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Abstract 

 

 

 

Angiosperm leaves are typically polar structures with a distinct arrangement of 

cell types along the adaxial-abaxial (upper-lower) axis. Studies of leaf 

development in the model dicot plant Arabidopsis thaliana have shown that 

adaxial-abaxial patterning is not only associated with the formation of distinct 

cell types, but also triggers growth along the lateral axis leading to the formation 

of the leaf blade or lamina. Adaxial-abaxial patterning factors identified in a 

variety of plants including Arabidopsis, Antirrhinum and maize are either small 

regulatory RNAs or transcription factors. Although first categorized as being 

involved in adaxial-abaxial patterning, the YABBY (YAB) family of transcription 

factors is now thought to play a pivotal role in coordinating various 

developmental programs involved in leaf blade formation.  

 

As part of an approach to identify targets of the Arabidopsis YAB gene 

FILAMENTOUS FLOWER (FIL), this study generated transgenic lines with 

inducible FIL activity. Constitutive activation of FIL resulted in the partial 

abaxialisation of leaves and reduced blade growth, phenotypes that have 

previously been attributed to ectopic YAB expression. Further analysis showed 

that constitutive FIL activity increased the rate of cell cycle progression in 

specific regions of the developing leaf, as well as increasing sensitivity to 

exogenously applied auxin. The latter phenotype was inferred from increased 

activity of an auxin-signalling reporter, suggesting that FIL modulates auxin 

responses in Arabidopsis.  

 

Transcriptional profiling with microarrays was subsequently used to 

monitor genome-wide changes in gene expression following FIL activation. This 

analysis identified groups of genes that were either positively or negatively 

regulated by FIL and extensive testing of a subset of these genes showed that 

some were direct targets. On the basis of these results it is proposed that FIL 

functions as both a transcriptional activator as well as repressor during leaf 



 
 

development. Among the positively regulated genes identified as FIL targets, 

two are well-known abaxial patterning factors, KANADI1 (KAN1) and AUXIN 

RESPONSE FACTOR4 (ARF4). Given the well-defined role these factors play 

during leaf development, this study focused on their regulation. Analysis of 

mutant lines lacking activity of the leaf-expressed YABs revealed a significant 

reduction in KAN1 expression, but not ARF4 expression. These results confirm 

that FIL is a regulator of KAN1, but presumably regulates ARF4 in combination 

with other factors.  

 

In conclusion, this study identified direct targets of the bifunctional plant 

transcription factor FIL. Finding that two of these targets promote abaxial cell 

identity during leaf development supports the case for YABs being important 

polarity regulators. Given the expression pattern of the YABs, it is argued that 

YABs are unlikely to function upstream of KAN1/ARF4. Instead, a model is 

proposed in which YABs promote adaxial/abaxial patterning through a system 

of positive feedback loops that ultimately maintain the activity of these early 

abaxial patterning genes during leaf blade formation. 
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Chapter 1: Introduction 

 

 

 

1.1 Leaf Development and Polarity Establishment 

 

Arabidopsis thaliana is a eudicotyledonous plant from the Brassicaceae family 

that is widely used in molecular plant biology as a model organism due to its 

ease of propagation, compact size, short lifecycle and diploid genome. During 

development, plant organs arise post-embryonically from a population of self-

renewing pluripotent cells that reside within the growing tip of the shoot in a 

region called the shoot apical meristem (SAM). Lateral organs such as leaves 

and floral organs arise in a predictable pattern called phyllotaxy (Plantefol, 

1950; Carpenter et al., 1995) from cells present in the flanks of the shoot apical 

meristem. These cells acquire leaf founder cell identity following the 

accumulation of the phytohormone auxin (termed auxin maxima), which is 

mediated by a positive feedback loop between auxin and the PIN-FORMED1 

(PIN1) protein (Heisler et al., 2005; Jonsson et al., 2006; Gordon et al., 2007; 

Heisler et al., 2010). In dicot species such as Arabidopsis, auxin accumulation 

triggers founder cell proliferation and the formation of a small laterally flattened 

outgrowth called a primordium (Figure 1.1a). Although primordium cells at this 

stage of development are morphologically indistinguishable, the rate of cell 

division and pattern of gene expression in the region of the leaf closest to the 

meristem (adaxial domain) differs from that of cells further from the meristem 

(abaxial domain) (Snow and Snow, 1942; McConnell and Barton, 1998). 

Following primordium outgrowth, cells continue to proliferate and then 

differentiate along the proximal/distal (from SAM to leaf tip) and medial/lateral 

axes (laterally from middle to edge of the leaf), resulting in the formation of a 

large flat leaf blade supported by a central mid-rib and a proximal petiole linking 

the leaf to the plant. The adaxial side of the leaf is composed of an epidermis 

with large irregularly shaped cells covered in a wax-like cuticle. Beneath the 
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epidermis is a layer of densely packed elongated palisade mesophyll cells that 

primarily function in photosynthesis. In contrast, the abaxial side of the mature 

Arabidopsis leaf is characterized by small jigsaw-shaped epidermal cells, a high 

density of stomata (pores), and three layers of small, irregularly shaped spongy 

mesophyll cells that are loosely packed forming airspaces that enable gas 

exchange (Figure 1.1b).   
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Figure 1.1 Leaf Development in a Dicot Species  

 

(A) Cells in the periphery of the shoot apical meristem (SAM) acquire leaf 

founder (initial) cell identity leading to auxin accumulation and organ outgrowth. 

As the primordium grows, adaxial/abaxial polarity becomes established. 

Patterning along the adaxial/abaxial axis triggers extensive lateral growth 

leading to the formation of the leaf blade. Patterning and growth also occur 

along the proximal/distal axis leading to the formation of the petiole that links 

the developing leaf to the stem. Adapted from Waites and Hudson, 1995. 

 

(B) Cross-section through a mature leaf (middle) showing the 4 main cell types. 

Differences in the size of epidermal cells as revealed by scanning electron 

microscopy of the adaxial (top) and abaxial (bottom) leaf surface. 
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The first insight into the mechanism underpinning ad-abaxial patterning 

came from work conducted in the mid-20th century. These now classic 

experiments involved surgically isolating developing Solanum tuberosum 

(potato) leaf primordia from the adjacent shoot apex and monitoring how this 

affected cell identity. These manipulations resulted in the formation of radially 

symmetric leaves lacking adaxial cell identity, suggesting the existence of an 

adaxial-promoting signal emanating from the meristem and that the 

juxtaposition of adaxial and abaxial cell types in leaf primordia is required for the 

initiation of lateral growth and leaf blade formation (Sussex, 1955; Snow and 

Snow, 1959). More recent molecular genetic studies first with Antirrhinum majus 

and then with Arabidopsis, confirmed that a juxtaposition of abaxial and adaxial 

cell types is indeed required for normal lateral growth of the leaf blade 

(described in sections 1.2.1, 1.2.2 and 1.3.1; (Waites and Hudson, 1995; 

McConnell and Barton, 1998)). As the work reported in this study is focused on 

understanding the molecular mechanisms promoting leaf ad-abaxial patterning, 

the remainder of this review will focus solely on this aspect of leaf development. 

 

 

1.2 Transcription Factors Promoting Adaxial Cell 

Identity 

 

1.2.1 ASYMMETRIC LEAVES1 and ASYMMETRIC LEAVES2  

 

Mutations affecting the Antirrhinum MYB transcription factor PHANTASTICA 

(PHAN) display a range of leaf defects that are largely influenced by the 

developmental age of the plant (Waites and Hudson, 1995; Waites et al., 1998). 

Leaves arising following germination have a lobed appearance due to ectopic 

expression of SAM-specific Class-I KNOTTED-LIKE HOMEOBOX (KNOX) 

genes. As the plant matures, newly emerging leaves begin to display organ 

polarity defects. At the most extreme, leaves lack adaxial cell types resulting in 

a needle-like appearance due to a loss of blade growth. Leaves with 
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intermediate phenotypes have patches of adaxial tissue surrounded by abaxial 

tissue in the upper side of the blade. Wherever this occurs, an ectopic 

outgrowth is formed, consistent with the idea that a juxtaposition of adaxial and 

abaxial identity initiates blade growth. Surprisingly, PHAN expression is 

detected in both the abaxial and adaxial domains of developing leaf primordia 

(Waites et al., 1998), suggesting that PHAN activity either depends on factors 

restricted to the adaxial domain or is repressed in the abaxial domain. 

Like PHAN, the Arabidopsis ortholog ASYMMETRIC LEAVES1 (AS1), prevents 

KNOX gene expression in the developing leaf. However, a role in organ polarity 

does not seem to be conserved, as as1 mutant leaves do not display any 

prominent loss of adaxial identity and are instead lobed with short petioles, a 

characteristic feature of ectopic KNOX gene expression (Serrano-Cartagena et 

al., 1999; Byrne et al., 2000; Ori et al., 2000). Given this, it has been proposed 

that the primary role of AS1 is to act as a repressor of KNOX genes in emerging 

lateral organ primordia (Byrne et al., 2000; Byrne et al., 2002; Sun et al., 2002; 

Hay et al., 2006).  

 

Mutations in the adaxially-expressed LOB-domain transcription factor 

ASYMMETRIC LEAVES2 (AS2) condition a similar phenotype as as1 mutants, 

suggesting that this gene functions in the same genetic pathway (Serrano-

Cartagena et al., 1999; Semiarti et al., 2001; Iwakawa et al., 2002; Sun et al., 

2012). Consistent with this possibility, AS1 and AS2 proteins have been shown 

to dimerize (Guo et al., 2008). While combining as1 and as2 mutants does not 

lead to obvious leaf polarity defects, ectopic expression of AS2 results in 

phenotypes that are consistent with leaf adaxialisation (Lin et al, 2003). And in 

accordance with these observations, expression of the adaxial cell identity 

promoting Class III homeodomain leucine-zipper genes (described in section 

1.2.2; C3 HD-ZIP) is elevated in these lines (Ikezaki et al., 2010; Kojima et al., 

2011), suggesting that C3 HD-ZIP genes act in the same pathway, but 

downstream of AS1 and AS2, or are direct targets of these genes (Figure 1.3; 

(Semiarti et al., 2001; Lin et al., 2003; Xu et al., 2003)). 
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1.2.2 The Class III HOMEODOMAIN LEUCINE-ZIPPER (C3 HD-

ZIP) 

 

Genes regulating adaxial cell identity in Arabidopsis were first identified through 

the characterization of semi-dominant gain-of-function mutations affecting the 

Class 3 HOMEODOMAIN LEUCINE-ZIPPER (C3 HD-ZIP) transcription factor 

genes PHABULOSA (PHB), PHAVOLUTA (PHV) and REVOLUTA (REV). In 

each case, mutant transcripts accumulate in both adaxial and abaxial domains 

of developing lateral organs, rather than in the adaxial domain, as is the case in 

wild-type leaf primordia (McConnell et al., 2001; Otsuga et al., 2001). Organs 

arising from these mutants are radially symmetric and display severe 

disruptions to abaxial cell identity. For instance, epidermal cells have an 

adaxial-like appearance and internally, the vasculature has a concentric 

amphivasal (xylem surrounding phloem) arrangement rather than a collateral 

open (central (adaxial) xylem and peripheral (abaxial) phloem) structure. The 

abaxial activity of mutant C3 HD-ZIP alleles occur because of changes affecting 

a conserved microRNA target site that is present in a putative sterol-binding 

domain of the genes. As a consequence, abaxially-expressed miR165 and 

miR166 are unable to cleave the C3 HD-ZIP mutant transcripts (Rhoades et al., 

2002; Emery et al., 2003b; Kidner and Martienssen, 2004), leading to their 

abaxial accumulation of mRNA. More recently it has been shown that the C3 

HD-ZIPs physically interact with the C2 HD-ZIPs and that together they limit 

expression of the C3 HD-ZIP targeting miR165/166 to the abaxial domain of the 

developing leaf primordium (Tatematsu et al., 2015a; Tatematsu et al., 2015b; 

Merelo et al., 2016). This demonstrates that the C2/C3 HD-ZIPs and the 

miR165/166 are mutually antagonistic and together form a bidirectional 

repressive circuit. 

 

Together, these results indicate that the C3 HD-ZIPs promote adaxial cell 

identity; a finding that was subsequently confirmed through analysis of loss-of-

function mutants. Single loss-of-function mutations in phb, phv and rev do not 

affect leaf polarity establishment, indicating functional redundancy between 

members of this family (Talbert et al., 1995; Emery et al., 2003b). However, 
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higher order mutant combinations display leaf and meristem defects. For 

instance, phv rev double mutants produce partially abaxialised leaves, while in 

phb phv rev triple mutants, a single abaxialised cotyledon replaces the shoot 

apical meristem, resulting in a complete cessation of growth (Emery et al., 

2003b). These observations are consistent with genetic and functional 

redundancy within this gene family in promoting adaxial cell identity and 

meristem formation. ATHB8 and ATHB15 also belong to the C3 HD-ZIP family 

but have distinct expression patterns and do not contribute to organ polarity 

establishment (Baima et al., 1995; Kang and Dengler, 2002; Green et al., 2005; 

Prigge et al., 2005).  

 

Further regulation of C3 HD-ZIPs occurs via four members of the LITTLE 

ZIPPER (ZPR) gene family, which are expressed adaxially and characterised by 

small leucine-zipper elements that are complementary to those found in C3 HD-

ZIPs (Wenkel et al., 2007; Kim et al., 2008). Using co-immunoprecipitation 

experiments, it was shown that ZPRs and C3 HD-ZIPs form heterodimers which 

interfere with the formation of C3 HD-ZIP homodimers and hence their ability to 

bind their target DNA sequences (11 bp pseudo-palindromic sequence 

(GTAAT(G/C); (Sessa et al., 1998; Wenkel et al., 2007; Kim et al., 2008). The 

extent of inhibition becomes apparent in constitutively expressed ZPR plant 

lines, which display abaxialisation phenotypes similar to those of loss-of-

function C3 HD-ZIPs. Interestingly, C3 HD-ZIPs promote ZPR expression, 

suggesting that ZPR activity modulates C3 HD-ZIP homodimerization and 

hence activity, as part of a negative feedback loop (Wenkel et al., 2007; Kim et 

al., 2008; Brandt et al., 2012b). 

 

Aside from ZPRs, C3 HD-ZIPs have been found to physically interact 

with several other types of proteins using a combination of co-

immunoprecipitation and yeast two-hybrid techniques. These include AP2 

domain-containing proteins, IDD family a1-type zinc finger-containing 

transcription factors, MYB-like binding domain proteins, TCP DNA binding 

domain proteins and TIFY domain binding proteins (Chandler et al., 2007; 

Reinhart et al., 2013). Together with these factors, C3 HD-ZIPs regulate the 

expression of several genes involved in signal transduction, leaf polarity, 
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vascular organisation, meristem formation and hormone pathways including 

auxin, ABA, brassinolides and cytokinins (Kelley et al., 2009; Kieffer et al., 

2011; Dello Ioio et al., 2012; Reinhart et al., 2013). Recent studies seeking to 

identify direct targets of REV found that C3 HD-ZIPs primarily act as 

transcriptional activators (ZPR1/3, HAT2/3, TAA1, YUC5, PYL6, CIPK12), 

however it was also found that in some cases, REV acts as a repressor 

(IDD4/5, EXP10, SMZ, ATH1; (Wenkel et al., 2007; Magnani and Barton, 2011; 

Brandt et al., 2012a; Reinhart et al., 2013)). Taken together, these findings 

show that C3 HD-ZIPs are key regulators of pathways involved in meristem 

maintenance, lateral organ polarity establishment and growth. 

 

 

1.3 Transcription Factors Promoting Abaxial Cell 

Identity 

 

1.3.1 The KANADI Gene Family 

 

The KANADI (KAN) gene family is associated with the establishment of abaxial 

cell identity (Eshed et al., 1999; Eshed et al., 2001; Kerstetter et al., 2001). This 

gene family is comprised of four members containing a GARP (Golden2 from 

Maize, ARR from Arabidopsis, PSR1 from the green alga Chlamydomonas 

reinhardtii and PHR1 from Arabidopsis) transcriptional regulation domain and 

are expressed in the abaxial domain and in the phloem-precursor cells of the 

developing vascular bundle (Bowman et al., 2002; Hosoda, 2002; Eshed et al., 

2004). It has recently been shown that KANs bind to the cis-regulatory elements 

of target genes containing a 6bp motif (GNATA(T/A) via the GARP domain (Wu 

et al., 2008; Franco-Zorrilla et al., 2014; Huang et al., 2014).  

 

Loss-of-function mutations in KAN1 are associated with slightly upturned 

leaves with a minor loss of abaxial cell identity, while loss-of-function mutations 

in the other KAN genes do not produce aberrant leaf phenotypes (Eshed et al., 
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2001; Kerstetter et al., 2001). When kan1 and kan2 loss-of-function mutants are 

combined, the resulting plants produce narrow leaves that are partially 

adaxialised and have small blade-like outgrowths arising from their abaxial 

surface (Eshed et al., 2001; Eshed et al., 2004). kan1 kan2 kan3 triple mutants 

present a further loss of abaxial cell identity, blade growth and a reduced 

frequency of ectopic outgrowths on the abaxial leaf surface (Eshed et al., 2004). 

Finally, kan1 kan2 kan3 kan4 quadruple loss-of-function mutants display the 

same leaf phenotype as that seen in kan1 kan2 kan3 triple loss-of-function 

mutants, suggesting that KAN4 does not play a major role in leaf development 

(Izhaki and Bowman, 2007).  

 

Loss of abaxial cell identity in kan1 kan2 double mutants is associated 

with ectopic expression of C3 HD-ZIPs (Eshed et al., 2001), suggesting that 

KANs repress C3 HD-ZIP expression in the abaxial domain of leaves. 

Consistent with this activity, constitutive expression of KANs causes leaf 

abaxialisation and a complete loss of C3 HD-ZIP expression (Eshed et al., 

2004). Taken together with the observation that KAN1 expression is reduced in 

the gain-of-function phb-1d mutant, these results demonstrate that KANs and 

C3 HD-ZIPs define organ polarity through mutual repression (Eshed et al., 

1999; Eshed et al., 2001; Kerstetter et al., 2001; Emery et al., 2003b)). More 

recent studies comparing whole genome expression changes in response to 

induced KAN1 and C3 HD-ZIP activity found that these genes oppositely 

regulate the same subset of genes, where C3 HD-ZIPs promote expression and 

KAN1 represses gene expression (Reinhart et al., 2013; Huang et al., 2014). 

This result implies that rather than directly repressing each other, KANs and C3 

HD-ZIPs act upon shared targets in an opposing manner to modulate adaxial or 

abaxial cell fates. This would allow for KAN and C3 HD-ZIP activity to be 

balanced and lead to normal polarity establishment. This model was first 

proposed when KANs and C3 HD-ZIPs were studied in ovule development 

(McAbee et al., 2006). It was found that KAN4 expression was unaffected in 

ovules ectopically expressing C3 HD-ZIPs, suggesting that rather than 

maintaining distinct domains of expression, KANs and C3 HD-ZIPs oppose 

each other indirectly by modulating expression of genes required for promotion 

of adaxial and abaxial cell identity (Kelley et al., 2009). 
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Three studies clearly establish KANs as repressors. In the first of these, 

a high throughput yeast two-hybrid approach was used to identify interacting 

partners of the GROUCHO/TUP1-like co-repressor protein TOPLESS (TPL). 

This identified KAN1 as a TPL partner, although no further in planta studies 

were performed (Causier et al., 2012). The second study established that KAN1 

acts negatively on the adaxial regulator AS2 in the abaxial domain of leaves by 

directly binding to the regulatory region of the AS2 promoter (Wu et al., 2008). 

Mutations in the KAN1 binding site of the AS2 promoter results in abaxial 

accumulation of AS2 and leaf adaxialisation, further confirming that KAN1 

represses AS2. The adaxialisation phenotype associated with this dominant as2 

mutant (as2-5d) is relatively mild when compared to the severe polarity defects 

apparent in kan1 kan2 double mutants. Taken together with the observation that 

as2 loss-of-function mutations do not suppress the kan1 kan2 leaf polarity 

defects, it has been suggested that KANs regulate other important organ 

polarity genes as well as AS2. Several lines of evidence also suggest that AS2 

is a negative regulator of KAN activity. This stems from the observation that 

KAN1/2 expression is reduced in a transgenic line containing the constitutively 

expressed cauliflower mosaic virus promoter (CaMV 35S), fused to AS2 

(35S::AS2) and that as2 loss-of-function mutants have elevated KAN2 

expression (Lin et al., 2003; Iwakawa et al., 2007). Thus, ad-abaxial patterning 

is likely to also involve mutual repression between KANs and AS2, and that 

while KAN1 performs this function directly, it is not known whether KANs are 

direct targets of AS2. The third study utilized a microarray approach comparing 

gene expression following induction of KAN1 with or without cycloheximide 

(CHX, an inhibitor of protein biosynthesis) in order to detect direct targets of 

KAN1 containing KAN1 DNA binding sites (GNATA(A/T), (Huang et al., 2014)). 

It was found that KAN1 is predominantly a repressor of gene expression. 

 

Genome-wide transcriptional profiling via microarray analysis and ChIP-

seq has also identified genes directly regulated by KANs (Merelo et al., 2013; 

Reinhart et al., 2013; Huang et al., 2014). This revealed diverse targets 

including all the major hormone pathways (ABA, jasmonic acid, 

brassinosteroids, ethylene, cytokinins and gibberellins). The effect on the auxin 

pathway was the most striking, due to the antagonizing effects of REV on a 
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subset of these genes. These studies confirmed that KAN1 acts negatively and 

REV positively on the auxin pathway from biosynthesis (YUCCA5, TAA1), 

transport (PIN4, LAX1/2/3, NPY1/3/5, NPH3) and signaling ((FLS2, IAA11/18, 

ARF3); (Zhong and Ye, 2001; Izhaki and Bowman, 2007; Brandt et al., 2012a; 

Kelley et al., 2012; Merelo et al., 2013; Huang et al., 2014)). As these are very 

recent findings, the mechanisms of regulation, downstream effects and 

individual contribution of these target genes to polarity establishment and leaf 

development has yet to be established. 

   

 

1.3.2 Auxin Response Factors 

 

AUXIN RESPONSE FACTORs (ARFs) are transcription factors that regulate 

the expression of auxin response genes via the auxin response elements 

(AuxRE) present within their promoters (Guilfoyle et al., 1998; Ulmasov et al., 

1999). In Arabidopsis, the ARF gene family comprises 23 members, 2 of which 

have been implicated in promoting abaxial cell identity. ARF3 (also known as 

ETTIN (ETT)), was originally identified as a floral regulator on the basis that arf3 

mutants have an increased number of sepals and petals, fewer stamens and 

altered anther and carpel morphology due to patterning defects (Sessions and 

Zambryski, 1995; Sessions et al., 1997).  

 

Although arf3 mutant leaves do not have obvious ad-abaxial patterning 

leaf defects, when combined with mutations in the closely related ARF4 gene, 

leaves become partially adaxialised and have ectopic blade outgrowths arising 

from the abaxial leaf surface; phenotypes shared with the kan1 kan2 mutants 

(Pekker et al., 2005). Consistent with a role in promoting organ polarity, ARF4 

expression is limited to the abaxial side of developing leaves. In contrast, ARF3 

expression is found throughout the SAM, leaf anlagen, vasculature and margins 

of young developing leaves before its expression is confined to the abaxial 

domain of leaf primordia (Sessions et al., 1997). Loss-of-function mutations in 

ARF3 were identified in a genetic screen for suppressors of ectopic KAN1 

activity despite expression of ARF3 not being dependent upon KAN activity as 
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ARF3 expression was detected in kan1 kan2 mutants (Pekker et al., 2005). In 

the same study, it was found that constitutive expression of ARF3 and ARF4 

cannot complement kan1 kan2 mutants. These results strongly suggest that 

ARF3 and ARF4 act in conjunction with KAN1 rather than downstream. 

Consistent with this scenario, ARF3 has been shown to physically interact with 

KAN4 in both yeast and plant based assays, leading to the suggestion that a 

KAN/ARF3 complex regulates integument primordia formation during ovule 

development. Given that interactions between KAN1 and ARF3 were also 

observed in yeast assays, it is possible that this complex also regulates abaxial 

cell identity in developing lateral organs (Kelley et al., 2012).  

Several studies have identified a class of trans-acting short-interfering RNAs 

(tasiR-ARF) that target ARF2, ARF3 and ARF4 (Allen et al., 2005; Williams et 

al., 2005; Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006; Hunter 

et al., 2006; Felippes and Weigel, 2009; Marin et al., 2010). These tasiR-ARFs 

are generated by  miR390-mediated cleavage of the TAS3 (TRANS-ACTING 

SHORT-INTERFERING RNA3) transcript, which initiates formation of dsRNA 

through the activity of SUPPRESSOR OF GENE SILENCING 3 (SGS3) and 

RNA-DEPENDENT RNA POLYMERASE 6 (RDR6). This dsRNA molecule is 

then processed by DICER-LIKE 4 (DCL4) into 21 nucleotide siRNAs which 

associate with the RISC complex and targets ARF transcripts for degradation 

(Peragine et al., 2004; Vazquez et al., 2004; Gasciolli et al., 2005; Xie et al., 

2005; Yoshikawa et al., 2005; Lam et al., 2012; Mecchia et al., 2013; 

Yoshikawa et al., 2013). As expression of TAS3 is localized to the adaxial 

domain of leaves, it has been proposed that tasiR-ARFs also accumulate in this 

domain, limiting ARF3 and ARF4 expression to the abaxial domain of 

developing leaves (Xu et al., 2006; Xu et al., 2007). A recent investigation has 

described the tasiR-ARFs as morphogens due to their capacity to finely define 

the expression domains of ARFs through a mobile gradient, thus guiding 

positional boundaries of expression during organogenesis (Skopelitis et al., 

2017). It has also been shown that AS1/AS2 directly represses ARF3 and via 

repression of tasiR-ARFs, also represses ARF2 and ARF4 (Takahashi et al., 

2013; Machida et al., 2015), further demonstrating the complexities in lateral 

organ development. 
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1.4 The YABBY Gene Family 

 

The YABBY (YAB) gene family was first identified in Arabidopsis on the basis of 

sequence homology to CRABS CLAW (CRC), a gene involved in carpel and 

nectary development (Bowman and Smyth, 1999; Sawa et al., 1999a; Sawa et 

al., 1999b; Siegfried et al., 1999). All six members (Figure 1.2) encode 

transcription factors with a strongly conserved C-terminal helix-loop-helix motif, 

called the YABBY domain that displays similarity to the DNA-binding motif of the 

high mobility group (HMG) proteins (Bowman, 2000b). Gel retardation studies 

originally reported that this domain confers non-specific DNA binding (Kanaya 

et al., 2002), however more recent studies have identified a DNA binding motif 

with the sequence consensus being WATNATW (Franco-Zorrilla et al., 2014). In 

accordance with DNA binding sensitivity, studies in soybean identified three 

distinct DNA binding motifs related to YAB activity within 96 genes 

(Shamimuzzaman and Vodkin, 2013). These findings are also supported in rice 

where YABs have been shown to bind to giberrellin response elements in a 

DNA-sequence specific manner (Dai et al., 2007b).  

 

It has also been shown that the conserved Cys2-Cys2 zinc finger domain, 

which is present at the N-terminus of YABs, mediates protein interactions 

(Stahle et al., 2009; Boter et al., 2015). In vitro studies have confirmed that this 

domain is capable of binding two zinc ions (Kanaya et al., 2001) and is essential 

for homo or hetero-dimerization amongst YAB members, JASMONATE-ZIM 

DOMAIN3 (JAZ3) and the transcriptional co-repressors LEUNIG (LUG) and 

LEUNIG-HOMOLOG (LUH) (see section 1.4.1; (Stahle et al., 2009; Boter et al., 

2015)). Studies have therefore linked YABs to both activation and repression of 

gene expression, which is dependent on partners within differing protein 

complexes (Stahle et al., 2009; Bonaccorso et al., 2012a; Boter et al., 2015; 

Simon et al., 2017). 
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Figure 1.2 The YABBY Gene Family 

 

(A) Phylogenetic tree of the YABBY (YAB) gene family. Vegetatively expressed 

YABs are pictured in green while YABs expressed solely in flowers are pictured 

in black. FIL and YAB3 are very closely related and form a sub-clade within the 

YAB family as does YAB2 and YAB5. INO and CRC are the most divergent. 

Diagram adapted from Golz and Hudson, 1999. 

  

(B) The structure of YAB transcription factors. YAB proteins share two 

conserved regions. The first conserved domain is a Cys2-Cys2 zinc finger 

domain that is required for protein-protein interactions. The second domain is 

the YABBY domain comprised of a helix-loop-helix similar to high mobility group 

(HMG) domains that bind DNA. 
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It has also been shown that there is a high level of functional redundancy 

between members of the YABBY family, as demonstrated by domain swap 

studies where chimeric YAB proteins with interchanged YABBY, central 

diverged and Cys2-Cys2 zinc finger domains were fused to the CaMV 35S 

promoter. The resulting Arabidopsis transgenic lines all conditioned the same 

epinastic and downward curling leaf phenotype, albeit with varying severity 

(Meister et al., 2005; Gallagher and Gasser, 2008). 

 

Of the six YABBY genes, four are expressed abaxially in all lateral 

organs (FILAMENTOUS FLOWER (FIL), YAB2, YAB3, YAB5), whereas CRC is 

expressed abaxially in carpels and within developing nectaries (Bowman, 

2000a). INNER NO OUTER (INO) is only expressed in the outer integument of 

the developing ovule (Villanueva et al., 1999). The high degree of sequence 

similarity, redundancy demonstrated by domain swap experiments and 

overlapping expression pattern amongst the four vegetatively expressed YABs 

suggest that they may perform overlapping functions. Consistent with this idea 

is the lack of observable phenotypes associated with loss-of function mutations 

in these genes. Loss-of-function mutants in FIL however, affect phyllotaxis and 

flower development due to defects in spatial and temporal meristem 

organization. As a result, fil mutants produce two distinct floral phenotypes 

which arise progressively during the reproductive phase (Sawa et al., 1999a; 

Goldshmidt et al., 2008; Lugassi et al., 2010). The first floral structure appears 

shortly after the transition from the vegetative state to the reproductive state and 

is characterised by flowers with an aberrant number and organization of floral 

organs, as well as a reduction in their width. Some of these organs display 

homeotic transformations (partial or full conversion of one organ type into 

another) such as petals replacing sepals, suggesting FIL regulates expression 

of floral homeotic genes. This initial phase of flowering is followed by a second 

period in which filament-like structures arise from the inflorescence. These 

structures do not form floral organs except for an occasional sepal.  

 

The role of YABs in vegetative development only becomes apparent 

when single yab mutations are combined. For example, fil yab3 double mutants 

have narrow cotyledons and leaves, and on the basis of leaf epidermal cell 
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morphology, display a partial loss of abaxial cell identity (Siegfried et al., 1999). 

In some growth conditions, ectopic shoots arise from the adaxial side of fil yab3 

double mutant leaves. These structures are associated with the misexpression 

of KNOX genes (SHOOTMERISTEMLESS (STM), BREVIPEDICELLUS (BP) 

and KNOTTED-like Arabidopsis thaliana2 (KNAT2)), suggesting that another 

role of YABs is to limit KNOX gene expression to the developing shoot 

(Kumaran et al., 2002). Conversely, ectopic over-expression of either FIL or 

YAB3 under the control of the CaMV 35S promoter causes partially abaxialised 

leaves, severely stunted growth, downward curling of leaves and in severe 

cases, shoot meristem arrest (Sawa et al., 1999b; Siegfried et al., 1999). Using 

a fluorescent sensor for miR165 activity (35S:miYFP-W), it was subsequently 

shown that miR165 activity was reduced in the partially adaxialized fil yab3 

mutant leaves, suggesting that YABs promote expression of the C3 HD-ZIP 

targeting miRNAs (Tatematsu et al., 2015a). Together, these observations 

suggest that FIL and YAB3 redundantly promote abaxial cell identity, lateral 

growth and meristem activity. 

 

Studies of the Antirrhinum FIL orthologue GRAMINIFOLIA (GRAM) also 

showed that this gene promotes abaxial patterning during lateral organ 

development (Golz et al., 2004). Surprisingly, when gram mutants were 

combined with mutations in the YAB5 orthologue PROLONGATA (PROL), 

leaves of the double mutant were radially symmetric and appeared to lack 

adaxial cell identity (Golz et al., 2004). Consistent with leaf abaxialisation, there 

was reduced expression of the Antirrhinum PHB orthologue (AmPHB) (Golz et 

al., 2004). Since both PROL and GRAM activity are abaxially confined, their role 

in promoting AmPHB expression and adaxial cell identity presumably involves a 

non-cell autonomous pathway.  

 

Characterisation of the Arabidopsis fil yab3 yab5 triple mutants showed 

that the adaxial promoting function of YABs is conserved in this species, as 

mutant leaves were either extremely narrow or radially symmetric and had 

reduced PHB expression (Stahle et al., 2009). Genetic interactions between FIL 

and the lateral organ promoting gene, AINTEGUMENTA (ANT) also support a 

role for the YABs in promoting adaxial cell identity as leaves arising from ant fil 
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double mutants display abaxialisation and decreased PHB expression (Nole-

Wilson and Krizek, 2006). Furthermore, in Zea mays (corn), YAB orthologues 

have been shown to be adaxially expressed and involved in the promotion of 

lateral organ growth (Juarez et al., 2004). Taken together, these studies 

demonstrate that YABs function to promote both adaxial and abaxial cell identity 

in a complex regulatory network (Figure 1.3). 

 

In Oryza sativa (rice), there are eight members of the YAB gene family 

(Nagasawa et al., 2003; Yamaguchi et al., 2004; Toriba et al., 2007; Tanaka et 

al., 2012). In this monocot species, YABs display less functional redundancy 

than in Arabidopsis and are not expressed in a polar manner in leaves, 

suggesting that they are not involved in the establishment of leaf adaxial-abaxial 

polarity. Their roles in KNOX gene repression, leaf cell growth and 

differentiation, and meristem maintenance are however conserved. It was found 

that OsYAB1 is involved in the gibberellic acid (GA) hormone pathway, as 

overexpression of OsYAB1 led to a semi-dwarf phenotype that could be 

rescued by exogenous GA application (Dai et al., 2007b). Using an inducible 

system for OsYAB1 activity and a translational inhibitor, cycloheximide, it was 

shown that a gibberellic acid biosynthesis gene, OsGA3ox2 was a direct target 

of OsYAB1. It was further shown by gel shift experiments that OsYAB1 binds to 

a GA-responsive element in the OsGA3ox2 promoter. Although Arabidopsis 

YABs have not as yet been linked to GA signaling, analysis of auxin transport 

and signaling reporters in fil yab2 yab3 yab5 quadruple mutants indicate that 

auxin related processes are affected in this line (Sarojam et al., 2010). 

 

Although YAB activity is clearly important for the promotion of organ 

polarity, several lines of evidence suggest that YABs are not the primary 

determinants of these functions. Firstly, expression of YABs is first observed 

following the expression of primary polarity determinants (KANs and C3 HD-

ZIPs) in developing leaves and their expression is highest during lateral growth 

(post primordium outgrowth), suggestive of their role in maintenance and 

promotion of cell identity (Sawa et al., 1999b; Siegfried et al., 1999; Eshed et 

al., 2001; Emery et al., 2003b). Secondly, yab mutant phenotypes and 

constitutive expression of YABs result in less severe phenotypes compared to 
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KAN or C3 HD-ZIPs, indicating that YAB contribution to cell identity may be a 

secondary function (McConnell and Barton, 1998; Sawa et al., 1999b; Eshed et 

al., 2001). Furthermore, YAB expression is associated with ectopic blade 

outgrowths arising in kan1 kan2 mutants as the inclusion of yab mutants in 

these lines alleviates this phenotype, hinting that KAN functions upstream of 

YABs (Figure 1.3; (Eshed et al., 2004). Finally, KAN and C3 HD-ZIPs are 

conserved in all higher plants, whilst YABs perform varying functions and have 

been shown to evolve more recently than the primary polarity determinants 

(Harrison et al., 2005; Prigge and Clark, 2006; Rensing et al., 2008; Sarojam et 

al., 2010). 

 

More recent transcriptomic analysis of yab quadruple mutants indicates 

that expression of genes associated with lamina development, such as the 

CINCINNATA-class of TCP transcription factors, is not initiated. And consistent 

with the reactivation of genes associated with SAM activity, ectopic WUSCHEL 

expression was also detected in radialized yab quadruple mutant leaves 

(Sarojam et al., 2010).  Accompanying these defects in leaf development were 

altered patterns of auxin signaling and transport and a failure to establish the 

marginal leaf domain. These phenotypes suggest that the primary role of the 

YABs is to translate organ polarity, which is established during the early stages 

of leaf development, into a lamina-specific program that generates the leaf 

blade with its characteristic marginal auxin flow and determinate growth 

(Sarojam et al., 2010). 

