knockout 

plant lines leads to an increase in the expression of NST1 or NST2 respectively 

compared to the wild type, but the other NAC-domain factor gene is unaffected, 

along with MYB26. 

Other transgenic lines (nst1/nst2, nst1/nst2::35S::MYB26, nst1nst1NST2nst2 

and nst1nst1NST2nst2::35S::myb26) were analysed by Yang et al. (2017) and 

the relative expression of MYB26, NST1 and NST2 in various transgenic lines 

compared to wild type plants was analysed (Figure 3.3). 

MYB26 is expressed at a much higher rate in the MYB26 overexpressed in 

nst1nst1/NST2nst2 background when compared to the wild type. MYB26 

overexpression in the nst1/nst2 double knockout leads to greater gene 

expression of MYB26 compared to wild type, but significantly less than in the 

nst1nst1/NST2nst2 line. Surprisingly, MYB26 is also expressed at a higher level 

in the nst1/nst2 double knockout line compared to in wild type Col. plants. NST1 

has been fully knocked out in all the mutation lines in Figure 3.3. Similarly, 

NST2 is knocked out in nst1/nst2 and nst1/nst2 with overexpressed MYB26. In 

the nst1nst1NST2nst2 line the NST2 is knocked down (~0.25x) compared to 

the wild type but there is still some expression. When MYB26 is overexpressed 

in this nst1nst1NST2nst2 line then there is a large increase in the expression 

of NST2 (~8x compared to the wild type). 

3.3.2 The relationship between MYB26, NST1, and NST2 

Using MATLAB, 2 different topological interactions were simulated to generate 

relative gene expression in a number of mutant plants, with regards to possible 

interactions between MYB26 and how it may control and be controlled by 

expression levels of NST1 and NST2. It is suggested that MYB26 drives 
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expression of NST1 and NST2 (Yang et al. 2007). It has been shown that 

initiating MYB26 expression in a DEX-inducible myb26 plant leads to an increase 

in NST1/NST2 expression (after a few hours), suggesting that MYB26 drives 

NST1/NST2 expression. However, because overexpression of NST1 or NST2 in 

a myb26 background did not rescue the indehiscence phenotype, it was 

concluded that MYB26 interactions with NST1/NST2 at the post-translational 

stage is more important. It has also been concluded that MYB26 is self-

inhibiting due to the MYB26 expression levels in the DEX inducible line. Finally, 

due to the increased expression of MYB26 when NST2 is overexpressed in a 

wildtype background suggests that NST2 may upregulate MYB26 although it is 

unclear whether this is at the translation/transcription or at the post 

translational stage. This is investigated here. The ordinary differential equations 

which were used to simulate these models are stated in Figure 3.4a and Figure 

3.5a whilst the genetic interactions which the equations equate to are 

demonstrated in Figure 3.4b and Figure 3.5b. In simple terms the models 

simulate interactions between MYB26 and NST1/NST2 at either the genetic, or 

the protein level, with:- 

- Figure 3.4 - MYB26 leads to an accumulation of NST1 and NST2 by 

slowing down the degradation of the protein. NST2 up-regulates MYB26 by 

slowing down the protein degradation, and an accumulation of MYB26 slows 

down MYB26 transcription. 

- Figure 3.5 – As in the previous scenario, MYB26 leads to an accumulation 

of NST1 and NST2 by slowing down the degradation of the protein and an 

accumulation of MYB26 slows down MYB26 transcription. However, in this 

scenario NST2 promotes an accumulation of MYB26 protein by increasing the 
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rate at which MYB26 is transcribed and translated (as previously stated, these 

were assumed to be directly proportional for ease of model development). 

  

Figure 3.4 - Mathematical equations that were simulated using MatLab to model different potential interactions 

of MYB26, NST1 and NST2 (represented by ordinary differential equations). All equations signify the rate of 

change of protein accumulation over time. Equations are set out in an A= B – C layout where A is the rate of 

change of protein, B is the transcription and translation of the gene product grouped together and C is the 

removal of the protein. α is the base rate of gene translation without external input and is specific to each 

gene. β is the base rate of degradation of protein from within the system if there are no external factors and 

is also specific to each gene. Κ, δ, and c are constant parameters which are required to prevent equations 

being able to trend towards infinity and were determined using Matlab’s parameter programme. Graphic 

representation of the above models can be found in b for the relationship highlighted in the equations laid out 

in a. Arrows with an open head represent an increase of protein accumulation by slowing down the removal 

of the target gene’s protein. A bar represents downregulation of gene expression, and in all scenarios here do 

so by slowing down the rate of RNA production. 



Stefan Fairburn  Chapter 6 

 

41 

 

 

 

3.3.2.1 Model Variation 1 

The hypothetical relative expression levels of MYB26, NST1, and NST2 in 

different plant lines when a model was developed using Matlab to simulate the 

equations developed in Figure 3.4a to simulate the network represented in 

Figure 3.4b can be seen in Figure 3.6 and Figure 3.7. 

Figure 3.6 shows MYB26 is upregulated when NST2 is overexpressed in wild 

type plants, but knocked out in myb26, even when NST1 or NST2 is 

overexpressed. This is the same as in the observed data, however the 

overexpression of MYB26 is approximately twice as expressed in observed data 

Figure 3.5 - Mathematical equations that were simulated using MatLab to model different potential interactions 

of MYB26, NST1 and NST2 (represented by ordinary differential equations). All equations signify the rate of 

change of protein accumulation over time. Equations are set out in an A= B – C layout where A is the rate of 

change of protein, B is the transcription and translation of the gene product grouped together and C is the 

removal of the protein. α is the base rate of gene translation without external input and is specific to each 

gene. β is the base rate of degradation of protein from within the system if there are no external factors and 

is also specific to each gene. Κ, δ, and c are constant parameters which are required to prevent equations 

from being able to trend towards infinity and were determined using Matlab’s parameter programme. Graphic 

representation of the above models can be found in b for the relationship highlighted in the equations laid out 

in a. Arrows with solid heads represent increasing protein accumulation by increasing the rate of 

transcription/translation (i.e. driving gene expression) where arrows with an open head represent upregulation 

of gene expression by slowing down the removal of the target gene’s protein. A bar represents downregulation 

of gene expression, and in all scenarios here do so by slowing down the rate of RNA production. 
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whereas it is approximately 15x in the model. Whilst you can change the 

parameters to account for this, this then leads to issues with NST1 and NST2 

values and therefore is not an applicable solution. 

Knocking out nst1 and nst2 in the model (Figure 3.7) leads to a knock down of 

MYB26 (approximately half expression), however when a MYB26 

overexpression construct is transformed into this nst1/nst2 line then MYB26 

expression is higher than in wild type plants (~4x compared to wild type). In 

the observed data knocking out nst1 and nst2 in the model (Figure 3.4) leads 

to an increase of MYB26 (~2x compared to wild type) which is different to the 

model, and when MYB26 overexpression construct is transformed into this 

nst1/nst2 line then MYB26 expression is higher than in wild type plants (as in 

the model), but to a greater extent (~15x compared to wild type). 

When MYB26 is modelled to be overexpressed in nst1nst1NST2nst2 line it is 

expressed much higher than the overexpression construct in the double 

homozygous knockout (nst1/nst2) line (~15x compared to wild type), which is 

also the case in the observed data, however again the observed data expresses 

MYB26 to a greater extent (~30x the wild type expression). Again, parameters 

could be used to address this but this then leads to NST1 and NST2 expression 

being less comparable with observed data. 

When myb26 is not expressed in the model NST1 is downregulated, though it 

is not knocked out (Figure 3.6) with expression being approximately half that 

of in wild type, which is the same in the observed data. NST1 is overexpressed 

(~20x) when an NST1 overexpression construct is transformed into model wild 

type plants; again, this is similar to observed data (where NST1 expression 

increases approximately 22 times). Whilst NST1 has increased expression 

(compared to the wild type) when an NST1 overexpression construct is 

transformed into myb26 background (~10x) in the model, it is not as highly 

expressed as the NST1 overexpression transformed into the wild type 

background(~22x). This same finding is observed in the actual collected 
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expression data, however with expression increases levels being different in the 

NST1 overexpressed in myb26 (~2.5x) and wild type (~24x). 

NST1 is similarly upregulated in the modelled expressions when NST2 is 

overexpressed in the wild type background (~10x compared to wild type), but 

when NST2 is overexpressed in a myb26 background the NST1 expression is 

downregulated to a similar level as in the myb26 knockout line without any 

constructs (~0.5x wild type expression). The observed data shows no change 

in NST1 expression compared to the wild type when NST2 is overexpressed in 

the wild type background and shows reduced expression when NST2 is 

overexpressed in the myb26 background (~0.25x) which is a greater reduction 

than the one suggested in the model. NST1 is completely knocked out in 

nst1/nst2, even when MYB26 is overexpressed (Figure 3.9) in the model, which 

is the same as the expression levels seen in the collected data (Figure 3.3) 

based on expression analysis by Yang et al. (2017). Similarly, NST1 is knocked 

out completely when MYB26 is overexpressed in nst1/NST2 in both this model 

tested here (Figure 3.4), and in the expression levels observed by Yang et al. 

(2017) (Figure 3.3). 

In the model NST2 expression is lower in myb26 similar to NST1 (~0.5x wild 

type expression even when NST1 is overexpressed (Figure 3.6). This differs 

from the observed expression levels (Figure 3.2) where NST2 expression is 

absent in myb26, including when NST1 was overexpressed in this background. 

The model shows a big increase in NST2 when NST2 overexpression constructs 

are transformed into the wild type background (~175x wild type expression), 

whilst transforming NST2 overexpression constructs into myb26 knockout 

plants does lead to increased expression of NST2 but to a lesser extent than 

the transformed wild type background (~9x wild type expression). This is 

similar to the observed expression levels of NST2, with an increased expression 

of approximately 180 times higher when NST2 is overexpressed in a wild type 

background, and an increase of around 20 times when NST2 is overexpressed 
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in the myb26 background reported by Yang et al. (2017). In the model NST2 

expression is knocked out in the nst1/nst2 double knockout including when 

MYB26 is overexpressed, but overexpression of MYB26 in nst1/NST2 leads to 

an increased expression of NST2 (Figure 3.7) by a factor of approximately 9. 

The expression of NST2 observed in the nst1/nst2 double knockout including 

when MYB26 is overexpressed shows that it is knocked out, and overexpression 

of MYB26 in nst1/NST2 leads to an increased expression of NST2 by around 9 

times – the same as in the modelled expressions. 

 

 

 

 

Figure 3.6 – Relative gene expression of MYB26, NST1 and NST2 predicted using Matlab to simulate modelling 

of the genetic network highlighted in Figure 3.4b using Model 1 shown in Figure 3.4a. This simulated data 

corresponds to the real observed data shown in Figure 3.2. For simulations base translation rate (=α) was set 

as 20 where genes are overexpressed, 0 for knocked out genes, and 1 for genes that were expressed to the 

wild type level. 
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3.3.2.2 – Model variation 1: Discussion 

Whilst modelled expression data is similar to the observed data from Yang et 

al. (2017), there are some notable differences (Table 3.1). 

Whilst MYB26 expression in the modelled relative expressions tends to follow 

the same trend as in the observed data, modelled relative expression of MYB26 

is much higher in the model when NST2 is overexpressed in the wild type 

background, whereas when MYB26 is overexpressed in the nst1/nst2 and 

nst1nst1/NST2nst2 background the model underestimates the expression 

Figure 3.7 - Relative gene expression of MYB26, NST1 and NST2 predicted using Matlab to simulate modelling 

of the genetic network highlighted in Figure 3.5b using the Model 1 equations shown in Figure 3.5a. This 

simulated data corresponds to the real observed data shown in Figure 3.3. For simulations base translation 

rate (=α) was set as 20 where genes are overexpressed, 0 for knocked out genes, and 1 for genes that were 

expressed to the wild type level. 

 

Commented [SF1]: Need to rewrite model variation 

1 more like the second 1. Also be aware of going 

through and making everything past tense!! 



Stefan Fairburn  Chapter 6 

 

46 

 

increase. Additionally, the model predicts expression levels of MYB26 should 

halve in the nst1/nst2 plants, where in reality they actually doubled compared 

to the wild type. 

Predicted relative expressions of NST1 from the model are closer to the 

observed data, but overexpression of NST1 in myb26 led to a smaller increase 

in expression than predicted, and there was no increase in expression of NST1 

when NST2 was overexpressed in the myb26 background, which is different to 

model predictions. 

NST2 is knocked out in myb26 lines, including when NST1 is overexpressed in 

this background, with expression only being knocked down, whereas the model 

only predicted it should be knocked out. Similarly the model predicted that 

overexpression of MYB26 in the nst1/nst2 background should lead to a 

knockout of NST2, but the observed data showed it was only knocked down. 

Values for increased relative expression of NST2 in the relevant plant lines are 

similar to the observed data, however NST2 was more overexpressed in reality 

than compared to the model. 

From the comparison of the model’s predicted relative expression changes and 

the observed data it is clear that this model is not entirely correct. The 

hypothesis currently is that MYB26 is not driving NST1/NST2 expression 

directly, and we know that MYB26 exhibits self-inhibitive properties. The least 

understood interaction is how NST2 drives MYB26 expression. For this reason 

this interaction is changed in the second network model simulations, with NST2 

directly promoting MYB26 expression, as illustrated in the network Figure 3.5b 

using the equations shown in Figure 3.5a. 

Model Variation 2 

Relative gene expression levels simulated by the model outlined in Figure 3.5b 

can be seen in Figure 3.8 and Figure 3.9. These are compared to observed data 

(Yang et al. 2017) in Table 3.2. 
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Within this simulation MYB26 expression is unaffected by the overexpression of 

NST1 in wild type plants, as in the actual observed data (Figure 3.2), however 

it is knocked down when NST2 is overexpressed in wild type plants. This is 

different to the observed data where overexpressing NST2 in a wild type 

background actually leads to a doubling of MYB26 expression. In myb26 

knockout lines there is no expression of MYB26 including when either NST1 or 

NST2 is transformed into these lines either in the simulation (Figure 3.8), or in 

the observed data (Figure 3.2). In nst1/nst2 double knockout lines MYB26 is 

slightly upregulated both in the simulation (~1.5 wild type expression) and in 

the collected data (~2x wild type expression), and expression is greatly 

increased when MYB26 overexpression constructs are transformed into 

nst1/nst2 background (6x in the simulation and 14x in the observed data) and 

nst1nst1/nst2NST2 background (8x in the simulation compared to 30x in the 

observed data) (Figure 3.9 for the simulation, Figure 3.3 for the observed data). 

NST1 is downregulated in myb26 lines (~0.5x wild type expression) in the 

simulation (Figure 3.7), including when NST2 is overexpressed (~0.5x wild type 

expression). Whilst in the observed data (Figure 3.2) has the same expression 

of NST1 in the myb26 line as the simulation, when NST2 is overexpressed in 

this background NST1 expression actually increased by approximately 2x the 

wild type expression. When an NST1 overexpression construct was transformed 

into myb26 then NST1 is expressed to a higher level than in the wild type in 

the simulation (x7) and the observed data (x2), however, to a less extent that 

when the same construct is transformed into the wild type plant (x20 in the 

simulation and x22 in the observed data). NST2 overexpression in the wild type 

background leads to a downregulation (~0.5x wild type expression) of NST1 in 

the simulation (Figure 3.8) whereas actually the observed data showed no 

difference. NST1 is completely knocked out in nst1/nst2 and 

nst1nst1/NST2nst2 lines, including when MYB26 is being overexpressed in both 

the simulation (Figure 3.9), and the observed data (Figure 3.3). 
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NST2 expression is downregulated in myb26 in the simulation (~0.3x) whilst it 

is completely knocked out in the observed data (Figure 3.2), including when 

NST1 is overexpressed. Transforming myb26 with an NST2 overexpression 

construct can lead to a greater expression of NST2 than in wild type plants, 

although less so in the simulation compared to the observed data (~7x and 20x 

expression respectively). Transformed wild type background plants express 

NST2 to an even greater extent (~15x in the simulation and ~180x in the 

collected data). NST2 expression is knocked out in nst1/nst2 lines in both the 

simulation (Figure 3.9) and the observed data (Figure 3.3), however 

overexpressing MYB26 in the simulation did not recover NST2 expression at all, 

whilst in the observed data the expression of NST2 was only halved (rather 

than knocked out) in the MYB26 overexpression in the nst1/nst2 background. 