 

 

1.4.1 Transcriptional Co-Repressors and YABs  

 

Using a yeast two-hybrid screening approach, Navarro and colleagues showed 

that the Antirrhinum transcriptional co-repressor STYLOSA (STY) physically 

interacts with GRAM (Navarro et al., 2004). STY encodes a glutamine rich 

WD40 protein with extensive similarity to the yeast transcriptional co-repressor 

TUP1 and the Drosophila repressor GROUCHO (Motte et al., 1998; Navarro et 

al., 2004). Genetic studies have shown that STY, and its Arabidopsis orthologue 
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LEUNIG (LUG) are involved in the transcriptional repression of floral homeotic 

genes but do not display an aberrant vegetative mutant phenotype (Liu and 

Meyerowitz, 1995; Motte et al., 1998; Conner and Liu, 2000). Absence of 

recognizable DNA-binding motifs in the LUG and STY proteins suggest that 

they must interact with DNA-binding factors if they are to be recruited to the 

regulatory elements of target genes. Although physical interactions between 

GRAM and STY have not been shown in planta, interactions between the 

Arabidopsis genes LUG, the closely related LEUNIG_HOMOLOG (LUH), 

SEUSS (SEU) and YABs have been confirmed, consistent with the proposed 

model that YABs function in a repressive protein complex (Stahle et al., 2009; 

Simon et al., 2017). While lug luh double mutants are embryonic lethal, plants 

that are mutant for LUG and herterozygous for LUH (lug luh+/-) develop partially 

abaxialised leaves, occasional needle and trumpet-like leaves as well as SAM 

defects, demonstrating the redundant functions between LUG and LUH. It was 

also found that fil yab3 lug mutants produce extremely narrow cotyledons and 

leaves, resulting in a further reduction of abaxial cell identity and lateral growth 

compared to fil yab3. When the lug luh+/- line is combined with fil, triple mutants 

display narrow upturned cotyledons and lack a functional SAM, leading to a 

complete arrest in further development (Stahle et al., 2009). 

 

Taken together, these studies suggest that the YAB/LUG/LUH complex 

in Arabidopsis promotes abaxial cell identity, leaf development and meristem 

formation through transcriptional repression and adaxial cell identity via a non-

cell autonomous pathway.  
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1.5 Coordinating Abaxial-Adaxial Patterning via the 

Middle Domain 

 

It has recently been shown that the WUSCHEL-RELATED HOMEOBOX (WOX) 

genes WOX1 and WOX3 (also known as PRESSED FLOWER (PRS)) are 

involved in the promotion of abaxial-adaxial patterning along the leaf margin 

and middle domain (Vandenbussche et al., 2009; Tadege et al., 2011). WOX 

genes were first described in their roles promoting the lateral axis in flower 

development (Matsumoto and Okada, 2001; Haecker et al., 2004; Breuninger et 

al., 2008) whereas in leaves, WOX1 and WOX3 are active in the region 

between adaxial and abaxial domains called the middle domain, where they 

maintain the expression domain of AS2, miRNA165/166 and the YABs (Figure 

1.3; (Nakata et al., 2012). While WOX1 and WOX3 are repressed by KAN1, 

YABs promote WOX1, but not WOX3 expression (Nakata et al., 2012). It was 

thus proposed that the WOX genes function downstream of abaxial polarity 

establishment and play an important role in the maintenance of adaxial and 

abaxial factors leading to normal leaf development. 

 

In rice however, overexpression studies have shown that OsWOX3 acts 

as a transcriptional repressor of OsYAB3, which leads to the ectopic expression 

of OsKNOX genes in leaves, demonstrating an inverse relationship between 

YABs and WOX genes in monocots (Dai et al., 2007a).  

 

 

1.6 Summary of Current Model for Abaxial-Adaxial Cell 

Identity Establishment in Arabidopsis 

 

The role of YABs in leaf development is not yet fully understood. Based on 

molecular genetic studies, one hypothesis is that they promote both abaxial and 

adaxial cell identity and are involved in maintaining this axis of polarity upon leaf 

initiation (Figure 1.3). Consistent with this function, YABs are expressed in the 
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abaxial domain of lateral organs and clearly have a role in promoting abaxial 

cell identity as fil yab3 double mutants display loss of abaxial tissues. However, 

fil yab3 yab5 triple mutants display a loss of adaxial cell identity associated with 

a decrease in PHB expression, suggesting that YABs promote C3 HD-ZIP 

expression in a non-cell autonomous manner. As fil yab2 yab3 yab5 quadruple 

mutants do not produce completely adaxialised tissues, other factors must be 

involved and sufficient for the promotion of abaxial cell identity and it may 

therefore be concluded that YABs cannot perform this function alone. The KAN 

gene family is also abaxially expressed and promotes abaxial cell identity partly 

by the mutual repression of the C3 HD-ZIPs. In addition to KANs, C3 HD-ZIPs 

(in conjunction with C2 HD-ZIPs) also form a bidirectional repressive circuit with 

the microRNAs, miR165/166. As a result, the microRNAs are confined to the 

abaxial domain of developing leaves. Within the adaxial domain, C3 HD-ZIPs 

promote the expression of ZPRs which in turn act to modulate C3 HD-ZIP 

activity in a negative feedback loop. C3 HD-ZIP expression is also indirectly 

promoted by the activity of AS1/AS2 by repressing miR165/166. AS1/AS2 are 

also in a bidirectional repressive circuit with the KANs. It has been shown that 

AS1/AS2 expression is promoted by the WOX genes in the middle domain of 

developing leaves. Interestingly, WOX genes regulate abaxial factors while 

KANs function to repress WOX gene expression. ARF3 and ARF4 (ARFs) are 

abaxially expressed due to their regulation by AS1/AS2 and the adaxially 

expressed tasiR-ARFs. It has further been shown that ARFs promote abaxial 

cell identity by physical interactions with KANs.  

Although the precise modes of interactions between the various gene families 

involved in promoting abaxial-adaxial cell identity are not yet fully understood, 

the combination of these genes provide the necessary genetic factors to 

maintain a balance between adaxial and abaxial tissue specification. It is 

however possible that other, as yet undescribed gene families, are also involved 

in the early abaxial-adaxial cell patterning of leaves. However, they are likely to 

function in parallel with the abovementioned gene families. 
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Figure 1.3 Current Model for Abaxial-Adaxial Cell Identity Establishment in 

Arabidopsis. 

 

Purple rectangular section represents the adaxial domain of the leaf and 

general expression domain of genes contained within. The grey section 

represents the middle domain of the leaf, whereas the green rectangular section 

depicts the abaxial domain of the leaf. 

 

Solid lines with arrows represent positive regulation, while solid lines ending in a 

bar represent repression. Lines with bars at both ends indicate mutual 

repression. Dotted lines with arrows represent non-cell autonomous positive 

regulation, while grey dotted lines indicate physical interactions. Red arrows 

indicate cell specification output.  
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1.7 This Study 

 

Despite extensive efforts to elucidate YAB function in vegetative lateral growth, 

there has been a lack of emphasis on which pathways and more specifically, 

which genes are regulated directly by YABs and whether the YABs always 

function as repressors. This study aims to address these three matters directly. 

The first part of this study further characterizes constitutively expressed YAB 

phenotypes in terms of growth, polarity defects, hormone homeostasis and 

mitotic activity, while the second part focuses on whole transcriptome analysis 

of constitutively expressed YABs and the identification and validation of YAB 

direct target genes. The final part of this study is centered on obtaining a better 

understanding of the genetic interactions between YABs and their direct targets 

by employing several experimental approaches. 
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Chapter 2: Materials and Methods 

 

 

 

2.1 Materials 

 

 

2.1.1 Plant Materials 

 

Wild-type Arabidopsis thaliana plants used in this study were of the Colombia-0 

(Col) ecotype unless otherwise specified. Details of plant lines generated for 

this study, ordered from stock centres and obtained from other scientists are 

listed in Table 2.1. Details of transgenic, reporter and inducible lines can be 

found in Table 2.2. All Nicotiana benthamiana plants used were wild-type. 

Arabidopsis seeds were sown on seed raising mix containing perlite (Debco, 

Australia). Sown seeds were stratified at 4°C for 2-3 days in the dark before 

being placed in a plant growth room under 24h light or in a growth cabinet under 

a short or long day photoperiod (8h light/16h dark or 16h light/8h dark, 

respectively). For plants grown in tissue culture, seeds were sown onto 0.5x 

Murashige & Skoog media (MS, pH 5.7,(Murashige and Skoog, 1962)) 

containing 0.7% Phytagel. For chemical treatments, Dexamethasone (DEX, 

10µM), Cycloheximide (CHX, 200µM), Indole Acetic Acid (IAA, 10µM), 2,4-

Dichlorophenoxyacetic Acid (2,4-D, 1µM), 1-Naphthylphthalamic acid (NPA, 

10µM), 2,3,5-Triiodobenzoic acid (TIBA, 10µM), Gibberellic acid (GA, 10µM) or 

Paclobutrazol (PAC, 10µM) were added to molten media prior to setting. 

Kanamycin (50µg/ml) antibiotic was also added to the media when T-DNA 

selection was required. 
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Table 2.1 Mutant Plant Lines used in this Study  

 

 

Locus Gene Name Allelle Ecotype Description Stock Accession Reference

 AT2G45190 FILAMENTOUS FLOWER (FIL) fil-8 Ler Transposon insertion CS6379 Kumaran et al., 1999

AT1G08465 YABBY2 (YAB2) yab2-1 Col er EMS CS93680 Till et al., 2003

AT4G00180 YABBY3 (YAB3) yab3-1 ws Transposon insertion N/A Siegfried et al., 1999

yab3-2 Ler Transposon insertion CS6353 Kumaran et al., 2002

 AT2G26580 YABBY5 (YAB5) yab5-1 Col er EMS CS90062 Stahle et al., 2009

AT5G16560 KANADI1 (KAN1) kan1-12 Col EMS N/A Eshed et al., 2001

AT1G32240 KANADI2 (KAN2) kan2-1 Ler EMS N/A Kerstetter et al., 2001

AT2G34710 PHABULOSA phb-1d Ler EMS CS3761 MacConnell and Barton, 1998

phb-6 Ler Transposon insertion SGT6404 Emery et al., 2003a

AT2G33860 ETTIN arf3-1 Col Loss-of-function mutant CS24603 Okushima et al., 2005

arf3-2 Col Loss-of-function mutant  CS24604 Okushima et al., 2005

AT5G60450 AUXIN RESPONSE FACTOR 4 arf4-2 Col Loss-of-function mutant SALK_070506 Pekker et al., 2005

arf4-3 Col EMS N/A Hunter et al., 2006

AT2G28350 AUXIN RESPONSE FACTOR 10 arf10-1 Col Loss-of-function mutant N341513, SALK_087247 Ordered from Stock Centre

AT3G49500 RNA DEPENDENT RNA POLYMERASE 6 rdr6-11 Col Loss-of-function mutant CS24285 Poethig et al., 2004

AT2G37630 ASYMMETRIC LEAVES1 as1-1 Ler Loss-of-function mutant CS3176 Tsukaya and Uchimiya, 1997

AT3G13690 KINASE1 Col Loss-of-function mutant FLAG_269H04 Ordered from Stock Centre

AT1G55200 KINASE2 Col Loss-of-function mutant FLAG_465H02 Ordered from Stock Centre

AT5G56790 KINASE3 Col Loss-of-function mutant SALK_005012, SALK_005020 Ordered from Stock Centre

AT3G13672 SEVEN IN ABSENTIA FAMILY PROTEIN Col Loss-of-function mutant SALK_129594 Ordered from Stock Centre

AT1G75440 UBIQUITIN CONJUGATING ENZYME 16 Col Loss-of-function mutant SALK_17833 Ordered from Stock Centre

AT4G36410 UBIQUITIN CONJUGATING ENZYME 17 Col Loss-of-function mutant N170976 Ordered from Stock Centre

AT5G42990 UBIQUITIN CONJUGATING ENZYME 18 Col Loss-of-function mutant SALK_129186 Ordered from Stock Centre
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Table 2.2 Transgenic Plant Lines used in this Study 

 

 

 

 

2.1.2 Bacterial Strains 

 

The Escherichia coli (E.coli) strain TOP10 (F-mcrA∆ (mrr-hsdRMS-mcrBC) φ

80lacZ∆M15∆lacX74 nupG recA1 araD139∆ (ara-leu)7697 galE15 galK16 

rpsL(StrR) endA1-λ-) was used for all cloning procedures. 

The Agrobacterium tumefaciens strain C58CI containing the Ti plasmid 

pGV3101 was used for all plant transformation work (Van Larebeke et al., 

1974). 

 

 

 

Transgene Locus Reference

35S pro ::FIL-GR  AT2G45190 Created for this Study

35S pro ::FIL  AT2G45190 Created for this Study

35S pro ::FIL
TR  AT2G45190 Created for this Study

35S pro ::GR-LhG4; OP pro ::GUS N/A Craft et al., 2005

FIL pro ::FIL-GR  AT2G45190 Created for this Study

35S pro ::YAB2 AT1G08465 Created for this Study

35S pro ::YAB3-GR AT4G00180 Created for this Study

35S pro ::YAB5  AT2G26580 Created for this Study

KAN1 pro ::GUS AT5G16560 J.Bowman

CYCD3 pro ::GUS AT4G34160 Riou-Khamlichi et al., 1999

CYCB1 pro ::GUS AT4G37490 Colon-Carmona et al., 1999

35S pro ::KIN1 AT3G13690 Created for this Study

DR5 pro ::GFP N/A J.Bowman

DR5 pro ::GUS N/A Ulmasov et al., 1997

35S pro ::GUS N/A Ulmasov et al., 1997

ARF4 pro ::GUS AT5G60450 Created for this Study

35S pro ::ARF4 AT5G60450 Created for this Study

HAT3 pro ::GUS AT3G60390 Nakayama et al., 2005
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2.1.3 Plasmid Vectors 

 

For cloning procedures, several types of plasmid vectors were used depending 

on experimental design. For instance cloning of PCR fragments utilized the 

pGEM-T Easy (Promega), whereas the pBluescript (Stratagene) vector was 

used for sub cloning. pRITA, which includes the GUS ORF and the octopine 

synthase gene 3'UTR (3’ OCS (Eshed et al., 2001)) was used for all promoter 

fusions to GUS. pART7, a vector containing the CaMV 35S promoter (35Spro, 

cauliflower mosaic virus and the 3’ OCS) was used for all overexpression 

constructs (Gleave, 1992). pBIΔGR, a derivative of the pBI121 binary vector in 

which the GUS reporter has been replaced with the ligand binding domain of 

the rat glucocorticoid receptor (GR; a gift from Robert Sablowski, John Innes 

Centre) was used for all inducible constructs. pMIGRO, an altered BJ36 shuttle 

vector (Moore et al., 1998) was used to build up gene/promoter cassettes 

before their introduction into the pML-BART binary vector. The binary vector 

pML-BART containing the phosphinothricin acetyl transferase gene (bar) which 

confers resistance to the herbicide Basta was used for all plant transformations.  

 

 

2.1.4 Lab Materials 

 

Enzymes and molecular weight ladders used in this study were from various 

vendors (Promega, Fermentas or New England Biolabs (NEB)), and were used 

according to their manufacturer’s instructions. Molecular biology kits used in this 

study were purchased from Quantace, Promega, Novagen, Simbion, Invitrogen 

and QIAGEN (as described throughout the chapter). Analytical laboratory 

reagents were obtained from Merck, Sigma, Thermo Fisher Scientific, Progen, 

Applichem, Bioline, Clontech, BDH and Roche. All centrifugation was carried 

out at 14,000rpm and 17,530 x g RCF unless otherwise specified (Hettich). 
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2.1.5 Oligonucleotides 

 

Oligonucleotides were designed using the Primer3 online tool 

(http://frodo.wi.mit.edu/primer3/) and purchased from Invitrogen. Stock solutions 

for the oligonucleotides were 100µM and working solutions were diluted to 

10µM with Milli-Q water. Sequences of the oligonucleotides used in this study 

are listed in Appendix A. 

 

 

2.2 Methods 

 

 

2.2.1 Recombinant DNA Techniques 

 

2.2.1.1 Restriction Digests 

Single or double restriction digests were carried out depending on experimental 

requirements. Conditions were as recommended by the manufacturer 

(Promega, NEB or Fermentas). For screening purposes, reactions consisted of 

1µL restriction enzyme buffer (10x), 400ng template (plasmid, PCR reaction or 

insert), 1 unit of restriction endonuclease enzyme (if double digest was carried 

out, 1 unit of each enzyme was added) and water to a final reaction volume of 

10µL. For fragment purification, reactions were scaled up to 50µL containing up 

to 5µg of template. Samples were incubated for 1-24h at the recommended 

temperature before being stored at -20°C until required. 

 

 

2.2.1.2 Blunt Ending of Digests and PCR Reactions 

For cloning purposes, when fragments from PCR reactions or restriction digests 

needed to be ligated to a vector with blunt ends, they were blunt ended by 

adding 1µL 10mM dNTPs, 0.5µL T4 DNA polymerase (NEB) to the 10µL PCR 
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or restriction digest reaction and incubated for 15min at 72°C. Samples were 

stored at -20°C until required. 

 

 

2.2.1.3 Vector Dephosphorylation and Ethanol Precipitation 

Self-ligation of vector backbones following restriction digestion was limited by 

treating the digested DNA with alkaline phosphatase (Promega). This first 

involved heat inactivation of the restriction enzyme (65°C for 15min), before 

adding 1 unit TSAP alkaline phosphatase. Following dephosphorylation for 

30min at 37°C, 50µL of TE (10mM Tris pH7.5, 1mM EDTA pH8) was added to 

the reaction and the TSAP inactivated by heating at 65°C for 15min. DNA was 

subsequently precipitated with 1/10th volume 3M NaOAc (pH 5.2) and 2.5 

volumes of 100% ethanol. This consisted of a 30min incubation at -20°C 

followed by rigorous vortexing and a 10min centrifugation step. Once the 

supernatant was removed, 250µL of 70% (v/v) ethanol was added followed by 

vortexing and a final 15sec centrifugation. The supernatant was gently removed 

before the pellet was air dried for a minimum of 10min. The pellet was 

resuspended in 10µL water and stored at -20°C until required.   

 

 

2.2.1.4 Plasmid Ligations 

For ligations involving digested plasmids, the selected vector to insert ratio was 

1:3. Reactions typically included 0.5µL of plasmid (50ng), 1.5µL of insert DNA 

(100ng), 2.5µL of 2x T4 buffer with enough water to a final volume of 4.5µL. 

0.5µL of T4 DNA ligase (1Unit, Promega was subsequently added). Ligations 

were then incubated at 4°C overnight. 

 

 

2.2.1.5 Plasmid Purification 

For routine plasmid purifications, 1.5mL of a bacterial cell culture was 

centrifuged for 1min and the bacterial pellet was subsequently resuspended in 

200µL TE. Following the addition of 200µL lysis buffer (0.2N NaOH, 1% SDS) 
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the mixture was incubated at room temperature (RT) for 5min. 200µL of 

neutralizing solution (1.32M KOAc, pH 4.7) was then added and mixed by 

inversion, before centrifugation for 5min. The supernatant was collected and 

transferred to a new microcentrifuge tube. 420µL of 100% isopropanol was 

added to the supernatant, and then centrifuged for 10min. The resulting DNA 

pellet was washed with 200µL 70% (v/v) ethanol, dried and resuspended in a 

50µL TE/RNaseA (10µg/µl) solution. Purified plasmid was stored at -20°C until 

required. High quality plasmid DNA for sequencing and downstream 

applications were prepared using the QIAprep Spin Miniprep Kit (QIAGEN) 

following the manufacturers’ instructions.  

 

 

2.2.1.6 Polymerase Chain Reaction (PCR) 

PCR was routinely used to genotype plants, check for the presence of 

transgenes in transformed plants, detect recombinant plasmids in bacteria and 

to generate DNA fragments for cloning. Standard reaction conditions were used 

(1min denaturation step at 95°C, followed by 35 cycles of 94°C for 15sec, 55°C 

for 10sec and 72°C for 1min per kb of template). PCR reactions included 1x 

PCR buffer (50mM Tris-HCl pH8.3, 0.5mg/mL (w/v) BSA, 0.5% (w/v) Ficoll, 1% 

(w/v) Sucrose, 30mM KCl, 3mM MgCl2 and 1mM Tartrazine), 2mM dNTP mix, 1 

µM forward and reverse primers, 0.1unit Taq polymerase and template. 

 

 

2.2.1.7 Agarose Gel Electrophoresis 

PCR products or digested plasmids were visualized by agarose gel 

electrophoresis. Gels for general detection were 1% (w/v) standard agarose 

(Applichem or Bioline), whereas smaller fragments (usually generated from 

restriction digests) were detected using a high resolution, low melt, broad range 

agarose at 2% (w/v, Progen). Larger fragments were separated at 0.7-0.8% 

(w/v) agarose. Gels for routine applications were poured on glass slides (30mL), 

thus enabling a running voltage of 180V and run for 15-25min. For small 

fragment resolution, differentiation between similar sized products and for RT-
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PCR, 0.7% and 2% high resolution agarose poured into 100mL gel trays were 

used with a running voltage of 100V for 35-45min. For bacterial cloning related 

experiments, 1x TAE buffer (40mM tris acetate and 1mM EDTA) was used to 

make up the gels as well as the running buffer. For all other applications, 0.5x 

TBE buffer (40mM tris, 45mM boric acid and 1mM EDTA) was used. All gels 

contained ethidium bromide (Eth-Br, 5µL of stock 10mg/mL per 500mL of 

agarose solution, Promega) for fluorescent staining of nucleic acids. Gels were 

visualized on a UV Transilluminator (UVP) and pictures were taken using heat 

transfer film. Gels for RNA detection and quality control were prepared as 

previously described (Lehrach et al., 1977). 

 

 

2.2.1.8 High Fidelity PCR and A-Tailing 

A high fidelity KOD Hot Start DNA Polymerase (Novagen) was used to generate 

error-free DNA fragments for cloning. PCR conditions using this enzyme 

consisted of a 2min denaturing step at 95°C, followed by 30 cycles of 95°C for 

20sec, 55°C for 10sec and 70°C for 20sec per kb of template. As KOD Hot Start 

Taq is a proof reading Taq, PCR amplicons were A-tailed by adding 0.2µL 

dATP (10mM) and 0.1µL non-proof reading Taq DNA Polymerase before 

incubating at 72°C for 30min. A-tailed PCR products were then ligated to the 

pGEM-T Easy vector according to manufacturers’ instructions (Promega). 

 

 

2.2.1.9 DNA Purification of PCR Products 

DNA was purified from PCR reactions (up to 50µL) or agarose gels (up to 

50mg) using the Promega Wizard SV PCR and Gel extraction kit, following the 

manufacturers’ instructions. 

 

 

2.2.1.10 RNA Purification and cDNA Synthesis 

Arabidopsis tissue (up to 100mg) was harvested, frozen in liquid nitrogen and 

stored at -80°C until required. Samples were ground under liquid nitrogen and 
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RNA was extracted using the QIAGEN RNeasy plant kit, following the 

recommended protocol. 2µL of RNA was added to 498µL of water for analysis 

by spectrophotometry at 260/280nm wavelengths. To remove residual DNA 

from the RNA preparations, samples were treated with DNase supplied by 

Ambion. The protocol was carried out as described in the user manual.  

RNA was transcribed into cDNA using the Invitrogen Superscript III RNase H+ 

kit. 1µg of RNA was used per reaction along with an oligo (dT) primer, 5’ CAG 

TGA GCA GAG TGA CGA GGA CTC GAG CTC AAG CTT TTT TTT TTT TTT 

TVN 3’. For RT-qPCR purposes, cDNA was diluted 1/10 in water and aliquoted 

evenly into 0.2mL PCR tubes for downstream applications. Samples were 

stored at -20°C until required. 

 

 

2.2.1.11 Reverse Transcriptase Quantitative PCR (RT-qPCR) 

All cDNA was generated in quadruplicate (unless otherwise specified) and 

diluted in water was thawed on ice while the RT-qPCR mastermix was 

prepared. 15µL reactions composed of 1.2µL water, 2.2µL forward primer 

(4µM), 2.2µL reverse primer (4µM), 8.1µL mastermix (2x, Sensi-Mix dT Kit, 

Quantace), 0.3µL SYBR Green (10x, Roche) and 1µL cDNA (1/10 dilution). 

Once the mastermix was dispensed into the 0.1ml PCR tubes, 1µL of cDNA 

was added to each reaction, with the exception of three no template control 

(NTC) reactions where water was added instead. RT-qPCR experiments were 

performed on a Corbett Rotorgene 3000 or 6000. Cycling conditions were heat 

activation of Taq for 10min at 95ºC followed by 45 cycles of 95ºC for 15sec, 

60ºC for 10sec and 72ºC for 15sec. Fluorescent data was collected during the 

elongation step. A melt curve was also performed at the end of each run (60-

95ºC) with continuous data acquisition. The results were analysed using the 

comparative quantification method, which is widely used for microarray 

validation purposes and relative expression assays (Livak and Schmittgen, 

2001; Schmittgen and Livak, 2008). Log2 fold-change in gene expression was 

obtained by comparing expression levels of the gene of interest to a 

housekeeping gene (TUBULIN7, At2g29550 and ACTIN7, At5g09810) across 
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different sample types or treatments. Rotorgene 7 and Microsoft Excel 

programs were applied to the analysis of qPCR results. 

2.2.1.12 DNA Sequencing 

DNA sequencing was performed using 1.5µL BigDye sequencing mix (Applied 

Biosystems), 4.5µL sequencing mix buffer, 1µL of 10mM primer, 12µL water 

and 1µL template (200ng plasmid or DNA) in a total volume of 20µL. The 

sequencing reaction consisted of a 5min denaturing step at 94°C, followed by 

30 cycles of 94°C for 10sec, 50°C for 5sec and 60°C for 3min. Samples were 

precipitated by adding 80µL of 75% (v/v) isopropanol, vortexing for 10sec and 

incubating at RT for 20min. The samples were centrifuged for 20min and the 

pellet washed with 200µL 75% (v/v) isopropanol and centrifuged for 10min. 

Precipitated DNA was dried for 1min at 90°C before being sent to an external 

sequencing facility (Micromon, Monash University). The sequence results were 

analysed using Bioedit or Lasergene 7 software. 

 

 

2.2.2 Bacterial Techniques 

 

2.2.2.1 Generation of E.coli Competent Cells and Transformation 

To generate heat-shock competent bacteria, a modified rubidium chloride 

(RbCl) method was used (Hanahan, 1983). 250mL of growth media (tryptone 

2% (w/v), yeast extract 0.5% (w/v), MgSO4 0.5% (w/v), (pH 7.6)) was inoculated 

from an overnight culture of the E.coli strain TOP10. The culture was grown to 

an OD600 of 0.4-0.5 at 37°C and shaken at 180rpm. The culture was then 

incubated on ice for 10min and resuspended gently in 40mL resuspension 

buffer I (30mM KOAc, 10mM RbCl, 10mM MnCl2, pH 5.8). The cells were 

pelleted by centrifugation (2,500rpm, 10min, 4°C), resuspended in 40mL 

resuspension buffer II (10mM MOPS, 10mM RbCl, 10mM CaCl2, 15% (v/v) 

Glycerol, pH 6.5) and incubated on ice for 10min. 200µL aliquots were frozen in 

liquid nitrogen and stored at -80°C until required. 
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Bacterial transformations were performed according to a heat shock 

protocol (Sambrook and Russel, 1989). This involved using a 200µL aliquot of 

competent cells (TOP10) thawed on ice for 10min, adding 1µL of 

plasmid/ligation mix to the cells and heating to 42°C for 1min 30sec. The cells 

were then transferred immediately to ice for 5min. Heat-shocked cells were 

placed in 1mL of Luria Broth (LB; tryptone 1% (w/v), yeast extract 0.5% (w/v) 

and NaCl 1% (w/v)) and incubated at 37°C for 1h. Harvested cells were then 

resuspended in 200µL LB before plating on LB media (LB and Bacto-Agar 1.5% 

(w/v)) containing the appropriate antibiotics (Spectinomycin 100µg/mL, 

Kanamycin 50µg/mL or Ampicillin 100µg/mL), and X-Gal (5-bromo-4-chloro-3-

indolyl-b-D-galactopyranoside; 50µL of a 2% (w/v) stock solution) /IPTG (15µL 

of a 100mM stock), for blue/white colony selection, if necessary. Plates were 

incubated overnight at 37°C. Colonies were picked from the plate into 

microcentrifuge tubes containing 500µL of LB then incubated at 37°C with 

shaking for 4h. 1µL of each culture was then added to a standard PCR reaction 

with specific primers to detect the desired construct.  

 

 

2.2.2.2 Generation of Agrobacterium Competent Cells and Transformation 

Electrocompetent Agrobacterium were prepared by inoculating 100mL LB with 

5mL of a freshly grown C58CI culture and incubated at 28°C with agitation. 

When the culture reached an OD600 of 0.5, cells were pelleted by centrifugation 

(4,000rpm, 10min, 4°C) and resuspended in 10mL ice-cold water. After an 

additional centrifugation step (4,000rpm, 10min, 4°C), the bacteria were 

resuspended in 3mL of 10% (v/v) ice-cold glycerol and stored at -80°C in 200µL 

aliquots.  

 

The competent Agrobacterium were transformed with plasmid using the 

electroporation method. Cells were first thawed on ice for 10min. 3µL of plasmid 

(in a ratio of 3:100, plasmid to water) was then added to the cells, which were 

subsequently transferred to an electroporation cuvette. The electroporation 

instrument (BioRad) was set to 2.45 V. Upon shock, 1mL of 2xYT (tryptone 

1.6% (w/v), yeast extract 1% (w/v) and NaCl 0.5% (w/v)) media was added to 



35 
 

the cells and incubated for 1h at 30°C. Pelleted cells were resuspended in 

200µL of supernatant before plating onto an appropriate antibiotic containing 

bacterial growth plate (Spectinomycin 100µg/mL, Gentamicin 25µg/mL or 

Rifampicin 50µg/mL). Plates were incubated for 2-3 days at 30°C. A small 

portion of each colony was picked from the plate into a standard PCR reaction 

with specific primers to detect the desired construct.  

 

 

2.2.3 Microarray Analysis 

 

2.2.3.1 Experimental Design 

The 35Spro::FIL-GR microarrays were processed as outlined below, whereas 

RNA from wild-type and fil yab3 mutants were sent to the Australian Genome 

Research Facility (AGRF) for processing. The 35Spro::FIL-GR microarray 

experiment was carried out using the Affymetrix ATH1 chip (Arabidopsis Full 

Genome Array), following the protocol provided by the Victorian Microarray 

Technology Consortium (VMTC, 2003) as described below. The 35Spro::FIL-GR 

experiments were performed using 16 ATH1 chips, in which 4 biological 

replicates per treatment were assayed. Each replicate included 200-250 

(approx. 100mg total weight) plants that were grown on MS plates for 10 short-

days prior to treatment with either a DEX-containing solution (10µM DEX, 

Silwet-L77 0.015% (v/v)) or a mock solution (ethanol 0.1% (v/v), Silwet-L77 

0.015% (v/v)). Following treatment, the plants were returned to the growth 

chamber for further 4h or 8h period prior to harvesting.  

 

For the comparison of wild-type (Ler) to fil yab3 mutants, plants were 

grown on soil for 28DAG under a short-day photoperiod regime. Approximately 

50mg of total plant material was collected for each sample and placed in liquid 

nitrogen before being stored at -80°C. RNA was extracted from 3 pooled 

replicates of wild-type and fil yab3 mutants respectively (described in section 

2.2.1.10), before hybridization to a total of six ATH1 microarrays. 
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2.2.3.2 First and Second Strand cDNA Synthesis 

The first step of the microarray experiment was to transcribe RNA into cDNA. 

For first strand synthesis, 1µL of T7-(dT) 24 primer (Oligo dT primer) was added 

to 10µg RNA (volumes varied between samples), 4µL 5x first strand buffer, 2µL 

0.1M DTT, 1µL 10mM dNTP mix, 2µL Superscript RNA polymerase (200U/µL) 

and DEPC treated water up to a 20µL total reaction volume. The T7 primer, 

RNA and water were mixed and incubated at 70°C for 10min in order for the 

primer to hybridise to the RNA. The samples were then spun briefly in a 

centrifuge and placed on ice immediately. The remaining components were 

added with the exception of the Superscript RNA polymerase and mixed well. 

The reactions were incubated at 42°C for 2min before the Superscript RNA 

polymerase was added. The reactions were kept at 42°C for 1h then briefly 

spun before being returned to ice. 

 

For second strand synthesis, the following were added to the reactions: 

91µL DEPC treated water, 30µL 5x second strand buffer, 3µL 10mM dNTP mix, 

1µL 10U/µL E.coli DNA ligase, 4µL 10U/µL E.coli DNA polymerase and 1µL 

2U/µL E.coli RNase H. The total volume was then 150µL per reaction. These 

were briefly centrifuged and incubated at 16°C for 2h. 2µL (10U) of T4 DNA 

polymerase was then added before a final 5min incubation at 16°C followed by 

the addition of 10µL of 0.5M EDTA to each reaction. 

 

 

2.2.3.3 Cleanup of cDNA via Phenol/Chloroform Extraction and Ethanol 

Precipitation 

Phase lock gels (PLG, Eppendorf) were used for phenol/chloroform extraction. 

The PLG microcentrifuge tubes were spun for 30sec in order to pellet the PLG. 

The cDNA (162µL) was added to microcentrifuge tubes along with an equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1). Samples were vortexed 

before transferring to the PLG tubes. A 2min centrifugation was carried out 
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followed by the transfer of approximately 300µL of the aqueous (upper) phase 

containing cDNA to a microcentrifuge tube. 

 

The cDNA was then precipitated following the addition of 0.5 volumes of 

7.5M NH4OAc and 2.5 volumes of -20°C absolute ethanol. Samples were mixed 

and then centrifuged for 20min. The supernatant was discarded and the pellet 

was washed twice with 0.5mL of 80% ethanol (-20°C) and centrifuged for 5min. 

The pellet was air dried for 10min before resuspending in 12µL RNase-free 

water. 

 

 

2.2.3.4 In Vitro Transcription (IVT) 

The cDNA was then transcribed into cRNA via in vitro transcription. Biotin-

labelled ribonucleotides were used to label the cRNA. 10µL cDNA was mixed 

with 12µL water, 4µL 10x HY reaction buffer (Affymetrix), 4µL 10x biotin labelled 

ribonucleotides, 4µL 10x DTT, 4µL 10x RNase inhibitor mix and 2µL (20U) T7 

RNA polymerase, bringing the total reaction volume to 40µL. Samples were 

gently mixed, centrifuged for 5sec and incubated at 37°C for 4h, mixing each 

tube every 45min. 5µL of the reaction was kept for gel electrophoresis quality 

control. 

 

 

2.2.3.5 In Vitro Transcription Clean up 

Components of the QIAGEN RNeasy kit were used for the cleanup of the IVT 

reaction. Two aliquots of 17.5µL of each sample were added to separate tubes. 

82.5µL of RNase-free water was then added to each tube to make a total 

volume of 100µL. 350µL of buffer RLT and 250µL of 96% ethanol was added 

and mixed thoroughly by pipetting. The sample (700µL) was transferred to an 

RNeasy column within a 2mL collection tube and centrifuged for 15sec. The 

eluent was run through the column again with a 15sec centrifugation. The 

eluent was discarded and 500µL of buffer RPE was added to the column 

followed by a 15sec centrifugation to wash the column. This step was repeated 
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but with a 2min centrifugation. The column was transferred to a fresh 2mL 

collection tube and centrifuged for 1min to ensure the membrane in the column 

was dry. The column was transferred to another fresh microcentrifuge tube and 

the cRNA was eluted with 30µL of RNase-free water after centrifugation for 

1min. 5µL of the IVT products (both purified and unpurified) were run on an 

agarose gel 1% (w/v) with an RNA molecular weight ladder (NEB) to check the 

integrity of the samples. 

 

The cRNA (IVT product) was then quantified via spectrophotometry. In 

order to obtain an accurate value, the total RNA from the starting material was 

taken into account as this carryover would not have been labelled. The following 

formula was used: 

 

Adjusted cRNA yield = RNAm – (Total RNA x Y) 

 

RNAm = Amount of cRNA measured after IVT (µg) 

Total RNA = Starting amount of RNA (µg) 

Y= Fraction of cDNA used in IVT   

 

If the adjusted cRNA yield was found to be below 0.6µg/µL, the two initial 

aliquots were pooled to increase the yield. 

 

 

2.2.3.6 Fragmenting the cRNA for Target Preparation 

cRNA was subsequently hydrolyzed into nucleotides between 35 and 200nt 

long. 20µg of cRNA was mixed with 8µL of 5x fragmentation buffer and RNase-

free water to a final volume of 40µL. The reaction was incubated at 94°C for 

35min then transferred to a -80°C freezer overnight. 2µL of the reaction was run 

on an agarose gel 1% (w/v) to confirm fragmentation of the cRNA. 
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2.2.3.7 Hybridisation of Target 

In order to prepare the fragmented cRNA for hybridisation, the following 

reaction was setup: 15µg fragmented cRNA (volume varied between each 

sample), 5µL control oligo B2 (3nM), 15µL 20x eukaryotic hybridisation controls, 

3µL herring sperm DNA (10mg/mL), 3µL acetylated BSA (50mg/mL), 150µL 2x 

MES hybridisation buffer and water up to a 300µL total volume. The reactions 

were split into 2x 150µL in 0.2mL PCR tubes. The probe arrays (Affymetrix) 

were taken out of the fridge and allowed to reach RT (approx. 20min). The 

hybridisation mix was heated to 95°C for 5min while the probe arrays were 

moistened with 1mL of 1x MES hybridisation buffer. The probe array was 

incubated for 10min at 45°C in the hybridisation oven at 60rpm. The 

hybridisation mix was then cooled to 45°C for 5min before centrifugation for a 

further 5min to remove any insoluble material from the mixture. The 1x MES 

hybridisation buffer was removed from the probe arrays and replaced with the 

hybridisation mix. The array probes were then returned to the hybridisation oven 

for incubation at 45°C and 60rpm for 16h. 