There is a greater expression of NST2 compared to the wild type when MYB26 

is overexpressed in nst1/NST2 background in both the simulation (x6) and the 

observed data (x9). 
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Figure 3.8 – Relative gene expression of MYB26, NST1 and NST2 predicted using Matlab to simulate modelling 

of the genetic network highlighted in Figure 3.5b using the Model 2 equations shown in Figure 3.5a. The 

simulated plant lines modelled here correspond to the observed data in Figure 3.2. For simulations base 

translation rate (=α) was set as 20 where genes are overexpressed, 0 for knocked out genes, and 1 for genes 

that were expressed to the wild type level. 
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Model Variation 2 – Discussion 

In the second variation of the model the values of relative gene expression 

changes very similar to the data which was observed by Yang et al. (2017), 

however there are some differences in actual values (Table 3.2). 

As with model variation 1, MYB26 expression follows the same trend as in the 

observed data except for expression when NST2 is overexpressed in a wild type 

background, where in the model the expression of MYB26 is reduced (0.5x) 

whilst it doubles in the observed data. Other variations between the model and 

the observed data are fold differences with expression of MYB26 being 

underestimated in the model compared to the observations in nst1/nst2 (1.5x 

compared to 2x), MYB26 overexpressed in the nst1/nst2 background (6x to 

Figure 3.9 – Relative gene expression of MYB26, NST1 and NST2 predicted using Matlab to simulate modelling 

of the genetic network highlighted in Figure 3.5b using the Model 2 equations shown in Figure 3.5a. The 

simulated plant lines modelled here correspond to the observed data in Figure 3.3. For simulations base 

translation rate (=α) was set as 20 where genes are overexpressed, 0 for knocked out genes, and 1 for genes 

that were expressed to the wild type level. 
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14x) and MYB26 overexpressed in the nst1nst1/NST2nst2 background (8x 

compared to 30x). 

Simulated relative expressions of NST1 from the model are closer in value to 

the observed data compared to Model 1. Overexpressing NST1 or NST2 in a 

wild type background leads to a slightly lower overexpression in the model (20x 

compared to 22x in the observations or 0.5x compared to 1x respectively), but 

were predicted to be higher in the myb26 background (7x predicted compared 

to 2x observed in NST1 overexpression and 0.5x predicted compared to 0.25x 

observed for NST2 overexpression). 

This model, like variation 1, is very similar to the observed data, particularly in 

terms of which gene expression levels increase/decrease in different plant lines, 

but there are a few differences. More notably there are issues with fold 

differences in the models compared to the observations. The biggest difference 

is generally with NST2 overexpression. Whilst you can change parameters to 

increase the overexpression of NST2 in the wild type background to get up to 

a similar expression as with the observed data, but this leads to further 

variations in other relative expression, which was detected in Matlab’s 

automatic parameter determination add-on which is why the chosen values 

were used. 

3.3 Discussion 

Previous work carried out Yang et al. (2017) suggested a relationship where 

MYB26 drives NST1 and NST2 expression at the transcriptional level, but more 

importantly by slowing down the removal of the NST1 and NST2 protein, 

although exact mechanisms are unknown. There is evidence that NST2 in turn 

promotes MYB26 expression but it was not clear if it worked at a genetic or 

protein level. Here 2 models were developed to investigate what the expression 

of some genes if NST2 promotes MYB26 at the post-translational (prevent 

protein breakdown) (Figure 3.4) or by promoting gene expression and 
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translation (which are grouped in this model) (Figure 3.5) level. The predicted 

gene expressions of MYB26, NST1 and NST2 seems to align more with the 

model variation 1 (section 3.3.1) suggesting that the NST2 upregulation at the 

post-translational level. However, the actual expressions did not align perfectly 

with the predicted gene expressions for model variation 1 suggests that there 

are other factors which have to be included in the network to get a completely 

accurate overview. 

A number of genes which may be involved in anther endothecium secondary 

thickening outside of the genes identified in this chapter have been identified. 

An F-box protein SAF1 has been shown to lead to the same phenotype as 

myb26 when it is overexpressed (Chapter 4), whilst Mo (2017) highlighted 

genes with interacting proteins to MYB26 along with genes which had promoter 

regions with a MYB26 binding site (Chapter 6), and so it would be interesting 

to investigate these genes to try and incorporate them into this network, 

however this modelling data is useful to try and understand the hierarchy of   

MYB26, NST1 and NST2 within the network, as a new way of attempting to 

confirm data investigated by Yang et al. (2017). 

3.3.1 Expanding the Equations 

One concern regarding the modelled networks is the assimilation of 

transcription and post-translation regulation of gene expression into one 

equation for each gene. One thing that would be interesting to do would be to 

separate these out into two equations, and so an equation would be developed 

for mRNA and protein levels for each gene. The equations which would be used 

for these:- 

𝑑(𝑁𝑆𝑇1𝑚𝑅𝑁𝐴)

𝑑𝑡
= 𝛼𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

−
𝐾𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

 ∙  𝛽𝑁𝑆𝑇1𝑚𝑅𝑁𝐴
 ∙  𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

𝐾𝑁𝑆𝑇1𝑚𝑅𝑁𝐴
+ 𝑀𝑌𝐵26

 

 

𝑑(𝑁𝑆𝑇1𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜎 ∙  𝜀𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

∙  𝑁𝑆𝑇1𝑚𝑅𝑁𝐴  −   𝜏 ∙ 𝜃𝑁𝑆𝑇1𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 ∙  𝑁𝑆𝑇1𝑝𝑟𝑜𝑡𝑒𝑖𝑛 
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𝑑(𝑁𝑆𝑇2𝑚𝑅𝑁𝐴)

𝑑𝑡
= 𝛼𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

−
𝐾𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

 ∙  𝛽𝑁𝑆𝑇2𝑚𝑅𝑁𝐴
 ∙  𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

𝐾𝑁𝑆𝑇2𝑚𝑅𝑁𝐴
+ 𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 

 

𝑑(𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜆 ∙ 𝜀𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

∙  𝑁𝑆𝑇2𝑚𝑅𝑁𝐴  −  𝜈 ∙ 𝜃𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 ∙  𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 

𝑑(𝑀𝑌𝐵26𝑚𝑅𝑁𝐴)

𝑑𝑡
= 𝛼𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

∙  
𝑐 +  

𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

𝐾𝑀1

1 +  
𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝐾𝑀1
+ 

𝜙 ∙ 𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

𝛿

 −  𝛽𝑀𝑌𝐵26𝑚𝑅𝑁𝐴
 

∙  𝑀𝑌𝐵26𝑚𝑅𝑁𝐴 

 

𝑑(𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜑 ∙ 𝜀𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

 ∙  𝑀𝑌𝐵26𝑚𝑅𝑁𝐴 −   𝜓 ∙ 𝜃𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 ∙  𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 

Above, green text within the equation are new additions to the original 

equations, whilst blue equations are new components. α corresponds to an 

intrinsic level of gene transcription, β corresponds to an intrinsic level of mRNA 

breakdown, ε is the intrinsic level of translation of protein from mRNA, θ is the 

intrinsic breakdown of protein. Other Greek letters are parameters which are 

used within the equations to prevent expression levels trending towards 0 or 

infinity. These equations could be used to predict mRNA expression levels to 

compare to observed data within needing to have observed protein levels, 

because protein levels could be calculated from the mRNA expression. If protein 

levels were also observed in different plant mutants these could be used to 

compare to predicted values, but the protein levels are still useful to calculate 

to provide a more accurate simulation of network with it being that by 

separating out these equations allows the models to be simulated more 

accurately and so it would be worth developing the Matlab models to simulate 

gene and protein interactions using these equations.
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Chapter 4: Characterisation of SAF1 

4.1 Introduction 

4.1.1 SAF1 in anther dehiscence 

SAF1, a gene encoding an F-box protein, has been identified as having a role 

in anther secondary cell wall thickening within the endothecium (Kim et al. 

2012) (Section 1.4.1.3). SAF1 is predominantly expressed in floral tissues 

during development and is temporally confined to time between stage 13 of 

floral development (according to Smyth et al. (1990) classification), when 

anther dehiscence is initiating, through to stage 14. At stage 13, flowers contain 

anthers at phase 2 (Sanders et al. 1999), which include the development of 

endothecium thickening and anther dehiscence (Goldberg et al. 1993). Kim et 

al. (2012) investigated localisation of SAF1 using a GUS reporter and found that 

expression was localised specifically to the endothecium layer and within pollen 

grains at stage 11. 

To investigate the role of SAF1 in anther endothecium thickening (Kim et al. 

2012), overexpression lines of SAF1 were generated using a cauliflower mosaic 

virus (CaMV) 35S promoter, resulting in male sterile plants that did not release 

pollen. To further confirm that this was caused by a failure of secondary cell 

wall thickening in the anther, they showed there was a lack of lignification in 

the anther endothecium of the overexpression lines compared to wild type 

plants at the same stage, suggesting a lack of secondary cell wall development. 

This hypothesis was further investigated through relative expression analysis 

testing for genes known to be involved in secondary cell wall biosynthesis. 

These were cellulose synthase genes IRX1, IRX3, and IRX5 (Taylor et al. 2000; 

Richmond and Somerville 2000), along with glycosyl transferase genes IRX7, 

IRX8, and IRX9, and finally COBRA-like (COBL4/IRX6) genes which are all 

known to be involved in secondary cell wall thickening (Brown et al. 2005). 
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Knock down lines of saf1, although some expression was maintained, were 

investigated however this did not lead to a significant change in phenotype 

compared with the wild type, and did not affect the relative expression of the 

secondary cell wall thickening genes (Kim et al. 2012). A complete knockout 

was not investigated. 

4.1.2 F-Box proteins and protein turnover 

4.1.2.1 Protein degradation 

An important aspect of regulation of gene expression in cells occurs at the post-

transcriptional level - protein turnover is key for the normal functioning of cells, 

with proteins which have fulfilled their function needing to be removed from the 

cell. One particularly significant regulatory step is the removal of protein from 

the cell by degradation. Many of the proteins with a rapid turnover have 

regulatory functions, such as transcription factors (for example MYB26, NST1, 

NST2), whilst others are in response to a stimulus (Cooper and Hausman 2000). 

There are two pathways involved in the breakdown of protein from the cell, 

which are the lysosomal proteolysis pathway and also, particularly relevant to 

F-box proteins, the ubiquitin-proteasome pathway. 

4.1.2.2 Ubiquitin-Proteasome System 

In eukaryotes, the majority of protein degradation occurs via the ubiquitin-

proteasome system (UPS) (Nandi et al. 2006), with the ubiquitin/26S 

proteasome system allowing for selective degradation of intracellular proteins 

(Stone and Callis 2007; Vierstra 2009). This involves proteins being degraded 

by a large cytosolic protease, the 26S proteasome, which is regulated by the 

use of a highly conserved protein ubiquitin, which tags proteins as targets for 

the proteasome to degrade. There are 3 stages involved in the ubiquitination 

of proteins, with the first stage being ubiquitin activation by an ubiquitin 

activation enzyme (E1). Subsequently the ubiquitin conjoined with a second 

enzyme, the ubiquitin-conjugating enzyme (E2). The final stage is where 
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specificity is conferred into the system, with a third enzyme, a ubiquitin ligase 

(E3) joining the ubiquitin onto the target protein (Schumann et al. 2011). 

The ubiquitin, a 76 amino acid protein is covalently bound to the target protein 

with the carboxyl terminal glycine of the ubiquitin usually binding to the target 

protein’s ε-amino group of lysine. These ubiquitin then also form similar bonds 

between each other with the ε-amino group of lysine of ubiquitin forming a 

bond with the carboxyl terminal glycine of another ubiquitin protein, leading to 

the formation of poly-ubiquitin chains on the target protein (Pickart 2001; 

Weissman 2001). Weissman (2001) also found that the lysine residue where 

ubiquitin molecules form poly-ubiquitin chains is an important factor in the 

deciding the ultimate fate of the target protein, with Lys-48 or Lys-29 linkages 

being signals for protein degradation. Some ubiquitin E3 ligases involved in the 

N‐end rule pathway of targeted protein degradation in mammals (Skaar et al. 

2009; Jin et al. 2004) and also, more recently in Arabidopsis (Zhang et al. 

2018a), it has been shown that linkages of ubiquitin to the target protein can 

take a range of forms and have different signalling outcomes. Proteins tagged 

with ubiquitin for degradation are broken down by the 26S proteasome whilst 

the ubiquitin is released back into the cytoplasm to be recycled (Schumann et 

al. 2011). 

4.1.2.3 F-box proteins in Arabidopsis 

In plants the most common E3 ligases are Skp1-Cullin-F-box (SCF) protein 

complexes (Schumann et al. 2011), with F-boxes being the protein within this 

complex that confer specificity (Cardozo and Pagano 2004). There are a large 

number of F-box proteins in plants, with over 700 different F-boxes having been 

identified to date in Arabidopsis (Kim et al. 2012). F-box proteins have been 

identified as having a wide range of physiological and developmental roles in 

plants, ranging from plant defence mechanisms (Kim and Delaney 2002), 

responses to hormones (Xu et al. 2002; Dill et al. 2004; Santner and Estelle 

2010), organ fusion in floral development (González-Carranza et al. 2007), 
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senescence and, particularly relevant to male fertility, tapetum degeneration 

(Kim et al. 2010) and endothecium secondary cell wall thickening (Kim et al. 

2012). However, it should be noted that the majority of F-box proteins have 

not had their role(s) identified (Schumann et al. 2011). 

F-box proteins are so called because the first one of them identified was human 

cyclin F (Elledge and Harper 1998). They share a conserved motif at their N-

terminus of approximately 50 amino acids (Schumann et al. 2011), which is 

responsible for the recruitment of target proteins to the SCF complex, and 

ubiquitination. This  typically leads to degradation by the 26S proteasome – for 

example TIR1 and AFB2 groups have been shown to upregulate auxin by 

causing the degradation of the Aux/IAA transcriptional repressors (Prigge et al. 

2016). This is achieved through the regulation of Aux/IAA proteins, which have 

been shown to bind to transcription factors called AUXIN RESPONSE FACTORs 

(ARFs), which represses transcription (Salehin et al. 2015). Some F-Box 

proteins, for example TRANSPORT INHIBITOR RESPONSE1/AUXIN F-BOX 

(TIR1/AFB) within the SCF complex, binds with auxin which promotes the 

interaction of SCFTIR1 with Aux/IAA proteins, leading to their degradation and 

allowing the relevant transcription factors to be expressed (Kepinski and Leyser 

2005). Other F-box proteins identified in Arabidopsis development have been 

shown to play a role in gibberellin (GA) signalling via SLEEPY1 (SLY1) (Dill et 

al. 2004), ethylene-response pathways (Potuschak et al. 2003) and 

photoperiodic flowering through the CONTANS (CO) regulation FKF1 F-Box 

Protein Mediates Cyclic Degradation of a Repressor of CONSTANS in Arabidopsis 

(Imaizumi et al. 2005).  