 

 

2.2.3.8 Washing, Staining and Scanning of Probe Arrays 

The array probes were drained of the hybridisation mix and filled with buffer A 

(non-stringent buffer, 6x SSPE, Tween20 0.01% (v/v)). The hybridisation mix 

was returned to a microcentrifuge tube and stored at -20°C. In order to prepare 

the probe arrays for the microfluidics station, two solutions were prepared. The 

first was a streptavidin phycoerythrin (SAPE) stain solution (2x stain buffer, 

50mg/mL (w/v) Acetylated BSA, 1mg/mL (w/v) SAPE and water to a total 

volume of 1200µL). The second solution was a Biotinylated Antibody solution 

(2x stain buffer, 50mg/mL (w/v) Acetylated BSA, 10mg/mL (w/v) Normal Goat 

IgG, 0.5mg/mL (w/v) Biotinylated Antibody to a total volume of 600µL). 

 

The probe arrays were transferred to the GeneChip microfluidics station 

which was used to wash and stain the probe arrays and was controlled by the 

Affymetrix Microarray Suite software. Due to instrument capacity, a maximum of 

4 samples were run at a time (4 biological replicates for each treatment were 
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run together). 8 chips were run each day due to time constraints. A set protocol 

was chosen for the microfluidics which involved the following steps: 

 

 

Post Hybridisation Wash #1: 

10 cycles of 2 mixes/cycle with wash buffer A (non-stringent buffer: 6x SSPE, 

0.01% Tween20) at 25°C 

 

Post Hybridisation Wash #2: 

4 cycles of 15 mixes/cycle with wash buffer B (stringent buffer: 100mM MES, 

0.1M [Na+], 0.01% Tween20) at 50°C 

 

SAPE Stain: 

10min stain in SAPE solution at 25°C 

Post Stain wash: 

10 cycles of 4 mixes/cycle with wash buffer A at 25°C 

Biotinylated Antibody Stain: 

10min stain in antibody solution at 25°C 

SAPE Stain: 

10min stain in SAPE solution at 25°C 

Final Wash: 

15 cycles of 4 mixes/cycle with wash buffer A at 30°C. Hold at 25°C when 

finished. 

 

A GeneArray Scanner (Affymetrix) was used for scanning the probe 

arrays once staining was complete. Each of the 16 probe arrays were 

separately scanned twice by the instrument for more accurate results. The 

scanner was set to a pixel value of 3µM, wavelength of 570nM. 

 

 

2.2.3.9 Microarray Data Analysis 

The resulting scanned images were converted from colour intensity to raw data 

values using the Affymetrix Microarray Suite software. The bioinformatics 
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analyses were carried out using the statistical programs GeneSpring and ‘R’ 

that are described in chapter 4.  

 

2.2.4 Plant Techniques 

 

2.2.4.1 Seed Sterilisation 

For sterilisation, up to 500 seed were placed in a microcentrifuge tube and 

placed into a bell jar with their lids open. A conical flask with 100mL sodium 

hypochlorite was placed in the container and 5mL of hydrochloric acid added to 

release chlorine gas. The treatment was carried out overnight or up to 20h in a 

fume hood. The lids of the microcentrifuge tubes were then closed and the 

seeds subsequently sown on sterile 0.5x MS media plates. 

 

 

2.2.4.2 Arabidopsis thaliana Transformations 

Plants for Agrobacterium transformation were grown on soil until flowering.  

Inflorescences were then exposed to Agrobacterium tumefaciens-containing 

media using a modified floral dip method (Clough and Bent, 1998). A 5ml 

culture of Agrobacterium was grown overnight at 30ºC in LB with antibiotic 

selection. Bacteria were then pelleted and resuspended in 5% sucrose and 

Silwet-L77 0.02% (v/v). After exposure to the Agrobacterium-containing media, 

plants were wrapped in cling film for 24h to aid penetration of Agrobacterium as 

well as to prevent wilting of plants due to excessive moisture. Once siliques had 

dried, bulk seed was collected from individual punnets. The resulting T1 seeds 

were screened for Kanamycin (50µg/ml) or Basta (200-250μM glufosinate 

ammonium including a 1:1000 dilution of Silwet-L77) resistance in order to 

identify transgenic plants.  
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2.2.4.3 Nicotiana benthamiana Transformations 

For transient expression assays in planta, Nicotiana benthamiana leaves of 14 

to 28DAG seedlings were used. Transformations were performed by infiltrating 

the Agrobacterium into the abaxial side of leaves. The Agrobacterium was 

inoculated from a fresh culture or a glycerol stock and grown for up to 24h in 

10mL LB containing suitable antibiotics at 30°C with shaking at 120rpm. Once 

the OD600 reached between 0.8 and 1.2, cells were pelleted by centrifugation for 

15min at 4°C. The pellet was resuspended in transformation media (10mM 

MgCl2 and 10µM Acetosyringone) to a final OD600 of 1.2. Resuspended cells 

were incubated in Acetosyringone solution for 1-2h at RT, to increase the 

virulence of the Agrobacteria. Equal amounts of Agrobacteria from different 

constructs to be infiltrated in the same leaf sample were mixed before injection. 

600µL of the transformation media containing the Agrobacteria was injected into 

the abaxial side of either the left or right side of the leaf midrib. By having two 

treatments per leaf, a more direct comparison between samples were obtained. 

The adaxial side of infiltrated leaves was labelled using a marker pen in order to 

trace infected areas. 2-4 days post transformation, a single disk from each half 

of a leaf was excised (1cm in diameter), placed into a 24 well plate then treated 

with ice cold 90% acetone for 24h before histochemical staining for GUS activity 

(see section 2.2.4.5). 

 

 

2.2.4.4 Plant Genomic DNA Extractions 

For DNA extractions from plant tissue, approximately 0.1g of small leaves or 

inflorescences were excised and ground before being resuspended in 400µL of 

extraction buffer (200mM Tris-HCl pH7.5, 250mM NaCl, 25mM EDTA pH8, 

0.5% (w/v) SDS). Once the solution was homogenised, it was centrifuged for 

1min. 300µL of the supernatant was then transferred to another microcentrifuge 

tube containing 300µL of 100% isopropanol and mixed by inversion. Following 

centrifugation for 5min, the supernatant was discarded and the precipitated 

DNA dried before it was resuspended in 25µL of TE buffer and stored at 4°C 

until required for downstream applications. 
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2.2.4.5 Histochemical Staining and Tissue Fixation 

ß-glucuronidase (GUS) activity was detected using histochemical staining as 

previously described (Jefferson et al., 1987). Collected plant tissue was placed 

in 90% ice cold acetone for 20min before being washed with a prestain buffer 

for 5min (50mM Na2HPO4, 50mM NaH2PO4, 3mM K3Fe(CN)6, 3mM K4Fe(CN)6). 

The prestain was then replaced with the GUS stain solution (50mM Na2HPO4, 

50mM NaH2PO4, 3mM K3Fe(CN)6, 3mM K4Fe(CN)6, 0.1% (v/v) Triton-X, 2mM 

X-Gluc). Samples were incubated overnight (or up to 24h) at 37°C with gentle 

agitation in the dark. To stop the staining process, stain solution was replaced 

with a 6:1 ethanol: acetic acid solution and incubated overnight at 4°C 

(Mattsson et al., 2003). Following fixation, samples were washed twice in 96% 

ethanol before being stored in 70% ethanol at RT or at 4°C. 

 

 

2.2.4.6 MUG Assay 

MUG (4-methyl umbelliferyl glucuronide) assays were used to quantify ß-

glucuronidase (GUS) activity by measuring the amount of 4-methyl 

umbelliferone (MU) formed after hydrolysis of 4-methyl umbelliferyl glucuronide. 

This allowed for quantitative comparisons between treatments of transgenic 

lines carrying the GUS reporter gene. 0.5g of 10DAG plant tissue was ground 

under liquid nitrogen, collected and stored at -80 until required. The MUG assay 

was carried out in duplicate as previously described (Sedmak and Grossberg, 

1977; Jefferson et al., 1987).   
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Chapter 3: Generating and Characterising Lines 

With Inducible YAB Activity 

 

 

 

3.1 Introduction 

 

 

Early studies of YAB function used a combination of genetic and transgenic 

analyses to examine their role in flower development (Bowman and Smyth, 

1999; Chen et al., 1999; Sawa et al., 1999a; Sawa et al., 1999b; Yamada et al., 

2003; Lee et al., 2005; Gallagher and Gasser, 2008). More recently, studies 

have addressed how YABs promote leaf polarity and lamina growth in both 

dicot species (Arabidopsis, Solanum lycopersicum, Papaver somniferum and 

Antirrhinum), as well as monocots (Zea mays and Oryza sativa (Sawa et al., 

1999b; Siegfried et al., 1999; Kim et al., 2003; Golz et al., 2004; Juarez et al., 

2004; Yamaguchi et al., 2004; Dai et al., 2007b; Gallagher and Gasser, 2008; 

Stahle et al., 2009; Sarojam et al., 2010; Tanaka et al., 2012; Vosnakis et al., 

2012)). Despite extensive studies, surprisingly little is known about the genes 

targeted by these transcription factors during leaf and flower development. One 

attempt to define the DNA motif bound by YAB proteins employed an 

electrophoretic mobility shift assay (EMSA) to isolate double stranded 

oligonucleotides bound by the FIL protein (Kanaya et al., 2002). No sequence 

specificity was observed when binding to these oligonucleotides, suggesting 

that FIL is a non-specific DNA binding factor. Another more recent study 

employing a protein-binding microarray technique demonstrated that YABs do 
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indeed bind DNA in a sequence specific manner, with the sequence consensus 

being WATNATW (Franco-Zorrilla et al., 2014). Additional studies in Soybean 

and Rice have also recently led to the discovery of YAB DNA-sequence specific 

binding sites (Dai et al., 2007b; Shamimuzzaman and Vodkin, 2013). 

An alternative approach to define targets of transcription factors is to 

identify changes in gene expression following induction of transcription factor 

activity. By limiting this analysis to time points close to induction, it is possible to 

identify direct target genes that are either positively or negatively regulated by 

the transcription factor. These types of experiments require an inducible version 

of the transcription factor, which can be achieved by fusing the ligand-binding 

domain of the rat glucocorticoid receptor (GR) to either the N or C-terminal end 

of the transcription factor (Sakai et al., 2001; Taniguchi et al., 2007; Zhou et al., 

2011). In the absence of the hormone ligand, the transcription factor-GR fusion 

is sequestered in the cytoplasm of cells expressing this construct, due to 

interactions between the GR domain and HEAT SHOCK PROTEIN 90 (HSP90) 

proteins localized in the cytoplasm (Figure 3.1). Exposing these cells to the 

synthetic ligand dexamethasone (DEX) causes the ligand-bound GR to 

dissociate from HSP90, which in turn allows the fusion protein to enter the 

nucleus and induce target gene activation or repression (Schena et al., 1991). 

This approach, combined with microarray analysis, has been used by several 

groups to sample genome-wide changes in expression following transcription 

factor activation (Wang et al., 2006; Schlereth et al., 2010; Phan et al., 2011). In 

each case, direct targets of distinct transcription factors were identified, 

demonstrating the robustness of this approach.  

 

As the process of generating a GR fusion relies on identifying plants with 

an inducible phenotype when exposed to DEX, it is necessary to use 

transcription factors that produce an easily identifiable phenotype when 

activated. In terms of the YAB transcription factors, studies of lines constitutively 

expressing FIL or YAB3 have shown that the resulting partial abaxialisation of 

leaves is associated with pronounced leaf epinasty, reduced leaf blade growth 

and anthocyanin accumulation (Siegfried et al., 1999). In addition, some lines 

displayed shoot apical meristem arrest. Given this, the approach taken in this 

study to generate a YAB-GR line involved screening 35Spro::YAB-GR plants for 
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a DEX-dependent constitutive YAB expression phenotype. This ultimately led to 

the identification of a stable FIL-GR line that when induced, caused partial 

abaxialisation of leaves as well as the other features associated with ectopic 

YAB activity. Further characterisation of this line, as described in this chapter, 

showed that constitutive FIL activity was associated with alterations in cell cycle 

regulation, as well as causing enhanced sensitivity or disruption to hormone 

pathways.  

 

 

 

 

 

Figure 3.1 The Inducible Glucocorticoid Receptor System 

 

Fusion of the ligand binding domain of the glucocorticoid receptor (GR; red) to 

the C terminus of a transcription factor (blue) leads to the retention of this 

chimeric protein in the cytoplasm due to interactions between GR and the HEAT 

SHOCK PROTEIN90 (HSP90). Exposure to the synthetic steroid 

DEXAMETHASONE (DEX) induces the release of HSP90 from the chimeric 

protein, resulting in the transcription factor entering the nucleus and binding to 

its targets.  
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3.2 Ectopic YAB Expression and Characterisation 

 

 

3.2.1 Generating YAB Transgenic Lines 

 

Before generating the YAB-GR construct, it was first necessary to identify the 

vegetative YAB or YABs that produced the strongest phenotype when 

expressed constitutively. At the start of this study, phenotypes associated with 

constitutive expression of FIL and YAB3 had been reported, but no data had 

been produced for YAB2 or YAB5 (Siegfried et al., 1999). Therefore, this study 

begun by comparing the phenotypes of lines constitutively expressing either 

YAB2 or YAB5, to lines expressing FIL.  

 

The coding sequence of vegetatively expressed YABs (FIL, YAB2, YAB3 

and YAB5) were amplified from wild-type cDNA and cloned into the shuttle 

vector pART7 downstream of the CaMV 35S promoter (35Spro, (Benfey and 

Chua, 1990)). The length of coding sequences for each of the vegetatively 

expressed YABs was 691bp (FIL), 555bp (YAB2), 723bp (YAB3) and 495bp 

(YAB5), respectively. The 35Spro::YAB cassettes were then excised from these 

plasmids as a NotI cassette and cloned into the NotI site of the binary vector 

pML-BART (Gleave, 1992). 

 

All recombinant binary plasmid constructs were introduced into 

Agrobacterium via electroporation and transformants were screened by colony 

PCR to confirm the presence of the plasmid. Wild-type Arabidopsis plants were 

transformed with recombinant Agrobacterium using a modified floral dip protocol 

(see chapter 2). Seeds from transformed plants were then sown and emerging 

seedlings sprayed with 200µM Basta. Primary transformants identified following 
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herbicide were subsequently categorized according to their phenotype and their 

transgenic status verified by PCR screening. 

 

3.2.2 Phenotypic Analyses of YAB Transgenic Plant Lines 

 

The phenotype of BASTA resistant T1 plants transformed with 35Spro::FIL 

varied in severity as previously reported ((Sawa et al., 1999b; Siegfried et al., 

1999), Figure 3.2 A). Of the forty-eight lines generated and confirmed by PCR 

screening, seventeen were wild-type in appearance, whereas ten lines 

displayed slightly epinastic leaves and were classified as having a weak 

phenotype (Figure 3.2 A(i)). Nine lines presented a moderate phenotype in 

which leaves were epinastic, dark green in colour and had short petioles (Figure 

3.2 A (ii)). At maturity, these leaves had less blade tissue than wild-type and an 

increased density of trichomes on the adaxial leaf surface. The remaining 

twelve lines displayed the most severe phenotype having dark purple epinastic 

cotyledons and a terminated SAM. Loss of meristem activity meant that these 

seedlings failed to produce post-embryonic leaves and after several weeks, 

eventually senesced (Figure 3.2 A(iii)). Given the similarity between the 

35Spro::FIL phenotypes described here and those reported from previous 

studies investigating constitutively expressed FIL and YAB3 (Sawa et al., 

1999b; Siegfried et al., 1999), it is clear that the growth and screening 

conditions used in this study are suitable for identifying transgenic lines 

constitutively expressing YABs.  

 

Wild-type plants were also transformed with either 35Spro::YAB2 or 

35Spro::YAB5 constructs. Following BASTA selection and PCR screening of T1 

seedlings transformed with 35Spro::YAB2, six lines were found to display wild-

type phenotypes while two lines displayed anthocyanin accumulation, increased 

trichome density and slight downward curling of leaves (Figure 3.2 F). Of the 

nine isolated lines transformed with the 35Spro::YAB5 construct, three were 

found to be phenotypically comparable to a 35Spro::YAB2 line (Figure 3.2 G), 

while the remaining six lines were wild-type in appearance. Although these 

plants were not extensively characterized, it is clear that the leaf phenotypes 
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associated with ectopic YAB2 and YAB5 expression are considerably less 

severe than those associated with ectopic FIL or YAB3 activity. 

 

3.2.3 Generating Inducible FIL and YAB3 Transgenic Lines 

 

As FIL and YAB3 (Siegfried et al., 1999) condition a stronger phenotype than 

either YAB2 or YAB5 when expressed constitutively, it is likely that they will also 

produce the most robust phenotype when fused to GR. To generate steroid-

inducible versions of FIL and YAB3, the YAB coding sequence was 

translationally fused to the ligand-binding domain of GR. PCR was first used to 

incorporate XbaI and BamHI sites into the YAB coding sequence, and then this 

fragment was cloned into the XbaI and BamHI sites of the binary vector 

pBIΔGR. 

 

Following transformation of wild-type plants with the 35Spro::FIL-GR 

construct, T1 plants were selected for kanamycin resistance. Twenty lines were 

recovered, screened by PCR and subsequently grown on 0.5x MS media with 

DEX. Of the twenty populations examined, three had segregating individuals 

that were slow growing, had narrow epinastic leaves that accumulated 

anthocyanin, produced a visible increase in trichome density on the adaxial 

surface of the leaf, but a delay in trichome emergence on the abaxial side 

(Figure 3.2 B and Figure 3.6 C-F). These characteristics were similar to 

35Spro::FIL transgenic lines displaying a moderate FIL over-expression 

phenotype (Siegfried et al., 1999), suggesting that DEX induction resulted in 

constitutive FIL activity. In the absence of DEX, these lines were 

indistinguishable from wild-type, indicating that the phenotype was indeed DEX-

inducible (Figure 3.2 B). One of these lines, 112-53 was selected for further 

analysis on the basis that the DEX-inducible phenotype was robust, and 

segregation analysis indicated the presence of a single T-DNA insertion. For the 

remainder of the thesis, this line will be referred to as 35Spro::FIL-GR. 

 

In addition to driving FIL-GR with a constitutive promoter, an inducible 

construct was generated in which FIL-GR was placed under the control of its 
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native promoter (-12bp from the start codon to -3973bp), which is known to 

contain all elements needed for endogenous (abaxial) FIL expression 

(Watanabe and Okada, 2003). Growing these lines in the presence of DEX 

resulted in mild cotyledon epinasty (Figure 3.2 C). In addition, the first few 

leaves to arise following germination also displayed this phenotype. Unlike 

constitutive FIL expression, however, these plants did not accumulate 

anthocyanin, nor was there a visible increase in trichome density. These 

observations suggest increased expression of FIL in the abaxial domain of a 

developing leaf causes a slight perturbation of lamina growth. 

 

Previous studies have shown that 35Spro::YAB3 lines generally produce a 

similar but more severe phenotype than 35Spro::FIL (Siegfried et al., 1999). 

Following transformation of the inducible 35Spro::YAB3-GR construct into a wild-

type background, thirty-six lines were recovered following kanamycin selection 

and PCR screening of T1 seedlings. Growing T2 populations on 0.5x MS media 

plates with DEX identified twelve lines that had slow growing individuals 

accumulating anthocyanin and produced small, highly epinastic leaves. This 

DEX-inducible phenotype was, as expected, more severe than that observed 

when the 35Spro::FIL-GR line was grown on media containing DEX. The 

35Spro::YAB3-GR lines had a wild-type appearance in the absence of DEX, 

confirming that the DEX-inducible phenotype was not leaky. The 109-52 line 

was subsequently chosen for further investigation and described throughout this 

study as 35Spro::YAB3-GR (Figure 3.2 D). 

 

In order to test whether combining FIL and YAB3 constitutively 

expressed lines led to an enhancement of the observed phenotypes, lines 

harboring both YAB-GR fusions were generated by crossing. Growing lines with 

both transgenes in the presence of DEX resulted in a further enhancement of 

the leaf phenotype, demonstrating synergism between these YAB genes 

(Figure 3.2 E). In the absence of DEX this line displayed downward curling of 

cotyledons and first leaves suggesting that in combination, these constructs 

might be partially active. In summary, plant lines expressing inducible versions 

of vegetative YABs were identified on the basis of leaf epinasty and 

anthocyanin accumulation.  
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Figure 3.2 Vegetative Phenotypes of YAB Transgenic Lines  

 

(A) 21DAG T1 35Spro::FIL transgenic plants displaying weak (i), moderate (ii) 

and severe (iii) leaf phenotypes. Note the absence of organ formation in lines 

presenting a strong phenotype. Scale bars are 3mm (i,ii) and 1mm (iii). 

 

(B) 10DAG 35Spro::FIL-GR lines grown on 0.5x MS media lacking DEX (i) or 

with DEX (ii). 30DAG plants grown on soil that have either been continually 

sprayed with a solution lacking DEX (iii) or with DEX (iv). Scale bars are 1mm 

(i,ii) and 3mm (iii,iv). 

 

(C) 10DAG (i,ii) and 21DAG (iii, iv) FILpro::FIL-GR plants grown on 0.5x MS 

media lacking DEX (i,iii) or with DEX (ii,iv). Scale bars are 1mm. 

 

(D) 10DAG 35Spro::YAB3-GR lines grown on 0.5x MS media lacking DEX (i) or 

with DEX (ii). 21DAG plant grown on 0.5x MS media without DEX (iii) and 

30DAG plant grown on soil sprayed continually with DEX (iv). Scale bars are 

1mm (i,ii,iii) and 3mm (iv). 

 

(E) 10DAG 35Spro::FIL-GR 35Spro::YAB3-GR double transgenic plant lines 

grown on 0.5x MS media lacking DEX (i) or with DEX (ii). 21DAG plant grown 

on 0.5x MS media without DEX (iii) and 30DAG plant grown on soil sprayed 

continually with DEX containing solution (iv). Scale bars are 1mm (i,ii,iii) and 

3mm (iv). 

  

(F) T1 35Spro::YAB2 30DAG plant. Scale bar is 3mm. 

 

(G) T1 35Spro::YAB5 30DAG plant. Scale bar is 3mm. 
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3.2.4 DEX Induced Phenotype of 35Spro::FIL-GR Plants 

 

If FIL-GR behaves in a similar manner to FIL when expressed ectopically, then 

DEX treatment would be expected to cause abaxialisation of developing leaves. 

To confirm this, leaf cell morphology of 35Spro::FIL-GR plants exposed to DEX 

was compared to wild-type using a combination of scanning electron 

microscopy (SEM) and histological analyses. Using SEM to view the leaf 

epidermis of wild-type leaves revealed irregularly shaped pavement cells with 

abaxial cells being smaller and more jigsaw shaped than adaxial cells (Figure 

3.3 A and C). Examination of the adaxial leaf surface of DEX treated 

35Spro::FIL-GR plants showed cells that were morphologically similar to abaxial 

cells in that they were more irregular in shape than wild-type adaxial cells, but 

not markedly smaller (Figure 3.3 B and D). In contrast, abaxial cell morphology 

of 35Spro::FIL-GR leaves was largely unchanged. A likely explanation for the 

altered adaxial epidermal cell morphology is that constitutive FIL activation 

causes partial abaxialisation of 35Spro::FIL-GR leaves.  

    

Next, internal histology of resin-embedded wild-type and DEX treated 

35Spro::FIL-GR leaves was compared in sections stained with toludine blue. In 

wild-type, the palisade mesophyll is located below the upper epidermis, and is 

composed of large cylindrical shaped cells that are arranged in a single 

continuous row (Figure 3.3 E). Below this is the abaxial spongy mesophyll, 

where cells have fewer chloroplasts and are usually smaller and rounder than 

palisade cells. In addition, the loose arrangement of cells in this tissue means 

that large intercellular spaces are present, a feature that facilitates gaseous 

exchange. Histological sections through 35Spro::FIL-GR leaves treated with DEX 

revealed alterations in palisade mesophyll morphology (Figure 3.3 F). These 

cells were much smaller and more circular than wild-type, giving them a spongy 

mesophyll-like appearance. These characteristics are consistent with 

abaxialisation, which further supports the assertion that DEX induced activation 

of FIL-GR causes abaxialisation of both adaxial epidermal and palisade 

mesophyll cells.  
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Figure 3.3 Histological Analysis of Wild-Type and 35Spro::FIL-GR Leaves 

 

Scanning electron micrographs of epidermal cells from wild-type (A and C) and 

35Spro::FIL-GR treated with 10 µM DEX (B and D) leaves. Histological sections 

through wild-type (E) and 35Spro::FIL-GR mature leaves treated with 10µM DEX 

(F) and stained with toluidine blue. Scale bars are 100µM. 
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3.2.5 Abaxialisation of DEX Treated 35Spro::FIL-GR Lines is 

Associated with Elevated YAB Expression 

 

To confirm the phenotype of 35Spro::FIL-GR leaves following DEX exposure is a 

result of abaxialisation, expression of the abaxially expressed genes YAB2, 

YAB3 and YAB5 were investigated. First, yab3-2/+ 35Spro::FIL-GR plants were 

identified in families segregating for fil and yab3 (see section 3.2.6) and then 

histochemically stained to assess activity of the gene trap yab3-2 allele. 

Previous work has shown that the gene trap yab3-2 allele produces a pattern of 

GUS activity that reflects activity of the native YAB3 promoter (Kumaran, 2002). 

In the absence of DEX, YAB3 expression was found in the abaxial domain of 

young developing leaves as well as around leaf margins, consistent with normal 

YAB3 expression (Figure 3.4 A, (Siegfried et al., 1999; Kumaran, 2002)). In the 

presence of 10µM DEX however, YAB3::GUS activity was detected in 

developmentally older leaves, where it accumulated in both the adaxial and 

abaxial domains of leaves. RT-qPCR analysis (see chapter 2, section 2.2.1.11) 

also showed that YAB3 expression was significantly elevated at 4h following 

treatment of 35Spro::FIL-GR plants with DEX or following continuous exposure 

to 10µM DEX for 10-days (Figure 3.4 B). Similarly, elevation of YAB2 and YAB5 

expression was also detected by RT-qPCR in this line. Finding increased and 

ectopic YAB activity is consistent with the partial abaxialisation of 35Spro::FIL-

GR leaves following exposure to DEX and further supports the view that the 

presence of the GR domain does not significantly alter the behavior of the FIL 

protein. 

 

 

3.2.6 Effect of FIL::GR Induction on yab Mutant Phenotypes 

 

To further demonstrate that FIL-GR is biologically active, a complementation 

test was performed by introducing the 35Spro::FIL-GR transgene into various 

loss-of-function yab mutant backgrounds. Due to redundancy, fil mutants do not 

condition a leaf polarity phenotype, thus to assess the vegetative activity of FIL-
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GR, the transgene was introgressed into fil-8 yab3-2 (hereafter referred to as fil 

yab3, see chapter 2 for mutant line details) and fil-8 yab3-2 yab5-1 (hereafter 

referred to as fy3y5) mutant backgrounds. fil yab3 are characterised by narrow 

cotyledons and oval shaped leaves with a partial loss of abaxial cell identity 

(Figure 3.4 C;(Siegfried et al., 1999)). In the presence of DEX, cotyledons of fil 

yab3 35Spro::FIL-GR plants resembled fil yab3 mutants but displayed slight 

epinasty and anthocyanin accumulation (Figure 3.4 D(ii)). The effect on 

cotyledon development is expected to be limited as their formation during 

embryogenesis occurs prior to constitutive FIL activity. Interestingly the leaf 

phenotype of fil yab3 35Spro::FIL-GR lines was similar in appearance to 

35Spro::FIL-GR lines treated with DEX, suggesting that activated FIL-GR 

suppressed fil yab3 leaf growth defects (Figure 3.4 D, E).  

 

fy3y5 mutants develop narrow cotyledons and either radial or narrow 

leaves with little blade tissue (Figure 3.4 D(iii), (Stahle et al., 2009; Sarojam et 

al., 2010)). Activation of FIL-GR in this mutant background had little effect on 

cotyledon morphology but did cause noticeable anthocyanin accumulation. 

Leaves of DEX treated fy3y5 35Spro::FIL-GR plants had significantly more blade 

tissue than fy3y5 mutants and were similar in appearance to those arising from 

35Spro::FIL-GR plants, albeit slightly smaller (Figure 3.4 D(iv)). These 

observations suggest that activation of FIL-GR was sufficient to suppress the 

phenotypes associated with fil yab3 and fy3y5 mutants. However, without 

histological analysis, it is not possible to say whether the polarity defects in 

these lines were fully reversed. 
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Figure 3.4 Effect of FIL-GR Activation in yab Mutant Backgrounds and on 

YAB Expression 

 

(A) Histochemical staining for YAB3::GUS activity in 21DAG seedlings. yab3-2 

35Spro::FIL-GR plants grown in the absence of DEX (i), or in the presence of 

DEX (ii). Close up of mature leaf (iii). Scale bars are 1mm. 

 

(B) RT-qPCR data comparing YAB2, YAB3 and YAB5 expression in 10DAG 

35Spro::FIL-GR plants. Treatments were: 4h DEX and 10DAG continuous DEX 

treatment. Fold change data relative to mock treatment. Error bars are SEM and 

asterisks indicate statistical significance (*=p<0.05, **=p<0.01 and ***=p<0.001) 

according to a Student’s t-test. 

 

(C) 21DAG seedlings. Wild-type Landsberg erecta (Ler) (i), fil-8 (ii), yab3-2 (iii) 

and fil-8 yab3-2 double mutant (iv). Scale bars are 3mm. 

 

(D) 14DAG seedlings. fil-8 yab3-2 35Spro::FIL-GR grown in the absence of DEX 

(i), or in the presence of DEX (ii). fil-8 yab3-2 yab5-1 35Spro::FIL-GR grown in 

the absence of DEX (iii), or in the presence of DEX (iv). Scale bars are 1mm. 

 

(E) 30DAG seedlings treated with DEX. 35Spro::FIL-GR (i) and fil-8 yab3-2 

35Spro::FIL-GR (ii). Scale bars are 3mm. 
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3.2.7 35Spro::FIL-GR Leaves Display Reduced Adaxial Cell 

Identity 

 

Another way to confirm that leaves of 35Spro::FIL-GR lines treated with DEX 

were partially abaxialised is to assess the activity of a reporter in the adaxial 

domain of developing leaves. HAT3 is a Class I homeodomain leucine-zipper 

gene that is expressed adaxially (Nakayama et al., 2005). The HAT3 gene trap 

line GT9206 was introgressed into the 35Spro::FIL-GR background and GUS 

activity detected histochemically. HAT3 expression in 35Spro::FIL-GR lines 

grown in the absence of DEX was observed in areas surrounding the SAM as 

well as on the adaxial side of young leaves, with the most pronounced 

expression being closest to the midrib (Figure 3.5 A). In 35Spro::FIL-GR plants 

grown in the presence of DEX, HAT3 expression was significantly reduced 

around the SAM and limited to the adaxial domain of petioles (Figure 3.5 B). 

These results are consistent with a decrease, but not a total loss of this 

adaxially expressed gene, which further supports the view that DEX treatment 

causes a partial abaxialisation of 35Spro::FIL-GR leaves. 

 

 

3.2.8 Cell Cycle Markers are Differentially Affected in 

35Spro::FIL-GR 

 

Reduced leaf blade growth observed in 35Spro::FIL-GR lines treated with DEX 

may indicate either reduced cell proliferation or reduced cell growth/expansion, 

or a combination of both of these defects. Initial analysis using both SEM and 

histological analyses revealed smaller cells in the adaxial domain of 35Spro::FIL-

GR leaves arising following DEX treatment (Figure 3.3). To determine whether 

FIL activation also disrupts cell cycle progression, the activity of cell cycle 

markers were examined in the FIL-GR line. A CYCLINB1::GUS reporter line 

that is active during mitosis (G2 to M transition; (Hemerly et al., 1992; Colon-

Carmona et al., 1999)) was introduced into the 35Spro::FIL-GR background for 

analysis. In a wild-type background, CYCLINB1::GUS expression is limited to 
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cells dividing in the SAM and in the petiole of growing leaves (Figure 3.5 C, 

(Serna and Fenoll, 1997; Donnelly et al., 1999)). The pattern of 

CYCLINB1::GUS expression was not noticeably different to wild-type in the 

35Spro::FIL-GR background when exposed to DEX, however, expression 

appeared elevated and extended into the blade tissue domain, which was not 

observed in the control (Figure 3.5 D). This result may potentially suggest that 

an increase in FIL expression can activate the cell cycle, leading to a higher 

number of mitotic cells, or at least prolong actively dividing cells in leaf and 

petiole tissues.  

 

Expression of another cell cycle marker, CYCLIND3.1::GUS was also 

introduced into the 35Spro::FIL-GR background (G1 to S-phase specific; (Riou-

Khamlichi et al., 1999)). In 35Spro::FIL-GR plants grown in the absence of DEX, 

expression of CYCLIND3.1::GUS was detected in the SAM, young leaf 

primordia, stipules and hydathodes along leaf margins of expanding leaves 

(Figure 3.5 E,F). Expression around the SAM, young leaf primordia and stipules 

was unaffected in 35Spro::FIL-GR plants grown on DEX-containing media. 

However, when observing CYCLIND3.1::GUS expression in mature leaves 

treated with DEX, hydathode expression was visibly reduced, presumably 

because these leaves developed fewer hydathodes than the untreated control 

(Figure 3.5 G and H). This analysis suggests that no significant change in the 

frequency of cells entering the G1 to S-phase of the cell cycle occurred 

following FIL induction. 
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Figure 3.5 Histochemical Staining for Polarity and Cell Cycle GUS 

Reporters in 35Spro::FIL-GR Seedlings 

 

(A) HAT3::GUS expression in 14DAG 35Spro::FIL-GR seedling grown on 0.5x 

MS media. 

 

(B) HAT3::GUS expression in 14DAG 35Spro::FIL-GR seedling grown on 0.5x 

MS media containing DEX. 

 

(C) CYCB1::GUS staining in 14DAG 35Spro::FIL-GR seedling grown on 0.5x MS 

media. Arrow indicates expression along the petiole observed furthest from the 

meristem. 

 

(D) CYCB1::GUS staining in 14DAG 35Spro::FIL-GR seedling grown on 0.5x MS 

media containing DEX. Arrows indicates expression observed in leaf tissue. 

 

(E, F) CYCD3.1::GUS expression in 21DAG 35Spro::FIL-GR seedlings grown on 

0.5x MS media. 

 

(G,H) CYCD3.1::GUS expression in 21DAG 35Spro::FIL-GR seedlings grown on 

0.5x MS media containing DEX. 

 

All scale bars are 1mm. 
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3.3 Plant Hormone Studies in 35Spro::FIL-GR Lines 

 

 

3.3.1 Effect of Gibberellin on 35Spro::FIL-GR Plants 

 

Gibberellic acid (GA), or gibberellins have been extensively linked to growth and 

development in Arabidopsis (Chebotar and Chebotar, 2011; Gao et al., 2011; 

Rodrigues et al., 2011). The GA pathway has recently been linked to YAB 

function in Oryza sativa (rice), as OsYAB1 was found to regulate GA 

biosynthetic genes (Dai et al., 2007b). Overexpression of OsYAB1 led to a 

semi-dwarf phenotype that was rescued by the application of exogenous GA. 

To test whether GA suppresses the phenotype associated with FIL-GR 

activation, 35Spro::FIL-GR lines were grown in the presence of DEX and GA or 

DEX and Paclobutrazol (PAC), a GA biosynthesis inhibitor. In the absence of 

DEX, 35Spro::FIL-GR lines grown on media containing 10µM GA showed a 

slight narrowing of petioles and leaf blade tissue, as well as a faint yellowing of 

leaves, but overall remained very similar to plants grown on 0.5x MS media 

alone (Figure 3.6 A). In contrast, 35Spro::FIL-GR lines grown in the presence of 

10µM PAC produced leaves that were darker in colour and had shorter petioles. 

This phenotype was suppressed when plants were grown in the presence of 

both GA and PAC, leading to phenotypes observed for plants grown on GA 

containing media alone. When 35Spro::FIL-GR lines were grown in the presence 

of both DEX and GA they displayed a slight yellowing compared to DEX alone 

(Figure 3.6 B). When DEX and PAC were included in the growth medium 

together, the cotyledons of 35Spro::FIL-GR lines displayed a greater degree of 

epinasty, overall plant growth was further restricted and anthocyanin 

accumulation was significantly increased. Although it was not determined 

whether these treatments enhanced polarity defects, these plants closely 

resembled 35Spro::FIL lines displaying a strong ectopic phenotype (see Figure 

3.2A (iii)) in comparison to the 35Spro::FIL-GR line used in this study. Growing 

plants on DEX, PAC and GA suppressed the phenotypic enhancement. These 

results suggest that blocking the GA pathway may be linked to an enhancement 
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of the 35Spro::FIL-GR inducible phenotype, however elevated levels of GA, 

unlike experiments carried out in rice, did not apparently rescue the DEX 

induced 35Spro::FIL-GR phenotype. 