4.1.4 Aims 

Since model development in Chapter 3 could not recreate the observed relative 

gene expression, it is very likely that there are other factors involved within the 

network. SAF1 has been previously identified as having a role in anther 

endothecium secondary cell wall thickening with overexpression lines having 
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the same phenotype as myb26 knockout plant lines. Whilst Kim et al. (2012) 

identified SAF1 and highlighted its role in the expression of secondary cell wall 

biosynthesis genes, they did not investigate the effect of SAF1 on MYB26 and 

NST1/NST2 expression, along with any other interactions and roles it may have 

secondary thickening and pollen development. Additionally, saf1 knockout lines 

were not investigated. In this chapter, the relationship between SAF1 and other 

key drivers of anther endothecium secondary cell wall thickening is investigated 

with the predicted results being that SAF1 interacts in the network by removing 

NST1/NST2 protein, whilst itself is downregulated by MYB26. 

4.2 Results 

4.2.1 Genotyping of saf1 insertions mutants and Overexpression of SAF1 

A number of saf1 insertion lines, SALK_040262, SALK _042509, SALK_038835 

and SAIL_425_B06 (with insert locations highlighted in Figure 4.1) were 

obtained (NASC) and genotyped. 

Figure 4.1 – Visualisation of the SAF1 (AT3G62440) gene on chromosome 3 in Arabidopsis thaliana. a) 

highlights the flanking genes adjacent to SAF1 b) SAF1 and flanking sequences to show localisation of primers. 

T-DNA inserts are highlighted in both maps. 
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Eight individual plants for each SALK lines were tested with primers flanking 

the insert and LBb1.3 which is located in the SALK tDNA (Figure 4.1). 

Amplification of DNA was observed for the wild type copy of genes (986 base 

pair product) in both wild type and plants 2 – 7 of SALK_040262 but there was 

no DNA amplification associated with the SALK T-DNA insert. The same trend 

was observed in all SALK lines suggesting that they have all lost their T-DNA 

insert. 

To determine if the eight individual SAIL_425_B06 plants contained the T-DNA 

insert highlighted in Figure 4.1a, genomic DNA was amplified (section 2.4.1.1) 

using LB1 (to test for SAIL) and SAF1_SAIL_LP, SAF1_SAIL_RP primers (Figure 

4.1b). Amplification of Col. wild type DNA generated a band of 1013 bp between 

SAF1_SAIL_LP and SAF1_SAIL_RP. The lack of a SAIL amplified insert in the 

wild type plants mean that there are no sequences in the DNA for the LB1 

primer to bind to. In the SAIL_425_B06 plants the distance between the 

SAF1_SAIL_LP and SAF1_SAIL_RP primers is too long for amplification. Plants 

carrying a SAIL T-DNA insertion in the gene have a binding site for the LB1 

primer, therefore there is amplification between LB1 and SAF1_SAIL_RP. Since 

it is not known exactly where within the insert the primer is located 

Figure 4.2 – PCR genotyping of eight individual plants of SALK_040262 compared to Col. DNA. Primers used 

for these amplifications were LBb1.3, saf1_042509_RP and saf1_040262_LP. 
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amplification size is approximate, but it is clear that plants 1 – 4, and plants 6, 

7 and 8 of the saf1 plants contain the SAIL insert and could therefore maybe 

be affected in saf1 expression (Figure 4.3). 

The SAIL lines do have the tDNA insert in plants  1 – 4, and plants 6, 7 and 8, and three of 

these are therefore taken forward to investigate gene expression with. 

 

Overexpression SAF1 plants were generated by Kim et al. (2012) using a pCAMBIA2300 

vector which drives SAF1 expression via the CaMV 35S promoter (Figure 4.4).  

 

 

 

 

Figure 4.3 – PCR genotyping of eight individual plants of SAIL_425_B06 (saf1) DNA and three individual plants 

of Col. wild type DNA. Primers used for all samples were LB1, SAF1_SAIL_LP, SAF1_SAIL_RP (SAF1 primers 

are highlighted in Figure 4.1b, LB1 is within the SAIL insert). Note that all three primers were used within the 

same reaction at the same time. 
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Plants were grown using seeds sent by Kim et al. (2012). Using a forward 

primer for the 35S promoter (35S_For) (located in the white section of the map 

(Figure 4.4)), coupled with a reverse primer for SAF1 (SAF1_40262_LP) (which 

is located in the SAF1 gene), plants were tested for the presence of a 35S::SAF1 

sequence. This confirmed presence of the SAF1 construct under the control of 

35S promoter (Figure 4.5). No amplification was observed in wild type plants 

(Figure 4.5). 

Figure 4.4 – Map of the pCAMBIA2300 vector, which was used by Kim et al. (2012) to generate 

SAF1 overexpression lines. Note the 35S promoter in the vector which drives expression of 

these SAF1 overexpression plants (white). 
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 4.2.2 Phenotypic Analysis 

One way to test for sterility in Arabidopsis thaliana is to observe silique lengths 

of developing plants. Since sterile plants will not be generating seeds within the 

silique they are shorter than wild type plants. When siliques of Pro35S:SAF1 

plants were measured they were very highly significantly (p<0.001) shorter 

than wild type siliques of fully grown plants, with measurements for 5 different 

siliques on five different biological replicates averaging 4.24mm and 13.76mm 

for Pro35S:SAF1 and Col., respectively. SAIL_425_B06 (saf1) silique lengths 

(average of 13.28mm) were not statistically significantly different (p>0.05) to 

wild type (Figure 4.6). Probability values were calculated using a two-tailed 

Student T-Test. 

 

 

Figure 4.5 – PCR genotyping of pro35S::SAF1 lines obtained from Kim et al. (2012) and Col. wild type. These 

were amplified using 35S_For and SAF1_40262_LP (Figure 4.1b). The expected band length is 559bp for plants 

with a 35S::SAF1 construct. 
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Closer analysis of the phenotype of the saf1 (SAIL_425_B06) and Pro35S::SAF1 

plants was carried out along with wild type plants with a specific focus on the 

floral development. Opened flowers from these plants were dissected (section 

2.6.1) under a microscope. Wild type (Figure 4.7a and b) and saf1 (Figure 4.9a 

- d) plants had pollen on the outside of anthers and on the carpel. However, 

flowers from the pro35S::SAF1 plants at the same stages as the other two lines, 

did not have pollen released from within the anther, leading to completely 

smooth clean anthers (Figure 8a and b). Pollen viability in the pro35S::SAF1 

anthers was tested by Alexander staining (section 2.6.2); pollen was clearly 

visible within the Pro35S::SAF1 anther (Figure 8c), whereas in the wild type 

(Figure 4.7c) and saf1 (Figure 4.9c) pollen was less closely packed within the 

anthers and had already been released and could be seen outside the anther. 

To check the viability of the pollen with the closed anthers of Pro35S::SAF1 the 

Figure 4.6 – Silique length measurements for Pro35S::SAF1, SAIL_425_B06 (saf1) and wild type Col. plants. 

There were 5 repeat measurements of 5 biological repeats from each plant line. Error bars are standard error. 

*** signifies the p<0.001 result of T-test analysis. 
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anther was lightly pressed to squeeze the pollen out; the pollen stained purple 

was viable (Figure 4.8d). There seems to be less pollen in wild type (Figure 

4.7d) and saf1 (Figure 4.9d) anthers but this was because it was washed away 

during the staining since the pollen was loose on the outside of the anthers. 

This supports the hypothesis that overexpression of SAF1 leads to male sterility 

because of a lack of pollen release, whilst knocking out saf1 does not lead to a 

different phenotype compared to wild type. 

 

 

 

 

Figure 4.7 – Col. flowers dissected to view anther development. A) Front petals have been removed 

to allow visualisation of the stamen. B) The same flower with the rest of the petals removed. 

Alexander staining was carried out to test for pollen viability with C) showing an intact anther whilst 

D) shows the anther after it was lightly pressed to release the pollen. All pollen is stained as viable. 

Scale bars are 1mm. 
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Figure 4.8 – A flower from pro35S::SAF1 which was dissected to highlight the developing anther. 

This shows plant number 4 from the genotyping (Figure 4.5). A) with its petals removed to allow 

visualisation of the stamen and the pistil. B) shows anthers from the same flower at a higher 

magnification to highlight the lack of pollen on the outside of the anther. Alexander staining was 

carried out to test for pollen viability with C) showing an intact anther whilst D) shows the anther 

after it was lightly pressed to release the pollen trapped inside the anther. Scale bars are 1mm. 
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Figure 4.9 – Flowers from saf1 plants (SAIL_425_B06). A and B) Intact Flowers C) – F) Anthers 

excised from the flower pictured in A) and B). A) front petals removed to allow visualisation of the 

stamen. B) Flower with the rest of the petals removed. Alexander staining was carried out to test 

for pollen viability with E) showing an intact anther whilst F) shows the anther after it was lightly 

pressed to release the inner pollen. Scale bars are 1mm. 



Stefan Fairburn  Chapter 4 

 

67 

 

4.2.3 Expression Analysis of Pro35S::SAF1 and SAIL_425_B06 plants 

RNA was extracted (section 2.3.1) from pro35S::SAF1 and saf1 (SAIL_425_B06) developing 

buds along with Col. wild type. cDNA was synthesized from RNA (section 2.3.2). The 

relative expression (compared to expression in wild type plants) of SAF1, MYB26, NST1, 

NST2 and IRX1 was examined using qRT-PCR (section 2.3.5). Inter-sample variance was 

normalised against the expression of the housekeeping gene PROTEIN PHOSPHATASE 2A 

CATALYTIC SUBUNIT (PP2A). There were 3 technical replicates and 3 different biological 

replicates for each gene in each plant line. Figure 4.10 shows these relative expressions 

with numerical values representing fold difference of genes compared to wild type. 

Probability values were calculated with two-tail student T-tests (Figure 4.10). 

When SAF1 was driven by the 35S promoter (in the Pro35S::SAF1) there was highly 

significant (p>0.001) overexpression (an increase of 370x) of the SAF1 gene. When SAF1 

was overexpressed, expression of MYB26 (0.58x expression, p<0.05), NST1 (0.34x 

expression, p<0.05), NST2 (0.26x expression, p<0.01) and IRX1 (0.52x expression, p<0.05) 

were all significantly reduced. 

In the saf1 line SAIL_425_B06 there was not a significant (p>0.05) decrease in the 

expression of SAF1 compared to the wild type. There was also no significant change in 

NST1, NST2 and IRX1 or MYB26. Since SAF1 expression did not appear to be altered, a 

change of expression in the other genes would not be expected. There is further 

investigation into this lack of relative expression in the SAF1 expression in section 5.2.1. 
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Expression of SAF1 was analysed (section 2.3.5) in mutant lines of MYB26 using a 

pro35S::MYB26 (generated by the Wilson lab. Previously) plant line and a myb26 T-DNA 

insertion line, SALK_112372, (Figure 4.11). Overexpression of MYB26 led to a decrease of 

SAF1 (0.01x expression) and knocking out MYB26 led to an increase in the relative 

expression levels of SAF1 (19x increase) compared to in wild type plants. This supports 

the hypothesis that the secondary role MYB26 plays in the accumulation of NST1/NST2 

could be by preventing the removal of the proteins by the ubiquitination via the SAF1 F-

box protein. 

 

Figure 4.10 – Relative gene expression of SAF1, MYB26, NST1, NST2 and the secondary cell wall biosynthesis 

gene IRX1 in Pro35S::SAF1 and saf1 (SAIL_425_B06) compared to wild type plants. There were 3 technical 

replicates of 3 independent plants. The housekeeping gene PP2A was used to normalise inter-sample variance. 

Error bars are standard error and probability values were calculated with two-tail student T-tests. 
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4.2.4 Translational Fusion of NST1/NST2 

Translational fusions can be used to visualise protein localisation within the cell 

by attaching fluorescent tags to the protein of choice. Since NST1 and NST2 are 

important proteins in anther endothecium thickening it is very interesting to 

visualise how these two proteins are localised in different mutant lines. SAF1 

encodes an F-box protein and it is therefore likely to be involved in network 

regulation at the protein level. Based on previous work (Yang et al. 2017) and 

expression analysis in Figure 4.10 and Figure 4.11, this interaction is 

hypothesised to be achieved by SAF1 removing NST1/NST2 from developing 

endothecium, thereby preventing accumulation of these proteins. 

 

Figure 4.11 – Relative gene expression of SAF1 and MYB26 in Pro35S::MYB26 and myb26 (SALK_112372). 

There were 3 technical repeats of 3 different individual plants for each line. The housekeeping gene PP2A was 

used to normalise inter-sample variance. Error bars are standard error. * represents p<0.05, ** represents 

p<0.01 and *** is p<0.001. 
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Genomic DNA was extracted from wild type Col. plants (section 2.2.2) before 

the NST1 or NST2 promoter and coding sequence was amplified with high 

fidelity polymerase (section 2.4.1.2) using primers NST1_Pro_F and 

NST1_CDS_NS_R for NST1 (Figure 4.12a) and primers NST2_Pro_F2 and 

NST2_CDS_NS_R (Figure 4.12b) for NST2. A PCR product was successfully 

amplification for NST1 (Figure 4.13a) and NST2 (Figure 4.13b). 

 

 

 

 

Figure 4.12 – Map of (a) NST1 (AT2G46770) gene from chromosome 2 and (b) NST2 (AT3G61910) gene from 

chromosome 3 in Arabidopsis thaliana with primers highlighted for both genes. 
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NST1 (Figure 4.14a) and NST2 (Figure 4.14b) amplified DNA was cloned into 

the entry vector pCR8_GW_TOPO (section 2.4.2) which was transformed into 

E. coli (section 2.4.3). Eight individual colonies were tested using colony PCR 

(section 2.4.4) for the presence of the appropriate insert using M13R (a primer 

in the M13 reverse section of the pCR8_GW_TOPO vector) and NST1_g1572_F 

for NST1 (Figure 4.15a) and M13R with NST2_g452_F (Figure 4.15b). Two 

positive colonies (4 and 7 for NST1, 1 and 6 for NST2) were taken forwards to 

recombine into the appropriate destination vectors. Plasmid DNA was extracted 

(section 2.4.5) from these colonies and the presence of NST1/NST2 ends 

confirmed by sequencing. 

  

Figure 4.13 – PCR amplification of NST1 (a) and NST2 (b) genomic DNA. Primers used 

for NST1 are NST1_Pro_F and NST1_CDS_NS_R (Figure 4.12a), whilst NST2 was 

amplified using NST2_Pro_F2 and NST2_CDS_NS_R (Figure 4.12b). Ladder in both 

amplification checks is HyperLadder I. 
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Figure 4.14 – Map of the entry vectors used in the development of translational fusion lines for (a) NST1 

and (b) NST2. Primers are highlighted. 
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NST1 and NST2 sequences were recombined (section 2.4.6) into destination 

vectors pGHGWY and pGHGWG (Figure 4.16) respectively and transformed into 

E. coli. Colonies were grown up, plasmid DNA extracted and then inserted into 

DH5α Agrobacterium. To check for the presence of the plasmid in Agrobacteria 

PCR was carried out, and then NST1/NST2 presence confirmed through 

sequencing. NST2 seems to have been successfully transformed in the 

pGHGWG vector in Agrobacteria. NST1 was not amplified during PCR and 

further sequence analysis showed that non-specific DNA sequences had been 

inserted into the pGHGWY vector. Sequencing from the entry vector suggested 

the appropriate insert was in the pCR8_GW_TOPO vector (highlighted in Figure 

4.14a), however attempts to repeat this recombination reaction of NST1 into 

pGHGWY were unsuccessful and could not be continued due to time limitations. 

This NST2 construct was used for floral dipping of Col. and 35S::SAF1 plants 

(Section 2.1.3). Unfortunately when these seeds were grown on selective plates 

then germination occurred but seeds failed to grow past ~1 week. Even non-

transformed plants should have survived for longer before selection had a 

notable effect, and therefore it is likely these seeds were not viable due to plant 

health during transformation due to unfavourable temperatures and pests in 

the glasshouse. 