 

The GA pathway also partially controls trichome formation and branching 

(Chien and Sussex, 1996; Perazza et al., 1998; Gan et al., 2007; An et al., 

2011). Increased density of trichomes was observed on mature leaves of 

35Spro::FIL-GR plants grown on DEX containing media compared to wild-type 

as mentioned in section 3.2.3 (Figure 3.6 C, D and E). Microscopic examination 

of 35Spro::FIL-GR exposed to DEX revealed that trichomes were 

morphologically identical to wild-type with the exception that the base of the 

trichomes were swollen and elevated from the leaf epidermis, resulting in a 

distinctive protrusion from the leaf surface (Figure 3.6 C, D and E). Plants 

grown on media containing DEX, GA and/or PAC did not present any further 

visual variations in trichome density or morphology.  

 

Trichomes are also used as a marker for the juvenile to adult phase 

change in Arabidopsis, where a mature leaf is classified by its ability to produce 

abaxial trichomes (Telfer et al., 1997). Therefore the leaf that first develops 

abaxial trichomes was compared between DEX treated 35Spro::FIL-GR and 

wild-type. It was found that DEX treated 35Spro::FIL-GR plants only produced 

abaxial trichomes in the 10th leaf compared to wild-type or mock treated 

35Spro::FIL-GR, which typically produced abaxial trichomes between the 3rd and 

4th leaf (Figure 3.6 F). These results suggest that DEX treated 35Spro::FIL-GR 

lines have a delayed juvenile to adult phase change and produce fewer abaxial 

trichomes than wild-type, despite the increase in trichome density on the adaxial 

leaf surface. 
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Figure 3.6 Plant Hormone Responses in 35Spro::FIL-GR 

 

(A) 12DAG 35Spro::FIL-GR seedlings grown on 0.5x MS media containing 10μM 

GA, 10μM PAC and 10μM GA + 10μM PAC, respectively. 

 

(B) 12DAG 35Spro::FIL-GR seedlings grown on 0.5x MS media containing DEX, 

10μM GA, 10μM PAC and 10μM GA + 10μM PAC, respectively. 

 

(C) SEM image of wild-type adaxial leaf. 

 

(D) SEM image of 35Spro::FIL-GR adaxial leaf grown in the presence of DEX. 

 

(E) Light microscope image of 35Spro::FIL-GR leaf grown in the presence of 

DEX. 

 

(F) First leaf to produce abaxial trichomes. Col and 35Spro::FIL-GR treated with 

either a continuous mock or DEX-containing solution. Data shown is the 

average of 10 individual plants for each treatment. Error bars show SEM and 

asterisks indicate statistical significance (*=p<0.05, **=p<0.01 and ***=p<0.001) 

according to a Student’s t-test. 

 

Scale bars are 1mm (A, B, E) and 100µM (C,D). 
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3.3.2 Response of 35Spro::FIL-GR Lines to Ethylene 

 

The plant hormone ethylene is associated with fruit ripening, opening of flowers, 

abscission of leaves and senescence of vegetative tissues (Lin et al., 2009). Of 

particular interest was the involvement of ethylene in stimulating epinasty 

(Romano et al., 1993). As 35Spro::FIL-GR plants grown in the presence of DEX 

display strong epinasty, the possibility of ethylene being involved was assessed. 

A simple approach to test for changes in ethylene response was to compare 

hypocotyl length in 35Spro::FIL-GR lines grown under light or dark conditions. 

From this analysis, there was no significant difference in hypocotyl length 

between DEX treated 35Spro::FIL-GR plants and the controls when grown under 

light conditions (Figure 3.7). When grown in dark conditions, the etiolation 

response in 35Spro::FIL-GR plants treated with DEX was significantly reduced 

compared to the controls. This result suggests that ethylene responses may be 

altered following constitutive FIL activation. 

 

 

 

 

 

Figure 3.7 Etiolation Response in 35Spro::FIL-GR 

Hypocotyl length assays (cm) under light and dark conditions. Error bars show 

SEM and asterisks indicate statistical significance (*=p<0.05, **=p<0.01 and 

***=p<0.001) according to a Student’s t-test. n=10. 
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3.3.3 Response of 35Spro::FIL-GR Lines to Auxin 

 

Leaf formation, leaf patterning, epinasty and blade growth are all controlled to 

various degrees by the auxin hormone pathway (Okada et al., 1991; Romano et 

al., 1993). To determine whether FIL induction affects the activity of the auxin 

pathway, the response of 35Spro::FIL-GR plants to auxin or auxin transport 

inhibitors was assessed. 35Spro::FIL-GR plants grown on 0.5x MS media 

containing 10µM indole acetic acid (IAA), but lacking DEX, developed leaves 

with a slightly epinastic appearance and short branched roots with an increased 

density of root hairs (Figure 3.8 A). When grown in the presence of IAA and 

DEX, the 35Spro::FIL-GR plants produced small epinastic leaves that 

accumulated more anthocyanin and displayed shorter primary roots. 

35Spro::FIL-GR plants were also exposed to the synthetic auxin analogue 2,4-

dichlorophenoxyacetic Acid (2,4-D, 1µM). Although 2,4-D induced similar 

phenotypes to those described for IAA, when combined with DEX there was a 

slight darkening of leaves and the primary root became swollen and produced 

chlorophyll (Figure 3.8 B). 

 

Plants were also treated with the auxin transport inhibitors triodobenzoic 

acid (TIBA, 10µM) and naphthylphthalamic acid (NPA, 10µM). In the presence 

of TIBA, 35Spro::FIL-GR plants had narrow downward curling leaves, similar to a 

35Spro::FIL plant exhibiting a weak phenotype (Figure 3.8 C). Plants grown in 

the presence of TIBA and DEX resulted in increased anthocyanin accumulation, 

reduced growth and an increased density of root hairs. The same phenotypes 

were observed when plants were grown on NPA (Figure 3.8 D). Taken together, 

these results show that following exogenous auxin addition or auxin transport 

inhibition, anthocyanin levels and the severity of 35Spro::FIL-GR morphological 

phenotypes are enhanced. This is consistent with auxin homeostasis being 

disrupted following FIL activation. 
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Figure 3.8 Response of 35Spro::FIL-GR Lines to Auxin and Auxin Inhibitors 

 

20DAG 35Spro::FIL-GR plants grown on 0.5x MS media in the presence or 

absence of DEX and either 10μM IAA (A), 1μM 2,4-D (B), 10μM TIBA (C) or 

10μM NPA (D). Scale bars are 1mm. 
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3.3.3.1 Auxin Signaling is Increased in 35Spro::FIL-GR 

To test whether auxin signaling is affected in 35Spro::FIL-GR lines grown in the 

presence of DEX, an auxin reporter composed of synthetic tandem direct 

repeats of an auxin response element upstream of a CaMV 35S minimal 

promoter fused to the ß-glucoronidase reporter gene (DR5pro::GUS, (Ulmasov et 

al., 1997)) was introgressed into the 35Spro::FIL-GR background. In a wild-type 

background, DR5 activity is initially detected in stipules and the distal focus (DF) 

of young leaf primordia (Figure 3.9 A, (Mattsson et al., 2003)). GUS activity is 

also detected in the incipient primary vein (IPV) outlining the sites of initial 

vasculature development for the midrib followed by the incipient secondary 

(I2V) and tertiary (I3V) veins which form the remainder of the vascular network 

in the leaf. Over time, further expression is seen at the sites of vascular 

formation, towards the lower part of the leaf as GUS activity fades from the top 

of the leaf. Within 12 to 14 days, the entire vascular network of a leaf is formed 

and DR5 activity is no longer detectable. 35Spro::FIL-GR seedlings grown in the 

presence of DEX showed a marked increase in expression of DR5 throughout 

leaf development, however the pattern of expression was not noticeably 

different from the mock treated controls (Figure 3.9 B, C). Ectopic DR5 

expression was, however, observed as small groups of cells throughout 

cotyledons (Figure 3.9 D compared to E). This observation was also seen in 

35Spro::FIL-GR plants using a DR5pro::GFP reporter, although signal intensity in 

leaves was weak and difficult to distinguish from background fluorescence 

(Figure 3.9 F, G). In order to quantify these observations, a MUG assay was 

performed on ten day-old 35Spro::FIL-GR DR5pro::GUS plants grown in the 

absence or presence of DEX (Figure 3.9 J). A significant increase in GUS 

activity was observed in DEX treated samples, confirming that the DR5 

promoter is more active in response to constitutive FIL expression. These 

results are consistent with elevated auxin signaling following activation of FIL 

and may arise from an increase in auxin biosynthesis, transport or sensitivity to 

auxin. 
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Figure 3.9 DR5 Activity in 35Spro::FIL-GR and yab Mutants 

 

(A) Histochemical staining of the 1st true leaf taken from an 8DAG DR5pro::GUS 

plant. Arrows indicate distal focus (DF), incipient primary vein (IPV), incipient 

secondary vein (I2V) and incipient tertiary vein (I3V).  

 

(B) 1st true leaf of 10DAG DR5pro::GUS 35Spro::FIL-GR grown without DEX.  

 

(C) 1st true leaf of 10DAG DR5pro::GUS 35Spro::FIL-GR grown with DEX. 

 

(D) 10DAG seedling of DR5pro::GUS 35Spro::FIL-GR grown without DEX. 

 

(E) 10DAG seedling of DR5pro::GUS 35Spro::FIL-GR grown with DEX. 

 

(F) 10DAG seedling of DR5pro::GFP 35Spro::FIL-GR grown without DEX.  

 

(G) 10DAG seedling of DR5pro::GFP 35Spro::FIL-GR grown with DEX. 

 

(H) 12DAG seedling of fil-8 yab3-1 DR5pro::GUS. 

 

(I) 12DAG leaf of fil-8 yab3-1 yab5-1 DR5pro::GUS. 

 

(J) 10DAG 35Spro::FIL-GR DR5pro::GUS MUG assay graph showing GUS 

activity (PKAT/mg) on y axis and DEX treatment on the x axis. Error bars show 

SEM and asterisks indicate statistical significance (*=p<0.05, **=p<0.01 and 

***=p<0.001) according to a Student’s t-test. 

 

Scale bars are 0.5mm (A,B,C,H,I) and 1mm (D,E,F,G). 
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3.3.3.2 Auxin Signaling is Reduced in yab Mutants 

Given that auxin signaling is elevated in response to FIL activation, it is possible 

that reduced YAB activity may be associated with decreased auxin signaling. To 

test this possibility, DR5pro::GUS activity was examined in a fil-8 yab3-1 and fil-8 

yab3-1 yab5-1 mutant background. GUS activity was limited to the distal focus 

of developing fil-8 yab3-1 leaves. No GUS activity was detected in young yab 

triple mutant leaves and only low level activity was observed along margins of 

leaves (Figure 3.9 H, I). These results support the hypothesis that auxin 

responses are reduced in lines lacking YAB activity. 

 

 

3.4 Analysis of 35Spro::FIL-GR Roots 

 

 

3.4.1 Root Assays on 35Spro::FIL-GR Plants 

 

An interesting observation was that 35Spro::FIL-GR plants grown in the 

presence of DEX rarely produced lateral roots. To quantify this effect, twenty 

35Spro::FIL-GR plants were grown vertically on 0.5x MS media in the absence or 

presence of DEX. At 12DAG, wild-type plants typically produced between 2-3 

fully emerged lateral roots, as scored by eye, when grown in the absence of 

DEX and 1-2 lateral roots when the synthetic hormone was present (Figure 3.10 

A). However, this difference was not found to be statistically significant. Similar 

to wild-type, 35Spro::FIL-GR plants grown in the absence of DEX had 2-3 lateral 

roots. In contrast, when grown on media containing DEX, these plants 

completely lacked fully emerged lateral roots. This was also observed for 

twenty-one-day-old plants grown in the continuous presence of DEX (Figure 

3.10 B). However, some lateral roots eventually arose if the plants were kept 

growing on DEX containing media for a prolonged period. This observation 

suggests that lateral root formation is severely reduced, but not completely 

abolished, following FIL induction. 
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In addition to defects in lateral root formation, the primary root of 

35Spro::FIL-GR plants were significantly shorter when grown in the presence of 

DEX (Figure 3.10 C). For instance, 10DAG 35Spro::FIL-GR plants produce roots 

that are approximately 5.5cm in length, which is comparable to wild-type, but 

only have roots that are 3cm in length when grown in the presence of DEX. This 

statistically significant reduction in root length, together with defects in lateral 

root formation, suggests that constitutive FIL induction may be disrupting auxin 

homeostasis, as defects in this hormonal pathway also affect root development. 

 

Auxin is also associated with gravitropic responses (Rodrigo et al., 

2011). To test whether root gravitropism was affected in the 35Spro::FIL-GR line, 

10DAG seedlings were grown vertically on 0.5x MS media, then rotated by 90 

degrees and left to grow for a further 24 hours. For wild-type plants treated this 

way, the root bent approximately 80-90 degrees from its original position. This 

was the case for all treatments, demonstrating that root gravitropism was not 

significantly affected in 35Spro::FIL-GR plants exposed to DEX (Figure 3.10 D). 

 

3.4.2 Auxin Signaling in 35Spro::FIL-GR Roots 

 

As DR5 was found to be elevated in the developing leaves of 35Spro::FIL-GR 

lines treated with DEX, the activity of DR5 was also examined in roots of plants 

grown in the presence of DEX. In wild-type root tips, DR5 expression is found 

throughout the columella root cap, quiescent zone (root apical meristem), 

actively dividing cells of the meristem zone and two strands that define a single 

cell layer derived from the procambium leading to either the protophloem or 

protoxylem (Figure 3.10 E, (Sabatini et al., 1999)). 35Spro::FIL-GR plants treated 

with DEX showed ectopic DR5 activity in the root cap and an elevated DR5 

activity throughout the root tip, particularly the meristem zone, while little activity 

was detectable in the protoxylem and protophloem (Figure 3.10 F). These 

results suggest that auxin signaling is increased in 35Spro::FIL-GR roots treated 

with DEX. 
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Figure 3.10 Root Assays in 35Spro::FIL-GR 

 

(A) Lateral root count in 12DAG seedlings. Colombia wild-type (Col) grown in 

the absence of DEX, Col grown in the presence of DEX, 35Spro::FIL-GR grown 

in the absence of DEX and 35Spro::FIL-GR grown in the presence of DEX. n=20, 

error bars represent SEM. 

 

(B) 21DAG 35Spro::FIL-GR seedling roots grown in the presence or absence of 

DEX. Scale bars are 1mm. n=20. 

 

(C) Root length in 10DAG seedlings. Col grown in the absence of DEX, Col 

grown in the presence of DEX, 35Spro::FIL-GR grown in the absence of DEX 

and 35Spro::FIL-GR grown in the presence of DEX. n=20 and error bars show 

SEM and asterisks indicate statistical significance (*=p<0.05, **=p<0.01 and 

***=p<0.001) according to a Student’s t-test. 

 

(D) Gravitropic responses of 10DAG seedlings. Seedlings were measured upon 

24 hours of being rotated by 90 degrees. Col grown in the absence of DEX, Col 

grown on DEX containing media, 35Spro::FIL-GR grown in the absence of DEX 

and 35Spro::FIL-GR grown in the presence of DEX. n=20, error bars represent 

SEM. 

 

(E) DR5pro::GUS expression in 35Spro::FIL-GR 14DAG seedling root grown in 

the absence of DEX. Arrows indicate columella root cap (CRC), root cap (RC), 

quiescent centre (QC), meristematic zone (MZ), protoxylem (PX) and 

protophloem (PP). Scale bar is 0.1mm. 

 

(F) DR5pro::GUS expression in 35Spro::FIL-GR 14DAG seedling root grown in 

the presence of DEX. Arrows indicate meristematic zone (MZ), protoxylem (PX) 

and protophloem (PP). n.b. image was digitally enhanced for printing purposes 

in order to visualize more blue pigmentation (GUS expression) in protophloem 

and protoxylem cells. Scale bar is 0.1mm. 
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3.4.3 Expression of IAA14 in 35Spro::FIL-GR Roots 

 

Studies have shown that a gain-of-function mutation in the 

INDOLE_ACETIC_ACID14 (IAA14) gene suppresses lateral root formation 

(Fukaki et al., 2002). As 35Spro::FIL-GR plants treated with DEX produce few 

lateral roots and DR5pro::GUS data showed increased auxin signaling in this 

line, the expression levels of IAA14 was tested by RT-qPCR (Figure 3.11 A). 

IAA14 was found to be significantly elevated by 1.61 fold, suggesting that it may 

play a role in the lateral root phenotype of 35Spro::FIL-GR plants treated with 

DEX. 

 

 

3.4.4 Effects of KANADIs in 35Spro::FIL-GR Roots 

 

As well as promoting abaxial cell identity in lateral organs, KANs are known to 

be involved in lateral root formation (Hawker and Bowman, 2004). In their 

analysis of KAN function, Hawker and Bowman showed that constitutive activity 

of a KAN1:VP16:GR fusion protein caused a near complete loss of lateral root 

formation. Given these results, KAN1 expression in the roots of 35Spro::FIL-GR 

plants was examined by RT-qPCR . This revealed a 4.14 fold elevation 

following exposure to DEX (Figure 3.11 A), suggesting that elevated expression 

of KAN1 may be partially responsible for the decrease in lateral root numbers 

seen in 35Spro::FIL-GR plants. One way to test this possibility was to see 

whether removal of KAN1 activity partially or fully suppresses the loss of lateral 

root formation in the DEX-exposed 35Spro::FIL-GR lines. 

 

Due to the inability to use PCR screening for the kan1-2 mutant allele, 

both kan1 and kan2 mutant alleles were introgressed into the 35Spro::FIL-GR 

background. This allowed 35Spro::FIL-GR lines with a kan1 kan2 vegetative 

phenotype to be identified in segregating populations. While loss of KAN1, 

KAN2 or KAN3 activity is not associated with reduced lateral root formation, no 

root defects have been reported for kan1 kan2 double mutants (Hawker and 
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Bowman, 2004). Analysis of 21DAG kan1 kan2 35Spro::FIL-GR lines grown on 

vertical plates in the presence of DEX revealed the presence of lateral roots. An 

average of 8 lateral roots were observed for lines grown in the absence of DEX, 

while an average of 2 lateral roots were formed in seedlings treated with DEX 

(Figure 3.11 B). Given that no lateral roots were observed in 35Spro::FIL-GR 

lines treated with Dex (Figure 3.10A), the observed lateral root formation in the 

kan1 kan2 mutant background following FIL induction is consistent with 

elevated KAN activity being partially responsible for the lateral root growth 

defects observed in 35Spro::FIL-GR lines when treated with DEX. 

  

Root length was also assessed in the kan1 kan2 35Spro::FIL-GR line. 

14DAG seedlings grown in either the presence or absence of DEX were of 

comparable length to those observed in 35Spro::FIL-GR (Figure 3.11 C). 

Therefore, elevated KAN1 activity is not apparently responsible for the 

decreased length of DEX-exposed 35Spro::FIL-GR roots.  
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Figure 3.11 Effects of IAA14 and KANADIs on 35Spro::FIL-GR 

 

(A) RT-qPCR on 35Spro::FIL-GR 10DAG roots treated with DEX. IAA14 and 

KAN1 expression were tested. Fold change data relative to mock treatment. 

 

(B) Lateral root count in 21DAG kan1 kan2 35Spro::FIL-GR plants grown in the 

presence or absence of DEX (n=20).  

 

(C) Root length of 14DAG kan1 kan2 35Spro::FIL-GR plants treated with or 

without DEX (n=20).  

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 
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3.5 Discussion 

 

 

 

The aim of this study is to identify direct targets of YAB transcription factors by 

characterizing genome-wide changes in gene expression following rapid 

induction of YAB activity. Towards performing this analysis, this chapter 

describes the generation and subsequent characterization of an inducible FIL 

line. 

 

An important aspect of generating inducible transcription factor activity is 

being able to assess the activity of the chimeric protein. This is not only 

important for screening primary transformants for an inducible phenotype, but 

also to carefully determine whether the presence of the GR domain interferes 

with the biological activity of the protein. As constitutive expression of YABs 

produce noticeable changes in leaf development and hence vegetative growth, 

it was decided to generate lines in which YAB-GR fusions were expressed 

throughout the plant, rather than being limited to the abaxial domain of 

developing leaves. Before characterizing inducible YAB lines, the phenotype of 

plants constitutively expressing individual vegetative YABs (FIL, YAB2, and 

YAB5) were examined. This was done to test whether constitutive expression of 

YAB2 and YAB5 conditioned a stronger phenotype to that of FIL or YAB3 and to 

confirm that YAB-induced morphological defects are observable under the 

growth conditions used for this study. In accordance with previous work, the 

bulk of the 35Spro::FIL plants generated in this study had epinastic leaves that 

accumulated anthocyanin to varying levels. These plants display an 

intermediate phenotype, as lines with a strong phenotype lack a functional SAM 

and accumulate high levels of anthocyanin in their cotyledons. The strongest 

leaf phenotype observed in YAB2 and YAB5-expressing lines were equivalent 

to weak FIL or YAB3 lines, with the remaining lines having a phenotype 

indistinguishable from wild-type. Based on this analysis, plants expressing the 

FIL-GR or YAB3-GR fusion were predicted to be the most likely to produce a 

consistent and recognizable phenotype when grown on DEX-containing media. 
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Consistent with this expectation, several lines were identified that produced an 

intermediate FIL over-expression phenotype when continuously exposed to 

DEX. Subsequent analysis showed that activation of FIL caused abaxialisation 

of leaves and was sufficient to partially restore the vegetative defects 

associated with fil yab3 double and fil yab3 yab5 triple mutants. These 

observations indicate that the FIL-GR fusion retains biological activity and thus 

is suitable for use in the transcript profiling experiment that will be described in 

the following chapter.  

 

A major factor preventing the extensive characterization of lines 

constitutively expressing FIL is their inability to be maintained due to infertility. 

This is not an issue with the inducible FIL lines as they can be maintained in the 

absence of DEX. Given this, it is possible to introgress reporter constructs into 

the FIL-GR background and examine their activity upon FIL induction. Using 

this approach, the number of cells undergoing a G2 to M transition in the mitotic 

cycle was assessed following FIL activation. This analysis identified increased 

mitotic activity in cells of the petiole following FIL activation, a characteristic that 

may explain why the petioles of DEX-exposed FIL-GR lines are elongated 

relative to mock treated lines. Surprisingly, there was no noticeable change to 

the frequency of G1 to S phase transition of the mitotic cycle in DEX treated 

35Spro::FIL-GR lines, raising the possibility that the elongated petioles may 

actually arise from increased cell elongation. 35Spro::FIL-GR lines treated with 

DEX also produce fewer hydathodes than wild-type, a phenotype also observed 

in yab mutants (Sarojam et al., 2010). As hydathodes serve to release excess 

water and solutes from the xylem onto the leaf surface for evaporation (Esau, 

1977; Tsukaya and Uchimiya, 1997), it is possible that the decrease in 

abundance of these structures is due to either a decrease in marginal auxin flow 

(Sarojam et al., 2010), or a perturbation in adaxial cell identity and therefore 

xylem formation, as this component of vasculature is present mostly in the 

adaxial domain of leaves. As hydathodes are a marker for juvenile to adult 

phase change in Arabidopsis (Hunter et al., 2003), another possibility is that 

reduced hydathode formation is a result of delayed transition to adult leaf 

morphology. Consistent with this observation was a delay in the formation of 

abaxial trichomes on leaves of plants experiencing constitutive FIL activity. In 
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contrast to the abaxial surface, trichomes were found at a much higher density 

on the adaxial side of DEX treated 35Spro::FIL-GR lines. This may be due to FIL 

being normally expressed in trichomes and thus involved in trichome 

development (Schliep et al., 2010). Further work is thus required to determine 

how and why hydathode and trichome numbers are altered, as well as to gain 

further insights into the mechanisms affecting phase change in constitutively 

expressed FIL lines. 

 

The effects of constitutive FIL activity on hormone responses were also 

analyzed. This revealed that FIL activity affects GA, ethylene and auxin related 

processes. As some of the effects were difficult to interpret, it is possible that 

there is crosstalk between these and potentially other hormone pathways, as 

has previously been observed in Arabidopsis (De Grauwe et al., 2008; Liu et al., 

2010; Strader et al., 2010; Yoshimitsu et al., 2011). For example, blocking GA 

led to an enhancement in the DEX inducible 35Spro::FIL-GR phenotype, as did 

blocking or increasing auxin levels. Crosstalk between these two hormone 

pathways has previously been established (Fu and Harberd, 2003; Frigerio et 

al., 2006; Willige et al., 2011). For instance, it has been shown that GA 

metabolism genes such as GA 20-oxidases are directly regulated by Aux/IAA 

and ARF proteins (Frigerio et al., 2006). It must be noted, however, that despite 

GA and auxin increasing the levels of anthocyanin and the growth defect of 

DEX treated 35Spro::FIL-GR plants, the resulting phenotypes were slightly 

different between the two hormones, suggesting that these pathways affect 

YAB activity in different ways. An interesting observation was the reduced 

etiolation response of DEX treated 35Spro::FIL-GR compared to the controls, 

suggesting that the ethylene pathway is affected in these lines. As ethylene is 

also related to leaf epinasty (Lin et al., 2008), it is possible that the epinasty 

observed in DEX treated 35Spro::FIL-GR lines is due to changes in the ethylene 

pathway or via crosstalk between the ethylene and auxin pathways (Ursin and 

Bradford, 1989; Romano et al., 1993; Lin et al., 2009). Further work at a 

molecular level is required in order to identify which genes are being disrupted 

in each hormone pathway and to determine the extent of cross talk between the 

hormone pathways. As will be described in chapter 4, transcriptome analysis 

following FIL activation identified responses in several hormonal pathways. 
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Further investigation into the auxin pathway revealed elevated DR5 

activity in 35Spro::FIL-GR lines following DEX treatment. As DR5 activity is 

essentially a readout of ARF activity, FIL activation clearly affects auxin 

signaling. Whether this is due to an increase in hormone levels, increased 

sensitivity to the hormone or an as yet unidentified role in promoting auxin 

responses, remains to be determined. A role for FIL in regulating auxin 

responses is consistent with the observed reduction of DR5 activity in fil yab3 

and fil yab3 yab5 mutant lines. A similar observation was recently made 

following the characterisation of lines expressing a synthetic miRNA targeting 

both FIL and YAB3 in the abaxial domain of developing leaves (Sarojam et al., 

2010). The same study also showed that yab mutants display an altered 

distribution of auxin transport, as accumulation of the PIN-FORMED1 (PIN1) 

auxin efflux carrier was altered in the leaf margin and incipient midvein of these 

lines. 

 

Despite FIL being expressed in roots (predominantly in the procambium 

and root cap (Brady et al., 2007; Gifford et al., 2008)), no study has so far 

reported a defect in yab mutant roots. It was found that DEX treated 35Spro::FIL-

GR lines rarely produced lateral roots as scored visually, however further 

investigation employing microscopy could determine whether the rate of lateral 

root initiation is also affected. As lateral root initiation is known to be regulated 

by auxin (Malamy and Benfey, 1997) and that initiation of lateral root outgrowth 

is derived from the pericycle and procambium, it is possible that FIL is involved 

in this process. Lateral root inhibition has also been observed when the auxin 

response gene IAA14 is overexpressed (Fukaki et al., 2002; Fukaki et al., 2005; 

Smet, 2010; Goh et al., 2012b). It is therefore possible that 35Spro::FIL-GR lines 

do not initiate lateral root formation due to increased IAA14 expression, as 

IAA14 was elevated in 35Spro::FIL-GR roots treated with DEX. This possibility 

could be tested by examining the effects of the iaa14 mutation on lateral root 

formation in DEX-exposed 35Spro::FIL-GR plants. Finding that DR5 activity was 

elevated in DEX treated 35Spro::FIL-GR roots is consistent with auxin signaling 

being disrupted in these lines and that this is part of the underlying cause of 

lateral root inhibition. 
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  Another interesting observation was that a kan1 kan2 double mutant 

partially restored lateral root formation in DEX treated 35Spro::FIL-GR plants, 

suggesting that KAN1 activity is required for DEX induced 35Spro::FIL-GR-

mediated lateral root inhibition and therefore potentially FIL function. 

Furthermore, this result suggests that the lateral root inhibition phenotype of 

35Spro::FIL-GR cannot be completely explained by an increase in IAA14 

expression. However, as KAN1 has been linked to negatively regulating auxin 

transport (PIN1), auxin biosynthesis and transport genes (Ilegems et al., 2010; 

Huang et al., 2014), it is possible that the function of both auxin responsive 

genes and KANs are interconnected and required for the lateral root phenotype 

of DEX induced 35Spro::FIL-GR. Further work is required to characterise DR5 

expression, the interaction between IAA14, KAN1 and FIL in root tissues and 

the interactions between FIL, KAN1 and auxin responsive genes in leaves.  

 

Taken together, the work in this chapter shows that the GR system is a 

reliable and biologically relevant method to induce constitutive FIL activity. 

Given this, the 35Spro::FIL-GR line was subsequently used for transcriptional 

analysis that will be described in the next chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 
 

Chapter 4: Analysis of Transcriptional Changes 

Following Induction of FIL Activity 

 

 

 

4.1 Introduction 

 

 

Two of the most common ways to sample genome-wide patterns of gene 

expression involve microarray hybridisation and RNAseq. Over the last decade 

microarray technology has matured to the point where it is reliable and cost 

effective, as mass-produced whole genome arrays such as the Affymetrix ATH1 

chip (Arabidopsis) are readily available and the hybridization chemistry 

associated with microarray screening is both robust and rapid. Despite this, 

RNAseq has rapidly superseded microarrays as the method of choice for 

expression analysis because it is generally better able to detect rare transcripts 

due to a broader dynamic range for measuring transcript abundance (Marioni et 

al., 2008). In addition, RNAseq provides insight into relative expression levels of 

alleles, which can be distinguished on the basis of SNP variation, and the 

relative levels of alternative splicing (Mane et al., 2009; Giorgi et al., 2013). 

Despite the clear advantages of RNAseq technology, there are also 

disadvantages such as greater cost, larger requirement for data storage and 

computing power, as well as more complex data analysis required compared to 

microarrays (Zhao et al., 2014). At the time that this study was instigated, 

RNAseq was cost prohibitive and not widely available in Australia. Given this, 

microarrays were deemed the most suitable approach to investigate the 

genome-wide changes in transcription following FIL activation. 

 

Previous microarray studies have utilized transcription factor-GR fusions 

to allow transcriptional changes to be assessed at particular time points (eg. 4h, 

8h, 24h) following the activation of the fusion protein through application of the 
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synthetic steroid DEX (Wang et al., 2006; Schlereth et al., 2010; Phan et al., 

2011). One important factor to be considered with the GR/DEX approach is that 

the number of direct targets identified is largely influenced by the time at which 

expression is assessed following induction of transcription factor activity. If 

expression is assayed within the first hour, the transcriptional response will 

almost certainly include a very large proportion of direct targets, but comes at 

the cost of reduced sensitivity. This is because the transcriptional response of 

many target genes is likely to be below the threshold of detection and hence 

these genes may be missed in the analysis (Yang and Androulakis, 2009). 

Assessing expression at later time points circumvents this problem, as the 

transcriptional responses of direct targets is likely to be much greater. However, 

a complicating factor in the use of later time points is the increased chance of 

detecting indirect transcriptional responses to the transcription factor, which 

arise from the activity of the primary response genes upon downstream targets. 

The GR/DEX system was adopted for this study, and expression analysis 

conducted at 4h and 8h following exposure of the 35Spro::FIL-GR line to DEX. 

These time points allow for a direct comparison of gene expression at different 

time intervals and are likely to be enriched for direct targets. For instance, direct 

targets might be expected to display elevated transcriptional responses at 8h in 

comparison to 4h. In addition, use of two time points allows for the identification 

of genes that respond transiently to FIL (expressed at 4h, but not at 8h) or have 

different response kinetics to FIL (early response detected at 4h vs late 

response detected at 8h).  

 

In addition to whole genome expression analysis following FIL activation, 

a second microarray experiment was performed on shoot tissue extracted from 

wild-type plants and mutants lacking FIL and YAB3 activity. The aim of this 

experiment was to identify transcriptional differences between wild-type and yab 

mutants with the expectation that some of these genes, most likely direct 

targets, would match those that are responsive to FIL following DEX application. 

In addition, genes of interest were tested by RT-qPCR to independently verify 

results of the microarray and mutant transcriptomics. 
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4.2 YAB Overexpression and Mutant Microarray Results 

 

 

4.2.1 Experimental Design for Microarray Analysis 

 

In order to obtain statistically robust expression data, microarray experiments 

were carefully designed. Ten-day after germination (10DAG) 35Spro::FIL-GR 

plants were sprayed with a 0.015% Silwet-L77 solution containing either a 10µM 

Dexamethasone (DEX treatment) or mock treatment and shoot tissue was 

collected at either 4h or 8h post-induction. Each treatment was applied to four 

independently grown batches of plants, leading to a total of sixteen samples.  

Microarray experiments investigating loss of YAB activity involved comparing 

changes in the pattern of gene expression in 28DAG fil yab3 mutant plants 

relative to wild-type plants. Each experiment was performed in triplicate using 

independently grown batches of plant lines, leading to a total of six samples.   

 

 

4.2.2 Quality Control of Samples and Affymetrix Microarray 

Chips 

 

Due to the sensitivity of microarray experiments, several quality control steps 

were performed to ensure uniform and unbiased conditions during the 

experimental process. From the initial steps of sample generation through to 

hybridisation and data analysis, consistency was critical in order to obtain 

statistically significant and biologically relevant data (see chapter 2 for full 

sample preparation conditions and quality control measures). 

 

GeneSpring and ‘R’ software suites were both used for the microarray 

data analysis. This approach gave further confidence that the data produced 

was biologically relevant, as data generated from both software suites were 

found to be generally concordant. Given this similarity, only data from the 
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GeneSpring analysis are described in this chapter, as this software package 

generated a wider range of graphical outputs that better illustrate the microarray 

data.  

 

The Affymetrix microarray chips contain internal controls (housekeeping 

genes and assay sensitivity controls) that are used to assess the efficiency of 

labelling and hybridisation. Collectively, these controls produce a set of metrics 

that define the hybridisation characteristics of each microarray chip. The 

controls include a mixture of biotin-labeled cRNA transcripts derived from bioB, 

bioC, bioD (E.coli), and cre (P1 bacteriophage). These transcripts are prepared 

in staggered concentrations (1.5, 5, 25, and 100pm respectively) and are then 

introduced into the hybridisation cocktail. The resulting signal intensity for each 

probe increases with concentration, indicating consistency between the 

microarray hybridizations (Figure 4.1b and Figure 4.2b). Poly A-tailed sense 

RNA spike controls (phe, lys, thr and dap from B.subtilis) were included in the 

hybridisation cocktail as negative controls and as expected, no signal was 

detected following hybridisation (data not shown). In contrast, Arabidopsis 

genes GAPDH (GAPC, At3g04120), UBIQUITIN (UBC11, At3g08690), ACTIN 

(ACT2, At3g18780) and rRNA (5S rRNA and 25S rRNA) were used as positive 

controls for hybridisation and consistent with their housekeeping role, their 

expression was detected in all samples (data not shown). Given that the metrics 

arising from each microarray chip fell within the manufacturer’s acceptable 

parameters, expression data obtained from each hybridisation was 

subsequently used for further analysis. 

 



90 
 

 

 



91 
 

Figure 4.1 Quality Control Analysis and Normalisation of 4h and 8h 

35Spro::FIL-GR Microarray Data 

 

(A) Histogram showing number of genes (count) versus the normalised signal 

intensity ratios for each combined biological replicate set of microarrays. a(i) 

shows -DEX and +DEX at the 4h time point and a(ii) shows -DEX and +DEX at 

the 8h time point. Distribution is tight, even and consistent between treatments. 

 

(B) Log2 normalised signal intensity values for hybridisation controls; bioB, bioC, 

bioD (E.coli), and cre (P1 bacteriophage 1, 1.5, 5, 25, and 100pm respectively). 

b(i) shows all 4h microarray samples and b(ii) shows all 8h microarray samples. 

Microarray sets showed similar and consistent levels of signal intensity for the 

hybridisation controls and increased signal intensity according to P1 

bacteriophage concentrations. 

 

(C) Box Whisker plots with Log2 normalised intensity values plotted against the 

combined average of all samples within a treatment and time point. c(i) -DEX 

samples and +DEX samples at the 4h time point. c(ii) -DEX samples and +DEX 

samples at the 8h time point. Results suggest that data normalisation for 

averaged biological replicates allow for comparisons between treatments. 

 

(D) Box Whisker plots with Log2 normalised intensity values plotted against all 

individual samples within a treatment and time point. d(i) -DEX samples 1-4 and 

+DEX samples 1-4 at the 4h time point. d(ii) -DEX samples 1-4 and +DEX 

samples 1-4 at the 8h time point. Results show that all microarray samples have 

been successfully normalised and display a similar range in intensity levels. 
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Figure 4.2 Quality Control Analysis and Normalisation of Wild-Type and fil 

yab3 Microarray Data 

 

(A) Histogram showing number of genes (count) versus the normalised signal 

ratios for each combined biological replicate set of microarrays. a(i) shows wild-

type and a(ii) shows fil yab3. Distribution is tight, even and consistent between 

sample types. 

 

(B) Log2 normalised signal intensity values for hybridisation controls; bioB, bioC, 

bioD (E.coli), and cre (P1 bacteriophage 1, 1.5, 5, 25, and 100pm respectively). 

All wild-type and fil yab3 microarray samples are depicted. All microarrays 

showed similar and consistent levels of intensity for the hybridisation controls 

and increased signal intensity according to P1 bacteriophage concentrations. 