Figure 4.15 – Colony PCR amplification of pCR8_GW_TOPO vectors which had been transformed with 

NST1 (a) and NST2 (b). These were amplified using primers M13R with NST1_g1572_F for NST1 and  

NST2_g452_F for NST2. 8 individual colonies are shown with colonies 4, 7, 8 for NST1 and 1-4 and 

6 for NST2 showing presence of the transgene. Hyperladder I was used as the ladder in both figures. 
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4.4 Discussion 

Overexpression of SAF1 leads to plant sterility in Arabidopsis shown by short 

siliques in 35S::SAF1 plants (Figure 4.6). This appears to be due to a lack of 

pollen release in the developing anther (Figure 4.8), since pollen which was 

extracted manually was viable when it was tested with Alexander staining and 

Figure 4.16 – Map of the NST2 insert in the destination vector pGHGWG. This destination 

vector has a GFP protein encoded directly after the NST2 insert, which is the reason it was 

used here. 
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fertility could be recovered by crossing with wild type plants or manually 

pollinating 35S::SAF1 plants with pollen extracted from 35S::SAF1 plants. In 

Col. wild type plants (Figure 4.7) pollen was easily released from the anther 

without any external influence. Previous work by Kim et al. (2012) had also 

concluded that overexpression of SAF1 led to sterility in plants due to a lack of 

secondary cell wall thickening in the anther endothecium during development, 

which is supported by observations made here. 

Kim et al. (2012) carried out expression analysis of how overexpression of SAF1 

changed the expression of secondary cell wall biosynthesis genes but did not 

investigate how expression of other genes within the network might be affected. 

Here, it is shown that overexpressing SAF1 in the wild type background leads 

to a significant downregulation of NST1, NST2, MYB26 and IRX1 (Figure 4.10). 

SAF1 is known to encode an F-box protein, which are involved in protein 

degradation within the cell (Elledge and Harper 1998) and so is likely to act at 

the protein level. A network of how MYB26, NST1 and NST2 interact with each 

other has been suggested by Yang et al. (2017) based on differences in 

expression in various mutant combinations which, combined with results from 

Chapter 3, can be seen in Figure 3.3b. As part of this suggested network MYB26 

drives the expression of NST1 and NST2, but NST2 also leads to upregulation 

of MYB26. The working hypothesis for where SAF1 may interact in the network  

is that it acts on the NST1/NST2 proteins. This would lead to a downregulation 

of MYB26 by removing the NST2 from the network, which in turn leads to all 

downstream genes being downregulated, as observed here. 

SAF1 could also be involved in the removal of MYB26 protein from the network, 

however this has been rejected for now for a couple of reasons. Removal of 

MYB26 would lead to a reduction in the self-inhibition of MYB26 expression 

(Yang et al. 2017), possibly recovering the expression again. Additionally, 

MYB26 is known to have a secondary role in the expression of NST1/NST2 which 

is why overexpression of these genes does not rescue the myb26 phenotype. 
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This suggests that the downregulation of SAF1 by MYB26 could be the 

mechanism which ensures NST1/NST2 proteins can accumulate enough to drive 

secondary cell wall thickening, as shown by the up- and down-regulation of 

SAF1 in SALK_112372 (myb26) and 35S::MYB26 plants respectively (Figure 

4.11). 

To investigate if SAF1 interaction at the protein level with NST2 translational 

fusion constructs were transformed into Col. and 35S::SAF1 plants. A construct 

was attempted for an NST1 translational fusion however this repeatedly failed 

– however, when NST1 in pGHGWY was sequenced it was apparent that a 

number of foreign DNA inserts had been inserted, and thus was not as 

expected. However, since NST1 is involved in secondary cell wall thickening at 

the plant-wide level (including vascular systems etc.) (Mitsuda et al. 2007) 

whilst NST2 is anther specific and seems to be more important in secondary 

cell wall thickening in the endothecium (Mitsuda et al. 2005; Zhong et al. 2007; 

Zhong and Ye 2015), solely investigating NST2 translational fusion was 

therefore deemed to give a sufficient insight. 

Unfortunately the transformation of 35S::SAF1 and wild type plants with a 

vector containing a fluorescent tagged NST2 protein was not successful. The 

vector had previously been genotyped through PCR and Sanger sequenced by 

Source Biosciences successfully. The seeds which had been transformed 

(Section 2.1.4) germinated but failed to grow past ~1 week on selection plates 

with hygromycin, selection by hygromycin does not usually affect seedling 

development until they are at least 2 weeks developed (Wilson lab, unpublished 

work). The lack of germination in the seeds which were transformed with the 

NST2::GFP vector therefore cannot be concluded to be because of a lack of 

successful transformation. It could be that transformed plants were not healthy 

and so seed germination rates were low, particularly following seed sterilisation 

procedures (Section 2.1.2). Nevertheless, positive transformants were not 

identified. 
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4.4.1 Future Work 

The most obvious work that would be useful to carry out in the future is a repeat 

of the transformation of 35S::SAF1 and wild type plants with the NST1::GFP 

and NST2::GFP translational fusions. It would also be useful to use this same 

construct to visualise the NST2 protein in wild type and other mutants, such as 

a myb26 knockout line and overexpressing MYB26 plants to confirm the positive 

regulation of NST2 by MYB26. It would also be useful to continue to develop a 

similar construct to visualise NST1 protein localisation and to transform the 

same plants as the NST2::GFP equivalent to investigate the importance of NST1 

in anther endothecium thickening compared to NST2. Alternatively, antibodies 

targeted to NST1/NST2 amino acid sequences along with a fluorescent tagged 

antibody could be used to visualise these proteins in vivo. One would expect 

that in the plants where SAF1 is overexpressed, there would be no or reduced 

accumulation of NST1/NST2 protein compared to wild types, and when saf1 

was knocked out there may be increased accumulation of these proteins, 

although if SAF1 expression is “turned off” by MYB26 in the wild type, then 

levels may not change in the saf1 knock out.  

Another consideration in the network is the nature of the protein interactions. 

There are methods used to investigate these such as FRET assays or yeast-2-

hybrid which can be used to investigate protein-protein interactions. Using 

these methods to try and confirm an interaction with SAF1 and NST1/NST2, 

and SAF1 and MYB26 would provide supporting evidence for the hypothesis that 

MYB26 expression negatively affects the expression of SAF1, which in turn 

removes NST1/NST2 from the cell, preventing downstream expression and 

ultimately leading to male sterility when NST1/NST2 is not permitted to 

accumulate.  
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Chapter 5: Further Investigation of saf1, Potential Redundancy 

and Expansion of the Network 

5.1 Introduction 

This chapter will discuss further investigations that were carried out on the saf1 

SAIL line used in chapter 4 to try and understand why expression did not appear 

to be reduced. Additionally, potentially redundant genes to SAF1 are 

investigated, and genes identified by Mo (2017, thesis work, Wilson Lab) are 

also investigated to attempt to integrate these into the network. 

5.1.1 CRISPR/Cas9 edits 

5.1.1.1 Gene Targeting 

Arabidopsis knockout or knockdown genes are typically generated using T-DNA 

inserts (Krysan et al. 1999) which have been used in Chapter 4 in SALK and 

SAIL lines. However, more recently a number of genome editing technologies 

have emerged as ways to conduct targeted mutagenesis, for example zinc-

finger nucleases (ZFNs) (Wood et al. 2011; Miller et al. 2007), and transcription 

activator–like effector nucleases (TALENs) (Sanjana et al. 2012; Wood et al. 

2011; Boch et al. 2009; Christian et al. 2010), although due to practical 

difficulties these methods have not been widely adopted in the plant research 

community (Belhaj et al. 2013). However an alternative method of gene 

targeting is the RNA-guided CRISPR (clustered regularly interspaced short 

palindromic repeats) - Cas (CRISPR associated systems) nuclease system 

(Bhaya et al. 2011; Makarova et al. 2011; Horvath and Barrangou 2010), which 

has been gaining popularity in plant research. Whilst all three systems use 

double-strand breaks to interrupt genes (Ran et al. 2013), Cas-9 is a nuclease 

which can be highly specific in its action because it is guided by small RNA 

sequences (Jinek et al. 2012) and is being effectively applied to many species. 

This approach was therefore used to generate a full knock-out of the SAF1 gene 



Stefan Fairburn  Chapter 5 

 

79 

 

to address issues with expression still existing in the insertional mutant lines 

(Section 4.2.3). 

5.1.1.2 CRISPR/Cas9 

CRISPR is an immune response in bacteria and archea which can be used to 

acquire resistance to viral and plasmid pathogens at a nucleic acid level (Sorek 

et al. 2013). This is achieved by integrating short fragments of pathogenic DNA 

into the repetitive DNA element (the CRISPR) at the end of the host 

chromosome. These DNA repeats are highly variable but are all short (20 – 50 

base pairs) repeating sequences with a similar length of unique DNA between 

sequences. Whilst there is high variability between the sequences repeated 

between CRISPRs, there is conservation of the repeat sequence within a specific 

CRISPR (Kunin et al. 2007) and most CRISPR sequences contain a conserved 

3’-end motif of GAAA(C/G) (Sorek et al. 2013), which may serve as a binding 

site for Cas proteins. Within the genome there is often an AT-rich sequence of 

DNA flanking the CRISPR loci which is called a “leader”. These leader sequences 

are polar, contain promoter regions along with binding sites for regulatory 

proteins (Pul et al. 2010; 

Hale et al. 2012) which are 

responsible for CRISPR 

RNA expression and 

acquisition of new 

sequences with regards to 

immunity (Yosef et al. 

2012). 

Alongside the CRISPRs 

which have been 

identified, a number of 

CRISPR associated 

systems (cas) genes have 

Figure 5.1 – A representation of the development of 

targeted DNA cleaving by Cas9 nuclease. Foreign DNA is 

replicated within the CRISPR loci to guide Cas9 to cleave 

the double strands of the invading DNA. PAM is the  

protospacer adjacent motif figure adapted from Reis et 

al. (2014). 
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also been detected (Jansen et al. 2002), which have been categorised into three 

types. Particularly relevant here are the Type II CRISPR-Associated Systems, 

which is the best characterised (Garneau et al. 2010) and appear to be specific 

to bacteria (Makarova et al. 2011). There are only 4 identified CAS genes, one 

of which is CAS9 (Sorek et al. 2013). The encoded CAS9 protein is a nuclease 

which contains guiding sequences complimentary to RNA sequences of foreign 

DNA, which then target the CAS9 to cleave the invading DNA at proto-spacer 

sites (Figure 5.1) (Reis et al. 2014). More recently the two RNA (crRNA and 

transcrRNA) motifs required to target foreign DNA have been combined to 

create a synthetic RNA chimera (single guide RNA, or sgRNA) which can be used 

to guide Cas9 (Jinek et al. 2012). By controlling the sequence of sgRNAs 

followed by a “Protospacer Adjacent Motif” (PAM) site, cleavage of specific 

genes by Cas9 can be achieved across species, ranging from mammals (Chen 

et al. 2011) to plants (Belhaj et al. 2013). When developing systems for 

eukaryotic cells there are a number of optimised Cas9s which can be used for 

different organisms. Here the maize codon-optimised pHEE401e CRISPR/Cas9 

vector was used, as it has previously been shown to work successfully in 

CRISPR knock out gene editing in Arabidopsis (Wang et al. 2015). 

Once DNA has been cleaved by the Cas9 nuclease it typically undergoes DNA 

repair via one of two pathways which can be exploited for genome targeting. 

The high-fidelity homologous recombination (HR) pathway can be utilised to 

develop precise, targeted locus modifications during repair to make small edits 

in the genome, such as single-nucleotide mutations (Yin et al. 2014). The HR 

pathways tends to only be active in rapidly dividing cells (Saleh-Gohari and 

Helleday 2004) and it is therefore especially useful in gene modification during 

embryo or germ line development (Wang et al. 2013). Genome editing using 

the HR pathway is difficult in higher plant species because of the low efficiency 

of homologous recombination (Fauser et al. 2012), although efficiency is higher 
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in double strand breaks as used in the Cas9 system compared to single strand 

breaks (Miki et al. 2017). 

The alternative pathway for genome repair after cleaving by Cas9 is the non-

homologous end joining (NHEJ) pathway, which is prone to errors (Ran et al. 

2013). This error prone DNA repair can be used to establish knockout lines for 

genes by inserting insertion or deletion errors into DNA cleaved by Cas9, 

leading to frame shift mutations and premature stop codons within the gene 

(Perez et al. 2008; Shen et al. 2017). 

5.1.2 PROTEIN KINASE SUPERFAMILY PROTEIN (PKSP) 

Previous work (Mo 2017) has used co-expression analysis to identify genes 

which were potentially downstream of MYB26. One particularly gene PKSP, 

which encodes a protein kinase superfamily protein, was found to be potentially 

co-expressed with MYB26; expression of PKSP was down regulated in 

myb26/ms35 plants and upregulated in overexpression lines of MYB26, 

suggesting it could act downstream of MYB26 (Mo 2017). Additionally, 

Chromatin Immunoprecipitation (ChIP)-PCR analysis identified a MYB26-

binding site in the first intron of PKSP, suggesting direct binding may occur and 

that MYB26 may therefore directly regulate the expression of PKSP (Mo 2017). 

However it is not clear whether PKSP is involved in the secondary cell wall 

thickening of developing Arabidopsis anthers, or whether it plays a role in a 

distinct network which also involves MYB26. 

 The Arabidopsis Genome Initiative (2000) identified over 1000 protein kinases, 

with estimates that 1 to 2% of functional genes in eukaryotes are encoding 

protein kinases, highlighting their importance (Lehti-Shiu and Shiu 2012; 

Zulawski et al. 2014). Protein kinases are enzymes which are responsible for 

removing the γ-phosphate in ATP molecules and attaching it to amino acid side 

chains on proteins. This impacts on how proteins interact with each other, with 

phosphorylated proteins interacting differently to their non-phosphorylated 

versions. Generally, there are two types of protein kinase in eukaryotes, some 
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which phosphorylate serine and/or threonine, and those that phosphorylate 

tyrosine in the amino acid side chains (Stone and Walker 1995). 

PKSP specifically encodes a receptor-like cytoplasmic kinase (RLCK) and is 

predicted to phosphorylate serine/threonine amino acids. RLCKs are part of a 

larger superfamily of receptor-like kinases (RLKs) which are transmembrane 

proteins which detect signals outside the cell using receptors, which in turn lead 

to changes within the cell due to an intracellular kinase domain (Shiu and 

Bleecker 2001). The difference between RLCKs and RLKs is that RLCKs are 

based solely within the cytoplasm of the cell and lack the transmembrane 

domain present in other RLKs, however both lead to physiological changes or 

regulate gene expression (Lin et al. 2013). 

Generally, RLCKs are reported to play a role in a range of aspects of plant 

signalling, plant immunity and stress relief, however there is an over-

representation of RLCK subfamily VII, of which PKSP is one (Shiu and Bleecker 

2001), in plant responses to biotic stresses (Lehti-Shiu et al. 2009). This could 

suggest that whilst it is regulated by MYB26, it may have a different role to that 

associated with anther endothecium secondary cell wall thickening. However, 

some RLCKs have been shown to be involved in plant growth and development 

(Vij et al. 2008) and so it may have a role in floral development. 

In addition to PKSP (also termed PCRK2), a similar receptor-like cytoplasmic 

kinase, PCRK1 has been as having a high level of homology to PKSP (Mo 2017). 

PCRK1 is shown to play a role in pathogen defence, particularly against 

Pseudomonas syringae pv. maculicola ES4326. In pcrk1 mutant lines there was 

reduced callose deposition and immunity demonstrated (Sreekanta et al. 

2015), but this reduction did not significantly increase in pcrk1/pcrk2 double 

mutants suggesting a lack of redundancy. However, Kong et al. (2016) 

described a significant reduction in salicylic acid (SA) in the double mutant 

knock out compared to the single mutants, supporting the hypothesis there is 

redundancy at least in some aspects of their role between these two genes.  
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5.1.3 MYB26 Putative Interacting Proteins 

Investigation into potential interacting proteins with MYB26 were carried out 

using yeast-2-hybrid analysis (C. Yang. Z.A. Wilson unpublished data) and 

identified 5 possible interacting proteins. One of these proteins was localised to 

the plasma membrane and therefore unlikely to interact with MYB26 directly, 

whilst the other 4 possible interacting genes (Y2H320, Y2H560, Y2H620 and 

Y2H970) were localised to the nucleus as seen with MYB26. Förster resonance 

energy transfer (FRET) assays were carried out on these four proteins and two 

(Y2H320 and Y2H560) were shown to interact with MYB26 (Mo 2017). 

Y2H320 (TGA9) has been shown to be involved in anther development, working 

redundantly with TGA10 (Murmu et al. 2010). Mutant analysis showed that tga9 

and tga10 plants did not have a phenotype, whilst double knock out tga9/tga10 

lines were anther indehiscent (Mo 2017). There were abnormalities in tapetal 

development in tga9/tga10 lines, along with a less turgid anther endothecium, 

suggesting a potential role in anther endothecium thickening.  TGA9 promoter 

activity has previously been observed from stage 4 – 11 of floral development, 

with expression peaking at stage 5 before declining through stages 7 – 11. 

TGA10 has been shown to be similarly localised temporally, but to a lower level 

than TGA9 (Murmu et al. 2010). However, analysis from Mo (2017) using qRT-

PCR suggested that TGA10 expression was actually later than described by 

Murmu et al. (2010). Since TGA9 and TGA10 work redundantly and both 

interact with ROXY proteins during anther development regulation it may be 

that a lack of TGA9 expression could lead to a wider spread of TGA10 

expression, and TGA10 may therefore have a potential interaction with MYB26. 

Previously MYB26 promoter activity was shown to be detected in throughout 

the anther at stage 10 (Yang et al. 2007), suggesting that its expression is 

temporally aligned with TGA9 expression. 

Mo (2017) used light microscopy observing transverse sections of anthers to 

analyse tga9/tga10 T-DNA knock out plants, noting that abnormal development 
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of the anther was observed from stage 5 onwards, with normal microspore 

mother cells produced only in the abaxial lobes. Adaxial anther lobes showed 

arrested development at this stage. Pollen was produced in the abaxial lobes of 

the tga9/tga10 mutant, however anthers were indehiscent and therefore plants 

were sterile. tga9/tga10 plants did have endothecium thickening but, as 

mentioned above endothecial tissue was less turgid and may be due to a 

reduction in secondary cell wall thickening, but cell wall composition was not 

analysed by Mo (2017). 

Y2H560 (At5g25560) is a CHY-type/CTCHY-type/RING-type Zinc finger protein. 

Y2H560 is expressed to a greater level than MYB26 throughout anther 

development with a small peak in expression at the bicellular (BC) stage 

meaning that there is temporal and localisation overlap with MYB26 expression 

(Mo 2017). The gene CHY ZINC-FINGER AND RING PROTEIN 1 (CHYR1) is 

phylogenetically close to Y2H560, and also has expression during PMI stage 

meaning it also is temporally synchronised with MYB26 expression. Y2H560 has 

no known function and knocking out this gene with a T-DNA insert does not 

lead to a phenotype (Wilson Lab, unpublished data). CHYR1 positively regulates 

stomata opening and is involved in drought stress responses (Hsu et al. 2014), 

and so it is possible that Y2H560 has a similar role redundantly. Since it is 

known that water transport is involved in late stage anther development with 

regards to dehiscence (Wilson et al. 2011) it could be possible that MYB26 

regulates this through CHYR1 and Y2H560 separate to anther endothecium 

secondary cell wall thickening. 

5.1.4 Aims 

Since homozygous tDNA inserts in the saf1 line (SAIL_425_B06) didn’t 

significantly (T-test: p>0.05) knock down SAF1 expression (section 4.2.3), it is 

understandable that there is no difference to the wild type phenotype (section 

4.2.2). Here the cDNA which was detected in qPCR experiments (Figure 4.10) 

is investigated to see if it is likely to be translated into a functional protein. 



Stefan Fairburn  Chapter 5 

 

85 

 

Genes with a possible redundancy to SAF1 were identified and investigated with 

a view to bringing these into the network. Finally, to overcome the cDNA 

synthesised from saf1 RNA possibly leading encoding a functional protein, gene 

editing by CRISPR/Cas9 was used to develop a new saf1 mutant. 

TGA9, TGA10 and PKSP were also examined to try to determine how they may 

fit into the network with MYB26, NST1/NST2 and SAF1 and any potentially 

redundant genes. 

5.2 Results 

5.2.1 Investigation of saf1 SAIL_425_B06 

Since the saf1 SAIL plants did not knockout, or even significantly knock down 

the expression of SAF1, despite having the SAIL tDNA in plants at the expected 

location, the level and characteristics of the expression were investigated. 

 

SAF1 expression was detected by qRT-PCR expression analysis in Section 4.2.3. 

RT-PCR of saf1 cDNA did not generate any amplification using whole gene 

spanning primers (saf1_SAIL_LP and SAF1_qR_Kim) (Figure 5.2), whilst the 

same primers generated a band from wild type plants (Figure 5.3a). To check 

the SAF1 expression in saf1 plants, a PCR was carried out using the specific 

qRT-PCR (SAF1_qF_kim and SAF1_qR_kim) primers (Figure 5.2) which were 

used in the relative gene expression work done in Chapter 4, which resulted in 

DNA product amplification (Figure 5.3b). The lack of whole gene amplification, 

whilst expression was detected with qRT-PCR primers suggest there may be 

Figure 5.2 – Visualisation of SAF1 complementary DNA with various primers highlighted, along with the location of the SAIL 

insert. The primer SAF1_qR_kim was used as the reverse primer with the other four primers as forward primers. 
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partial transcript of SAF1 in the saf1 SAIL knockout plants which was detected 

in relative gene expression analysis (Chapter 4). 

 

 

To investigate how much of the gene was expressed in the saf1 SAIL line 

amplification was carried out with a number different primers spanning across 

the gene (see Figure 5.2). 

Using a reverse primer (SAF1_qR_kim) located at 1352 – 1373 bp with different 

forward primers (SAF1_SAIL_LP, saf1_exp_F2, saf1_exp_F and SAF1_qF_kim) 

were used to amplify SAF1 in the the wild type and SAIL_425_B06 insertion 

line. The wild type transcript was approximately 1352 bp, which equated to the 

Figure 5.3 – a) PCR results for DNA amplification of saf1 (SAIL_425_B06) cDNA and Col. cDNA using a whole 

gene primers (saf1_SAIL_LP and SAF1_qR-kim (Figure 5.2)) showing amplification of the gene in Col. DNA 

but not in the SAIL_425_B06). b) PCR results for DNA amplification of saf1 (SAIL_425_B06) with qRT-PCR 

primers (SAF1_qF_kim with SAF1_qR-kim (Figure 5.2)). This confirms that the qRT-PCR primers amplify 

SAIL_425_B06 DNA and that the whole gene (a) was not transcribed in saf1 mutants but was in wild type. 

Ladders in both gels are Hyper Ladder I. 
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predicted length of the SAF1 gene, however a partial transcript was observed 

from the saf1 SAIL_425_B06 plants. Amplification of SAF1 transcript was seen 

with all primer pairs in the wild type cDNA, whilst amplification was only seen 

in the saf1 putative mutants using the SAF1_qF_kim / SAF1_qR_kim primer 

combinations (Figure 5.4), indicating that a partial transcript may be generated 

which starts somewhere between the SAF1_qF_kim and the saf1_exp_F primer 

to the end of the gene (441 - 776 bp (Figure 5.2)), suggesting that expression 

appears to be occurring downstream of the SAIL tDNA insert. 

 

The transcribed sequence from the genomic SAF1 DNA (obtained from TAIR) 

was translated using web.expasy.org (Figure 5.5) to identify the amino acid 

sequence of the SAF1 protein. Using http://smart.embl-heidelberg.de notable 

features (particularly the F-box domain and the FBD) of the expressed protein 

(exons from Figure 5.5) were identified (Figure 5.6). The partial transcript 

detected in the SAIL_425_B06 plants spans between the black markers in 

Figure 5.5, which means that the saf1 knockout plants does not contain the F-

Figure 5.4 – PCR amplification of wild type cDNA and SAIL_425_B06 cDNA using primer pairs spanning 

different lengths of the SAF1 gene. Wild type cDNA was successfully amplified throughout, whilst 

amplification of SAIL_425_B06 cDNA only starts for the last primer pair. This gives a start point for partial 

transcription of SAF1 as somewhere between the location of saf1_exp_F and SAF1_qF_kim (Figure 5.2).  

http://smart.embl-heidelberg.de/
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Box domain, but may contain the functional FBD domain. The FBD highlighted 

is a found in F-Box proteins but its exact feature is unknown (Doerks et al. 

2002). The green box is the F-Box domain which is believed to be the important 

factor in ubiquitination (Bai et al. 1996). It seems unlikely this partial 

transcription leads to a functional F-box protein and so there may be redundant 

genes leading to a lack of phenotype associated with the saf1 mutant (section 

4.2.2). However, to determine whether the SAIL insertion line was due to the 

observed expression an alternative knock out line was generated using the 

CRISPR-Cas9 system. 

 

 

 

 

 

Figure 5.5 – Amino acid sequence of SAF1 protein. Amino acids highlighted in pink are the amino acids coded 

by the exons of the gene, whilst non-highlighted sequence is occurring in the introns and therefore should not 

be translated during actual expression. The blue highlighted amino acid sequence is the F-box domain. The 

section between the two black dividing lines contains the start point for translation for the SAF1 partial 

translation that is detected in the relative gene expression in saf1 plants. This translation was generated by 

web.expasy.org. 

Figure 5.6 - Graphic representation of SAF1 protein from cDNA translation highlighting any notable 

features generated by http://smart.embl-heidelberg.de. The F-box domain is highlighted in Figure 

5.6 as the green box, and as the blue highlighted amino acids in Figure 5.5. 

http://smart.embl-heidelberg.de/
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5.2.2 Development of CRISPR saf1 knockout line 

The SAF1 insertional SAIL mutant line maintained partial expression of the SAF1 gene, a 

saf1 knockout line was therefore attempted to be generated using the CRISPR-Cas9 

system. 

Two sgRNA sequence for SAF1 were transformed into an entry vector pCBC-DT1T2 

(Section 2.6.1) which contained a guiding RNA scaffold (Figure 5.7). The relevant section 

containing the guiding scaffold and the SAF1 specific sgRNA inserts was cloned into the 

Cas9 destination vector pBEE401e (Figure 5.8) through a Goldengate reaction (Section 

2.6.2). 
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Figure 5.7 – A map of the entry vector that was used for the development of a knock out saf1 plant 

line using a CRISPR/CAS9 system. The section of DNA that was removed from this vector and 

inserted into the destination vector pHEE-401e (Figure 5.8) is highlighted in the pink box labelled 

“removed section”. 
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The pBEE401e vector containing the SAF1 sgRNA inserts (the red section in 

Figure 5.8) was transformed into the Agrobacteria species gv3101 (Section 

2.4.7). Colonies were tested for the correct insert of the SAF1 sgRNA via a 

colony PCR (Section 2.4.4) with the primers AT3G62440_CRISPR_R and M13F 

(highlighted in Figure 5.8). PCR results suggest that the appropriate vector with 

the sgRNA inserts has been transformed successfully into gv3101 for individual 

Figure 5.8 – A map of the Cas9 destination vector used for CRISPR knock out transformation. The 

orange section of the map has been successfully sequenced by Source Bioscience. The gRNA 

scaffolds which target the SAF1 DNA are located are highlighted on this map and are within the 

sequenced section. 
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colonies 1 – 6 and 

colony 8 (Figure 5.9). 

Colonies 2 and 3 

(Section 2.1.3) were 

used to transform 

Landsberg erecta 

wild type plants to 

develop a CRISPR-

Cas9 saf1 mutant. 

Putitatively 

transformed plants 

were initially grown 

on 1/2 MS nutrient plates without selection prior to transfer to soil and BASTA 

selection. Unfortunately germination of the putatively transformed seeds failed 

and did not survive to the selective stage. Further work to establish these 

mutant lines is therefore needed. 

5.2.3 Possible Redundant Genes 

5.2.3.1 Identifying Similar Genes 

Using online gene sequence analysis software 

(https://salad.dna.affrc.go.jp/CGViewer/en/) a phylogenetic tree was 

generated for SAF1 (Figure 5.10). The two most closely related genes, 

AT3G58920 and AT3G58960, were investigated further. Initially the expression 

localisation was investigated using the Kleptikova Atlas (Klepikova et al. 2016). 

Localisation of expression of AT3G58960 (Figure 5.11c) was very similar to 

SAF1 (Figure 5.11a). AT3G58920 (Figure 5.11b) has expression different to 

SAF1  with is being even more specific in its localisation, but it is localised to 

anther development during the same developmental stage (12-14) when 

expression of SAF1 and AT3G5860 increases. 

Figure 5.9 – PCR results for transformed agrobacteria colony 

PCR for 8 individual colonies. Primers used were 

AT3G62440_CRISPR_R and M13F to test for a SAF1 sgRNA 

insert in the colonies. 

1       2       3       4      5      6       7       8 
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Figure 5.10 – A phylogenetic tree based on annotated protein information for gene evolution in Arabidopsis thaliana generated by 

https://salad.dna.affrc.go.jp/CGViewer/en/. SAF1 (ATG362440) is highlighted along with the two most closely linked genes which were investigated further. The arrow 

highlights SAF1. Coloured boxes are different motifs with the green number 1 motif being an F box domain. 

https://salad.dna.affrc.go.jp/CGViewer/en/
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Figure 5.11 – Expression localisation of a) SAF1, b) AT3G58920 and c) AT3G58960 shown in Kleptikova Atlas 

(Klepikova et al. 2016). 
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The expression timing and tissue specificity was confirmed by qRT-PCR 

analysis. Arabidopsis wild type buds were collected and separated by size into 

4 different stages. Buds were staged by size following protocols developed 

previously in the laboratory (Figure 5.12a) (Mo 2017). The expression of SAF1, 

AT3G58960 and AT3G58920 were investigated across the stages. Expression 

of all of these genes was relatively high in early stage buds before declining in 

older stages (Figure 5.12). Given that SAF1 is removed from developing anthers 

to allow for the subsequent development of secondary thickening, possibly via 

the increase of NST1/NST2, and a similar expression of AT3G58960 and 

AT3G58920 is observed, it may suggest that they have a redundant role in 

anther dehiscence and endothecium thickening.  
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Figure 5.12 – a) Relative expression analysis in staged buds of Arabidopsis thaliana for SAF1, AT3G58960 

and AT3G58920. There were 3 technical repeats of 3 individual plants for each set of staged buds. Error bars 

are standard error. Buds were staged by size based upon Mo (2017) (b) Stage 1 corresponding to polarised 

microspores, Stage 2 corresponding to the Bicelluar stage, Stage 3 corresponding to the Tricellular Stage and 

stage 4 were mature buds. An ANOVA was carried out with there being no significant (p>0.05) difference 

between plants AT3G58960 and AT3G58920 at any given stage, and no significant difference between SAF1 

and the other plants at stages 2-4, but there was a significant (p<0.05) difference between stage 1 and 

stages 2-4 in each plant line. 

a) 

b) 
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5.2.3.2 Phenotyping orthologue knock out lines 

Knock out lines for the possible redundant genes were ordered 

(SALK_054345C, SALK_014727C (AT3G58960), and SALK_069623C 

(AT3G58920)). These lines were genotyped (Section 2.3.3), with SALK_054345 

plants being homozygous for the knock out insert (Figure 5.14a) whilst 

SALK_014727 did not appear to have the insert. All of the SALK_069623 (Figure 

5.14b) plants were heterozygous for the tDNA insert. Plants 1-3 were used from 

SALK_054345C (homozygous) and SALK_069623 (heterozygous) going 

forwards for phenotyping and expression analysis. Lines were genotyped using 

the primers LBb1.3 with AT3g58960_RP and AT3G5860_LP or 

at3g58960_amp_FP (for SALK_014727 or SALK_054345 respectively). Whilst 

it is not ideal to work with the heterozygous plants, this was the only option 

available at the time, with the hope being that plants with one copy of the tDNA 

insert may have reduced expression and could give an indication of the effects 

of this. Ideally this would be repeated with homozygous plants. 