 

(C) Box Whisker plots with Log2 normalised intensity values plotted against the 

combined average of all samples within fil yab3 and wild-type data. Results 

demonstrate that data normalisation for averaged biological replicates allow for 

comparisons between groups. 

 

(D) Box Whisker plots with Log2 normalised intensity values plotted against all 

individual samples within a group. Wild-type samples 1-3 and fil yab3 samples 

1-3. Results show that all microarray samples have been successfully 

normalised and display a similar range in intensity levels. 
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4.2.3 Statistical Analysis of Microarray Data 

 

4.2.3.1 Normalisation of Raw Signal Intensities 

A characteristic feature of raw microarray datasets is the large amount of noise 

(signal variation) between each probe feature on an array (Affymetrix Technical 

Note, 2002a). Because this significantly affects array readouts, data from each 

microarray was re-scaled (normalised) using the commonly employed RMA 

(Robust Multi Array Analysis, (Irizarry et al., 2003)) algorithm to allow unbiased 

comparisons between array outputs. Normalised signal intensity values were 

then plotted as a histogram against the number of features (counts) to ensure 

there was a tight normal distribution of signal intensity within groups (Figure 

4.1a and Figure 4.2a). Probesets outside the normal distribution range (outliers) 

were subsequently omitted from further analysis. Baseline transformation then 

allowed for the comparison of two sets of arrays (the experimental versus the 

baseline or control microarrays). Log2 normalised intensity values were plotted 

in Box Whisker plots against samples within an experiment and experimental 

groupings to compare distributions in each category (Figure 4.1c,d and Figure 

4.2c,d). This analysis demonstrated that intensity values arising from the 

microarrays were evenly and similarly distributed, thus allowing for direct 

comparisons of gene expression between the microarray datasets. 

 

 

4.2.3.2 Student’s t-test and Summary of Results 

The subsequent data analysis used expression values of replicates that were 

grouped according to their treatments or sample type. Genes displaying a 

statistically significant change in expression (hereafter referred to as 

differentially expressed (DE) genes) between mock vs DEX treatment and 

between wild-type and fil yab3 were identified using the Benjamini and 

Hochberg method with a 5% false discovery rate and a Student’s t-test 

(Hochberg and Benjamini, 1990). A summary table can be found in Figure 4.3a 

(i) for 4h data and (ii) for 8h data. These tables show the number of genes 

responding to FIL induction according to statistical significance and fold-change 
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in expression. As expected, fewer genes were identified as being differentially 

expressed when the cut-off for statistical significance and fold-change in 

expression was increased. For this study, two levels of statistical significance 

were considered, one where the p-value was less than 0.05 or where the p-

value was less than 0.01. In addition, only genes with a 1.5 fold or greater 

change in expression following DEX treatment were considered to be FIL 

responsive. Using these parameters, 440 genes (p<0.05) and 114 genes 

(p<0.01) were identified as being FIL responsive 4h post-induction (Figure 

4.3d(i)), whereas 301 genes (p<0.05) and 57 genes (p<0.01) were differentially 

expressed 8h post-induction (Figure 4.3d(ii)).  

 

For the wild-type and fil yab3 microarray dataset, no genes were 

identified as being differentially expressed using the Benjamini and Hochberg 

correction set at 5% and a p-value of less than 0.05. Therefore, for analysis of 

this dataset, a less stringent p-value of less than 0.1 was selected. Using this 

cut-off increased the number of DE genes that were identified to 309, with 205 

exhibiting a 1.5 fold or greater change in expression (Figure 4.4c). 

 

All microarray data were then visualised on a volcano plot with Log10 

corrected p-values on the y-axis and Log2 fold change plotted on the x-axis, 

giving the graph a volcano-like appearance (Figure 4.3b (i-iv) and Figure 4.4a). 

This allowed the number of significant (red) vs non-significant (grey) genes and 

their transcriptional response (activation or repression) compared to the control 

(treatment or wild-type) to be plotted. Interestingly, the number of genes that 

responded either positively or negatively to FIL induction was similar. 

Statistically significant genes found to be differentially expressed were also 

displayed on an MA plot, where fold change is plotted on the y-axis and 

average signal intensity plotted on the x-axis (Figure 4.3c (i-iv) and Figure 4.4b 

(i-ii)).  These graphs show how increases in statistical significance yields more 

tightly distributed average signal intensities. Genes were then separated into 

up- or down-regulated lists and ranked according to their fold change following 

FIL induction. 
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Figure 4.3 Statistical Analysis and Graphical Representations of 4h and 8h 

35Spro::FIL-GR Microarray Data 

 

(A) Benjamini and Hochberg method with a 5% false discovery rate and a 

students’ t-test results table showing different p-value cut offs on the columns 

(all, 0.05, 0.02, 0.01, 0.001 and 0.0001) and fold change in rows (all, 1.1, 1.5, 2, 

3 and expected at 3 fold change). a(i) shows 4h data where a mock treatment is 

compared to a DEX treatment while a(ii) shows 8h data. As expected, the 

number of significantly affected genes decreases with p-value decreases and 

fold change increases. 

 

(B) Volcano plots where Log10 corrected p-values are plotted against Log2 fold 

change. Data points in red depict significantly affected genes, while grey points 

indicate genes falling below statistical significance. b(i) and b(ii) show the 4h 

data at p-value cut offs of 0.05 and 0.01, respectively. b(iii) and b(iv) show the 

8h data. These results visually depict the number of genes that were omitted 

from further analysis once p-values are imposed (grey) and shows how a similar 

number of genes are up- and down-regulated (red) in each experiment. 

 

(C) MA plots where fold change (M) is plotted against average signal intensity 

(A). c(i) and c(ii) show the 4h data at p-value cut offs of 0.05 and 0.01, 

respectively. c(iii) and c(iv) show the 8h data. These results show how average 

signal intensities become less divergent with a decrease in p-value, thus 

decreasing the number of statistically significant genes. 

 

(D) Venn diagrams showing relationships between data sets with differing fold 

change and p-value cut offs. d(i) shows 4h data and d(ii) shows 8h data. 
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Figure 4.4 Statistical Analysis and Graphical Representations of the Wild-

Type and fil yab3 Microarray Data 

 

(A) Wild-type and fil yab3 volcano plot where Log10 corrected p-values are 

plotted against Log2 fold change. Data points in red depict significantly affected 

genes, while grey points show statistically unaffected genes. Data presented at 

a p-value of 0.1. These results visually depict the number of genes that were 

below statistical significance, and hence omitted from further analysis (grey). 

The graph shows how a slightly larger number of genes are down-regulated 

compared to genes that are up-regulated (red). 

 

(B) MA plots where fold change (M) is plotted against average signal intensity 

(A). b(i) and b(ii) show the fil yab3 data at p-value cut offs of 0.1 and fold 

change cut offs of 0 and 1.5, respectively. These results depict how fold change 

cut offs affect the number of statistically significant genes. 

 

(C) Venn diagram showing relationships between data sets with differing fold 

change and p-value cut offs.  
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4.2.4 Gene Ontology Analysis 

 

4.2.4.1 Gene Ontology 

GeneSpring software was subsequently used to look for enrichment of gene 

ontology (GO) terms in the microarray datasets. This analysis places genes 

selected from the microarray datasets with a p-value <0.05 and 1.5 fold change 

minimum into known biological processes or pathways according to their 

description and ranks them according to p-value. The gene ontology analysis 

for the DE genes arising from the 4h microarray experiment (Table 4.1) 

identified several stress, stimulus and defence pathways as being over-

represented at the 4h time point. Consistent with a role in hormonal regulation 

(see chapter 3), genes acting in auxin, gibberellin and jasmonic acid pathways 

were identified. Gene ontology analysis of the 8h dataset showed a similar 

response to that observed in the 4h dataset (Table 4.2). Responses to stress, 

stimulus and defence pathways were affected, but to an apparently lesser 

extent than that observed in the 4h dataset, given the number of gene ontology 

terms returned from each analysis. There was an over-representation of 

pathways involved in hormone biosynthesis and stimulus, which suggests that 

FIL or downstream genes may regulate these pathways. Four gene ontology 

terms  common to both the 4h and 8h datasets were associated with cell wall 

modifications. 

 

In summary, the gene ontology analysis provided a general overview of 

processes that were affected following FIL induction. In addition, it provided 

further confidence that the FIL-response genes i.e DE genes, identified in this 

study were biologically relevant, as many were involved in developmental 

pathways. Unfortunately, due to a failure to identify DE genes between wild-type 

and fil yab3 mutants when the p-value was set at less than 0.05, a gene 

ontology analysis could not be performed. 
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Table 4.1 Gene Ontology Analysis of DE Genes Identified in the 4h 

35Spro::FIL-GR Microarray Dataset 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GO ACCESSION GO Term p-value Count in Selection
GO:0050896|GO:0051869 response to stimulus 3.34E-18 94

GO:0042221 response to chemical stimulus 1.28E-12 47

GO:0005618 cell wall 5.83E-10 41

GO:0030312 external encapsulating structure 8.49E-10 41

GO:0009725 response to hormone stimulus 2.41E-09 30

GO:0009719 response to endogenous stimulus 2.90E-09 35

GO:0009743 response to carbohydrate stimulus 6.97E-09 14

GO:0010033 response to organic substance 1.00E-08 14

GO:0009733 response to auxin stimulus 2.12E-08 21

GO:0006950 response to stress 4.70E-08 58

GO:0019760 glucosinolate metabolic process 6.15E-08 7

GO:0016137 glycoside metabolic process 6.15E-08 7

GO:0019757 glycosinolate metabolic process 6.15E-08 7

GO:0009505 plant-type cell wall 1.39E-07 22

GO:0006863|GO:0015852 purine transport 7.41E-07 6

GO:0005345 purine transmembrane transporter activity 7.41E-07 6

GO:0006970 response to osmotic stress 7.92E-07 24

GO:0005576 extracellular region 1.55E-06 41

GO:0015851 nucleobase transport 1.65E-06 6

GO:0009739 response to gibberellin stimulus 2.30E-06 13

GO:0010200 response to chitin 2.52E-06 13

GO:0009607 response to biotic stimulus 3.13E-06 5

GO:0051707|GO:0009613|GO:0042828 response to other organism 3.39E-06 3

GO:0009628 response to abiotic stimulus 4.49E-06 24

GO:0015205|GO:0015392 nucleobase transmembrane transporter activity 4.57E-06 6

GO:0019762 glucosinolate catabolic process 5.69E-06 4

GO:0016139 glycoside catabolic process 5.69E-06 4

GO:0019759 glycosinolate catabolic process 5.69E-06 4

GO:0005529 sugar binding 6.27E-06 12

GO:0008150|GO:0000004|GO:0007582 biological_process 8.88E-06 124

GO:0048046 apoplast 1.97E-05 22

GO:0015931 nucleobase, nucleoside, nucleotide and nucleic acid transport 6.18E-05 6

GO:0009651 response to salt stress 6.96E-05 18

GO:0030246 carbohydrate binding 1.03E-04 13

GO:0009986|GO:0009928|GO:0009929 cell surface 1.01E-04 4

GO:0015932 nucleotide and nucleic acid transmembrane transporter activity 1.05E-04 6

GO:0009753 response to jasmonic acid stimulus 1.12E-04 12

GO:0006952|GO:0002217|GO:0042829 defense response 1.58E-04 19

GO:0042545 cell wall modification 1.92E-04 3
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Table 4.2 Gene Ontology Analysis of DE Genes Identified in the 8h 

35Spro::FIL-GR Microarray Dataset 

 

 

 

 

 

 

 

 

 

 

 

 

 

GO ACCESSION GO Term p-value Count in Selection
GO:0042221 response to chemical stimulus 1.91E-13 30

GO:0050896|GO:0051869 response to stimulus 1.40E-13 51

GO:0005576 extracellular region 3.19E-11 42

GO:0009719 response to endogenous stimulus 1.41E-10 29

GO:0005618 cell wall 1.04E-10 35

GO:0030312 external encapsulating structure 1.46E-10 35

GO:0009725 response to hormone stimulus 2.42E-09 24

GO:0048046 apoplast 1.82E-08 23

GO:0009505 plant-type cell wall 5.91E-08 19

GO:0009733 response to auxin stimulus 1.00E-07 15

GO:0042435 indole derivative biosynthetic process 1.79E-07 6

GO:0006950 response to stress 3.85E-07 17

GO:0042434 indole derivative metabolic process 4.68E-07 6

GO:0042430 indole and derivative metabolic process 4.68E-07 6

GO:0004091|GO:0004302|GO:0004759|GO:0016789 carboxylesterase activity 6.73E-06 11

GO:0042545 cell wall modification 9.59E-06 3

GO:0005529 sugar binding 1.08E-05 10

GO:0009759 indole glucosinolate biosynthetic process 1.56E-05 3

GO:0009628 response to abiotic stimulus 1.72E-05 12

GO:0009414 response to water deprivation 1.67E-05 9

GO:0009684 indoleacetic acid biosynthetic process 1.87E-05 4

GO:0009739 response to gibberellin stimulus 1.99E-05 10

GO:0009753 response to jasmonic acid stimulus 2.45E-05 11

GO:0009683 indoleacetic acid metabolic process 2.77E-05 4

GO:0009415 response to water 2.95E-05 10

GO:0009607 response to biotic stimulus 3.48E-05 9

GO:0030246 carbohydrate binding 6.16E-05 11

GO:0051707|GO:0009613|GO:0042828 response to other organism 6.66E-05 7

GO:0006725 aromatic compound metabolic process 7.39E-05 6

GO:0009827 plant-type cell wall modification 8.27E-05 1

GO:0009617|GO:0009618|GO:0009680 response to bacterium 1.06E-04 5

GO:0042343 indole glucosinolate metabolic process 1.32E-04 3

GO:0009850 auxin metabolic process 1.85E-04 4

GO:0019748 secondary metabolic process 1.80E-04 4

GO:0006970 response to osmotic stress 2.01E-04 5
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4.2.5 Comparisons Between Data Sets  

 

4.2.5.1 Comparisons Between 4h and 8h Treatments 

To identify DE genes in common between the two time points, the 4h and 8h 

gene lists (p-value<0.05) were compared. This analysis revealed 161 DE genes 

in common between both datasets (Figure 4.5), with each gene having the 

same response to FIL induction (elevated or reduced expression). However, the 

magnitude of the transcriptional response at the two time points varied, with 

some showing greater differential expression at 8h, whereas others had 

reduced expression at this time point. These results again demonstrated the 

robustness and reliability of these microarray results.  

 

 

 

 

Figure 4.5 Venn Diagram Showing the Number of Unique and Common DE 

Genes in the 4h and 8h datasets 
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4.2.5.2 Analysis of the DE Genes Identified in the Wild-Type and fil yab3 

Microarray Datasets Compared to DE Genes Identified in the 35Spro::FIL-

GR 4h and 8h Datasets 

The comparison between wild-type and fil yab3 mutant datasets failed to 

identify DE genes with a p-value <0.05. Due to the low statistical correlation 

between replicates, the statistical significance cut-off was increased to a p-value 

<0.1 and 205 genes were found to be differentially expressed between wild-type 

and fil yab3 mutants. Eleven of these DE genes were also present in the 4h and 

8h datasets of FIL response genes (Figure 4.6), whereas 12 DE genes were 

common to the 4h dataset and 8 DE genes were common to the 8h dataset. 

Finally, 174 DE genes were unique to the dataset arising from the wild-type and 

fil yab3 comparison.  

 

 

 

 

Figure 4.6 Venn Diagram Showing the Number of Unique and Common DE 

Genes Between the 4h, 8h, Wild-Type and fil yab3 Datasets     
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4.2.6 YAB DNA Binding Site Analysis 

 

Following the recent identification of a YAB DNA-specific binding site 

((WATNATW); (Franco-Zorrilla et al., 2014)), promoters of DE genes identified 

in the 35Spro::FIL-GR microarrays were assessed for the presence of potential 

YAB binding sites. 85.9% of the DE genes identified in the 4h DEX treatment 

were found to contain at least 1 putative binding site motif within a 3kb 

upstream region of their start codon (Figure 4.7a). Similarly, 84.3% of DE genes 

identified in the 8h DEX treatment contained potential YAB binding motifs 

(Figure 4.7b). Combining genes detected as differentially expressed in both 4 

and 8h datasets revealed a similar pattern where 84% of genes harboured 1 or 

more binding site motifs (BSM; Figure 4.7c). These results suggest that YABs 

may directly bind to, and regulate over 184 genes and that there is no clear bias 

for activation or repression of targets, as numbers were evenly distributed in the 

datasets. This analysis also shows that the majority of the DE genes identified 

in this study are likely to be direct targets of FIL. 
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Figure 4.7 YAB DNA Binding Site Analysis of Microarray Data 

 

(A) Number of DE genes in the 4h 35Spro::FIL-GR dataset with 1 or more YAB 

DNA binding site motifs (BSM) within 3kb upstream of the start codon. 85.9% of 

total genes harbour 1 or more BSMs. Comparable numbers of genes were 

identified in up- and down-regulated data sets. 

 

(B) Number of DE genes in the 8h 35Spro::FIL-GR dataset with 1 or more YAB 

DNA binding site motifs (BSM) within 3kb upstream of the start codon. 84.3% of 

total genes harbour 1 or more BSMs. Comparable numbers of genes were 

identified in up- and down-regulated datasets. 

 

(C) Number of DE genes in common between the 4h and 8h 35Spro::FIL-GR 

datasets with 1 or more YAB DNA binding site motifs (BSM) within 3kb 

upstream of the start codon. 84% of total genes harbour 1 or more BSMs. 

Comparable numbers of genes were identified in up- and down-regulated 

datasets. 
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4.2.7 Genes of Interest for Further Analysis 

 

Following gene ontology analysis and comparisons between DE genes 

identified in the 35Spro::FIL-GR and fil yab3 datasets, a subset of genes were 

selected for further study. Genes were selected based upon their differential 

expression and statistical significance within the datasets, a broad spectrum of 

gene ontology functions including roles in the auxin pathway, signalling, 

transcription factors, genes involved in ubiquitination, cell wall modifications, 

polarity establishment (not detected by the gene ontology analysis) as well as 

with unknown functions (Table 4.3). These included a total of 26 genes, 25 of 

which were from the 4h 35Spro::FIL-GR dataset (Appendix B and C for full gene 

list). All but three of these genes were found to harbour 1 or more putative YAB 

DNA binding domains within their promoter regions. It was therefore anticipated 

that one or several of these genes would be directly regulated by FIL, as their 

expression was altered in the 4h DEX treatment. Twenty-four genes were also 

detected in the 8h dataset and showed a similar pattern of regulation (Table 4.3 

and Appendix D and E for full gene list). Only three of the 26 selected DE genes 

from the 4h and 8h datasets were present in the fil yab3 mutant dataset (Table 

4.3 and Appendix F and G for full gene list). All 26 genes selected were then 

validated by RT-qPCR before pursuing further investigation. 
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Table 4.3 List of DE Genes Selected for Further Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Name Locus Identifier 4 Hour  Fold Change 8 Hour Fold Change fil yab3  Fold Change YAB Binding Domain

MATE At3g23550 14.24 20.02 NC Yes

NAP At1g69490 5.51 9.89 NC Yes

MYB75-PAP1 At1g56650 5.44 7.97 NC Yes

ABC-MDR At3g62150 4.77 6.42 NC Yes

SINA At3g13672 4.06 2.94 NC No

EXP At5g22580 3.15 2.71 -2.02 Yes

ERF-5 At5g07580 3.1 1.98 NC Yes

UBC17 At4g36410 2.75 3.19 -3.21 Yes

KINASE1 At3g13690 2.58 1.81 NC Yes

KANADI1 At5g16560 2.3 2.95 NC Yes

KINASE2 At1g55200 2.28 2.54 NC No

NAC1 At1g56010 2.23 1.95 NC Yes

ARF4 At5g60450 2.15 2.76 NC Yes

MPK3 At3g45640 2.12 2.47 NC No

ARF10 At2g28350 1.75 2.43 NC Yes

MYB91-AS1 At2g37630 1.64 1.7 NC Yes

GH3-2g23170 At2g23170 NC 3.28 NC Yes

SCARECROW At3g54220 -1.31 -1.47 NC Yes

IAA3/SHY2 At1g04240 -1.38 -3.56 NC Yes

MYB55 At4g01680 -1.48 NC NC Yes

p450-CPD At5g05690 -1.92 -1.55 NC Yes

KANADI3 At4g17695 -2.1 -2.16 NC Yes

HAT3 At3g60390 -2.12 -2 NC Yes

MYB 3g04 At3g04030 -2.31 NC NC Yes

EXP8 At2g40610 -2.9 -3.29 -2.17 Yes

EXP11 At1g20190 -12.93 -3.69 NC Yes
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4.3 Validation of Microarray Results by RT-qPCR 

 

 

4.3.1 Outline of RT-qPCR Experiments 

 

Reverse transcription quantitative PCR (RT-qPCR) is the most commonly used 

method to independently validate changes in gene expression following 

microarray analysis. This approach was applied to a subset of up- and down-

regulated genes, with expression differences determined relative to TUBULIN 

(At2g29550) which was not differentially expressed in the microarray data 

(Appendix B to G) and was thus selected as a suitable housekeeping gene for 

RT-qPCR experiments.  As the fold change in expression of genes selected 

from the 4h microarray dataset mostly correlated with those in the 8h dataset, 

RT-qPCR validation experiments were performed using samples treated with 

DEX for 4h. Gene expression levels were assayed from two RNA samples used 

for the microarray experiment and two new RNA samples that were generated 

using the same growth and treatment conditions as those used for the 

microarray experiment, leading to a total of four biological replicates. Similarities 

between these newly prepared samples and the ones used for microarray 

analysis provided additional confidence in the reproducibility of the observed 

results. The wild-type and fil yab3 RNA samples assayed by microarray 

analysis (triplicate biological replicates of each) were also used for validation by 

RT-qPCR. 
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4.3.2 Validation of 35Spro::FIL-GR Microarrays 

 

Figure 4.8 and 4.9 summarises RT-qPCR data for seventeen up-regulated and 

nine down-regulated genes, shown relative to their expression levels reported in 

the microarray experiments. With the exception of KANADI3, IAA3/SHY, 

SCARECROW and NAC1, RT-qPCR analysis confirmed the response of 

selected genes to DEX exposure. However, in many cases, the magnitude of 

gene expression detected by RT-qPCR differed from that reported by 

microarray analysis. This is perhaps not surprising given the different methods 

employed by these techniques to assess transcript copy number (Brady et al., 

2006; Canales et al., 2006). As RT-qPCR specifically assays expression of a 

single gene, it is likely that these results provide a more accurate reflection of 

the response of these genes to FIL activation. Given this, a subset of validated 

genes was chosen for further analysis. 
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Figure 4.8 Validation of Up-Regulated Genes of Interest by RT-qPCR 

 

Graph depicting the fold change in expression of FIL-response genes following 

DEX exposure. Blue and green bars depict microarray data at the 4h (blue) and 

8h (green) time points, whereas data from the RT-qPCR validation experiment 

is shown in red bars. GH3 was not DE in the 4h microarray dataset. With the 

exception of NAC1, changes in expression are statistically significant (p<0.05) 

according to a Student’s t-test. Error bars for RT-qPCR are SEM. 

 

 



113 
 

 

 

Figure 4.9 Validation of Down-Regulated Genes of Interest by RT-qPCR 

 

Graph depicting the fold change in expression of FIL-response genes following 

DEX exposure. Blue and green bars depict microarray data at the 4h (blue) and 

8h (green) time points, whereas data from the RT-qPCR validation experiment 

is shown in red bars. MYB55 and MYB3g40 were not DE in the 8h microarray 

dataset. With the exception of SCARECROW, IAA3/SHY and KAN3 changes in 

expression are statistically significant (p<0.05) according to a Student’s t-test. 

Error bars for RT-qPCR are SEM.  
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4.3.3 Validation of fil yab3 Mutant Microarray 

Expression of genes that were affected following FIL activation and by the loss 

of YAB activity was also assessed by RT-qPCR. Figure 4.10 depicts the results 

from all microarrays as well as the RT-qPCR validation data. The RT-qPCR 

validation experiments were found to be in accordance with the microarray data. 

It was expected that up/down- regulation would be reversed when comparing 

overexpressed FIL to a fil yab3 mutant. This was the case for UBC17 and EXP 

but not so for EXP8, which showed down-regulation in all cases. 

 

 

 

 

Figure 4.10 Validation of Genes of Interest by RT-qPCR 

 

Graph depicting the fold change in expression of FIL-response genes following 

DEX exposure and in fil yab3 mutants. Blue bars depict microarray data at the 

4h and red at 8h time points, whereas data from the fil yab3 microarray is 

shown in green and the qRT-PCR validation is shown in purple. Error bars for 

RT-qPCR show SEM and are statistically significant at p<0.05 according to a 

Student’s t-test. 
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4.4 Discussion 

 

 

Assessing genome-wide changes in gene expression following FIL induction 

clearly shows that many genes are under positive or negative regulation. As this 

is the first time that transcriptional responses to a YAB transcription factor have 

been assessed, such data provides insight into the function of these important 

developmental regulators. Previous studies of the vegetative YABs have shown 

that they physically and genetically interact with the transcriptional co-

repressors LUG and LUH (Stahle et al., 2009). More recently, the reproductively 

expressed INO YAB has been found to interact with LUG and SEU in a co-

repressive protein complex (Simon et al., 2017). These findings imply that YABs 

may function as transcriptional repressors, and consistent with this function a 

subset of genes identified through microarray analysis following FIL induction 

are indeed repressed. However, finding genes that are up-regulated following 

FIL induction, suggests that FIL, and presumably the other YABs, have the 

capacity to function as activators. As such, the YABs may behave in a similar 

manner to the yeast SWI/SNF, SAGA, and MEDIATOR transcription factors that 

interact with the co-repressor TUP1 (yeast ortholog of LUG), where recent 

studies have shown that these transcription factors can function as activators 

when not associated with the TUP1 protein complex (Wong and Struhl, 2011). 

Indeed, a co-activation complex is formed between YABs (except CRC), ADA2b 

and GCN5 and it has been further hypothesised that both co-activation and co-

repression complexes may occur simultaneously as these protein interactions 

occur in the YAB C- and N-terminus, respectively (Simon et al., 2017). YABs 

are not the only example of plant transcription factors that can act both 

positively and negatively within the same tissue. For instance, the transcription 

factor WUSCHEL (WUS) has been shown to activate expression of AGAMOUS 

(AG) in the developing floral meristem (Lohmann et al., 2001), but also 

represses the expression of Arabidopsis Response Regulators (ARR5, ARR6, 

ARR7 and ARR15), (Leibfried et al., 2005)). Thus, WUS has been shown to be 

a bifunctional transcription factor (Ikeda et al., 2009; Busch et al., 2010). Other 

examples of bifunctional transcription factors in Arabidopsis are APETALA3 
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(AP3) and PISTILLATA (PI, (Wuest et al., 2012)). It is therefore a formal 

possibility that YABs also function in a similar manner. 

 

Gene ontology summaries provide only a general interpretation of the 

microarray data and are simply a tool to assist in understanding the types of 

processes that are affected following FIL induction. This is because only a 

fraction of the ~23,000 genes of Arabidopsis are well understood in terms of 

their function, classification and regulation. Other problems with this sort of 

generalisation are that genes can simultaneously act in several pathways and 

may vary in their function during different developmental stages. An example of 

this is ASYMMETRIC LEAVES1 (AS1), which has been shown to be associated 

in leaf development as well as pathogen defence (Tsukaya and Uchimiya, 1997; 

Byrne et al., 2000; Nurmberg et al., 2007; Yang et al., 2008).  

 

The gene ontology analysis revealed numerous pathways being 

differentially affected in both 35Spro::FIL-GR microarray datasets. Of these, the 

most significant pathways were responses to chemical stimulus, which were 

likely due to the application of DEX and its infiltration into cells compared to the 

mock treatment (Kang et al., 1999). Genes involved in both chemical stimulus 

and stress response pathways were not investigated beyond RT-qPCR 

validation, as these responses are not likely to be directly associated with the 

role of YABs in leaf development. There were four cell wall modification 

pathways found to be significantly affected, however, when chemical stimulus 

and stress responses were excluded, the vast majority of gene ontology terms 

identified in the 35Spro::FIL-GR datasets were related to hormone pathways 

(15% in 4h, and 54% in 8h data). Hormone pathways affected by FIL induction 

included those regulated by auxin, gibberellic acid and jasmonic acid. The 

significant rise in prevalence of pathways associated with these hormones in 

the 8h dataset suggests that FIL activation leads to a cascade of hormonal 

responses, in particular, those related to the auxin pathway, which is a primary 

contributor to leaf development (Galweiler et al., 1998; Heisler et al., 2010).  

 

It was noted that no gene ontology terms relating to development or 

polarity establishment were detected in this analysis. One possible reason is 
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that during these brief treatments FIL is not actively changing the identity of 

tissues, therefore, gene ontology terms relating to development were not 

affected. Another possibility is that only a few genes relating to either 

development or polarity establishment were affected following FIL induction and 

were therefore insufficient to generate a gene ontology term of statistical 

significance. 

 

Further bioinformatic analysis of these microarray results have recently 

been used in conjunction with protein-binding array data in order to identify 

enriched YAB-binding motifs in the promoter of regulated genes (Franco-Zorrilla 

et al., 2014). It was found that YABs bind to an A/T rich element (WATNATW) 

that was enriched in both activated and repressed genes. These elements were 

also identified in genes differentially expressed in the yab mutant microarray 

datasets, providing further supporting evidence for the DNA sequence-specific 

binding capabilities of YABs. It was found that over 80% of DE genes in the 

microarray experiments contained at least 1 YAB binding site motif within a 3kb 

promoter region. These results show that YABs have a widespread effect on 

possibly hundreds of genes, affecting many downstream pathways, which 

contribute to the complexity in elucidating YAB function. Further protein 

interaction studies and promoter binding analyses are required to better 

understand YABs ability to positively or negatively regulate gene expression. 

 

Based on gene ontology results, lists of DE genes from the microarray 

analyses, identification of known leaf development genes and promoter 

analysis, twenty-six genes of interest were chosen for further study. A total of 

twenty-four of the twenty-six chosen genes of interest were present in the 8h 

dataset, which suggests that transcriptional changes by FIL are observable as 

early as 4h after induction and are sustained over the next 4h, leading to their 

continued detection at the 8h time point. Genes displaying altered expression 

only after 8h DEX exposure are likely to represent either genes downstream of 

FIL’s primary targets or, late responding direct targets. Due to project 

limitations, only one of the 140 genes detected solely at the 8h time point were 

investigated further (GH3.3, At2g23170), however these may be of interest for 

future studies where the downstream effect of FIL induction are of importance 



118 
 

or to search for slow-responding direct targets. Genes identified at the 4h time 

point but not in the 8h time point may represent a class of genes that either 

respond transiently to FIL induction, or fluctuate in expression rapidly (varying 

from up- to down-regulation in cycles over a short period of time), such as what 

is known to occur with Aux/IAA genes in response to auxin levels, for example 

(Kim et al., 1997; Overvoorde et al., 2005; Dreher et al., 2006). Of the genes 

that were differentially expressed at 4h but not at 8h, only MYB55 and Putative 

MYB At3g04030 were selected for subsequent validation.  

 

The wild-type and fil yab3 microarray results were not as informative as 

anticipated. Despite the microarray hybridisation and normalisation of signal 

intensities adhering to the expected quality control measures, no genes 

displayed a statistically significant (p-value <0.05) change in expression when 

compared to wild-type. This was likely partially due to variations in gene 

expression levels amongst the three biological replicates leading to low 

statistical correlation. Therefore, future microarray or RNAseq experiments 

using quadruplicate replicates may detect further genes of interest. Another 

factor potentially adding to the low statistical correlation amongst replicates was 

the method used for collecting material for these experiments. In the first 

instance, fil yab3 double mutants needed to be identified from segregating 

populations, and as the difference in leaf morphology between fil yab3, fil/+ 

yab3 and yab3 mutants is not always clear when grown under short day 

conditions for 28DAG, it is possible that double mutant collections were 

contaminated to some degree with yab3 or fil/+ yab3 mutants. Presence of 

these lines in the fil yab3 pools may have affected gene expression levels. 

Another complicating factor is that the tissue in which YABs are expressed 

highly (young leaf primordia) likely represents a small fraction of the tissue that 

was collected for these experiments. Therefore, gene expression changes 

associated with the loss of YAB activity may be hard to detect reliably. 

Despite these issues, three genes common to the 4h and 8h microarrays and 

differentially expressed between wild-type and fil yab3 mutants (applying a p-

value <0.1) were identified. Of these, UBC17 and EXPRESSED PROTEIN 

(EXP, At5g22580) showed an inverse relationship in expression when 

compared to the induced FIL experiments. Finding that expression of these 
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genes increased when FIL was activated and decreased when FIL and YAB3 

activity was absent, suggests that these genes may be direct targets of FIL.  

 

UBC17 is an E2 ubiquitin conjugating enzyme known to be involved in 

the ubiquitination pathway (Bachmair et al., 2001; Kraft et al., 2005), which is 

also linked to auxin signalling pathways (Callis and Vierstra, 2000), while EXP is 

involved in stress response (Cornilescu et al., 2004) and was not investigated 

beyond the RT-qPCR validation. The third gene common to the fil yab3 and 

induced FIL microarrays that was chosen for further analysis was EXPANSIN8 

(EXP8). However, this gene did not display the same expression profile of the 

other two genes as its expression was reduced following FIL activation, as well 

as in fil yab3 mutant lines. This result is difficult to interpret however, it is 

possible that multiple factors act in conjunction with FIL and other YABs to 

regulate EXP8 and that this leads to down-regulation of EXP8. Both EXP8 and 

EXP11 (both down-regulated in induced FIL microarrays) were investigated 

further in this study as this gene family is known to play a role both in cell wall 

modifications via loosening of the extracellular matrix, and in influencing growth 

and auxin gradients in the SAM (Pien et al., 2001; Heisler et al., 2010; Goh et 

al., 2012a). Furthermore, it is possible that altered activity of these genes may 

explain the cell size changes observed in the adaxial epidermal cells of 

35Spro::FIL-GR leaves and abaxial epidermal cells of fil yab3 mutant leaves. 

 

Interestingly KAN1, a gene known to be involved in leaf polarity 

establishment and growth, was elevated at both 4h and 8h time points following 

FIL induction. While this finding is consistent with YABs promoting abaxial 

patterning during leaf development as originally proposed (Sawa et al., 1999a; 

Sawa et al., 1999b; Siegfried et al., 1999), the absence of many other abaxial 

promoting genes suggests that the abaxialization phenotype following FIL 

activation is subtle. There are several possible reasons for this observation, but 

perhaps the most relevant is that FIL activity is induced in cells/tissues not 

normally expressing FIL. This occurs due to the use of the 35S promoter, which 

not only causes FIL-GR to accumulate at artificially high levels, but ectopically 

in adaxial tissues of the leaf. Under these circumstances, FIL-GR might not 

activate the full suite of direct targets due to either the absence of factors that 
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work with this transcription factor or an inability to bind to target sequences due 

to developmentally regulated changes in chromatin accessibility. 

 

Genes associated with auxin signalling were also elevated in response to 

FIL activation, a finding that is consistent with the observed ectopic activation of 

DR5pro::GUS in DEX-treated 35Spro::FIL-GR. Of these, AUXIN RESPONSE 

FACTOR 4 (ARF4), ARF10 and GH3 (At2g23170) were selected for validation 

and further investigation. Like KAN1, ARF4 plays a role in polarity 

establishment and growth (Pekker et al., 2005), whereas ARF10 has been 

implicated in seed germination and leaf development (Liu et al., 2007), and the 

GH3 gene is likely involved in conjugating amino acids to IAA in order to 

regulate endogenous auxin levels (Hagen and Guilfoyle, 2002; Staswick et al., 

2005).  

 

Interestingly, none of these genes have previously been implicated in 

YAB function, despite KAN1 and ARF4 being associated with abaxial patterning 

(Kelley et al., 2012; Reinhart et al., 2013), supporting a role for the YABs in leaf 

polarity regulation. While elevated ARF4 expression in DEX-treated 35Spro::FIL-

GR might occur from FIL acting directly on ARF4, it is also possible that ectopic 

FIL activity in the adaxial domain of the developing leaf might reduce tasi-ARF 

expression. While reduced tasi-ARF activity would be predicted to cause an 

increase in ARF4 transcript abundance, the same would also apply to the other 

targets of the tasi-ARFs, namely ARF2 and ARF3 (Williams et al., 2005; 

Fahlgren et al., 2006; Garcia et al., 2006). As increased expression of these 

genes was not observed following DEX-induction, it seems unlikely that FIL 

promotes ARF4 activity through the tasi-ARF pathway.  

 

A MYB transcription factor, ASYMMETRIC LEAVES1 (AS1/MYB91) was 

elevated in response to FIL activation and was of interest due to its known 

involvement in leaf development and growth (Tsukaya and Uchimiya, 1997; 

Byrne et al., 2000; Ori et al., 2000). It has also been suggested that AS1 in 

conjunction with RNA DEPENDENT RNA POLYMERASE 6 (RDR6) indirectly 

prevents FIL expression in the adaxial domain of leaves by regulating 

miR165/166 and hence PHB expression (Li et al., 2005). As the microarray 
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experiments performed in this study were likely not sensitive enough to assess 

events occurring during the early stages of leaf formation or distinguish 

expression levels between the adaxial or abaxial domains, it is possible that 

induced FIL activity elevated AS1 in the abaxial domain or in other tissues of 

the 10-day-old seedling. Furthermore, as AS1 was the only adaxial regulator 

that was DE in these experiments, it appears that FIL may not function to 

repress adaxial cell identity as has recently been proposed (Stahle et al., 2009). 