 

 

 

Figure 5.13 – Maps of a) ATG358960 and b) AT3G58920 highlighting the location of primers and the T-DNA SALK 

inserts. 



Stefan Fairburn  Chapter 5 

 

98 

 

 

The siliques of plants 1-5 of at3g58960 (SALK_05345) and 1-3 at3g58920 

(SALK_069623) were measured and compared to wild type plants. Ideally 

homozygous plants would have been investigated, however there were only 

heterozygous plants available and time constraints required these plants to be 

the investigated ones. There was no significant difference between the SALK 

lines and wild type silique lengths (Figure 5.15) suggesting that these SALK 

lines do not have a reduced fertility compared to wild type. Plants were then 

examined under a dissecting microscope. Both SALK_05345 (AT3G58960) and 

SALK_06923 (AT3G58920) knock out lines did not show any notable differences 

Figure 5.14 – PCR results for genotyping of 5 individual a) AT3G58960 SALK, b) AT3G58920 SALK and wild type 

plants. Primers were used in triplicate with two primers spanning the insert within the gene and primer LBb1.3 

which is located within SALK inserts. This means AT3g58960_RP and AT3G5860_LP or at3g58960_amp_FP and 

58960_qRP (for SALK_014727 or SALK_054345 respectively), and AT3G58920_FP wi th AT3G58920_RP for 

SALK_069623 (Figure 5.13). Ladder is Hyperladder I. 
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(Figure 5.17 and Figure 5.18 respectively) to wild type (Figure 5.16) with pollen 

released from the developing anthers without any external agitation. Pollen was 

viable with Alexander staining in both SALK lines as seen in wild type plants. 

 

  

Figure 5.15 – Average silique lengths of wild type Columbia plants compared to SALK lines of 

potential SAF1 redundant genes AT3G58960 (SALK_054345) and AT3G58920 (SALK_069623). 

There were 5 siliques measured on 5 individual plants for wild type and SALK_054345 and 3 

individual plants for SALK_069623. Error bars are standard error. 
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Figure 5.16 – Col. flowers dissected to highlight anther development. A) front petals removed to 

allow visualisation of the stamen. B) the same flower with the rest of the petals removed. Alexander 

staining was carried out to test for pollen viability with C) showing intact anther whilst D) shows the 

anther after it was lightly pressed to release the pollen. Scale bars are 1mm.  This is the same image 

as Figure 4.7, but is reshown here for easier comparison with Figure 5.17 – Figure 5.18. 
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Figure 5.17 – Images of homozygous SALK_054345 (AT4G58960) plants (a & b), c) an anther 

removed from the developing flower and d) after Alexander staining to identify viable pollen. Scale 

bars are 1mm. 
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5.2.3.3 Expression analysis of orthologue genes 

To investigate how expression of these possible SAF1 redundant genes affects 

expression within the network, RNA was extracted (Section 2.3.1) from 

SALK_054345 and SALK_069623 and complimentary DNA was synthesised 

(Section 2.3.2). Relative gene expression of MYB26, NST1, NST2, SAF1, IRX1, 

AT3G58960 and AT3G58920 was investigated in Col. wild type, SALK_05345 

(AT3G58960) and SALK_069623 (AT3G58920) lines (Figure 5.19). 

In both the SALK lines there was complete knock out (no significant difference 

(p<0.05) to no expression) of the putative orthologue gene of interest. When 

AT3G58920 was knocked out, the AT3G58960 also appeared knocked down, 

whilst knocking out AT3G58960 did not have a significant impact on AT3G58920 

expression. Knocking out AT3G58920 did not lead to a significant change in 

Figure 5.18 – Images of hetrozygous SALK_069623 (AT3G58920) plants (a & b), c) an anther 

removed from the developing flower and d) after Alexander staining to identify viable pollen. Scale 

bars are 1mm. 
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MYB26 expression or the downstream genes, but there was a trend towards 

reduced expression of NST1, NST2 and IRX1. Interestingly this was different to 

knocking out AT3G58960, whilst ATG3G58920 expression was not significantly 

changed (SALK_05345). In this scenario, when AT3G58960 expression was 

reduced, MYB26 expression increased (3.74x compared to the wild type 

expression) which in turn led to a significant increase in the expression of IRX1 

(3.82x wild type expression). NST1 expression was lower (0.71x) in AT3G58960 

knock out plants and NST2 expression was higher (1.38x), but not to a 

statistically significant level. 

 

5.2.4 Spatial and Temporal Localisation of other Genes 

Evaluation of the localisation of TGA9 (Figure 5.20), TGA10 (Figure 5.21) and 

PKSP (Figure 5.22) and PCRK1 can be investigated to see if it aligns with SAF1, 

Figure 5.19 – Relative gene expression of a number of genes in AT3G58960 knock out plants (SALK_05345) 

and AT3G58920 (SALK_069623) compared to wild type expression in wild type Col. plants. 
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MYB26 and NST1/NST2. TGA9, TGA10 and PKSP all have high expression in the 

developing anthers, particularly at the stages when anther endothecium 

formation is occurring. TGA9 has the highest level of expression, whilst TGA10 

has very similar expression but at a lower level in the developing anthers. PSKP 

expression is high throughout developing plants. There is expression of PCRK1 

(Figure 5.23) in developing anthers but it is more highly expressed in leaf and 

stem development.
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Figure 5.20 – Expression localisation of TGA9 as shown in Kleptikova Atlas (Klepikova et al. 2016). 
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Figure 5.21 – Expression localisation of TGA10 as shown in Kleptikova Atlas (Klepikova et al. 2016). 
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Figure 5.22 – Expression localisation of PKSP as shown in Kleptikova Atlas (Klepikova et al. 2016). 



Stefan Fairburn  Chapter 5 

 

108 

 

Figure 5.23 – Expression localisation of PCRK1 shown in Kleptikova Atlas (Klepikova et al. 2016). 
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5.2.5 Effects of SAF1 Overexpression on Potential MYB26 Target Genes and Analysis 

of Expression of Known Network Genes in Mutants Lines for these Genes 

The expression of TGA9, TGA10, PKSP and PCRK1 in 35S::SAF1 plants was 

examined. Figure 5.24 indicates that SAF1 was significantly (p<0.01) 

overexpressed (15x compared to wild type) in these plants. The overexpression 

of SAF1 led to a significant (p<0.01) downregulation of expression of PKSP and 

TGA9.  there was no statistical significant difference between wild type and 

35S::SAF1 expression of TGA10 and PCRK1 using A Student T-test (Figure 

6.2b). 
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Figure 5.24 – The relative expression of some of possible MYB26 target genes in 35S::SAF1 

overexpression line compared to wild type plants. a) contains all of the values, whilst b) 

removes the SAF1 expression for easier visualisation of expression of other genes. Error bars 

are standard error. Statistical analysis was carried out using a Student T-test. There were 3 

technical repeats of 2 biological repeats of 35S::SAF1 (due to the number of healthy plants 

available to collect RNA from) and 3 technical repeats of 3 biological repeats of Col. wild type 

plants. 
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Quantitative RT-PCR (Section 2.3.5) was carried out on tga9/tga10 line 

(SALK_057609 and SALK_124227) and a nst1/nst2 line. The expression of 

potential MYB26 target genes or interacting proteins was examined in these 

mutants (Figure 5.25). As previously seen (Section 4.3), the overexpression of 

MYB26 effectively led to the knockout of SAF1 (x0.04 expression), whilst 

knocking out myb26 led to a large increase in SAF1 (x3.9 compared to wild 

type) expression. Interestingly, both the overexpression and reduction of 

MYB26 expression led to reduced expression of NST1, NST2, TGA9, TGA10, 

PKSP and IRX1. The double nst1nst2 mutant had reduced expression of the 

genes downstream of MYB26. 
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Figure 5.25 – The expression of a number of genes in different mutant lines, including a double knockout mutant for tga9 (SALK_057609) 

and tga10 (SALK_124227), an overexpression line for MYB26, a myb26 (SALK_112372), and a double knockout for nst1 (SALK_120377) 

nst2 (SM_3_19668). Error bars are standard error. There were 3 technical repeats for 3 biological repeats for each line, except for 

35S::MYB26 and myb26 knockout plants where there was only one biological repeat with 3 technical repeats. A Student T-test was done. 

To compare each expression level to wild type expression. 

*** *** ***                                    ***    ***  ***                     ***  ***  ***   ***                        ***  *** ***  ***                      ***  **  ***   ***                        *** ***  ***  ***                      ***   **    **    **                      ***    **   ***    ** 
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5.3 Discussion 

5.3.1 saf1 and Potential Redundant Genes 

T-DNA inserts are regularly used to knock out genes in Arabidopsis thaliana 

(Feldmann 1991). Previously (Chapter 4) SAF1 function was investigated using 

a SAIL insert T-DNA line to knock out SAF1 expression. Unfortunately, 

expression of SAF1 was detected in these SAIL_425_B06 plants. Expression of 

SAF1 was analysed by testing potential amplification of SAF1 across varying 

lengths of the gene (Figure 5.4) to help determine the extent of partial 

transcript produced from the saf1 mutant. This partial expression of SAF1 could 

lead to the translation to a partial protein being produced within the cell, 

however Figure 5.5 and Figure 5.6 highlight that this partial protein does not 

contain the F-box domain of SAF1 associated with ubiquitination (Kim et al. 

2012; Schumann et al. 2011). The lack of an F-box domain in partial SAF1 

proteins would suggest that it would be non-functional, and therefore the 

absence of expression changes in downstream genes (which was observed in 

Chapter 4) is not due to the prescence of a functional SAF1 protein but is more 

likely to be due to redundant gene expression. However it must be considered 

that, the partial SAF1 protein contains an FBD motif (Figure 5.5), which is 

present in F-box proteins but has not, to date, had a function identified (Doerks 

et al. 2002) – the FBD motif may play a role in regulating anther endothecium 

thickening and so it is impossible to conclude that the partial protein is definitely 

non-functional. 

Using phylogenetic analysis looking at the tree of gene evolution based on 

annotated protein information, the most closely related genes to SAF1 were 

identified (Figure 5.10) and expression localisation of these genes was 

examined (Figure 5.11). 

AT3G58960 and AT3G58920 both encode F-box/RNI-like superfamily proteins 

(Cheng et al. 2017) similar to SAF1; this supports the potential redundancy of 
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these genes. It is therefore possible that these genes are all able to tag NST2 

with ubiquitin leading to the removal of NST2 from the cells. When the 

phenotype of knock out lines for AT3G58960 and AT3G58920 (SALK_05345 and 

SALK_069623 respectively) were analysed, there was no notable difference 

between these plants (Figure 5.16 and Figure 5.17) and wild type plants (Figure 

4.7), as found for saf1 plants (Section 4.2.3). Expression of MYB26 and 

downstream genes was investigated in the SALK_05345 and SALK_069623 

plants and whilst both genes were knocked out in the SALK lines, there was no 

significant change of gene expression in MYB26 or downstream genes in 

AT3G58920 knock out, although AT3G58960 expression was knocked out in 

this SALK_069623 line. Interestingly, in the AT3G58960 knock out plants 

(SALK_05345) there was a significant change in gene expression despite 

AT3G58960 also being knocked out in the SALK_069623 plants. This would 

suggest that when only AT3G58960 is knocked out then there is a significant 

change in expression, whilst knocking out both AT3G58960 and AT3G58920 

doesn’t have any significant effect. Potentially knocking both genes out may 

lead to a compensatory action which does not occur in the AT3G58960 knock 

out plants, although further investigation would be needed to develop a more 

detailed understanding of this. 

In the SALK_05345 MYB26 expression is increased. This could be the case if 

NST2 protein accumulated to a higher level than in the wild type as NST2 

promotes MYB26 expression which supports the idea that AT3G58960 is 

involved in anther endothecium thickening in a similar role to SAF1. However, 

the much larger (~3.5x) increase in MYB26 expression and IRX expression in 

the AT3G58960 knock out plants compared to the non-significant increases in 

NST1/NST2 expression could suggest that AT3G58960 has a role in anther 

endothecium thickening via a separate pathway. Mo (2017) identified proteins 

that are potentially interacting with MYB26 along with downstream genes, and 

it may be that some of these newly identified related genes and proteins are 
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involved in a separate pathway for anther endothecium thickening which 

potentially involves these two F-box/RNI-like superfamily proteins. 

5.3.2 MYB26 Downstream and Putative Interacting Proteins 

The expression localisation of TGA9 (Figure 5.20), TGA10 (Figure 5.21) and 

PKSP (Figure 5.22) is relatively high in developing anthers, with late stages 

having a particularly high expression level. Since anther endothecium 

secondary thickening occurs around stages 11 onwards (Goldberg et al. 1993; 

Smyth et al. 1990) it is possible that these genes may play a role in the 

biosynthesis of secondary cell walls in the endothecium of developing anthers 

(Murmu et al. 2010). 

PCRK1 is a gene with a similar sequence to PKSP  (Mo 2017; Sreekanta et al. 

2015) and so may play a similar role. However, the expression of PCRK1 (Figure 

5.23) is relatively high in developing leaves, with only a low level of expression 

in developing anthers. It could be that, similar to NST1 that it is more important 

in secondary cell wall biosynthesis in vascular tissues, whilst NST2 is more 

important in secondary cell wall biosynthesis in developing flowers (Mitsuda et 

al. 2007; Mitsuda et al. 2005), PCRK1 could have similar function to PKSP but 

in a wider/different range of tissues whilst PKSP is more anther specific. 

The suggestion that TGA9 and PKSP play a role in anther endothecium 

thickening is strengthened by the fact that SAF1 overexpression leads to a 

statistically significant downregulation of these two genes (Figure 5.24). It is 

known that overexpressing SAF1 leads to male sterile plants due to a failure of 

endothecium secondary thickening due to a reduction in secondary cell wall 

biosynthesis genes (Kim et al. 2012). Work presented in Chapter 4 suggests 

that overexpression of SAF1 leads to a downregulation in the expression NST1, 

NST2 and MYB26 – this could also be due to reduction in NST2 accumulation 

which in turn causes a downturn in MYB26 expression and all downstream 

genes. If TGA9 and PKSP are positively regulated by MYB26, as suggested by 

Mo (2017), then the overexpression of SAF1 reducing the accumulation of NST2 
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would lead to the reduced expression of TGA9 and PKSP, as observed here. 

TGA10 and PCRK1 both have a non-significant reduced expression in the 

35S::SAF1 line, which considering these genes are less specific to developing 

anthers, could be due to the fact they have a redundant similar function to their 

relevant orthologues in anthers, but are less tissue-specific and therefore are 

less important in developing anthers. 

Mo (2017) phenotyped tga9/tga10 knockout lines previously and noted that 

they were male sterile due a lack of pollen release. To investigate if this may 

be due to a breakdown in the MYB26 controlled network for anther endothecium 

thickening, relative gene expression in this mutant was investigated. As with 

myb26 plants (Section 4.3), knocking out both tga9/tga10 led to an increase in 

the expression of SAF1 (Figure 5.25). It could therefore be that MYB26 

downregulates SAF1 expression through the activation of TGA9/TGA10 (Figure 

5.26a).However, in the 35S::MYB26 line, there is a decrease in the expression 

of TGA9 and TGA10.  Mo (2017) identified TGA9 as potentially interacting with 

MYB26 rather than necessarily a direct downstream activation, and possibly 

TGA9 (and potentially TGA10) and MYB26 interact to decrease the expression 

level of SAF1 (Figure  5.26b). 
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However, it should be noted that these results (Figure 5.25) are unexpected 

because the 35S::MYB26 led to a downregulation of all downstream genes such 

as NST1/NST2 and IRX1 which does not correlate with what would occur if there 

is a simple activation of NST1/NST2 from MYB26. Previous work has suggested 

that overexpression of MYB26 leads to a subsequent increase in NST1/NST2 

expression (Yang et al. 2007) and therefore would be worth repeating this 

experiment with a new MYB26 overexpression line. 