Instead, it seems that FIL regulates polarity establishment by promoting abaxial 

patterning factors and auxin responses (KAN1/ARF4). 

 

Genes involved in signalling were also potentially of interest as YABs are 

thought to function non-cell autonomously (Siegfried et al., 1999) which might 

be mediated through signalling events. For example, putative KINASE1 (KIN1) 

and KIN2 (At3g13690, At1g55200) were both up-regulated in response to FIL 

activation. As their function is currently unknown, they are an appealing target 

for further investigation. 

 

The experimental scope of this study was focused on genes most likely 

to be biologically relevant to leaf polarity establishment following FIL activation. 

Future studies should compare the results obtained in this study to publically 

available microarray datasets arising from hormone induction, loss-of-function 

mutation or constitutive expression of other leaf patterning genes. This will 

provide insight into pathways that overlap with FIL and its downstream events. 

 

In summary, there are several possible ways in which FIL functions as a 

transcription factor. It may work in one or more protein complexes that arise at 

different developmental stages due to changes in the availability of binding 

partners. Such mechanisms of action have been described for other 

Arabidopsis transcription factors (Mitsuda and Ohme-Takagi, 2009). 

Furthermore, FIL may be an activator, repressor or both. Current publications 

suggest that FIL acts in a repressor complex along with the transcriptional 

corepressor LUG (Navarro et al., 2004; Stahle et al., 2009), however, the 

microarray data presented here suggests multiple targets and no bias towards 

gene activation or repression, suggesting that FIL may target genes 
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independently of the LUG complex. The results reported in this chapter 

therefore provide a starting point in identifying genes directly regulated by FIL. 

The following chapter details the analysis of a subset of putative FIL target 

genes.  
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Chapter 5: Further Characterisation of 

FILAMENTOUS FLOWER Response Genes 

 

 

 

5.1 Introduction 

 

 

A major limitation associated with the genome-wide transcriptional approach 

used to identify genes responding to FIL is the inability to discriminate between 

direct and indirect targets. As outlined in the previous chapter, one way to 

reduce the number of indirect targets identified by microarray analysis is to 

rapidly assess the transcriptional response to FIL following induction. This 

approach assumes that the transcriptional response of an indirect target is 

much slower than that of a direct target, and thus genes responding rapidly to 

FIL induction are likely to be direct targets. However, as there is still the 

possibility that some indirect targets respond rapidly to FIL induction, it is 

necessary to test whether the genes identified from the microarray analysis are 

indeed direct targets.  

 

One well established approach to discriminate between direct and 

indirect targets of a conditionally active transcription factor is to block translation 

at the same time as inducing transcription factor activity (Sakai et al., 2001; 

Baudry et al., 2004; Ryu et al., 2005; Roig-Villanova et al., 2006; Ito et al., 2007; 

Taniguchi et al., 2007; Zhou et al., 2011). Such treatment will not affect the 

transcriptional response of a direct target, but will suppress the response of an 

indirect target, due to intermediary proteins required for gene activation not 

being produced. Cycloheximide (CHX) treatment is typically used to block 

translation, as it interferes with the function of the 60S ribosomal subunit (Siegel 

and Sisler, 1963; Vazquez, 1979; Schneider-Poetsch et al., 2010).  
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A second way to assess whether a gene is a direct target is to determine 

whether its promoter is responsive to the transcription factor in question. There 

are several ways in which this can be done, but most involve transiently 

expressing the transcription factor in plant tissue and testing whether this 

causes an increase in the activity of a promoter-reporter that is also present in 

these cells. Such an approach has been used successfully to confirm 

transcription factor binding to target promoters. For example, it has been shown 

that expressing the Artemisia annua AaWRKY1 protein (35Spro::AaWRKY1) in 

tobacco led to highly increased activity of the ADS (Amorpha-4,11-diene 

synthase) promoter as visualized by an increase in GUS activity (ADSpro::GUS, 

(Ma et al., 2009)). It was also determined that the binding site for AaWRKY1 is 

a W-box present in the ADS promoter, as absence of this element abolished 

ADS activation by AaWRKY1. This approach is a simple yet effective means of 

testing for direct targets in plant cells. 

 

In addition to these two approaches, it is also possible to identify direct 

targets through the use of a suppressor mutagenesis screen. In this case, if the 

cell polarity and growth defects associated with induced ectopic FIL expression 

are caused by the activity of one or a few key regulators, then mutations in 

these genes or the regulatory elements bound by FIL might be expected to 

suppress the inducible phenotype. An example of mutagenesis being used to 

identify a direct target of a transcription factor is the recent finding that KAN1 

binds to the AS2 promoter and that a single base pair change in the binding site 

leads to ectopic expression of AS2 in the abaxial domain of leaves, suggesting 

that KAN1 functions to repress AS2 expression (Wu et al., 2008). This chapter 

describes how mutagenesis was used to identify suppressor mutants of the 

DEX-induced 35Spro::FIL-GR phenotype. Unfortunately, due to time constraints, 

the analysis of these mutants was limited, preventing the identity of these 

suppressor genes from being determined. 

 

This chapter also considers the expression dynamics of FIL-target genes 

and whether they are regulated by the FIL paralog, YAB3. Given that FIL and 

YAB3 function redundantly in leaf development (Siegfried et al., 1999), it is 

expected that many of the FIL-target genes will also be regulated by YAB3. This 
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analysis was also extended to other vegetative YABs by considering expression 

in yab triple and quadruple mutants. However in this case, the outcome of these 

experiments may be complicated by the pronounced abaxialisation of yab triple 

and quadruple mutant leaves (Stahle et al., 2009). This means that a YAB 

target gene found to be elevated in DEX induced 35Spro::FIL-GR could also 

potentially display increased expression in yab triple mutants due to a gain of 

abaxial cell identity in the developing leaves of these mutants. Of course this 

assumes that the remaining YAB is capable of promoting target gene 

expression and is itself accumulating ectopically in yab triple mutant leaves. 

Conversely, in a yab quadruple mutant background, it is expected that 

expression of a YAB target gene will be significantly reduced. However, if the 

YAB target gene is regulated by other abaxial factors, then once again, 

expression may be elevated in the yab quadruple mutant line due to the 

pronounced abaxialisation of mutant leaves. Thus, changes in leaf polarity 

associated with the yab mutants may partially obscure the role played by YABs 

in the regulation of their targets.  

 

Finally, to assess the extent to which these target genes are involved in 

YAB function, mutations in these genes were identified and their phenotypes 

examined. In a few cases, mutants were introduced into the 35Spro::FIL-GR 

background to determine whether target gene activity was required for the FIL-

inducible phenotype.  

 

Collectively, the experiments described in this chapter support a model in 

which FIL acts as either a transcriptional activator or repressor depending on 

the genes being targeted. They also establish that the abaxial polarity 

regulators KAN1 and ARF4 are direct targets of the YABs, although differences 

in the timing of YAB, KAN and ARF4 expression suggest that the YABs are 

likely to maintain, rather than initiate activity of these genes during leaf 

development.  
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5.2 Identifying Direct Targets of FILAMENTOUS 

FLOWER 

 

 

5.2.1 Identifying Direct Targets of FIL Using Combined 

Cycloheximide and Dexamethasone Treatments 

 

Before using CHX treatments to distinguish direct targets from indirect targets, it 

was first necessary to establish whether the chosen dose of CHX was sufficient 

to block translation. This test was performed on plants containing two elements 

of an inducible transactivation system that produces GUS activity following DEX 

application. The first of these elements has the ligand binding domain of the rat 

Glucocorticoid (GR) protein fused to a synthetic transcription factor composed 

of the DNA binding domain of the Lac repressor and the activation domain of 

GAL4 (LhG4) downstream of the CaMV 35S promoter ((35Spro::GR-LhG4); 

Figure 5.1 A; (Craft et al., 2005)). The second element consists of six operator 

(OP) elements placed upstream of a minimal 35S promoter and a GUS reporter 

gene (pOP::GUS). Lines bearing both elements of this system (35Spro
I>>GUS) 

display GUS activity within 2h of exposure to DEX (Craft et al., 2005).  

 

To determine the effectiveness of the CHX treatment, 35Spro
I>>GUS 

plants exposed to 10µM DEX/200µM CHX were compared to plants receiving a 

mock treatment (no DEX or CHX), a 10µM DEX treatment or a 200µM CHX 

treatment. CHX treatments were performed 1.5h before mock or DEX 

treatments. All plants were incubated for 9h upon mock and DEX treatments 

before histochemical staining (Figure 5.1 B). GUS activity was only detected in 

plants receiving a DEX treatment, confirming that presence of CHX in the 

combined treatment with DEX is sufficient to inhibit translation of the GUS 

transcript. 
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Figure 5.1 Using an Inducible Transactivation System to Determine the 

Effectiveness of Cycloheximide Treatments 

 

(A) Components of an inducible transactivation system used to assess the 

effectiveness of cycloheximide treatments. A 35S promoter drives the 

constitutive expression of GR-LhG4, a chimeric protein composed of the 

hormone binding domain of the rat glucocorticoid receptor (GR, red box), the 

LAC DNA binding domain (purple box) and GAL4 activation domain (grey box). 

In the presence of DEX, this chimeric protein enters the nucleus and activates 

GUS expression by binding to the operator (OP) sequences upstream of the 

minimal promoter. 

 

(B) 10DAG 35Spro
I>>GUS plants treated with a mock solution (-DEX/-CHX), 

CHX (-DEX/+CHX), DEX (+DEX/-CHX) and CHX + DEX (+DEX/+CHX). Only 

DEX treated samples produced detectable GUS activity, showing that 

translation of the GUS transcript was unaffected in these plants. Scale bars are 

1mm. 
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To determine the transcriptional response of putative FIL targets 

following FIL induction, 10DAG 35Spro::FIL-GR plants were treated with CHX for 

1.5h before receiving either a mock or DEX treatment for 4h. Tissue was 

subsequently collected, RNA extracted and RT-qPCR performed. Initially, 

expression of the adaxial regulators PHB and REV were examined, as it is not 

expected that either of these genes are direct targets of FIL due to their adaxial 

expression pattern (Goldshmidt et al., 2008). Consistent with this possibility, 

neither PHB nor REV showed significant changes in expression following 

treatment with CHX and DEX (Figure 5.2 A). Expression analysis was then 

extended to genes responding positively to FIL induction: KAN1, ARF4, ARF10, 

KIN1, KIN2, SINA, and AS1 and negatively: CPD (Figure 5.2 A,B). With the 

exception of KIN2, all genes displayed robust transcriptional responses to FIL in 

the presence of CHX, thus confirming them as direct FIL targets. Furthermore, 

finding that some target genes are positively regulated while others are under 

negative regulation, suggests that FIL is a bifunctional transcription factor that 

can act as either an activator or repressor depending on the gene being 

targeted. 
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Figure 5.2 RT-qPCR Analysis of FIL Target Genes in 35Spro::FIL-GR Lines 

Following Combined CHX and DEX Treatments 

RT-qPCR fold change data showing the transcriptional response of genes 

following DEX treatment relative to a mock treatment (blue columns), and 

CHX/DEX treatment relative to CHX (red columns) in 10-day-old 35Spro::FIL-GR 

plants.  

 

(A) Analysis of PHB, REV, KAN1, ARF4 and ARF10 expression levels by RT-

qPCR. With the exception of PHB and REV, transcriptional responses to the 

CHX/DEX treatment are statistically significant. 

  

(B) Analysis of KIN1, KIN2, SINA, CPD and AS1 expression levels by RT-

qPCR. With the exception of KIN2, transcriptional responses to the CHX/DEX 

treatment are statistically significant.  

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 



132 
 

5.2.2 Further Analysis of Transcriptional Changes of FIL 

Response Genes in Transgenic and yab Mutant Lines 

 

To determine the kinetics of the transcriptional response to FIL activation in 

35Spro::FIL-GR lines, expression of select FIL-response genes was assessed at 

different time points following DEX exposure. First, the speed of the 

transcriptional response was examined by assessing expression following a 

45min exposure to DEX. Next, the maximal transcriptional response was 

assessed by examining expression in 35Spro::FIL-GR plants continually exposed 

to DEX over a 10 day period.  

 

A second set of experiments explored the transcriptional activity of FIL 

response genes in lines where FIL-GR expression was limited to the abaxial 

domain of developing leaves (FILpro::FIL-GR). If the magnitude of target gene 

expression in these lines is similar to that detected in the 35Spro::FIL-GR plants, 

it implies that the transcriptional response seen in the 35Spro::FIL-GR lines is 

likely to be limited to the abaxial domain of developing leaves. Thus, collectively 

these experiments provide both spatial and temporal information about the 

transcriptional response of FIL regulated genes.  

 

Given the extent of functional redundancy between FIL and YAB3 

(Siegfried et al., 1999), it is expected that genes regulated by FIL will also 

display similar responses to YAB3. To test this possibility, expression of select 

genes was also examined in 35Spro::YAB3-GR lines continually exposed to DEX 

over a 10 day period. Expression of FIL-regulated genes was then assayed in fil 

mutants and in higher-order yab mutant lines: fil yab3, fil yab3 yab5 and fil yab2 

yab3 yab5, to determine the extent to which their expression was dependent 

upon YAB activity. 

 

Finally, mutant plant lines of the select genes were ordered from stock 

centres and were investigated in a wild-type and 35Spro::FIL-GR background in 

order to determine whether they displayed a mutant phenotype and how they 

impacted on the DEX induced 35Spro::FIL-GR phenotype.   
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5.2.2.1 SINA and UBIQUITIN CONJUGATING ENZYME17 

As ubiquitination and the 26S proteasome have been linked to the control of 

shoot meristem activity and leaf patterning (Ueda et al., 2004; Huang et al., 

2006; Zhang et al., 2011), further studies of FIL-mediated regulation of SINA 

and UBC17 was warranted. Analysis of the temporal response of these genes 

to FIL activation revealed that a 45min exposure to DEX led to a statistically 

significant reduction in expression (SINA: -7.68 fold, UBC17: -5.3 fold; Figure 

5.3). This finding was unexpected given that these genes responded both 

positively to a 4h DEX treatment (microarray and RT-qPCR) and directly to FIL 

activation (CHX/DEX experiment). RT-qPCR data from plants continually 

treated with DEX for 10DAG confirmed that the long-term effect of FIL activation 

was to increase expression of both SINA (2.74 fold increase) and UBC17 (2.13 

fold increase). Similarly, both genes were elevated in 35Spro::YAB3-GR (SINA 

1.94 fold increase, UBC17 1.8 fold increase) and FILpro::FIL-GR lines (SINA 

3.34 fold increase at 4h and 2.7 fold increase at 10DAG, UBC17 1.9 fold 

increase at 4h and 2.07 fold increase at 10DAG) following DEX exposure, 

suggesting that FIL and YAB3 regulate SINA and UBC17 expression and that 

this regulation is dynamic.  

 

To test whether mutations in SINA and UBC17 affect the abaxialisation 

phenotype caused by FIL induction, T-DNA insertion mutants for each gene 

were obtained from stock centres (SALK_129594, N170976), screened for 

homozygous mutants and crossed to the 35Spro::FIL-GR line. Initially, mutant 

lines were identified by PCR and verified by sequencing the region of genomic 

DNA directly adjacent to the left border of the T-DNA. No visible phenotypic 

changes were observed in these mutant lines compared to wild-type, or upon 

DEX induction when introgressed into the 35Spro::FIL-GR background.  

Due to the potential for genetic redundancy within the UBC gene family, the two 

most closely related genes to UBC17, UBC16 and UBC18 were also 

investigated. Like the ubc17 mutant, T-DNA insertions in UBC16 and UBC18 

(SALK_17833 and SALK_129186) conditioned no obvious morphological 

phenotype, and were also unable to suppress the DEX inducible phenotype of 

35Spro::FIL-GR when introgressed into this background. Lack of obvious mutant 
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phenotypes was also a feature of double mutant combinations (ubc17 ubc16 

and ubc17 ubc18), consistent with genetic redundancy within the UBC gene 

family. 

 

 

 

 

 

 

 

 

Figure 5.3 RT-qPCR Analysis of SINA and UBC17 

RT-qPCR analysis of SINA and UBC17 expression in 35Spro::FIL-GR plants 

treated with DEX for 45min and 10DAG. 35Spro::YAB3-GR plants treated with 

DEX for 10DAG and FILpro::FIL-GR (PFFGR) plants treated with DEX for 4h and 

10DAG. Fold change relative to untreated controls. Error bars are SEM and 

asterisks indicate statistical significance (*=p<0.05, **=p<0.01 and ***=p<0.001) 

according to a Student’s t-test. 
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5.2.2.2 Putative KINASE1 and KINASE2 

As YABs have been implicated in non-cell-autonomous pathways in the control 

of leaf patterning and meristem activity (Golz et al., 2004; Goldshmidt et al., 

2008; Stahle et al., 2009), two putative kinases targeted by FIL were 

investigated further (At3g13690 and At1g55200, hereafter referred to as 

KINASE1 (KIN1) and KINASE2 (KIN2), respectively). A genome-wide sequence 

analysis search for genes closely related to KIN1 identified KIN2 and a third 

kinase (KINASE3 (KIN3), At5g56790) as belonging to this gene family. 

Microarray analysis did not identify KIN3 as being differentially expressed in 

response to FIL induction. A phylogenetic tree was constructed using MegAlign 

software from DNASTAR which showed that KIN1 and KIN2 are more closely 

related to each other than to KIN3 (Figure 5.4 A). Comparisons between the 

nucleotide sequences of all three putative kinases were performed using 

MatGAT software, a sequence alignment tool 

(http://bitincka.com/ledion/matgat/). Figure 5.4 B shows that both KIN1 and 

KIN2 are closely related with 64.8% sequence identity, whereas KIN3 was 

slightly more divergent as it shared 58.7% and 55.8% sequence identity with 

KIN1 and KIN2, respectively.  

 

RT-qPCR analysis of KIN1 expression at 45min post FIL induction 

showed that KIN1 was not altered relative to samples receiving a mock 

treatment, whereas KIN2 displayed a -1.46 fold reduction in expression (Figure 

5.4 C). When expression was examined in 10DAG plants grown continuously in 

the presence of DEX, both kinase genes showed significant increases in 

expression (KIN1 3.12 fold increase, KIN2 4.64 fold increase). Similarly, KIN1 

and KIN2 expression was elevated in DEX treated 10DAG plants that 

expressed an inducible version of YAB3 (KIN1 2.23 fold increase, KIN2 3.25 

fold increase), suggesting that the regulation of these kinase genes is shared 

with YAB3.  

 

Analysis of KIN1 expression in yab mutant lines showed a slight, but 

significant increase in fil yab3 (1.2 fold increase) and yab triple mutants (1.83 

fold increase), whereas a reduction was observed in the quadruple mutant line 
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(-1.99 fold decrease; Figure 5.4 D). These observations therefore provide 

support for KIN1 being redundantly regulated by the YABs. 

 

To test whether the kinase genes were required for the DEX-induced 

phenotype of 35Spro::FIL-GR plants, putative T-DNA insertion mutant lines of all 

three kinases were obtained from stock centres (KIN1 FLAG_269H04, KIN2 

FLAG_602H01 and KIN3 SALK_005020), screened for homozygous mutants 

and subsequently introgressed into the 35Spro::FIL-GR background. Initially 

mutant lines were identified by PCR and verified by sequencing the region of 

genomic DNA directly adjacent to the left border of the T-DNA. Confirmed 

mutant lines were then tested for kinase gene expression via semi-quantitative 

RT-PCR. Failure to detect amplification from the kin1 and kin2 alleles 

suggested that these were likely to be null mutants, whereas the kin3 mutant 

displayed a 2-fold reduction in expression levels compared to wild-type. None of 

these single mutant alleles conditioned an obvious vegetative phenotype 

compared to wild-type. Due to potential redundancy, double (kin1 kin2, kin1 

kin3, kin2 kin3) and triple mutants (kin1 kin2 kin3) were generated. This was 

accomplished by crossing kin1 to kin2 mutants and crossing F1 plants from this 

cross with kin3 mutants. Individuals heterozygous for all three mutant alleles 

were identified by PCR genotyping. Further genotyping was carried out in the 

F2 population for the various mutant combinations. As for the single mutant 

lines, all double and triple mutant combinations were wild-type in appearance. 

Similarly, single mutants or a combination of the three mutations had no effect 

on the inducible phenotype of 35Spro::FIL-GR plants. 

 

To determine whether constitutive expression of KIN1 conditioned a 

phenotype similar to 35Spro::FIL-GR when exposed continuously to DEX, a 

35Spro::KIN1 line was generated by cloning full length KIN1 cDNA into the 

pART7 vector downstream of the 35S promoter. The 35Spro::KIN1 cassette was 

then excised using a NotI restriction enzyme site and ligated into the pML-BART 

binary vector and introduced into Arabidopsis. It was found that 35Spro::KIN1 did 

not noticeably affect vegetative or floral development. 
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Figure 5.4 Analysis of KINASE Gene Expression in YAB Transgenic and 

yab Mutant lines 

 

(A) Phylogenetic tree showing the relationships between KINASE1 (KIN1), 

KINASE2 (KIN2) and KINASE3 (KIN3) genes (At3g13690, At1g55200 and 

At5g56790, respectively). 

 

(B) DNA sequence identity and similarity comparisons between the putative 

kinases. 

 

(C) Expression of KIN1 and KIN2 by RT-qPCR in 35Spro::FIL-GR 45min and 

10DAG on continuous DEX treatment. 35Spro::YAB3-GR 10DAG on continuous 

DEX treatment. Fold change relative to untreated control. 

 

(D) Expression of KIN1 by RT-qPCR in yab mutants. Fold change relative to 

wild-type. 

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 
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5.2.2.3 PHABULOSA and REVOLUTA 

Although adaxially expressed C3 HD-ZIP genes PHB and REV are not direct 

targets of the abaxially expressed FIL, previous work has suggested that YABs 

promote PHB expression non-cell autonomously (Golz at al., 2004; Stahle et al, 

2009). Therefore, to characterise the dynamics of PHB and REV gene 

expression in response to FIL induction, RT-qPCR was performed 45min 

following DEX treatment. This revealed a 1.51 fold increase in PHB expression, 

demonstrating that constitutive FIL activity has a rapid effect on expression of 

PHB (Figure 5.5 A). Expression levels of PHB and REV were elevated in 

10DAG 35Spro::FIL-GR plants exposed continuously to DEX (2.44 fold and 2.3 

fold, respectively). As exposing FILpro::FIL-GR lines to continuous DEX 

treatment did not alter PHB or REV expression, it implies that the elevated 

expression of C3 HD-ZIP genes observed in the 35Spro::FIL-GR line arises from 

FIL activity in the adaxial domain of the developing leaf or elsewhere in the 

shoot. Despite previous work showing reduced PHB expression in yab triple 

mutants, RT-qPCR did not confirm this observation. A possible explanation for 

this is that RNA extracted from whole seedlings can sometimes mask subtle 

changes in the pattern of PHB expression.  Indeed, both PHB and REV was 

elevated in yab quadruple mutant lines (2.4 fold and 2.1 fold, respectively; 

Figure 5.5 B), presumably due to ectopic shoot formation that is a feature of this 

line (Sarojam et al., 2010). 

 

As PHB expression was elevated following prolonged FIL induction, it 

was necessary to test whether PHB activity accounts for the DEX-induced 

35Spro::FIL-GR phenotype. To this end, a dominant gain-of-function phb mutant 

(phb-1d) was introgressed into the 35Spro::FIL-GR background. Phenotypically, 

phb-1d/+ heterozygous lines display varying levels of radial or trumpet shaped 

leaves with an increase in adaxial cell identity (Figure 5.5 C; (McConnell and 

Barton, 1998)). The phb-1d line carries a mutation in the microRNA 

(miR165/166) binding site, which protects phb-1d from microRNA-mediated 

degradation, and allows the domain of PHB activity to expand abaxially 

(McConnell and Barton, 1998; Emery et al., 2003b; Emery et al., 2003a). 
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It was found that cotyledons of 35Spro::FIL-GR phb-1d/+ lines were similar to 

those of 35Spro::FIL-GR lines treated with DEX, however, leaves displayed 

elongated and radially symmetric petioles with some blade tissue developing in 

the distal end (Figure 5.5 C). These plants were also slower to develop and 

produced fewer leaves than either phb-1d/+ or 35Spro::FIL-GR alone. These 

results suggest that FIL and PHB act in an additive manner in the 35Spro::FIL-

GR phb-1d/+ line. 

 

An alternative approach to determine the dependence of the inducible 

FIL phenotype on PHB activity is to introgress of PHB loss of function mutations 

into the FIL-GR background. Subsequent characterisation of 35Spro::FIL-GR 

phb-6 lines revealed no suppression of the DEX-induced phenotype, consistent 

with PHB not playing a major role in the FIL-induced phenotype.  
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Figure 5.5 Analyses of PHB and REV 

 

(A) RT-qPCR analysis of PHB and REV expression in 35Spro::FIL-GR plants 

treated with DEX for 45min and 10DAG on continuous DEX containing media. 

FILpro::FIL-GR (PFFGR) expression data in 4h and 10DAG continuous DEX 

treatments. Fold change relative to untreated controls.  

 

(B) PHB and REV expression by RT-qPCR in yab mutants. Fold change relative 

to wild-type. 

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 

 

(C) Dominant gain-of-function phb-1d/+ mutant (left panel) and phb-1d/+ 

35Spro::FIL-GR plants grown in the presence of DEX (right panel). Plants were 

30DAG. Scale bars are 1mm. 
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5.2.2.4 KANADI1 and ASYMMETRIC LEAVES1 

As KAN1 and AS1 have been implicated in leaf development (see chapter 1) 

and found here to be direct targets of FIL, they were investigated in more detail. 

KAN1 expression levels in 35Spro::FIL-GR lines were unchanged 45min post-

DEX induction (Figure 5.6 A). In contrast, expression was elevated 3.52 fold in 

35Spro::FIL-GR plants continually exposed to DEX for 10 days. Elevated KAN1 

expression was also observed in 35Spro::YAB3-GR lines treated with DEX for 10 

days (1.62 fold increase). Interestingly, KAN1 was not differentially expressed in 

FILpro::FIL-GR lines following a 4h treatment with DEX, but when these plants 

were continually exposed to DEX over a 10 day period, a 1.74 fold increase in 

KAN1 expression was detected. This suggests that FIL activates KAN1 

transcription in the abaxial domain of developing organs although the dynamics 

of this regulation is different from that seen in 35Spro::FIL-GR lines.  

Expression of KAN1 in yab mutant backgrounds showed a 2.67 fold elevation 

relative to wild-type in the fy3y5 triple mutant and a 2.65 fold decrease in 

expression in the fy2y3y5 quadruple mutant (Figure 5.6 B). These results imply 

that the activity of all four vegetatively expressed YABs is required to promote 

KAN1 expression, which is consistent with extensive redundancy between 

members of the YAB gene family.  

 

While expression of AS1 in the 45min DEX treatment of 35Spro::FIL-GR 

lines was not assayed, an increase in expression was detected in 35Spro::FIL-

GR plants continuously exposed to DEX for 10 days (2.22 fold increase), as 

well as 35Spro::YAB3-GR (2.13 fold increase, Figure 5.6 A). FILpro::FIL-GR 

plants also displayed elevated AS1 expression at 4h (1.51 fold increase) and 

10-day-old plants continuously exposed to DEX (1.95 fold increase). These 

observations suggest that FIL activity in the abaxial domain is sufficient to 

promote AS1 expression. yab mutant RT-qPCR data showed a slight increase 

in AS1 expression levels in fil yab3 (1.34 fold), but no other change in gene 

expression were observed in any of the higher order yab mutant combinations, 

suggesting that expression of AS1 is not exclusively dependent upon YAB 

activity (Figure 5.6 B). 
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To determine whether the DEX induced phenotypes of 35Spro::FIL-GR 

was dependent on either KAN1 or AS1 activity, mutants in these genes were 

introgressed into the 35Spro::FIL-GR background and DEX induced phenotypes 

assessed. As the vegetative phenotype of kan1 mutants is no different from 

wild-type and due to the redundancy between KAN1 and KAN2, kan1 kan2 

double mutants were utilized (Eshed et al., 2001; Kerstetter et al., 2001; Eshed 

et al., 2004). kan1 kan2 double mutant leaves are characterized by elongated 

petioles and narrow laminas with abaxial protrusions (Figure 5.6 C (Eshed et 

al., 2001)). When the kan1 kan2 alleles were introduced into the 35Spro::FIL-GR 

background and exposed to DEX, petiole length remained elongated and there 

was an observable increase in blade tissue being produced, suggesting that the 

characteristics of kan1 kan2 mutant leaves remain largely unaltered (Figure 5.6 

C). Cotyledons were curled upward as seen in kan1 kan2 mutants and fewer 

leaves were produced compared to kan1 kan2 or 35Spro::FIL-GR alone. 

Interestingly, the abaxial protrusions observed in kan1 kan2 double mutants 

were not present in the 35Spro::FIL-GR background, possibly due to decreased 

blade tissue in these leaves or repression of adaxial factors. 

   

as1-1 (CS3176, (Tsukaya and Uchimiya, 1997)) mutant plant lines 

display smaller leaves that are lobed and have little petiole growth compared to 

wild- type. This phenotype is largely caused by the misexpression of KNOX 

genes in developing leaves (Byrne et al., 2000; Byrne et al., 2002). When as1 

was crossed into the 35Spro::FIL-GR background, plants displayed an additive 

effect where characteristics of both lines were maintained (Figure 5.6 D). It was 

noted however that decreased levels of anthocyanin accumulated in as1 

35Spro::FIL-GR plants treated with DEX.  
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Figure 5.6 KANADI1 and ASYMMETRIC LEAVES1 

 

(A) KAN1 and AS1 expression assayed by RT-qPCR showing the 

transcriptional response in 35Spro::FIL-GR lines treated with DEX for 45min or 

continuously for 10 days, 35Spro::YAB3-GR lines treated for 10 days in the 

continuous presence of DEX and FILpro::FIL-GR (PFFGR) lines at 4h and 10 

days on continuous DEX treatment. Fold change relative to untreated control. 

 

(B) KAN1 and AS1 RT-qPCR expression data comparing wild-type expression 

to yab mutants. Fold change relative to wild-type control. 

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 

 

(C) kan1-12 kan2-1 double mutant in a wild-type background grown on 0.5x MS 

media (left panel) and in a 35Spro::FIL-GR background grown on 0.5x MS media 

containing DEX (right panel). Plants were 30DAG. Scale bars are 1mm. 

 

(D) as1-1 mutant in a wild-type background (left panel) and in a 35Spro::FIL-GR 

background sprayed with DEX containing solution (right panel). Plants were 

30DAG. Scale bars are 3mm. 
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5.2.2.4.1 FIL Binds to KAN1 Regulatory Sequences in Transient Tobacco 

Experiments 

Another way to test direct interactions between a transcription factor and its 

target regulatory sequences is to determine whether transient expression of the 

transcription factor activates a promoter-reporter construct. To do this, Nicotiana 

benthamiana (tobacco) were co-infiltrated with Agrobacterium containing the 

KAN1pro::GUS reporter and either 35Spro::FILTR or 35Spro::FIL. The 35Spro::FILTR 

protein truncation lacks the DNA binding YAB domain and is therefore not 

capable of binding to regulatory sequences. If FIL binds to the KAN1 promoter, 

it would be expected that presence of the 35Spro::FIL construct would 

significantly increase the expression of the KAN1 reporter. Controls for the 

experiment were: 35Spro::FIL alone, 35Spro::GUS and KAN1pro::GUS + 

35Spro::FILTR (Figure 5.7 A, B and D). The abaxial sides of young leaves were 

infiltrated with equal volumes of Agrobacteria containing the desired constructs 

and incubated for 3 days before harvesting and histochemical staining. The 

results showed that both KAN1pro::GUS alone and KAN1pro::GUS with 

35Spro::FILTR had similar levels of GUS activity (Figure 5.7 C and D). 

Histochemical staining of leaves infiltrated with both 35Spro::FIL and 

KAN1pro::GUS, revealed noticeably higher levels of GUS activity. While this is a 

qualitative analysis, it is consistent with FIL directly binding to the KAN1 

promoter and enhancing transcriptional activity (Figure 5.7 E). These assays 

were performed in triplicate, with similar results being observed each time. 
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Figure 5.7 Transient Tobacco Studies Show FIL Activates KAN1 

Expression 

 

Transient tobacco transformations followed by histochemical GUS staining 

using 35Spro::FIL (A), 35Spro::GUS (B), KAN1pro::GUS (C), KAN1pro::GUS and 

35Spro::FILTR (D), KAN1pro::GUS and 35Spro::FIL (E). Experiment was carried out 

in triplicate (data shown from a representative single replicate). Scale bars are 

2mm. 
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5.2.2.5 AUXIN RESPONSE FACTOR 4 and ARF10 

As ARFs have been implicated in leaf polarity establishment (Pekker et al., 

2005) and CHX treatments showed that ARF4 and ARF10 are direct targets of 

FIL, further analysis of their regulation by FIL was performed. Expression of 

ARF4 in 35Spro::FIL-GR plants induced with DEX for 45min showed no 

significant change in expression levels (Figure 5.8 A), whereas plants exposed 

to DEX continuously for 10 days had a 4.76 fold increase in expression. A 

similar ARF4 expression response was observed in 35Spro::YAB3-GR plants 

exposed continuously to DEX for 10 days (2.84 fold increase). FILpro::FIL-GR 

treatments with DEX at 4h showed an increase of ARF4 by 1.77 fold but no 

change in expression was observed following a 10 day exposure to DEX. These 

results suggest that ARF4 activation occurs abaxially after a 4h DEX treatment 

but may also occur adaxially or in other tissues over a longer period.  

ARF4 RT-qPCR data in yab mutants showed an increase in expression in all 

mutant lines demonstrating that expression of ARF4 is not completely 

dependent on YAB activity (Figure 5.8 B). As ARF4 is regulated by the adaxially 

expressed trans-acting (ta) short-interfering RNA (siRNA) derived from the 

cleavage of TAS3 by miR390 (tasiR-ARF; (Fahlgren et al., 2006; Garcia et al., 

2006)), it is possible that repression of ARF4 by tasiR-ARF is decreased in the 

yab mutant lines.  

 

Unlike ARF4, ARF10 expression was significantly elevated (4.14 fold) at 

45min following FIL induction (Figure 5.8 A). Likewise, plants grown in the 

presence of DEX for 10 days had a 2.84 fold increase in expression. A similar 

transcriptional response was also observed in 35Spro::YAB3-GR (2.38 fold 

increase) plants continuously exposed to DEX for 10 days, demonstrating that 

these two YAB paralogs have similar regulatory activities. Assaying FILpro::FIL-

GR plants revealed no change in ARF10 expression at 4h and only a very slight 

increase of 1.2 fold in plants receiving a 10 day DEX treatment, suggesting that 

ARF10 is mostly induced in the adaxial domain, in other tissues or that 

expression of FIL protein in the 35Spro::FIL-GR line is higher in the abaxial 

domain than FILpro::FIL-GR, resulting in a greater increase in ARF10 

expression. 
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5.2.2.5.1 RDR6 Does Not Affect ARF4 Expression in a 35Spro::FIL-GR 

Background 

As briefly mentioned in section 5.2.2.5, ARF4 is regulated by a tasiR-ARF 

generated by the miR390-TAS3-RDR6 pathway. It is therefore possible that FIL 

activation affects ARF4 indirectly via repression of this pathway. As tasiR-ARFs 

regulate their targets post-transcriptionally (i.e. translation is not required), 

tasiR-ARF activity is not affected by cycloheximide treatment. Thus the CHX 

and DEX experiments designed to distinguish between direct and indirect FIL 

targets, are not able to resolve how FIL regulates ARF4. As an alternative 

approach to address this question, ARF4 responses to FIL induction were 

assessed in genetic backgrounds defective in the tasiR-ARF pathway. rdr6-11 

mutants (CS24285) were identified by PCR screening and crossed into a 

35Spro::FIL-GR background. No differing phenotypic effect was observed in rdr6 

35Spro::FIL-GR lines treated with DEX. ARF4 expression in rdr6 mutants was 

then assayed by RT-qPCR and compared to wild-type (Figure 5.8 C). 

Expression was also examined in rdr6 35Spro::FIL-GR plants treated with DEX 

for either 4h or continually for 10 days. In comparison to wild-type, there was an 

increase of 1.49 fold in ARF4 expression in the rdr6 background, in line with 

previous observations (Garcia et al., 2006). Comparisons between the rdr6 lines 

and rdr6 35Spro::FIL-GR lines revealed a 2.47 fold increase in ARF4 expression 

after a 4h DEX exposure and a 1.92 fold increase in lines exposed to DEX over 

a 10 day period. These results demonstrate that FIL-mediated regulation of 

ARF4 is not dependent on the tasiR-ARF pathway, an observation that is 

consistent with FIL being a direct regulator of ARF4. 
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Figure 5.8 Gene Expression Analyses of ARF4 and ARF10  

 

(A) RT-qPCR analyses of ARF4 and ARF10 expression in 35Spro::FIL-GR plants 

treated with DEX for 45min or continually for 10 days, 35Spro::YAB3-GR 10 days 

on continuous DEX and FILpro::FIL-GR (PFFGR) 4h and 10 days on continuous 

DEX. Fold change relative to untreated control. 

 

(B) ARF4 RT-qPCR expression data in yab mutant backgrounds. Fold change 

relative to wild-type. 

 

(C) ARF4 RT-qPCR expression data in rdr6 plants compared to wild-type Col, 

rdr6 35Spro::FIL-GR 4h DEX treatment and rdr6 35Spro::FIL-GR 10 days on 

continuous DEX compared to an untreated control.  

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 
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5.2.2.5.2 Transient Expression of ARF4 in Tobacco 

To determine whether FIL directly interacts with the ARF4 regulatory 

sequences, transient transformation assays were carried out in tobacco. A 4kb 

fragment of the ARF4 promoter was fused to the GUS coding region 

(ARF4pro::GUS) and introduced into tobacco alone or in the presence of 

35Spro::FILTR or 35Spro::FIL. If FIL binds to the ARF4 promoter, it would be 

expected that full length 35Spro::FIL would enhance expression of the ARF4 

reporter. As this experiment was conducted alongside the KAN1 transient 

tobacco experiment (see section 5.2.2.4.1), the same controls were utilized: 

35Spro::FIL, 35Spro::GUS and 35Spro::FILTR + ARF4pro::GUS (see Figure 5.7). As 

basal ARF4 expression was very faint, it was difficult to quantitate and therefore 

compare expression levels between ARF4pro::GUS alone and ARF4pro::GUS 

and 35Spro::FIL (Figure 5.9). Although 2 out of 5 independent experiments 

showed a slight visible increase in ARF4 expression, this observation was not 

consistent or reliably reproducible. Therefore these assays were deemed 

inconclusive. 

 

 

 

 

Figure 5.9 Transient Tobacco Transformations using ARF4 and FIL 

Tobacco leaf disks infiltrated with ARF4pro::GUS alone (A), ARF4pro::GUS and 

35Spro::FILTR (B), ARF4pro::GUS and 35Spro::FIL (C). Arrows indicate zones of 

highest GUS activity magnified in the images below that have been equally 

enhanced to better visualize blue pigment. Scale bars are 2mm. 
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5.2.2.5.3 Expression Pattern of ARF4 and the Effect of 35Spro::FIL-GR 

To further demonstrate induction of ARF4 expression by FIL in planta, 

ARF4pro::GUS was introduced into 35Spro::FIL-GR and Col wild-type 

Arabidopsis lines via Agrobacterium-mediated transformation. Histochemical 

GUS staining of ARF4pro::GUS in a wild-type background was observed 

throughout cotyledon and leaf vasculature, abaxial sides of leaves, the shoot 

apical meristem and roots as previously reported by in situ analysis (Pekker et 

al., 2005). The same expression patterns were observed in a 35Spro::FIL-GR 

background (Figure 5.10 A and C). Expression was also visibly increased upon 

a 4h DEX treatment of these plants prior to GUS histochemical staining (Figure 

5.10 A). Upon 10DAG of continuous DEX treatment, ARF4 expression was very 

intense and also ectopic throughout the blade tissue of the adaxial surface of 

cotyledons and throughout the adaxial and abaxial sides of young leaves, 

consistent with RT-qPCR data (Figure 5.10 B). Taken together, these results 

support the microarray and RT-qPCR data demonstrating that FIL promotes 

ARF4 expression. 

 

 

5.2.2.5.4 arf Mutations 

To determine whether loss of ARF activity affects the DEX-induced 35Spro::FIL-

GR phenotype, previously characterised arf mutant lines were ordered from 

ABRC/NASC stock centres (arf4-2 (SALK_070506), arf10-1 (SALK_087247),  

(Okushima et al., 2005; Pekker et al., 2005)) and introgressed into the inducible 

FIL background. As it has been shown that ARF3 (ETTIN) is most closely 

related to ARF4 and that both genes are regulated by tasiR-ARFs and play 

redundant roles in leaf development (Pekker et al., 2005), an arf3-2 (CS24604) 

mutant line was also included in this analysis (Williams et al., 2005). Mutant 

lines were identified by PCR screening and confirmed by sequencing the region 

of genomic DNA directly adjacent to the left border of the T-DNA. Vegetatively, 

arf3-2, arf4-2 and arf10-1 single mutants were all phenotypically 

indistinguishable from wild-type. Several mutant combinations were generated 

from these lines in order to determine whether aberrant phenotypes arise due to 

genetic redundancy. arf3 arf10 and arf4 arf10 double mutants were wild-type in 
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appearance during vegetative growth (Figure 5.10 D). arf3 arf4 double mutants 

displayed a vegetative phenotype that was characterised by upward curled 

cotyledon margins and narrow, tear drop shaped leaves displaying a loss in 

normal polarity establishment as previously described (Figure 5.10 E, (Pekker 

et al., 2005)). arf3 arf4 arf10 triple mutants were phenotypically identical to arf3 

arf4 double mutants suggesting that arf10 did not enhance or contribute to the 

arf3 arf4 double mutant phenotype (Figure 5.10 F). In a 35Spro::FIL-GR 

background, arf3 and arf10 single mutants did not alter the 35Spro::FIL-GR DEX 

induced phenotype. 
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Figure 5.10 Expression Pattern of ARF4 and arf Mutant Phenotypes 

 

(A) 10 day old 35Spro::FIL-GR/ARF4pro::GUS plants after a 4h mock (plant on 

left) and DEX (plant on right) treatment followed by histochemical staining for 

GUS activity.  

 

(B) 10 day old 35Spro::FIL-GR/ARF4pro::GUS plant grown continuously on DEX 

for a 10 day period and histochemically stained for GUS activity. 

 

(C) ARF4 expression detected in the abaxial domain of leaves and vasculature 

(indicated by arrow) of a 21 day old 35Spro::FIL-GR plant grown in the absence 

of DEX. 

 

(D) arf4 arf10 double mutants are wild-type in appearance. 10 day old plant. 

 

(E) arf3 arf4 double mutant displaying upward curled cotyledons and leaves. 10 

day old plant. 

 

(F) arf3 arf4 arf10 triple mutant has the same phenotype as an arf3 arf4 double 

mutant. Picture of a 10 day old plant. 

 

All scale bars are 1mm. 
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5.2.2.5.5 arf4-2 Mutant Suppresses 35Spro::FIL-GR 

Although the arf4-2 mutant plant line was phenotypically identical to wild-type, 

when introgressed into a 35Spro::FIL-GR background it was found to completely 

suppress the 35Spro::FIL-GR DEX induced phenotype, even in a heterozygous 

state. Table 5.1 shows genotyping and phenotypic data from an F2 population 

of a cross between arf4-2 and 35Spro::FIL-GR. F1 plants were all arf4-2/+ and 

wild-type in appearance in the presence of DEX, despite carrying the 

35Spro::FIL-GR T-DNA. In the F2 population, all plants responsive to DEX had 

the 35Spro::FIL-GR transgene, as determined by PCR. Of the 80 DEX sensitive 

seedlings screened, none were found to be arf4 mutants however 23 were 

heterozygous. Of the 53 35Spro::FIL-GR seedlings that did not respond to DEX 

exposure, 41 were arf4/+ heterozygotes and 12 were arf4/arf4 mutants. A 

possible explanation for these results is that the arf4 mutant suppresses the 

DEX-inducible phenotype of 35Spro::FIL-GR plants. Finding suppression in 

some arf4/+ heterozygous mutants, but not all, suggests that the arf4 allele can 

function dominantly although possibly only in a hemizygous 35Spro::FIL-GR 

background.  

 

To confirm that arf4-2 suppresses the DEX induced 35Spro::FIL-GR 

phenotype, a Chi-square test was calculated by scoring 204 individuals of an F2 

population derived from crossing lines homozygous for arf4-2 and the 

35Spro::FIL-GR transgene. With 1 degree of freedom (df) and a X2 0.05 >3.84, it 

was found that there were less DEX sensitive plants than expected in the 

segregating F2 population as the X2 value was 30.22. This result confirms that 

arf4-2 suppresses the DEX-induced 35Spro::FIL-GR phenotype. 
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Table 5.1 arf4-2 Suppresses 35Spro::FIL-GR 

Scoring of F2 seedlings derived from a cross between 35Spro::FIL-GR and arf4-

2 grown on DEX containing media. Plants were scored phenotypically for 

sensitivity to DEX and genotyped by PCR for the presence of the 35Spro::FIL-

GR transgene (+ indicates presence, – indicates absence) and arf4-2 T-DNA.   

 

 

5.2.2.5.6 arf4-3 Mutant does not Suppress 35Spro::FIL-GR  

The arf4-2 mutant line is associated with a T-DNA insertion in the coding region. 

As some T-DNA insertion lines can suppress the activity of transgenes through 

co-suppression (Qin et al., 2003; Hunter et al., 2006), the ability of an ethyl 

methanesulfonate (EMS) generated arf4 mutant plant line (arf4-3) to suppress 

the DEX induced 35Spro::FIL-GR phenotype was assessed (Hunter et al., 2006). 

Unlike crosses with arf4-2, F1 plants derived from a cross between 35Spro::FIL-

GR and arf4-3 mutants displayed a DEX sensitive phenotype. arf4-3 

homozygotes with a 35Spro::FIL-GR transgene were identified in the F2 

population by PCR screening. The phenotype of these plants was 

indistinguishable from 35Spro::FIL-GR plants treated with DEX suggesting that 

arf4-3 differed from the arf4-2 allele in being capable of suppressing the DEX 

induced 35Spro::FIL-GR phenotype.  

 

In order to test whether arf4-3 alters the phenotypic segregation ratio of 

35Spro::FIL-GR, a Chi-square test was calculated using 184 individuals of an F2 

population of the cross between arf4-3 and 35Spro::FIL-GR. With 1 df and a X2 

DEX sensitive (n=80) ARF4/ARF4 ARF4/arf4 arf4/arf4

35S::FILGR + 57 23 0

35S::FILGR - 0 0 0

wild type on DEX (n=98) ARF4/ARF4 ARF4/arf4 arf4/arf4

35S::FILGR + 0 41 12

35S::FILGR - 13 22 10
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0.05 >3.84, it was found that there were slightly less DEX sensitive plants than 

expected in the segregating F2 population as the X2 value was 4.17. While it is 

possible that arf4-3 mutants may partially suppress 35Spro::FIL-GR, a more 

likely explanation is that some 35Spro::FIL-GR hemizygous lines have been 

scored as lacking an inducible phenotype. This possibility could be addressed 

by genotyping all scored plants by PCR, or by carefully examining the 

phenotype of plants segregating for the 35Spro::FIL-GR transgene in an 

otherwise wild-type background. 

 

 

5.2.2.5.7 Chi-Square Tests of arf4-2 and arf4-3 in a 35Spro::YAB3-GR 

Background 

Due to the redundancy observed between FIL and YAB3, arf4-2 and arf4-3 

alleles were crossed to 35Spro::YAB3-GR to test whether they were able to 

suppress the DEX inducible phenotype. It was observed that neither was able to 

suppress 35Spro::YAB3-GR in the F1 generation. A Chi-square test using 1 df 

and a X2 0.05 >3.84 was calculated in the F2 population of both alleles to 

determine whether segregation was occurring as expected and to test for 

potential suppression. Upon scoring 195 plants of the segregating F2 population 

of the cross between arf4-2 and 35Spro::YAB3-GR, a lower than expected 

number of DEX sensitive plants were observed (X2 value 11.07). Chi Square 

analysis of 162 individuals from the F2 segregating population of the cross 

between arf4-3 and 35Spro::YAB3-GR also showed lower than expected 

numbers of DEX sensitive plants (X2 value 12.3). Therefore, both mutant alleles 

caused a change in the expected number of DEX sensitive plants and thus 

deviated from Mendelian ratios. Given this marginal deviation, it is possible that 

hemizygotes may have been scored as lacking an inducible phenotype. 
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5.2.2.5.8 arf4-2 Suppression of 35Spro::FIL-GR is not Due to Transgene 

Transcriptional Silencing 

In order to test whether the suppression of 35Spro::FIL-GR by arf4-2 was due to 

T-DNA induced co-suppression (transgene silencing), two individual F1 

populations of a cross between 35Spro::FIL-GR (homozygous) and arf4-2 

mutants were assayed for 35Spro::FIL-GR expression by RT-qPCR. Expression 

levels were compared to a hemizygous 35Spro::FIL-GR line grown in the 

absence of DEX. Figure 5.11A shows expression levels of these plants relative 

to the controls in both populations. Using primers specific to the 35Spro::FIL-GR 

T-DNA, it was found that expression was not statistically different to the control. 

ARF4 expression however was statistically lower than the control as may be 

expected for plants bearing an allele with a T-DNA insertion. While these results 

imply that transcriptional transgene silencing was not the cause of the 

phenotypic suppression of 35Spro::FIL-GR by arf4-2, further testing of FIL-GR 

protein levels is needed to confirm the possibility of post-translational transgene 

silencing. Furthermore, expression levels of the FIL:GR transgene in lines 

homozygous for arf4-2 should be examined, as the segregation data suggests 

that suppression is dose dependent. 
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Figure 5.11 Effects of ARF4 on 35Spro::FIL-GR 

 

(A) RT-qPCR analysis of ARF4 and FIL expression in 35Spro::FIL-GR/+ arf4-2/+ 

F1 plants. Expression values are normalized to those detected in 35Spro::FIL-

GR/+ lines. Data shows that arf4-2 expression levels are reduced and that FIL 

expression is unaffected.  

 

(B) Phenotypic scoring of T1 Col or arf4-2 plants transformed with 35Spro::FIL. 

Phenotypes are categorized into a 1 to 10 scale of phenotypic severity where 1-

5 was deemed weak, 6-9 intermediate and 10 severe. 

 

(C) RT-qPCR assaying ARF4 and FIL expression levels in 35Spro::FIL-GR 

plants transformed with 35Spro::ARF4. Lines displaying a weak inducible 

phenotype (8 and 14) show low levels of ARF4 expression while lines displaying 

a wild-type appearance (23, 27 and 33), have higher levels of ARF4 expression. 

Decreases in FIL-GR expression was observed in all lines. Fold change relative 

to an untreated control. 

 

Error bars are SEM and asterisks indicate statistical significance (*=p<0.05, 

**=p<0.01 and ***=p<0.001) according to a Student’s t-test. 
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5.2.2.5.9 Phenotypes Associated with Constitutive FIL Expression are 

Less Severe in arf4-2 Mutants 

Another way to test the effects of the arf4-2 mutation on phenotypes arising 

from constitutive FIL expression was to introduce a 35Spro::FIL construct into 

arf4-2 mutant plants and compare expression of these constructs with 

35Spro::FIL constructs introduced into wild-type plants. T1 seedlings were 

screened for Basta resistance and scored phenotypically for the 35Spro::FIL 

phenotype. T1 plants derived from arf4-2 plants transformed with the 35Spro::FIL 

construct were sprayed with Basta and then categorized according to the 

phenotypic severity associated with constitutive FIL expression (leaf epinasty). 

This revealed 45 T1 plants with weak epinasty, 74 with moderate epinasty and 

only 3 with severe epinasty (Figure 5.11 B). Wild-type plants transformed with 

35Spro::FIL produced a similar number of T1 plants with weak epinasty (n=61), 

but much lower numbers of plants with moderate epinasty (n=12). In contrast, a 

much higher number of T1 plants displaying severe epinasty (n=41) were 

observed in this population. These results demonstrate that the effects of 

35Spro::FIL in a wild-type background are significantly different from those seen 

when 35Spro::FIL is introduced into arf4-2 mutants, suggesting that arf4-2 can 

suppress the phenotypic severity arising from constitutive FIL expression, likely 

due to T-DNA-induced silencing. 

 

 

5.2.2.5.10 Overexpressed ARF4 in a 35Spro::FIL-GR Background 

To determine whether elevated ARF4 expression levels in the 35Spro::FIL-GR 

background increases the phenotypic severity of this line, a 35Spro::ARF4 

construct was generated by placing the ARF4 coding sequence between the 

35S CaMV promoter and 3’ UTR of the OCS gene in the pART7 vector. The 

ARF4 containing cassette was transferred to the pML-BART binary vector and 

introduced into Agrobacterium. 35Spro::FIL-GR plants were then transformed 

directly with this construct using a modified floral dip procedure (chapter 2). 

When T2 seedlings derived from selfed T1 plants were exposed to DEX, plants 

produced noticeably less severe phenotypes than the 35Spro::FIL-GR control 

and in some cases were unaffected by the DEX treatment. Lines 8 and 14 
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displayed less severe DEX induced 35Spro::FIL-GR phenotypes while lines 27, 

23 and 33 were wild-type in appearance. These lines were assayed for ARF4 

and FIL expression levels following DEX induction and compared to an 

untreated control (Figure 5.11 C). Of lines with reduced sensitivity to DEX, only 

lines 23, 27 and 33 had a statistically significant increase in ARF4 expression. 

All lines however displayed a significant decrease in 35Spro::FIL-GR expression, 

which presumably explains the decreased phenotypic response to DEX 

exposure and suggests that these lines also display transgene silencing. These 

observations along with the arf4-2 T-DNA studies demonstrate that the 

35Spro::FIL-GR line used in this study is prone to co-suppression.  

 

 

5.2.3 Suppressor Mutagenesis Screen of 35Spro::FIL-GR 

 

The aim of this section was to use EMS to generate suppressors of the DEX 

induced phenotype of 35Spro::FIL-GR lines. Of the 80 lines showing suppression 

of the DEX induced phenotype in the M2 population, 68 retained the 35Spro::FIL-

GR T-DNA as shown by PCR screening. Ten of the strongest suppressing lines 

(displayed a completely wild-type phenotype in the presence of DEX) were 

crossed to each other to establish complementation groups. If the F1 plants 

derived from these crosses failed to show a DEX inducible phenotype, they 

were considered to belong to the same complementation group. It was 

subsequently found that four of the ten lines were allelic (Table 5.2). Further 

analysis of all crossed lines in segregating F2 populations revealed no aberrant 

phenotypes arising in plants grown in the presence or absence of DEX. 

For map based cloning of suppressor mutants, the J5-2 line was chosen as it 

was one of the four allelic lines and thus more likely to be a genuine suppressor 

of 35Spro::FIL-GR. As mapping a mutation in Arabidopsis involves linkage 

analysis (Lukowitz et al., 2000) where genetic markers from different ecotypes 

are used to discern the location of a mutation, J5-2 (Col background) was 

crossed to wild-type Landsberg erecta (Ler) and F2 progeny were used for the 

initial coarse mapping in order to identify the chromosome bearing the 

suppressor mutation. DNA markers used for this analysis were either Simple 
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Sequence Length Polymorphisms (SSLPs) or Cleaved Amplified Polymorphic 

Sequence (CAPS) markers that were polymorphic between Col and Ler 

ecotypes (Lukowitz et al., 2000). Mapping the J5-2 suppressor using an initial 

16 F2 plants revealed ambiguous results suggesting that more samples were 

needed in order to obtain confidence in determining chromosomal locations for 

the suppressor mutation and 35Spro::FIL-GR T-DNA. Due to time constraints, it 

was not possible to complete this aspect of the project. 

 

 

 

 

 

Table 5.2 Allelism Test Between Suppressors of 35Spro::FIL-GR 

Allelism test between the 10 strongest suppressors of 35Spro::FIL-GR. All lines 

were crossed to each other and F1 seedlings grown on DEX containing media. 

Plants that were DEX sensitive were classified as being non-allelic while those 

that were insensitive to DEX were deemed to be allelic. On this basis B8-1, B8-

5, J5-1 and J5-2 were allelic whilst all other mutations were independent. 

 

 

 

 

 

B8-1 B8-5 B9-1 F3-2 F8-1 F8-3 G1-1 H5-4 J5-1 J5-2

B8-1 Allelic ≠ ≠ ≠ ≠ ≠ ≠ Allelic Allelic

B8-5 ≠ ≠ ≠ ≠ ≠ ≠ Allelic Allelic

B9-1 ≠ ≠ ≠ ≠ ≠ ≠ ≠

F3-2 ≠ ≠ ≠ ≠ ≠ ≠

F8-1 ≠ ≠ ≠ ≠ ≠

F8-3 ≠ ≠ ≠ ≠

G1-1 ≠ ≠ ≠

H5-4 ≠ ≠

J5-1 Allelic

J5-2
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5.3 Discussion 

 

 

The experiments described in this chapter addressed whether genes identified 

through microarray analysis following FIL induction are direct targets. This 

involved assessing changes in gene expression following combined treatment 

with DEX and the translational inhibitor CHX. Testing the effectiveness of this 

treatment on a DEX inducible 35Spro
I>>GUS transactivation line confirmed that 

presence of CHX could completely block translation of the GUS reporter gene 

following transcriptional activation by DEX. As it has previously been shown that 

CHX treatments can induce expression changes in certain gene families 

(Koshiba et al., 1995; Rashotte et al., 2003; Lee et al., 2009), CHX treated 

plants were compared to CHX and DEX treated plants as a control for the CHX 

treatment. Therefore, it would be expected that only genes directly targeted by 

FIL (DEX induced) would display a change in expression levels. 

Having established the conditions necessary to discriminate between direct and 

indirect targets, it was then possible to apply this approach to FIL response 

genes. Due to time constraints, only a small number of up-regulated genes 

were selected for further analysis, which included polarity regulators (PHB, 

KAN1, AS1 and ARF4), auxin response (ARF10), protein degradation (SINA, 

UBC17), cell signalling (KIN1 and KIN2) and CPD, a brassinolide induced gene 

(Goda et al., 2004) that was down-regulated by FIL. 

 

Consistent with ectopic FIL/YAB3 activity being associated with partial 

abaxialisation, AS1, KAN1 and ARF4 were found to be direct targets, whilst 

PHB and REV were not. Further confirmation of these results could be 

established using yeast one-hybrid assays or chromatin immunoprecipitation 

(ChIP) where DNA bound by the transcription factor of interest (FIL) is 

immunoprecipitated and sequenced (Wang et al., 2002; Haring et al., 2007; 

Zheng and Perry, 2011). Recent advances in ChIP technology include ChIP 

followed by microarray (ChIP-chip) where the transcription factor is bound to 

DNA, immunoprecipitated leaving bound DNA which is then hybridised to a 

DNA microarray (Benhamed et al., 2008; Morohashi and Grotewold, 2009; Long 
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et al., 2010), or ChIP followed by next-generation sequencing (ChIP-

seq;(Kaufmann et al., 2010; Brandt et al., 2012a)). Regardless of the ChIP 

approach adopted, the technique requires an antibody that is either specifically 

generated to the transcription factor or recognizes an epitope tag that is fused 

to the transcription factor. One concern with the use of an epitope tag is 

potential alteration of transcription factor activity due to steric hindrance. In the 

absence of a specific antibody to FIL, it is possible that an antibody to GR could 

be used for FIL-GR ChIP experiments. Such antibodies work well (for example, 

a KAN1-GR ChIP study: (Huang et al., 2014)) and the presence of GR does not 

significantly affect FIL activity. As ChIP-chip and ChIP-seq were not widely used 

in the plant science community in Australia at the time that this study was 

commenced, it was decided to assess the ability of FIL to bind to the promoter 

of putative direct target genes using transient expression of a GUS promoter-

reporter system in tobacco leaves. Applying this approach to KAN1 and ARF4 

revealed that only the KAN1 promoter was responsive to FIL, as an increased 

GUS activity was detected compared to the controls. Further work is, however, 

required to confirm that FIL is actually binding to the predicted YAB binding 

sites located in the KAN1 promoter. Based on recent work defining the 

sequences bound by YAB transcription factors (Franco-Zorrilla et al., 2014), 

bioinformatic analysis indicates the presence of three potential FIL binding sites 

within 3kb of the KAN1 promoter. Confirmation of these binding sites in planta 

should be part of future studies in determining how FIL regulates KAN1 

expression. This can be done by mutating the predicted YAB binding sites and 

determining the effect this has on promoter responsiveness to FIL. 

In the case of ARF4, one significant limitation of the promoter-reporter assays 

was that the ARF4 promoter selected for analysis was not very active in 

tobacco cells. This made it difficult to assess whether FIL had a significant 

impact on increasing ARF4 expression. Bioinformatic analysis revealed one 

YAB binding site present within 3kb of the ARF4 promoter. Since the 

ARF4pro::GUS construct contained the entire intergenic region between ARF4 

and the upstream gene (~4kb region), it might be expected to contain all the 

regulatory elements required for normal ARF4 expression. However, this needs 

to be tested through in planta analysis by determining whether a pARF4::ARF4 

construct is capable of complementing the vegetative defects of arf3 arf4 double 
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mutants. Without knowing whether the ARF4 promoter has all the regulatory 

elements needed for normal expression, it is difficult to interpret the results of 

the transient promoter-reporter assays. It remains an open question as to 

whether a single YAB binding site within a promoter is sufficient to render it 

responsive to YAB transcription factors. 

 

An important consideration in understanding of how FIL regulates its 

direct targets is to identify the tissue in which the regulation occurs. Use of the 

FILpro::FIL-GR line enabled the responsiveness of target gene regulation to be 

assessed when FIL is active in its native (abaxial) domain of the leaf compared 

to constitutive activity arising from the 35Spro::FIL-GR construct. Targets that 

respond to both FILpro::FIL-GR and 35Spro::FIL-GR in a similar manner are more 

likely to be biologically relevant due to an overlapping expression pattern with 

native FIL. In the case of KAN1, the FILpro::FIL-GR 4h DEX treatment showed 

no statistically significant change in expression however KAN1 was found to be 

up-regulated in the 10DAG treatments, but to a lesser extent than that observed 

in the 35Spro::FIL-GR line. These results suggest that either FIL can activate 

KAN1 ectopically, in the adaxial domain of DEX-induced 35Spro::FIL-GR leaves 

or that 35Spro::FIL-GR conditions higher FIL activity and therefore higher KAN1 

up-regulation than FILpro::FIL-GR in the abaxial domain. More conclusive results 

could be obtained by examining KAN1 expression in these lines using in situ 

hybridisation. 

 

As the 35Spro::FIL phenotype is considerably less severe than that 

reported for 35Spro::KAN1 (Eshed et al., 2001; Kerstetter et al., 2001), it is 

possible that FIL activation of KAN1 occurs in older leaves of the 35Spro::FIL 

line, rather than in leaf primordia, and hence conditions a different 

overexpression phenotype. Delayed activation of KAN1 may also be due to FIL 

not being the primary determinant of KAN1 expression in the early stages of 

leaf development, which is consistent with KAN1 expression being found earlier 

in leaf development than FIL (Eshed et al., 1999). Furthermore, yab loss-of-

function mutants also display a differing phenotype to that of kan loss-of-

function mutants. Therefore, KAN1 expression during leaf primordia formation is 

controlled by other factors and ectopic FIL activity cannot or does not impact on 



170 
 

this regulation. The results of this chapter support a model in which FIL 

maintains KAN1 expression in the abaxial domain and that the elevation in FIL 

activity in the 35Spro::FIL-GR line simply prolongs expression of KAN1 that is 

established by other factors.  

 

Interestingly, other KAN family members were not obviously regulated by 

FIL. One possible explanation is that as YABs have only recently (in 

evolutionary terms) been recruited into blade formation (100-168 million years 

ago (Bartholmes et al., 2012)), there has not been sufficient evolutionary time 

for the other KAN family members to come under FIL regulation, or that other 

KAN members have lost their ability to be regulated by YABs (Sarojam et al., 

2010). Another possibility is that induced FIL may indirectly regulate KAN2 and 

KAN3 but overall expression changes in these genes are not pronounced due 

to the increase in KAN1 expression, which has been shown to result in a 

decrease in expression of its family members through a negative feedback loop 

(Reinhart et al., 2013). 

 

As CHX treatments showed that ARF4 was also a direct target of FIL, 

several experiments were designed to confirm this. Firstly, if ARF4 is indeed a 

direct target of FIL, it would be expected that ARF4 and FIL display overlapping 

expression patterns; a prediction that is supported by the histochemical staining 

of the ARF4 promoter-GUS reporter (Bowman, 2000a; Pekker et al., 2005). This 

overlapping expression pattern with FIL, particularly during leaf initiation, is an 

indication that both genes may function together to promote abaxial cell identity. 

Indeed it was found that ARF4 expression was induced abaxially when 

assessed in DEX treated FILpro::FIL-GR lines.   

 

Secondly, ARF4 expression was found to be elevated following FIL 

induction as well as in yab mutant plant lines, suggesting that there are other 

factors regulating the expression of ARF4. A likely candidate is the tasiR-ARF 

pathway. Upon testing ARF4 expression in an rdr6 35Spro::FIL-GR line, it was 

found that ARF4 expression was still elevated following FIL-GR activation 

suggesting that ARF4 regulation by FIL does not involved the TAS3 pathway. 

Consistent with this is the observation that the rdr6 35Spro::FIL-GR line 
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displayed an additive phenotype when compared to 35Spro::FIL-GR in the 

presence of DEX. 

Thirdly, the arf4-2 mutant allele when introgressed into the 35Spro::FIL-GR 

background completely suppressed the DEX-inducible phenotype, as may be 

expected from the absence of a direct target which is critical for FIL function. 

Despite Chi square analysis for arf4-2 and arf4-3 in a 35Spro::FIL-GR 

background showing a significantly lower number of DEX-induced plants than 

expected, PCR genotyping of the arf4-3 mutant allele in a 35Spro::FIL-GR 

background did not correlate with suppression of the DEX induced 35Spro::FIL-

GR phenotype. This was possibly due to the difficulty in visually scoring 

hemizygous 35Spro::FIL-GR plants for the DEX-induced phenotype. It was also 

observed that the F1 progeny resulting from a cross between a homozygous 

arf4-3 mutant and a homozygous 35Spro::FIL-GR line, when grown on DEX 

containing media, resulted in plants with the 35Spro::FIL-GR phenotype, unlike 

arf4-2, in which all F1 plants appeared wild-type. These conflicting results could 

stem from the fact that the arf4-3 knockout mutant is derived from an EMS 

mutagenesis screen (Hunter et al., 2006), resulting in a point mutation, whereas 

the arf4-2 mutant line is derived from a T-DNA insertion, which have been 

previously implicated in co-suppression of T-DNAs (Elmayan et al., 1998; 

Daxinger et al., 2008; Mlotshwa et al., 2010; Gao and Zhao, 2013). Thus a 

reasonable interpretation is that the T-DNA present within the arf4-2 allele 

causes post-translational silencing of the 35Spro::FIL-GR construct. Interestingly, 

suppression of the 35Spro::YAB3-GR phenotype was not observed when 

introgressed into the arf4-2 background, suggesting that the genomic position of 

the 35Spro::FIL-GR is an important factor underpinning its susceptibility to T-

DNA silencing (Gao and Zhao, 2013). This is further supported by the 

observation that the introduction of a 35Spro::FIL transgene into other regions of 

the Arabidopsis genome can produce FIL over-expression phenotypes in the 

arf4-2 background. In summary, these results suggest that arf4 does not 

suppress the DEX induced 35Spro::FIL-GR phenotype. 

 

If ARF4 is the primary target of FIL, it may also be expected that 

constitutive expression of ARF4 would yield a similar phenotype to 35Spro::FIL, 

however 35Spro::ARF4 lines displayed a wild-type phenotype, in accordance 
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with published data (Pekker et al., 2005). This result suggests that ARF4 is not 

the sole target of FIL and is in agreement with the CHX and arf mutant studies 

presented in this chapter. When 35Spro::ARF4 lines were introgressed into 

35Spro::FIL-GR, partial to full suppression of the DEX induced 35Spro::FIL-GR 

phenotype occurred. Again, these observations are likely to result from co-

suppression of the T-DNAs rather than capacity of ARF4 to suppress FIL 

activity. These results also further demonstrate that the 112-53 (35Spro::FIL-GR) 

line is prone to transgene-mediated silencing. Taken together, these results 

demonstrate that ARF4 may be involved in the YAB pathway, although the 

precise mechanisms and modes of interaction between FIL and ARF4 are yet to 

be further unveiled. 

 

Another polarity gene found to be a direct target of FIL was AS1. 

Expression of AS1 was elevated in all tested inducible plant lines as well as in fil 

yab3 mutants, suggesting that, similar to KAN1 and ARF4, AS1 expression is 

not completely dependent upon YAB activity. This result is in accordance with 

studies demonstrating that AS1 function is upstream of FIL (Xu, 2003). 

Furthermore, whilst AS1 and FIL are co-expressed in leaf initials and the 

vascular zone of leaf primordia (La Rota et al., 2011), AS1 is more broadly 

expressed than FIL, suggesting that FIL activates AS1 in young primordia and 

that other factors are involved in maintaining AS1 expression in the adaxial 

domain.  

 

It has been shown that AS1 inactivation indirectly leads to ARF3 and 

ARF4 up-regulation via the TAS3 pathway and that AS1 negatively regulates 

ARF3 directly by binding to its promoter (La Rota et al., 2011; Iwasaki et al., 

2013; Takahashi et al., 2013). These observations, along with those described 

in this chapter show that YABs, KAN1, AS1 and ARFs may function in 

overlapping pathways, although further work is needed to define the interplay 

between these genes. 

 

As well as being an activator of gene expression, the microarray 

experiments in this study convincingly demonstrate that FIL can also act as a 

repressor. This was further confirmed by assaying CPD gene expression 
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following combined CHX and DEX treatments, suggesting that CPD is a direct 

target of FIL. Given the capacity of other well defined bifunctional transcription 

factors to induce or repress gene expression based on their association with 

different protein complexes (Ikeda et al., 2009; Busch et al., 2010; Wuest et al., 

2012), it is likely that FIL also functions in a similar manner. Since FIL functions 

in a repressive protein complex with LUG and LUH (Navarro et al., 2004; Stahle 

et al., 2009), it is likely that repression of CPD depends on the formation of this 

complex, whereas gene activation occurs in the absence of LUG and LUH, via 

the YAB/ADA2b protein complex (Simon et al., 2017). Supporting this proposed 

mode of action, the closely related yeast ortholog of LUG, TUP1, interacts with 

transcription factors that have been shown to function as activators when not 

associated with the TUP1 repressional protein complex (Wong and Struhl, 

2011). Further work with CPD should therefore investigate the level of 

involvement of brassinolides in the YAB pathway and any potential cross-talk 

with auxin responses. 

 

In summary, these results demonstrate that FIL can function as an 

activator or repressor of gene expression and that FIL plays a role in several 

different processes, which is consistent with previous findings where YABs have 

been implicated in leaf and flower development, abaxial cell identity, meristem 

regulation, KNOX gene repression and GA regulation (Bowman and Smyth, 

1999; Chen et al., 1999; Sawa et al., 1999b; Siegfried et al., 1999; Kumaran, 

2002; Eshed et al., 2004; Golz et al., 2004; Dai et al., 2007b). 
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Chapter 6: Summary and Concluding Remarks 

 

 

The aim of this work was to gain a better understanding of the role played by 

the YAB gene FILAMENTOUS FLOWER in leaf development. It was reasoned 

that as FIL encodes a transcription factor, identifying FIL-response genes would 

potentially provide insight into the cellular/biochemical pathways regulated by 

FIL activity. In addition, knowledge of the genes regulated by FIL would also 

enable this transcription factor to be placed more precisely into regulatory 

networks that describe leaf patterning and growth (Merelo et al., 2017). An 

important consideration when taking a transcriptomics approach to identify 

downstream targets of a transcription factor is being able to distinguish direct 

targets from indirect targets, as the former are far more informative about 

transcription factor function. One system that has been used extensively to 

characterize transcription factor activity through genome-wide transcriptional 

profiling is the GR induction system. For instance, whole genome profiling of 

KAN1-GR expressing plants identified a large number of KAN1 direct targets at 

4h post-DEX treatment. Subsequent analysis of these targets revealed that 

KAN1 primarily functions as a repressor that regulates genes involved in auxin 

biosynthesis, transport, and signaling (Huang et al., 2014). Interestingly, parallel 

analysis of the C3 HD-ZIP gene REV showed that it also regulates the same 

genes, albeit in an opposite manner (Huang et al., 2014). Thus, combining the 

GR-induction system with transcriptional profiling is a powerful approach to 

identify direct targets of a transcription factor. An alternative, and perhaps more 

effective way of identifying direct targets is to use chromatin 

immunoprecipitation to define the regulatory elements bound by a transcription 

factor (Charoensawan et al., 2015). Unfortunately, at the start of this project 

(2004), experience with plant-based ChIP assays was in its infancy within the 

Australian plant science community, and thus the better-established GR/whole 

genome transcriptional profiling approach was selected as a more reliable 

means to characterize the function of FIL.  
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Applying the GR/whole genome transcriptional profiling approach 

revealed that FIL is capable of functioning as both an activator and a repressor. 

Precisely how these opposing functions are achieved within the same 

cells/tissues is not clear, but might be mediated by context-specific physical 

interactions with different sets of co-regulators. Previous work has shown that 

YABs are capable of interacting with the LUG regulatory complex (Navarro et 

al., 2004; Stahle et al., 2009), which given that LUG encodes a repressor, may 

explain the repressive activity of FIL. More recently, the ADA2a/b coactivators 

have been found to interact with several YAB transcription factors, suggesting 

that these proteins might enable FIL to activate transcription (Simon et al., 

2017). What is missing from these studies is a precise spatiotemporal 

description of physical interactions between YABs and their associated co-

regulators. For instance, in which cells of the leaf do these physical interactions 

occur, and do interactions between FIL and the LUG regulatory complex occur 

in the same nuclei as those with coactivators? These questions remain to be 

answered, but it is clear from the transcriptomic data that both YAB/co-

repressor and YAB/co-activator complexes are probably occurring within the 

same tissues and possibly the same cells of the developing leaf.   