Figure 5.26 – Potential ways TGA9 and TGA10 may interact with MYB26 

to downregulate SAF1 expression. a) suggests MYB26 directly upregulates 

TGA9/TGA10 which in turn downregulates SAF1. b) is an alternative model 

where TGA9 and/or TGA10 interact with MYB26 to downregulate SAF1. Full 

arrows are upregulation, dashed arrows are protein production and bar 

represents repression (either by inhibiting gene expression or by 

preventing protein accumulation. 
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Knocking out both nst1 and nst2 led to a downregulation of MYB26, as shown 

in previous work (Yang et al. 2017), and all subsequent downstream genes, 

which would be expected and fits the network model developed previously 

(Chapter 3). 

With regards to PKSP expression there is downregulation in all the mutant lines 

examined above. This corresponds to the suggestion that PKSP is directly 

upregulated by MYB26 in the nst1/nst2, tga9/tga10 (due to an increased SAF1 

expression) and myb26 lines. However, the 35S::MYB26 plants have results 

different to what would be expected if PKSP is upregulated by MYB26 through 

the direct binding of MYB26 to PKSP (Mo 2017), which would suggest 

overexpression of MYB26 should lead to an increased PKSP expression. 

5.3.1 Future work 

There are a number of experiments which would be interesting to carry out to 

investigate the knocking out of saf1 along with the potential redundancy and 

genetic orthologues. A CRISPR vector for saf1 knock out plants has been 

generated, but unfortunately transformed seeds did not germinate, further 

analysis of these lines is needed to confirm the function of the SAF1 gene. Once 

CRISPR knock out plants are generated then expression analysis similar to 

Section 4.2.3 could be carried out to see if a lack of saf1 expression led to 

similar relative gene expressions as in the T-DNA insertion mutants. 

Future investigation of the potential SAF1 orthologues is important. Ideally 

investigating relative expression in overexpression lines for AT3G58960 and 

AT3G58920 would be carried out to see along with phenotyping to compare to 

35S::SAF1 plants. If genes are working redundantly, it would be very 

interesting to generate a triple knock out (saf1/at3g58960/at3g58920) to carry 

out relative gene expression and phenotypic analysis on. Since these genes 

encode F-box/RNI-like superfamily proteins, as with SAF1, it is likely that any 

interactions occur on a protein – protein level. Investigating protein – protein 

interactions through methods such as Yeast-2-Hybrid, FRET or luciferase assays 
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to see if AT3G58960 or AT3G58920 interacts with MYB26, NST1, NST2 or any 

of the genes identified by Mo (2017) would be useful to gain a more precise 

understanding of SAF1 and the role of potential redundant genes. 

Due to the results from the 35S::MYB26 (Figure 5.25) being very different to 

the expected results when compared to network hypotheses and previous work 

(Mo 2017; Yang et al. 2017) and the results based on a small n number (due 

to only small number of biological replicates growing successfully) it would be 

important to repeat this work. In addition to this, to understand the interaction 

of these additional genes in the network, overexpression lines for TGA9 should 

be investigated to see how this affects the expression of the genes described in 

Figure 5.25. A pksp line and an overexpression line for PKSP should be 

investigated to further understand PKSP’s potential role within the network. 

Mo (2017) also identified another gene which appeared to be upregulated by 

MYB26 called Y2H620 (TCP14). It would be worth investigating this gene further 

including expression localisation, relative expression within the mutant lines 

discussed here, along with developing mutant and overexpression genes for 

TCP14. An additionally class II TCP family protein TCP24 has also been identified 

negatively regulating secondary thickening in anthers and roots and it would be 

interesting to also investigate how this protein may fit into the network.
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Chapter 6: General Discussion 

Male sterility in plants is important to investigate because it has commercial 

applications in crop systems. Heterosis (the process of hybrid crops producing 

a higher yield than the parent lines) is a way to maximise yields (Duvick 1999; 

Lippman and Zamir 2007), which is important for global food security (Godfray 

et al. 2010; Pinstrup-Andersen 2009). One issue with heterosis is the need to 

prevent self-fertilisation to allow for the development of hybrid crops. 

Commercially, this can be achieved through emasculation of plants (which has 

issues with maintaining lines without time consuming fertility restoration 

systems) or through frequently unreliable chemical gametocides (Wilson and 

Zhang 2009). A lot of male sterile plants have been identified with non-viable 

pollen (Feng and Dickinson 2007; Ma 2005), but there are issues with 

recovering fertility in these lines. An interesting approach is to examine plants 

Figure 6.1 – A visual summary of previously suggested interactions involved in the MYB26 driven, 

anther indehiscence network. It highlights MYB26, NST1 and NST2 interactions suggested by Yang et 

al. (2007; Yang et al. 2017), along with proteins identified as interacting with MYB26 by Mo (2017). 

CHYR1 seems to play a role in anther dehydration (Hsu et al. 2014), and ADR has been suggested 

playing a role in programmed cell death as part of anther dehiscence (Dai et al. 2019).  
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which produce viable pollen but are fertility impaired due to pollen not being 

released due to anther indehiscence (Wilson et al. 2011). 

MYB26 has been shown to be driver of a key factor in successful anther 

dehiscence – the selective secondary cell wall thickening of the anther 

endothecium. It appears to regulate NST1/NST2 expression, which in turn leads 

to the activation of secondary cell wall biosynthesis genes (Yang et al. 2017; 

Yang et al. 2007). Further expansion and analysis of the MYB26 driven network 

for anther endothecium thickening is important for understanding of anther 

dehiscence in Arabidopsis. Understanding these processes may help to develop 

male sterile lines in the future for commercial use in agricultural processes. The 

previously understood network is highlighted in Figure 6.1. 

Here network modelling was used to simulate different interactions between 

NST1, NST2 and MYB26 to test whether the interactions between MYB26 and 

NST1/NST2 are at the transcription/translation stage or whether it involves 

some post-translational modification. This was compared to observed 

expression changes in mutant lines to develop a more detailed understanding 

of the interaction between these genes (Chapter 3). 

SAF1 was investigated to determine its role within the MYB26 driven, anther 

endothecium thickening network (Chapter 4) with the hypothesis being that 

SAF1 works to remove NST1/NST2 from the anther endothecium to prevent 

premature secondary thickening. It is also suggested that MYB26 removes SAF1 

from the system to allow the accumulation of NST1/NST2. Other potential 

redundant genes and genes identified by Mo (2017) were examined to 

determine 1) if they are involved in anther endothecium thickening and 2) 

where they fit within the expanding network which is being developed (Chapter 

5). 

Finally, the mathematical simulated model (Chapter 3) is revisited to further 

determine hypothesised interactions with new genes within the network. 
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6.1 NST2 Appears to Promote MYB26 Expression by Slowing Removal of 

MYB26 Protein 

Previous work (Yang et al. 2017; Yang et al. 2007) has suggested that anther 

endothecium secondary thickening is regulated by a key transcription factor 

MYB26, which drives secondary cell wall biosynthesis through upregulation of 

two NAC-domain transcription factors, NST1 and NST2 in anther tissues. NAC 

transcription factors are known to be important for secondary cell wall 

biosynthesis (McCahill and Hazen 2019), with genes such as NST3 playing a 

very key role secondary cell wall synthesis of woody tissues in Arabidopsis 

(Mitsuda et al. 2007). NST1 has a role in driving secondary cell wall biosynthesis 

in vascular tissues (Mitsuda et al. 2007; Zhong et al. 2007) along with being 

shown to be important for anther dehiscence (Mitsuda et al. 2005). NST2 is 

also known to play a role in anther dehiscence along with expression being 

localised to developing anthers (Mitsuda et al. 2005). This, combined with the 

known role of NAC transcription factors in secondary cell development in other 

tissues strongly suggests that NST1/NST2 play a role specifically in secondary 

cell wall biosynthesis in the anther endothecium, as previously proposed (Yang 

et al. 2017; Yang et al. 2007). 

The relationship between these genes is not that MYB26 simply drives 

NST1/NST2  expression despite the presence of a MYB26 binding motif present 

in NST1/NST2 promoter sequences (Mo 2017). This can be shown by the fact 

that overexpressing NST1 or NST2 does not recover phenotype in a myb26 

background (Yang et al. 2017), and the fact that MYB26 did not bind with 

NST1/NST2 in vivo when analysed with ChIP analysis (Mo 2017). 

Some of the interactions between MYB26, NST1 and NST2 have been deduced 

from the expression analysis by Yang et al. (2017), with MYB26 found to directly 

drive NST1/NST2 expression, but the lack of fertility recovery in myb26 plants 

with induced NST1 or NST2 expression led to the conclusion that the removal 
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of NST1/NST2 proteins was more important (Yang et al. 2017). The work by 

Yang et al. (2017) also concluded that NST2 leads to an upregulation of MYB26 

expression, whilst it appears MYB26 is self-inhibitory. However, it was not clear 

from this work whether the upregulation of MYB26 by NST2 was due to NST2 

driving MYB26 expression, or whether NST2 prevents MYB26 from being 

degraded (network interactions highlighted in Figure 3.3b or Figure 3.4b). 

Using 2 different models with interactions of NST2 and MYB26 altered between 

the two, this work investigated which interaction (driving gene expression or 

slowing protein breakdown) mathematically led to simulated relative expression 

levels depending on the mutation which were most similar to the observed data 

by Yang et al. (2017). Two models were designed to investigate whether NST2 

drove MYB26 transcription and translation (these were assumed to be directly 

proportional for ease of model coding, i.e. the ratio of DNA transcription and 

protein translation was assumed to be 1:1) (Figure 3.3), or whether it slowed 

protein breakdown of MYB26 (Figure 3.4). Model 1 (Section 3.3.1) seems to 

align better with the observed data from Yang et al. (2017) than model 2, 

suggesting that MYB26 upregulation by NST2 occurs at the post-translational 

level. The differences between simulated expressions with model 1 and model 

2 when compared to the observed data (Figure 3.2), suggests that there is a 

more complication relationship between these 3 genes and anther endothecium 

secondary thickening, than just direct regulation via a linear path. 

As previously discussed (Chapter 3) there are some limitations within these 

models. They assume transcription and translation are directly proportional. 

One has to assume that protein levels are zero until gene expression is 

activated. It is impossible to separate translation and transcription, and so if 

there is any interaction at the mRNA level that affects gene expression, then 

this would not be detected by these models. It may be useful to separate out 

the rate of change of expression equations into the rate of change of mRNA 

(upregulation through transcription of DNA minus downregulation by 
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breakdown) and rate of change of protein (upregulation by mRNA levels 

translation minus downregulation by protein breakdown) to better investigate 

very specific interactions. This is discussed further in Section 6.5.3. 

6.2 SAF1 could play a role in the removal of NST1/NST2 

Overexpression of NST1 or NST2 did not recover the phenotype in myb26 

plants, but overexpression of both of these genes did lead to ectopic secondary 

cell wall deposition in the epidermal cells, however, not in the endothecium. 

This may be indicative of a repressor of NST1/NST2 being present in the 

developing anther endothecium. The relationship of MYB26 promoting 

NST1/NST2 expression by allowing protein accumulation, which was suggested 

by Yang et al. (2017), coupled with this observation, could suggest the 

secondary role of MYB26 in NST1/NST2 expression during anther endothecium 

thickening, is the removal of this hypothetical repressor. 

One gene which was previously identified as playing a role in anther 

endothecium thickening is SAF1 (Kim et al. 2012), which was investigated here 

with the hypothesis that it has a potential role in the MYB26 network. Kim et 

al. (2012) identified SAF1 as having a role in male fertility, with overexpression 

lines having male sterility. This was due to a lack of anther dehiscence because 

of an absence of anther endothecium thickening. This was putatively caused by 

a down regulation of secondary cell wall biosynthesis genes in the SAF1 

overexpression plants. Knowing that NAC transcription factors activate 

secondary cell wall biosynthesis genes, via MYB proteins such as MYB46 and 

MYB83 (Taylor-Teeples et al. 2015; Zhang et al. 2018b), it is possible that this 

lack of secondary cell wall thickening in the endothecium is due to a lack of 

NST1/NST2 or MYB26 in the anther endothecium.  

SAF1 encodes an F-box protein (Kim et al. 2012) which are important in 

development by the removal of proteins within the cell through the process of 

ubiquitination (Nandi et al. 2006; Schumann et al. 2011). F-box proteins work 
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as part of a Skp1-Cullin-F-box (SCF), which is the most common E3 ligase in 

plants. E3 ligases generally add ubiquitin to target proteins (Schumann et al. 

2011) which then leads to the removal of the protein by the 26S proteasome, 

although there is evidence that some E3 ligases work to remove proteins 

through the N-end rule pathway (Jin et al. 2004; Skaar et al. 2009). It is 

therefore likely that SAF1 functions to remove a protein(s) and given the 

observed phenotype of the overexpression lines that this protein target is part 

of the MYB26 network to prevent anther endothecium thickening in 

overexpression lines. 

The overexpression of SAF1 leads to a downregulation of MYB26 and all 

downstream genes (NST1, NST2 and IRX1) (Figure 4.10). Using the knowledge 

that SAF1 is an F-box protein and likely works at a protein level then the likely 

protein being removed to lead to a downregulation in MYB26 expression is 

NST2, since NST2 is known to promote MYB26 expression (Yang et al. 2017). 

This is turn would lead to a downregulation of all downstream genes as is seen 

is Figure 4.10. Removal of MYB26 protein by SAF1 itself would be expected to 

lead to an upregulation of MYB26 - this is due to the fact that MYB26 

downregulates the expression of MYB26 (Yang et al. 2017)and so less MYB26 

within the system would likely lead to increased gene expression. The removal 

of an unknown protein upstream of MYB26 would also lead to the results 

observed here. However if one assumes MYB26 is the key driver of anther 

endothecium development (Yang et al. 2017), and based on work by Cecchetti 

et al. (2008, 2013) suggesting MYB26 activation initiates in response to low 

auxin levels as auxin is removed from the endothecium, then MYB26 may be 

assumed to be an initial activator gene for endothecium thickening in response 

to hormonal changes. Another supporting piece of evidence suggesting SAF1 

interacts with NST2 is the lack of a phenotype outside of the anther in 

35S::SAF1 plants. It’s known that NST2 is predominantly expressed in the 

anther and the removal of a protein with a less specific role would lead to 
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secondary cell wall issues throughout the plant, such as in vascular tissues. The 

assumption that SAF1 negatively regulates NST2 can be supported by the 

observation that overexpression MYB26 leads to a knocking out of SAF1 

expression (Figure 4.11) whilst knocking out MYB26 led to a high level (~20x) 

of SAF1 upregulation. This, coupled with the suggestion that SAF1 works to 

inhibit anther endothecium thickening by removing NST2, allows one to 

hypothesise that SAF1 fits into the MYB26 network as shown in Figure 6.2.  

A T-DNA insertion knock out mutant for saf1 was investigated but it did not 

seem to affect SAF1 expression. Further analysis was carried out for this SAIL 

T-DNA insert line and it was discovered that there was only partial transcript of 

SAF1. Looking at where the F-box motif is within the gene (Figure 5.6) it would 

appear that the partial transcription is unlikely to lead to a functional protein. 

The expression levels for MYB26, NST1, NST2 and IRX1 detected in 

SAIL_425_B06 (Figure 4.10) were not significantly different to wild type plants 

– the lack of a functional SAF1 protein in SAIL_425_B06 suggests the wild type 

gene expression in SAIL_425_B06 is down to saf1 knock out not affecting the 

expression of these genes. This is supported by the network proposed network 

in Figure 6.2 as it would suggest that SAF1 prevents premature expression of 

NST1 and N10ST2. MYB26 turns on later in anther development (Steiner‐Lange 

et al. 2003; Yang et al. 2007) when auxin levels are reduced (Cecchetti et al. 

2013; Cecchetti et al. 2008) and in turn knocks down / knocks out SAF1 to 

allow the downstream genes to be expressed. If this is the case, then knocking 

out saf1 would not change the expression of NST1/NST2/IRX1 at the 

appropriate time of anther development (stages 11-13), but may allow 

premature expression. This may lead to premature secondary cell wall 

thickening, however if one assumes that MYB26 does directly drive NST1/NST2 

transcription (along with its secondary role of removing SAF1) then NST1/NST2 

expression could still be temporally controlled. It could be the scenario where 

SAF1 is a second level of control of ensuring anther endothecium thickening 
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occurs at the appropriate time in the appropriate tissues, due to the extremely 

well-co-ordinated nature of anther dehiscence processes in developing flowers. 

This was not examined here and is something that could be investigated in the 

future. One thing that should be noted is that the partial SAF1 transcript does 

contain a FBD Domain (highlighted in Figure 5.6) which is a domain observed 

in F-Box proteins, but has an unknown function (Doerks et al. 2002) and 

therefore may have a role in the network. 
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6.3 TGA9, TGA10 and PKSP appear to interact with the MYB26 network 

Anther endothecium secondary thickening occurs around stages 11 onwards 

(Goldberg et al. 1993; Smyth et al. 1990), coinciding with when TGA9, TGA10 

and PKSP expression increases (Figure 5.20 – Figure 5.23), which, coupled with 

knockout mutants for tga9/tga10 having been shown to anther indehiscent (Mo 

2017) due to a lack of endothecium thickening, suggests that these genes could 

be involved in anther endothecium thickening. Knockout pksp plants did not 

have a phenotype however it is very possible that this is due to the redundency 

with its putative orthologue PCRK1 (Kong et al. 2016; Sreekanta et al. 2015). 

Figure 6.2 – Graphical representation of potential interactions within the anther 

endothecium secondary thickening gene network. Arrows with solid heads represent 

upregulation of gene expression (transcription and translation) whilst arrows with an 

open head represent upregulation of gene expression by slowing down the removal of 

the target gene’s protein. A bar represents downregulation of gene expression however 

there is no distinction between method of downregulation. 



Stefan Fairburn  Chapter 6 

 

129 

 

PCRK1 expression is higher in developing leaves (Figure 5.23) and it therefore 

seems likely that it may play a role outside of anther development, although 

this does not exclude it from also playing a role in anther development alongside 

functions within other tissues. 

TGA9 and PKSP expression is significantly downregulated when SAF1 is 

overexpressed (Figure 5.24). Going back to the initial hypothesis that SAF1 

removes NST2 from the system, leading to a reduction in MYB26 expression, 

this could suggest that these two genes are positively regulated by MYB26, 

which was also suggested by Mo (2017), since TGA10 and PCRK1 both have a 

slightly reduced expression in the 35S::SAF1 line. This smaller change in 

relative expression could be explained by the fact that these genes are less 

anther specific (Figure 5.21 and Figure 5.23) and these two genes may be less 

important to anther dehiscence. 

The tga9/tga10 knock out lines used by Mo (2017) were investigated for relative 

expression. Relative expression of SAF1 increased when tga9/tga10 were 

knocked out (Figure 5.25), similar to with myb26 plants (Figure 4.11). This may 

suggest that SAF1 is downstream of TGA9/TGA10, possibly by MYB26 activating 

TGA9/TGA10 expression which in turn inhibits expression of SAF1. However, 

overexpression of MYB26 did not lead to an increase in TGA9 or TGA10 

expression (Figure 5.25) which would suggest that this is not the case. Mo 

(2017) initially identified TGA9 as a protein which may interact with MYB26, 

and so there is the possibility that TGA9 is regulated by factors external from 

the MYB26 network and works with MYB26 to inhibit SAF1 expression, 

potentially through dimerisation. However, a further complication to this arises 

since myb26 mutants have no expression of TGA9 and TGA10, which supports 

the hypothesis that MYB26, directly or indirectly, upregulates their expression. 

PKSP expression is reduced when either MYB26 or NST1 and NST2 are knocked 

out (Figure 5.24). Mo (2017) suggested that PKSP was downstream of MYB26 

as a direct target, which is supported by the reduced expression in the myb26 

line. However, overexpression of MYB26 did not increase PKSP expression. 
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However further qRT-PCR experiments are needed to validate this. Reduced 

expression in the nst1/nst2 double knockout plants suggests that PKSP 

expression is also upregulated by NST1 or NST2, however it is as likely that the 

lower PKSP expression is a result of lower MYB26 expression when NST2 is 

knocked out due to the upregulation of MYB26 by NST2 (Yang et al. 2017). 

6.4 Summary 

Anther dehiscence is a key aspect of male fertility in developing flowers 

(Goldberg et al. 1993; Sanders et al. 1999). A number of highly coordinated 

events occur to allow for the successful development and release of viable 

pollen, and the breakdown at any of these stages could lead to infertile plants. 

Understanding male fertility is important because it will allow for the potential 

development of hybrid crops easier which should improve yields (Duvick 1999). 

Here a part of anther dehiscence has been investigated, looking at the specifics 

of a network which seems to be the key regulation in anther endothecium 

secondary thickening. This secondary thickening has been suggested to be 

driven by MYB26, which in turn activates NST1/NST2, which initiate secondary 

cell wall biosynthesis genes. The interaction between MYB26, NST1 and NST2, 

was fairly well established, however it was not a direct activation of the NAC 

domain genes by MYB26. Additionally, mathematical modelling is used to 

suggest NST2 drives MYB26 production by preventing protein breakdown. An 

extra F-box encoding gene SAF1 is placed into the network with the role of 

removing NST2 from the cell. MYB26 inhibits the expression of this gene. SAF1 

may act as a temporal control of NST2 accumulation in the anther. A second 

gene TGA9 seems to have a role similar to MYB26 in inhibiting SAF1 expression, 

although it is unclear whether it works downstream of MYB26 or alongside/with 

MYB26. Some potentially redundant genes have also been identified. 

It is accepted that there is a high level of regulation in anther dehiscence during 

development due to the need for high levels of coordination (Zhong et al. 2008). 

SAF1 acting to prevent premature expression of NST2 is entirely plausible. The 
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whole network could be controlled by hormone levels to ensure that the auxin 

minima (Sorefan et al. 2009) in the endothecium coincides with an auxin 

maxima in other tissues. This maxima in other tissues allows for the breakdown 

of the stomium and septum (Cecchetti et al. 2017; Wilson et al. 2011), through 

both programmed cell death (Keijzer 1987) and reactive oxygen species (Goto-

Yamada et al. 2014). Whilst this is occurring, an auxin minima within the 

endothecium would allow the expression of MYB26 (Cecchetti et al. 2013; 

Cecchetti et al. 2008), potentially linked to ADR expression being reduced, 

which has been shown to have an effect on NST1/NST2 expression. The 

activation of MYB26 drives NST1/NST2 expression, although (according to the 

hypothesis suggested here) importantly also inhibits SAF1 expression (which is 

reduced in late stage anthers (Figure 5.12)) to allow the accumulation of NST2 

(and NST1). These genes then turn on a suite of secondary cell wall biosynthesis 

genes which allow for secondary cell wall thickening to occur in the anther 

endothecium (McCahill and Hazen 2019; Mitsuda et al. 2005). The anther then 

dehydrates due to a number of factors which increase the osmotic pressure 

outside of the endothecium and epidermal cells, causing an increase in water 

transport from these, leading these cells to dehydrate (Bots et al. 2005; Matsui 

et al. 2000; Stadler et al. 1999). The differential forces exerted across these 

tissues due to the selective anther endothecium thickening and the breakdown 
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of other tissues then allows anther dehiscence to occur (Nelson et al. 2012). 

The overall network is summarised in Figure 6.3 

6.5 Future Work 

6.5.1 Transformation Repeats and Alternative Methods 

Unfortunately there were issues whilst growing up plants carrying the 

NST2::GFP translational fusions. Seeds were sown on a Hygromycin selective 

plate for and germinated. However, growth arrested after approximately a 

week. The Agrobacterium were tested by colony PCRs and sequencing for the 

presence of the NST2 plasmid. The arrest of growth may be a result of a low 

transformation efficiency due to plant health. Repeats of these transformations 

with the same plasmids (which have been sequenced completely) should result 

in successful transformations. Repeating transformations of 35S::SAF1 plants 

along with wild type using the ProNST2::NST2::GFP vector would be very 

interesting. It would be very important to visualise NST2 localisation in SAF1 

overexpression plants – if the network highlighted in Figure 6.2 is correct then 

Figure 6.3 – A summary of the known genetic network interactions from before this thesis, along with 

SAF1 and it’s role within the network based on work carried out here. Additionally, the interactions of 

how the different aspects of anther dehiscence are synchronised and interlinked are also hypothesised 

in the figure. 
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NST2 should be visible in wild type plants, but reduced or removed in SAF1 

overexpression plants. This could be strong evidence that SAF1 is involved in 

the MYB26 genetic network by negatively regulating NST2 accumulation. In 

addition to this, it would be useful to also repeat the CRISPR transformation of 

wild type plants to generate additional saf1 mutant lines to investigate whether 

the SAIL_426_B06 plants did successfully knock out the SAF1 expression or 

whether a different method to knock the gene out (CRISPR) would provide 

different information.  

6.5.2 Further Investigation of Other Genes 

The evidence presented suggest that TGA9/TGA10 could be upstream of SAF1 

and play a role in the negative regulation of SAF1 expression. However, it is 

not clear where it fits in the network with regards to MYB26, NST1/NST2, with 

there being contrasting evidence suggesting that it may/may not be a direct 

target of MYB26. Repeats of TGA9/TGA10 expression in myb26 and 

35S::MYB26 lines could shed some light on this. Previous work (Wilson Lab, 

unpublished) showed that overexpression of TGA9 led to an increase in MYB26 

expression – this could be due to an increase in NST2 accumulation (if SAF1 

expression in inhibited) and transforming this line with ProNST2::NST2::GFP 

construct could help clarify this. Analysis of how overexpression of TGA9 affects 

the expression of NST1/NST2 would also be interesting to explore, although if 

one assumes that TGA9 inhibits SAF1 expression then it would not be clear 

whether TGA9 was changing NST1/NST2 expression via this. To try and 

understand if TGA9 was more directly responsible for NST1/NST2 activation, 

then it would be interesting to investigate protein-DNA interactions, for 

example with ChIP assay analysis, or alternatively investigate protein-protein 

interactions with luciferase assays or yeast-2-hybrid analysis. 

PKSP is downregulated when SAF1 is overexpressed. It is suggested that it is 

downstream as a direct target of MYB26 (Mo 2017), and SAF1 overexpression 

leads to a downregulation of MYB26 expression. PKSP was identified using ChIP 



Stefan Fairburn  Chapter 6 

 

134 

 

assays of MYB26 putative targets and so should be directly downstream of 

MYB26, although it is not clear what role PKSP plays. Since pksp plants had no 

phenotype (Mo 2017), it would be worthwhile to generate pksp/pcrk1 mutants 

to see if these had a visible phenotype. This mutant could also be used to see 

if knocking out PKSP affects expression of NST1/NST2 or IRX1.  The same 

analysis should be carried out on an overexpression line for PKSP. Finally, it is 

not clear whether PKSP plays a role anther endothecium thickening and mutant 

analysis for phenotypes along with analysis to determine anything downstream 

of PKSP would be especially useful to define its function. 

 

6.5.3 Development of future models 

One thing which is important to do in the future would be to try and develop 

network models including SAF1, TGA9/TGA10 and PKSP/PCRK1. Looking at the 

network illustrated in Figure 6.2, the potential role of SAF1 is hypothesised to 

have quite a specific role. It is inhibited by MYB26 at the transcription level, 

and in turn inhibits NST2 accumulation at the post-translation level (by 

ubiquitination of NST2). To insert this into the network then equations should 

be altered as follows, with a new equation for the expression of SAF1. Green 

within the equation indicates a new section/new equation. 

𝑑(𝑁𝑆𝑇1𝑚𝑅𝑁𝐴)

𝑑𝑡
=

𝛼𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

𝜂 ∙  𝑆𝐴𝐹1
𝐾𝑆3

−
𝐾𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

 ∙  𝛽𝑁𝑆𝑇1𝑚𝑅𝑁𝐴
 ∙  𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

𝐾𝑁𝑆𝑇1𝑚𝑅𝑁𝐴
+ 𝑀𝑌𝐵26

 

 

𝑑(𝑁𝑆𝑇1𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜎 ∙  𝜀𝑁𝑆𝑇1𝑚𝑅𝑁𝐴

∙  𝑁𝑆𝑇1𝑚𝑅𝑁𝐴  −   𝜏 ∙ 𝜃𝑁𝑆𝑇1𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 ∙  𝑆𝐴𝐹1𝑝𝑟𝑜𝑡𝑒𝑖𝑛  

∙  𝑁𝑆𝑇1𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 

𝑑(𝑁𝑆𝑇2𝑚𝑅𝑁𝐴)

𝑑𝑡
=

𝛼𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

𝜂 ∙ 𝑆𝐴𝐹1
𝐾𝑆3

−
𝐾𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

 ∙  𝛽𝑁𝑆𝑇2𝑚𝑅𝑁𝐴
 ∙  𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

𝐾𝑁𝑆𝑇2𝑚𝑅𝑁𝐴
+ 𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 

 

𝑑(𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜆 ∙ 𝜀𝑁𝑆𝑇2𝑚𝑅𝑁𝐴

∙  𝑁𝑆𝑇2𝑚𝑅𝑁𝐴  −  𝜈 ∙ 𝜃𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 ∙  𝑆𝐴𝐹1𝑝𝑟𝑜𝑡𝑒𝑖𝑛  ∙  𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛 
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𝑑(𝑀𝑌𝐵26𝑚𝑅𝑁𝐴)

𝑑𝑡
= 𝛼𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

∙  
𝑐 + 

𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

𝐾𝑀1

1 +  
𝑁𝑆𝑇2𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝐾𝑀1
+  

𝜙 ∙ 𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

𝛿

 − 𝛽𝑀𝑌𝐵26𝑚𝑅𝑁𝐴
 ∙  𝑀𝑌𝐵26𝑚𝑅𝑁𝐴 

 

𝑑(𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜑 ∙ 𝜀𝑀𝑌𝐵26𝑚𝑅𝑁𝐴

 ∙  𝑀𝑌𝐵26𝑚𝑅𝑁𝐴 −   𝜓 ∙ 𝜃𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛
 ∙  𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 

𝑑(𝑆𝐴𝐹1𝑚𝑅𝑁𝐴)

𝑑𝑡
=  

𝛼𝑆𝐴𝐹𝑚𝑅𝑁𝐴

𝜙 ∙ 𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛

 −  𝛽𝑆𝑇𝐺  ∙  𝑆𝐴𝐹𝑚𝑅𝑁𝐴 

 

𝑑(𝑆𝐴𝐹1𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

𝑑𝑡
=  𝜗 ∙ 𝜀𝑆𝐴𝐹1𝑚𝑅𝑁𝐴

∙ 𝑆𝐴𝐹1𝑚𝑅𝑁𝐴  − 𝜘 ∙ 𝜃𝑆𝐴𝐹1𝑝𝑟𝑜𝑡𝑒𝑖𝑛
∙ 𝑀𝑌𝐵26𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∙ 𝑆𝐴𝐹1𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 

Coding these new equations into the Matlab models and simulating relative 

gene expression would be interested to see if this could get simulated 

expressions to correspond to the observed data. 

It would also be interesting to try and develop equations for TGA9, TGA10, and 

PKSP, however without further analysis of these genes it is impossible to 

conclude where exactly within the network these genes might feature.  
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