 

An important consideration in this study is the use of the 35S promoter to 

drive FIL-GR expression. Given that the 35S promoter is active in most cells 

and tissues of the plant, FIL-GR activity is expected to occur in both abaxial and 

adaxial domains of the developing leaf following DEX application, rather than 

being limited to the abaxial domain like the endogenous FIL protein. It is 

therefore possible that ectopic FIL-GR activity affects genes that would not 

normally be responsive to FIL, hence leading to their erroneous identification as 

being a target. This is best exemplified for PHB, which was identified as 

responding positively to FIL, but unlikely to be a direct target due to its 

expression in the adaxial domain of the developing leaf (chapter 5; (McConnell 

et al., 2001; Otsuga et al., 2001)). It is also possible that elevated levels of FIL-

GR in the abaxial domain of the developing leaf trigger transcriptional changes 

that do not reflect the endogenous activity of FIL. Thus, a possible drawback of 

using the 35S promoter to drive FIL-GR, is the identification of FIL-response 

genes that are not biological relevant. Thus to investigate the importance of the 
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genes identified in this study, their expression in both FILpro::FIL-GR lines, 

where FIL-GR activity better reflects endogenous FIL activity, and yab mutant 

lines were assessed. Based on these analyses, it was concluded that KAN1, 

ARF4 and AS1 are likely to be biologically relevant because of their known co-

expression patterns with FIL and their involvement in leaf development and 

polarity establishment (Eshed et al., 1999; Serrano-Cartagena et al., 1999; 

Pekker et al., 2005). 

 

It is important to note that genes responding to FIL-GR at 4h or 8h are 

not necessarily direct targets. However, analysis of the transcriptional 

responses of a small subset of FIL-response genes following FIL activation 

combined with CHX treatment revealed that 70% of the tested genes (7/10) 

were likely direct targets. This result is similar to the number of direct targets 

identified in the KAN1-GR study, where ~62% of KAN1-response genes were 

directly repressed (82 of 133 genes; (Huang et al., 2014)). In addition, 84% of 

FIL-response genes identified at both 4h and 8h post-DEX treatment have one 

or more FIL binding sites, again suggestive that these genes are direct targets. 

However, to be absolutely certain that a gene is a direct target of a transcription 

factor it is necessary to perform an electrophoretic mobility shift assay (EMSA) 

and/or ChIP assays. For instance, following the identification of MYB75 as a 

FIL-responsive gene in this study, subsequent EMSAs showed that bacterially-

expressed FIL was capable of binding to a putative FIL binding site present 

within the MYB75 promoter (Boter et al., 2015). Confirming that MYB75 is a 

direct target of FIL further reinforces the fact that the experimental approach 

taken in this study is capable of identifying direct targets. Unfortunately, due to 

time constraints and the lack of expertise with EMSA/ChIP assays, such 

confirmatory analyses have not yet been extended to other putative FIL target 

genes.  

 

 Given what is known about FIL function (summarized in chapter 1), there 

are several genes that should have been identified as being FIL-responsive in 

this study but were not. For instance, WOX1 is directly activated by FIL (Nakata 

et al., 2012), and miR165 has been described as being YAB responsive 

(Tatematsu et al., 2015b). The failure to detect differential expression of either 
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of these transcripts can, however, be attributed to their absence from the ATH1 

microarray chip. Similarly, genes associated with SAM regulation (e.g. KNOX 

genes - STM, BP, KNAT2 and WUS) are also thought to be YAB targets based 

on their misexpression in leaves of yab mutants (Kumaran et al., 2002; Sarojam 

et al., 2010), and loss of SAM activity in 35S::FIL plants displaying a strong 

over-expression phenotype (this study and (Sawa et al., 1999b; Siegfried et al., 

1999)). As the microarray experiment assessed transcriptional changes in RNA 

extracted from whole 10DAG seedlings, the proportion of SAM-specific RNA in 

such tissue is likely to be extremely low, and thus may explain the failure to 

identify SAM-specific genes. It is therefore important to repeat these 

experiments using RNA collected specifically from the SAM and young 

developing leaf primordia, so that further insight into YAB function in early leaf 

development and polarity establishment can be obtained. A significant obstacle 

to this approach is the difficulty in obtaining sufficient quantities of high-quality 

RNA from dissected SAMs and developing leaf primordia from 10-day-old 

seedlings. However, with recent improvements in RNA isolation from small 

quantities of tissue and more accurate ways of amplifying low yielding RNA 

preparations, such an approach might now be feasible. Indeed, if this approach 

was combined with RNA-seq, which is far more sensitive than microarrays 

(Giorgi et al., 2013; Zhao et al., 2014), it is very likely that further YAB targets 

would be identified.  

 

An alternative explanation for the failure to identify FIL-response genes 

associated with SAM function is that the FIL-GR inducible phenotype is not as 

severe as the strongest reported 35S::FIL over-expression phenotype, which is 

characterized by complete loss of the SAM (chapter 3; (Siegfried et al., 1999)). 

There are several possible reasons for this observation. The first is that due to 

the small size and inaccessibility of the vegetative SAM, cells within this tissue 

might not receive the full DEX dose following induction treatment, and as a 

result, FIL-GR is not fully activated. Another possibility is that the presence of 

GR attached to FIL may alter its function in such a way that it is incapable of 

activating the full gamut of downstream targets. Arguing against this, however, 

is the observation that the FIL-GR line is indistinguishable from 35S::FIL lines 

displaying a moderately severe phenotype, which includes cotyledon 
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hyponasty, anthocyanin accumulation and leaf abaxialization. However to fully 

resolve the functionality of FIL-GR, the ability of FILpro::FIL-GR to complement 

the fil or fil yab3 mutant phenotypes following DEX treatment should be tested.  

 

Another class of genes that might have been expected to be FIL 

responsive are the CINCINNATA class of TCP transcription factors, important 

regulators of leaf blade growth (Ohno et al., 2004; Koyama et al., 2010). It has 

been proposed that these transcription factors are controlled by YABs as their 

expression is markedly reduced in yab triple mutants (Sarojam et al., 2010). In 

this case, the failure to identify these genes probably reflects differences 

between the FIL over-expression phenotype and the yab loss-of function 

phenotype. In the latter, there is an increasing loss of blade growth as a result 

of reducing YAB function, with fil yab3 mutant leaves being narrow, and those of 

the yab triple mutant being needle-like (Siegfried et al., 1999; Stahle et al., 

2009). Surprisingly, in lines with ectopic YAB activity, leaf blades display 

reduced growth and downward curling suggestive of unequal growth rates in the 

adaxial and abaxial domains of the leaf (Sawa et al., 1999b; Sarojam et al., 

2010; Bonaccorso et al., 2012b). Thus, ectopic YAB activity does not generate 

opposite phenotypes to those seen in yab loss of function plants, presumably 

due to the fact that FIL is no longer expressed in a polar manner. This once 

again illustrates one of the problems with studies in which transcription factor 

activity is induced outside the endogenous domain of expression.  

 

 As discussed below there are a subset of FIL targets that provide novel 

insight into the function of the YABs during leaf development. In addition to 

genes involved in leaf patterning, GO analysis indicates that several hormonal 

pathways are also altered following ectopic activation of FIL. These include the 

auxin, gibberellic acid (GA) and jasmonic acid (JA) pathways. Finding that FIL 

regulates the auxin pathway is consistent with previous work suggesting that 

YABs influence the distribution of auxin during cotyledon formation (Sarojam et 

al., 2010). However, this study extends this observation to suggest that FIL is 

regulating auxin homeostasis postembryonically, as FIL induction is associated 

with elevated auxin signaling in developing leaves, and FIL over-expression 

seedling phenotypes are enhanced exogenous application of auxin (chapter 3). 
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Previous work in rice has also suggested that YABs influence GA homeostasis 

during post-embryonic growth by directly binding to the promoter of the 

gibberellic acid biosynthetic gene OsGA3ox2 (Dai et al., 2007b). While a similar 

role in Arabidopsis has not been established, this study suggests that such a 

role might exist given the enhancement of the 35Spro::FIL-GR inducible 

phenotype upon exogenous GA application, increased trichome density in DEX-

induced 35Spro::FIL-GR lines (chapter 3) and the detection of genes associated 

with GA responses (chapter 4). Further work is therefore needed to investigate 

this possibility. Finally, a recent study (Boter et al., 2015) has established a role 

for YABs in promoting a subset of JA-regulated genes, including the 

aforementioned MYB75. Thus, the experiments described in this thesis clearly 

demonstrate that FIL, and by inference the other vegetative YABs, influence a 

number of hormonal pathways and that the challenge for the future will be in 

determining whether the regulation of the auxin and GA pathways is direct as 

exemplified for the JA pathway, or indirect and involving intermediary factors.  

 

A surprising observation from this study is that ectopic FIL activity affects 

lateral root development. This is because YABs are not thought to be expressed 

in the subterranean structures of the plant and hence not expected to affect 

these tissues. However, it is possible that ectopic FIL activity alters the 

expression of genes that are involved in the formation of lateral roots. Evidence 

for this comes from the observation that kan1 mutants partially restore lateral 

root formation when introduced into the 35Spro::FIL-GR background, consistent 

with elevated KAN1 expression being partially responsible for reduced lateral 

root formation following FIL-GR activation. It is also possible that disrupted 

auxin responses that are also evident in 35Spro::FIL-GR roots, could play a role 

in lateral root suppression. Therefore, by better understanding the role of YABs, 

KANs and auxin in root development, it may be possible to draw parallels to leaf 

development, which is presumably a more complex regulatory system. 
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6.1 Model of YAB Action in the Developing Leaf 

 

 

This study provides evidence for a link between the YABs and ARF4, KAN1 and 

AS1, by showing for the first time that YABs positively regulate these genes 

during the establishment of abaxial/adaxial cell identity (Figure 6.1). Several 

lines of evidence indicate that FIL promotes AS1 expression directly in the 

abaxial domain of developing leaves and that other factors promote AS1 

expression later in development within the adaxial domain, or that FIL continues 

to perform this function in a non-cell autonomous manner. The role of AS1 in 

the abaxial domain is not currently known but might be involved in the 

repression of KNOX genes (Serrano-Cartagena et al., 1999; Byrne et al., 2000; 

Ori et al., 2000), regulating auxin response (La Rota et al., 2011; Iwasaki et al., 

2013; Takahashi et al., 2013) or promoting pathogen defense (Nurmberg et al., 

2007). As FIL is expressed following the initial establishment of abaxial/adaxial 

polarity by KANs and C3 HD-ZIPs, it is further proposed that FIL maintains 

abaxial cell identity by promoting ARF4 and KAN1 expression in developing 

leaves via a positive feedback loop (Figure 6.2). According to this model, KAN 

and C3 HD-ZIP activity cannot maintain leaf blade outgrowth during the latter 

stages of leaf development but instead relies on the YABs to stabilize the 

adaxial/abaxial boundary, thereby ensuring continued blade outgrowth 

(Caggiano et al., 2017). One possible mechanism for this would be for YABs to 

control key growth drivers (as yet undefined, but possibly TCPs), polarity 

determinants and genes controlling hormonal signaling in a finely tuned 

expression gradient. Together, this model accounts for the less severe 

phenotypes observed in yab mutants and over-expression lines compared to 

those of KANs and C3 HD-ZIPs and also fit the observed temporal-spatial delay 

in expression of YABs in developing leaf primordia compared to key polarity 

determinants such as the KANs and C3 HD-ZIPs. 

 

The functional interplay between the described gene families in this study 

demonstrate the complexity of gene regulation involved in normal leaf 

development and that there is still much to discover about how this process is 
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controlled. Insights into FIL function that have been described in this thesis will 

no doubt provide foundations for future studies aimed at understanding the 

intriguing role of YABs in controlling cell type specification and phytohormone 

pathways in the complex gene network that underpins leaf development.
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Figure 6.1 New Model for Abaxial-Adaxial Cell Identity in Arabidopsis 

 

Purple rectangular section represents the adaxial domain of the leaf and 

general expression domain of genes contained within. The grey section 

represents the middle domain of the leaf, whereas the green rectangular section 

depicts the abaxial domain of the leaf. 

 

Solid lines with arrows represent positive regulation or cell type specification 

(arrows leading to abaxial and adaxial boxes), while solid lines ending in a bar 

represent repression. Lines with bars at both ends indicate mutual repression. 

Dotted lines with arrows represent non-cell autonomous positive regulation, 

while grey dotted lines indicate physical interactions. Red arrows indicate newly 

described positive regulation. 



183 
 

 

 

Figure 6.2 Model for positive feedback loop between FIL and KAN1/ARF4 

 

Solid arrows indicate positive regulation (FIL promotes both ARF4 and KAN1) 

while dotted lines indicate physical interaction between KAN1 and ARF4 

proteins. 
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Appendix A Oligonucleotides Used in This Study 

 

Primers for RT-qPCR: 

Gene Locus Primer Sequences 

TUB7 At2g29550 QF1 CAT TTG CTT CCG TAC ACT CAA 

  
QR1 CCA GGG AAC CTA AGA CAG CA 

ACTIN7 At5g09810 QF1 TTC AAT GTC CCT GCC ATG TA 

  
QR1 TGT GAG ACA CAC CAT CAC CA 

FIL At2g45190 QF1 AAG AAG GGT TCT ACG CTC CTG 

  
QR1 AAC CAC AAC TTT TGG ACA TGA 

YABBY2 At1g08465 QF1 GTT CAC ACT TGT GAC GGT GAG 

  
QR1 CCA GAG AGG TTG TGT GCT GT 

YABBY3 At4g00180 QF1 AGA AGC CTT CAG TGC TGC TG 

  
QR1 CAT CAT CCC ATC CTC TCC TT 

YABBY5 At2g26580 QF1 CAG CGA GTA CCT TCT GCG TA 

  
QR1 TGC TGA ATG CTT CTC TGT GG 

CRABS CLAW At1g69180 QF1 TGA GAT CCA ACG CAT CAA AA 

  
QR1 GCC TCC GGA AGT AAT GGA AG 

INO At1g23420 QF1 GAG AGC TGC TTC AGA TCA AT 

  
QR1 CAA ATG GAA TGC CTC TGA GC 

KANADI1 At5g16560 QF1 TGT TCA CGG TGT TGA GCT TC 

  
QR1 CAT CTG CAA ATG GCT CTT CA 

KANADI2 At1g32240 QF1 CTC AGA CGA CTG GAT GTT CG 

  
QR1 GCT TCT CCG GAA GAA TTG GT 

KANADI3 At4g17695 QF1 GAG GAG TAA GGG CTC CAA GG 

  
QR1 ATT TTG GGG TTG CTC TTT CA 

KINASE1 At3g13690 QF1 TGG GGA TTG CAT TAC CCT TAT 

  
QR1 CGA TGA CCA CTT GCA CAA TC 

KINASE2 At1g55200 QF1 CAT TTG TTT GGG CCT TGA CT 

  
QR1 TCC AGC AAA CCT AGG GAA AG 
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KINASE3 At5g56790 QF1 TGA GGA TGG GAA AAG ATT GC 

  
QR1 TCT TTT GTC GTG CTG ACC AT 

WUS At2g17950 QF1 TGC AAG CTC AGG TAC TGA ATG 

  
QR1 CCA TCC TCC ACC TAC GTT GT 

CLV1 At1g75820 QF1 TGT CTT CAA TTG CTG GCT CTT 

  
QR1 TCC CAG CTA TTA ACT CCA ACA 

GA5  At4g25420  QF1 ATT ACT TCT GCG ATG CGT TG 

  
QR2 TCC CGT TTT ACG CCT AAA C 

ARF2 At5g62000 QF1 AAT GGA GAG TTG ATG GCT CCT 

  
QR1-GAA GAT TTT GCG AAC CAT GC 

ARF3 At2g33860 QF1 ATC TCC AAT TCA GGC AGC TT 

  
QR1 AAA GTC TGT GGC GCG AAT C 

ARF4 At5g60450 QF2 TTA ATC CCC AAA TCG TCT GC 

  
QR1 TCT TGA AGT GGA AGC AGA GTG 

ARF10 At2g28350 QF1 AAG TCG CTG ATC CAA TTC GT 

  
QR2 CAA TTC GAC TAA CCA CGG ACT 

ARF16 At4g30080 QF1 TGG GGA CTG TTT CAG CTG TT 

  
QR1 ACT CGC TTC ACG TTT TGG AG 

ARF17 At1g77850 QF1 GTG GAT CTC CAT GGA AGC AG 

  
QR1 CAT GTG CAG CAA TTT CCA CT 

AXR1 At1g05180 QF1 CAT GAG ATG TGT CGC TTT GG 

  
QR1 CGG AAC AAA CTG CTT TG TGA 

IAA7 At3g23050 QF1 GTG CCA AGC TAC GAG GAC A 

  
QR1 ATC CCT TCA TAA TGC GCA AA 

GH3 At2g23170 QF2 ATG GAC CGA CGT CAG CTT T 

  
QR2 TTC CGT CTT CAC GAA CAA AA 

IAA3/SHY2 At1g04240 QF1 CAA AGA TGG TGA TTG GAT GCT 

  
QR1 GCC TAA ACC TTT GGC TTC TG 

IAA14 At4g14550 QF1 CTG GAT GCT CGT TGG TGA T 

  
QR1 GAA CTT CTC CAT TGC TCT TGG 
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EXP8 At2g40610 QF1 GCC AGC TTT TCT TCA GAT CG 

  
QR1 TGT CCG TTG ATC GTA AAC CT 

EXP11 At1g20190 QF1 GGA AGT GAC GCT TCT GGA AC 

  
QR1 GAA CAG AGC CGT GCT TAA CG 

p450 CPD At5g05690 QF1 GGC TAG GGT TGC ACT CTC TG 

  
QR1 GGT ACC GTT TCT GCG TTC TT 

ABC At3g62150 QF1 GGA GGA GAT GCT ACT GAA ACC 

  
QR1 AAC TCC TCT TTC ACC CAC CA 

MYB75 PAP1 At1g56650 QF1 GGT GCT TGG ACT ACT GAA GAA 

  
QR1 AAC TTT TCC TGC ACC GGT TT 

MYB55 At4g01680 QF1 CCA GAT TTG AAG AGA GGA GCA 

  
QR1 TTT CAT TGT CGG TTC TTC CA 

MYB  At3g04030 QF1 AAG GCT TCA TGA GCA ACT TGA 

  
QR1 CTG CAC CGA GGT TCT GTC TT 

MPK3 At3g45640 QF1 TGG CCA TTG ATC TTG TTG AC 

  
QR1 ATT CGG GTC GTG CAA TTT AG 

NAC1 At1g56010 QF1 CCT CCC AAT CAT TCT CTG AGC 

  
QR1 CAA AAC AGC TTC CCA TGT TG 

HD-ZIP I At5g53980 QF1 GCA AGG AAT CAG CTT GCT CT 

  
QR1 GCT CGT CGA ATA CCA CCA CT 

NAP At1g69490 QF1 AAC GTA ACG GTT CCA TGA GG 

  
QR1 CTT CGT CCA TGA AAC CCT CT 

AIM1 At4g29010 QF1 GCT CAA GAA ATT GTC GGA GA 

  
QR1 GAC CTC GAC GAT TTC GAT TC 

SINA At3g13672 QF1 GCT CGA TTT TCC GGT TCA TA 

  
QR1 TGA CAT CAC ACT TGG CTC CT 

UBC17 At4g36410 QF1 TCT CAA TGC TCT CCA GCT CA 

  
QR1 TGG AAA CGC CAC CTA GTT TC 

DWARF1 At3g19820 QF1 CTT TAC AAG GTT GGC GAT GC 

  
QR1 CCT TTG ATT GGC TGC TTG A 
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HAT3 At3g60390 QF1 GTG TGG TTC CAA AAC CGA AG 

  
QR1 CCT TTT GCA ATC TCC GAT TC 

SCARECROW At3g54220 QF1 CAC TGG CTT CAA CAT TCT CTT 

  
QR1 AGC GTG GCT CAA ATC TTG TT 

ERF At5g07580 QF1 GAA GAA AAG CCG TGC TCA AC 

  
QR1 GAA GCT CTT CAT GCA CAT CAC 

EXP PROT At5g22580 QF1 GGG CTT GGA GAA TCT TGT TT 

  
QR1 GGT CAT CGA AAA TGC ATG AG 

COL2 At3g02380 QF1 CCT CAG GAG CTC ACT ACA ACA 

  
QR1 GCA GTT GAC TCT GGC ACA AC 

MATE At3g23550 QF1 AGC GGT TAG CCA CGG TTA T 

  
QR1 CCC ACA TAT CAG ACC GAT CC 

SEUSS At1g43850 QF1 AAC ACG AAC AGG ACC AAT CG 

  
QR1 CTT GCT GAG GAG AAG GAC CA 

LEUNIG At4g32551 QF1 GGT AGT GAA GGA GAA TGT GT 

  
QR1 CAT GAT AAG CTA GTG AAA CTG TGG 

LAS At1g55580 QF1 CGT TCC TAT TGG AAG CTT TGC 

  
QR1 GCC AGC CAA GAA ACA AAG AA 

AS1 At2g37630 QF1 TCA AGA GCA ACT TCC ATC ACA 

  
QR1 GCC TCT CTC ACT TTG GTC TTT 

AS2 At1g65620 QF1 GAT CTC AGC TGT GCT AAA TC 

  
QR1 GTA CTG TTG ATC CGT CTT GA 

PGP21 At3g62150 QF1 GGA GGA GAT GCT ACT GAA ACC 

  
QR1 AAC TCC TCT TTC ACC CAC CA 

SERRATE At2g27100 QF1 TTT TGA AGG TAG CGG GAG AG 

  
QR1 CGG TCA CTT CTT CCT CTG GA 

PHABULOSA At2g34710 QF1 TGC TCT GAG TTC CCC AAG AT 

  
QR1 AGA ACT TTC CAC ACC GTT GC 

PHAVOLUTA At1g30490 QF1 AGA GCT CTT TGC TCC GAG TT 

  
QR1 ACA CGG TCG CTT GCT CAT AC 
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REVOLUTA At5g60690 QF1 GGC TAT CTG TTC GGA CTT CG 

  
QR1 TCC AGG CAA CAG CTT GTT CA 

STM At1g62360 QF1 CCG TCA CTA CAA ATG GCC TT 

  
QR1 GCC GTT TCC TCT GGT TTA TG 

BOP1 At3g57130 QF1 ACG AGC CAA GAT CGA ATT GT 

  
QR1 TGG AGG CTT TCT CCA CCA TA 

KNAT1 At4g08150 QF1 GCT CCA CCT GAT GTG GTT GAT 

  
QR1 CCC ATT CAC ATC CTC AAC AA 

KNAT2 At1g70510 QF1 TGC AGC TTC AGA ACT TGT GC 

  
QR1 TCC GCT GCT ATG TCA TCA TC 

KNAT6 At1g23380 QF1 CCA AGA GAA GCA AGA CAA GCT CTT C 

  
QR1 TTT TTG GTC TAA CCC CGT TG 

Primers for Genotyping: 

fil-8 At2g45190 F5     CCA GAG AAA AGA CAG AGA GTC 

  
R4     TTT AAT AAG GAG TCA CCA ACG 

  
DS3   ACC CGA CCG GAT CGT ATC GGT 

yab2-1 At1g08465 F2     CGG AAA ACA TTG ATC GTG AGG C 

  
R3    TCT GGA TTG CAA GCC CTT AAT CCT TTG GAA TT 

yab3-2 At4g00180 F1     CTC CAT GTC GAG CAT GTC C 

  
R4     GTC TTG AAC AAA CTA CTC GGA G 

  
DS3   ACC CGA CCG GAT CGT ATC GGT 

yab5-1 At2g26580 F6    TGT TTA TAT TAA AAC CTT TGA AGA GAG GGA ATT 

  
R6    GTA CTA TAA TTA AAT AAG GAG GC 

arf3-2 At2g33860 QF1  ATC TCC AAT TCA GGC AGC TT 

  
QR1  AAA GTC TGT GGC GCG AAT C 

  
LBb1  GCG TGG ACC GCT TGC TGC AAC T 

af4-2 At5g60450 F1     CCG TAT AGG TGG CCA AAC TC 

  
R2     CGC GAC AAA TCA ATA GCT CTC 

  
LBb1  GCG TGG ACC GCT TGC TGC AAC T 

arf4-3 At5g60450 F7 GTG GTA ATT GTT TGC AAA CTT GGT TCC TTC TCT T 

  
R4     TGA CCT CTT TCC CCT CCC CAT 
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arf10-1 At2g28350 F2     CCA ATA TAC GGA TGA GTT GGG TA 

  
R1     TCT TCC TCG GAG AGA ATG GA 

  
LBb1 GCG TGG ACC GCT TGC TGC AAC T 

ubc16 At1g75440 F1     AGT TCT GGT GCT CCT TCA CG 

  
R1    GCC CAT TGC TGT AAA TGT GA 

  
LBb1  GCG TGG ACC GCT TGC TGC AAC T 

ubc17 At4g36410 F1c   ACA CAA ATG ACG AGT TCT TCT GAA T 

  
R1c   TTA TAC TTT ATC GTC ATG GAA ACG 

  
DS3   ACC CGA CCG GAT CGT ATC GGT 

ubc18 At5g42990 F1    CCG TGG AGT CAG TGA AGG AT 

  
R1    TGT TGA GGA AAC TCA ACC TGA 

  
LBb1  GCG TGG ACC GCT TGC TGC AAC T 

sina At3g13672 QF1   GCT CGA TTT TCC GGT TCA TA 

  
R2    CTC CAT ACA CGA CCT GAA ACC 

  
LBb1  GCG TGG ACC GCT TGC TGC AAC T 

kin1 At3g13690 QF1  TGG GGA TTG CAT TAC CCT TAT 

  
R1b  CGG GAT CCC GAT GAA TCA ACT GAG AG 

  
RB4  TCA CGG GTT GGG GTT TCT ACA GGA C 

kin2 At1g55200 QF1  CAT TTG TTT GGG CCT TGA CT 

  
R1x CCG CTC GAG CGG CTG AGT TTG GTG CGA TTT GA 

  
RB4 TCA CGG GTT GGG GTT TCT ACA GGA C 

kin3 At5g56790 F1p  CCA TCG ATG GAT GAT TTT TGT TTT AT 

  
R1p  CGG GAT CCC TTG CTT ACA TAT ACT TTT 

  
LBb1 GCG TGG ACC GCT TGC TGC AAC T 

   

Glucocorticoid Receptor (GR) GR-X GCT CTA GAT CAT TTT TGA TGA AAC AGA AG 

   

ß-Glucoronidase (GUS) R1 CGC ATA ATT ACG AAT ATC TGC ATC 
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 Primers for Generation of Constructs: 

 

35Spro::FIL-GR and 35Spro::FIL 
(cDNA) 

F1k GGG GTA CCC CTT CTT ACA AAA AAG ATG 

  
Rx CCT CTA GAT TAA TAA GGA GTC AC 

35Spro::FILtr (cDNA) F1k GGG GTA CCC CTT CTT ACA AAA AAG ATG 

  
R1tr TTT CTA GAT TCA TGG GAC TCT CTT GTC TTT 

FILpro::FIL-GR (promoter) F1p CCG CTC GAG TTT AAC GAG TGA AGC AGA 

  
R1p GGG GTA CCG AAG GGG AAA AAT ATT GG 

35Spro::YAB2 (cDNA) F1 GGA ATT CAT GTC TGT AGA TTT CTC ATC TG 

  
R1 CCT TAG TAA TAG CCA TTA GAC 

35Spro::YAB3-GR (cDNA) F1 GGT CTA GAC TCC ATG TCG AGC ATG TCC 

  
R3 CCG AGC TCT CGT AGC TAG TTA TGG G 

35Spro::YAB5 (cDNA) F1 GGA ATT CAT GGC TAA CTC TGT GAT GG 

  
R1 CCT TAG GCT ATC TTA GCT TGC TTG 

35Spro::KIN1 (cDNA) F1c CCA TCG ATG GTT GAA TAA AAA TAC AA 

  
R1b CGG GAT CCC GAT GAA TCA ACT GAG AG 

35Spro::ARF4 (cDNA) F1k GGG GTA CCA ATG GAA TTT GAC TTG AAT AC 

  
R1x GCT CTA GAA TCA AAC CCT AGT GAT TGT AGG 

ARF4pro::GUS  (Promoter) F1p CCC AAA GTA GTC GTT TAC TAA GTT GAT 

  
R1p AAA AGG AGA CAA GAA GAA AAC AAA AA 
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Appendix B Genes up-regulated in 4h 35Spro::FIL-

GR 

 

Locus Description 
Gene 
Name 

Fold 
Change 

At3g23550 MATE efflux family protein similar to ripening regulated protein --- 14.24 

At4g21200 GA2OX8 (GIBBERELLIN 2-OXIDASE 8) GA2OX8 11.80 

At1g06160 ORA59 (OCTADECANOID-RESPONSIVE AP2/ERF 59) ORA59 6.90 

At1g69490 NAP (NAC-like, activated by AP3/PI) NAP 5.51 

At1g56650 PAP1 (PRODUCTION OF ANTHOCYANIN PIGMENT 1) PAP1 5.44 

At4g26290 hypothetical protein --- 5.29 

At3g62150 PGP21 (P-GLYCOPROTEIN 21) PGP21 4.77 

At5g54030 putative protein similarity to CHP-rich zinc finger protein --- 4.70 

At1g61800 GPT2; antiporter/ glucose-6-phosphate transporter GPT2 4.65 

At5g42500 disease resistance response protein-like --- 4.60 

At5g46590 NAM-like anac096 (NAC domain containing protein 96) ANAC096 4.32 

At3g15630 unknown protein  --- 4.24 

At2g41990 unknown protein --- 4.14 

At3g13672 seven in absentia-like protein similar to SINA1p --- 4.06 

At5g41080 putative protein --- 3.92 

At1g18570 MYB51 (MYB DOMAIN PROTEIN 51) MYB51 3.90 

At3g04720 PR4 (PATHOGENESIS-RELATED 4) PR4 3.85 

At5g61440 ACHT5 (ATYPICAL CYS HIS RICH THIOREDOXIN 5) ACHT5 3.76 

At1g78270 AtUGT85A4 (UDP-glucosyl transferase 85A4) AtUGT85A4 3.76 

At5g61290 putative protein flavin-containing monooxygenase FMO3 --- 3.62 

At4g28085 Expressed protein --- 3.48 

At4g19420 putative pectinacetylesterase --- 3.43 

At1g78460 hypothetical protein --- 3.40 

At1g25510 hypothetical protein --- 3.37 

At2g36470 unknown protein --- 3.36 

At5g67480 BT4 (BTB AND TAZ DOMAIN PROTEIN 4) BT4 3.33 

At4g24570 mitochondrial substrate carrier family protein DIC2 3.31 

At4g34770 putative protein small auxin up-regulated RNA --- 3.28 

At4g27730 OPT6 (OLIGOPEPTIDE TRANSPORTER 1) OPT6 3.22 

At2g38470 WRKY33 WRKY33 3.21 

At3g55980 SZF1 (SALT-INDUCIBLE ZINC FINGER 1) SZF1 3.18 

At5g22580 unknown protein --- 3.15 

At5g07580 transcription factor-like protein ERF5 --- 3.10 

At2g40435 unknown protein --- 3.10 

At5g65040 putative protein --- 3.09 

At1g15670 unknown protein --- 3.03 

At1g28330 DYL1 (DORMANCY-ASSOCIATED PROTEIN-LIKE 1) DYL1 3.03 

At1g21130 O-methyltransferase, putative --- 2.99 

At4g31800 WRKY18 WRKY18 2.98 

At4g30020 contains similarity to meiotic serine proteinase TMP --- 2.98 

At3g13310 DnaJ protein, putative contains Pfam profile --- 2.86 

At5g44680 putative protein similarity to DNA-3-methyladenine glycosylase --- 2.86 

At2g47800 ATMRP4 ATMRP4 2.85 

At2g41180 unknown protein --- 2.80 

At4g36410 UBC17 (UBIQUITIN-CONJUGATING ENZYME 17) UBC17 2.75 

At5g40450 putative protein microtubule-associated protein homolog --- 2.72 

At5g64620 C/VIF2 (CELL WALL / VACUOLAR INHIBITOR OF FRUCTOSIDASE 2) C/VIF2 2.69 
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At3g53250 putative protein auxin-induced protein --- 2.61 

At3g30775 ERD5 (EARLY RESPONSIVE TO DEHYDRATION 5) ERD5 2.60 

At2g43050 ATPMEPCRD; enzyme inhibitor/ pectinesterase ATPMEPCRD 2.60 

At3g13690 protein kinase, putative --- 2.58 

At5g64570 XYL4; hydrolase XYL4 2.56 

At3g16530 putative lectin similar to lectin --- 2.56 

At3g60450 putative protein prib5 --- 2.55 

At4g29780 hypothetical protein --- 2.52 

At2g23560 MES7 (METHYL ESTERASE 7) MES7 2.49 

At4g21910 putative protein --- 2.49 

At3g48550 putative protein putative zinc-finger protein --- 2.45 

At3g05200 ATL6; protein binding / zinc ion binding ATL6 2.41 

At1g24530 hypothetical protein --- 2.40 

At1g78820 glycoprotein(EP1), putative similar to glycoprotein(EP1) --- 2.39 

At5g20740 ripening-related protein - like grip28 ripening-related protein --- 2.38 

At3g50480 HR4 (HOMOLOG OF RPW8 4) HR4 2.37 

At2g45170 AtATG8e; microtubule binding ATATG8E 2.37 

At2g20340 putative tyrosine decarboxylase --- 2.36 

At5g04340 ZAT6 (ZINC FINGER OF ARABIDOPSIS THALIANA 6) ZAT6 2.36 

At1g76160 sks5 (SKU5 Similar 5); copper ion binding / oxidoreductase SKS5 2.34 

At5g35735 Expressed protein --- 2.34 

At2g46710 putative rac GTPase activating protein --- 2.32 

At5g55930 OPT1 (OLIGOPEPTIDE TRANSPORTER 1) OPT1 2.31 

At5g16560 KAN1 (KANADI1) KAN1 2.30 

At4g01950 GPAT3 (GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE 3) GPAT3 2.29 

At3g49790 putative protein predicted protein --- 2.29 

At1g55200 protein kinase, putative contains Pfam profile --- 2.28 

At1g68440 unknown protein --- 2.27 

At4g27830 BGLU10 (BETA GLUCOSIDASE 10) BGLU10 2.27 

At5g23660 MTN3 (Arabidopsis homolog of Medicago truncatula MTN3) MTN3 2.25 

At3g61880 CYP78A9 (CYTOCHROME P450 78A9) CYP78A9 2.23 

At1g56010 NAC1; transcription factor NAC1 2.23 

At5g10310 putative protein --- 2.23 

At5g13750 ZIFL1 (ZINC INDUCED FACILITATOR-like 1) ZIFL1 2.23 

At1g64220 TOM7-2 (TRANSLOCASE OF OUTER MEMBRANE 7 KDA SUBUNIT 2) TOM7-2 2.23 

At5g58650 PSY1 (plant peptide containing sulfated tyrosine 1) PSY1 2.19 

At5g23210 SCPL34 SCPL34 2.18 

At2g38290 ATAMT2 (AMMONIUM TRANSPORTER 2) ATAMT2 2.17 

At5g60450 ARF4 (AUXIN RESPONSE FACTOR 4) ARF4 2.15 

At5g67450 AZF1 (ARABIDOPSIS ZINC-FINGER PROTEIN 1) AZF1 2.15 

At4g34750 putative protein auxin-regulated gene --- 2.14 

At2g26190 unknown protein --- 2.13 

At1g21000 unknown protein --- 2.13 

At5g11670 ATNADP-ME2 (NADP-malic enzyme 2) NADPME2 2.13 

At3g59080 putative protein CND41 --- 2.13 

At3g45640 mitogen-activated protein kinase 3 NAXT1 2.12 

At3g51660 LS1-like protein AT-LS1 product --- 2.12 

At5g04530 KCS19 (3-KETOACYL-COA SYNTHASE 19) KCS19 2.11 

At4g21990 APR3 (APS REDUCTASE 3) APR3 2.10 

At5g48880 PKT2 (PEROXISOMAL 3-KETO-ACYL-COA THIOLASE 2) PKT2 2.10 

At3g10980 SAG20 (SENESCENCE ASSOCIATED GENE 20) SAG20 2.09 

At3g15510 ATNAC2 (NAC DOMAIN CONTAINING PROTEIN 2) ATNAC2 2.08 

At3g50650 scarecrow-like 7 (SCL7) --- 2.07 

At1g57990 unknown protein --- 2.06 

At3g52480 putative protein --- 2.04 

At3g52470 putative protein hin1 protein --- 2.04 

At4g23300 serine/threonine kinase - like protein KI domain --- 2.04 

At1g21100 O-methyltransferase --- 2.02 
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At3g52500 expressed protein --- 2.01 

At2g12290 hypothetical protein --- 2.01 

At3g51910 AT-HSFA7A; DNA binding HSFA7A 2.01 

At5g03470 ATB' ALPHA; protein phosphatase type 2A regulator ATB' ALPHA 1.99 

At4g27300 putative receptor protein kinase --- 1.98 

At5g07830 PIP1B (NAMED PLASMA MEMBRANE INTRINSIC PROTEIN 1B) PIP1B 1.98 

At5g03960 IQD12 (IQ-domain 12) IQD12 1.97 

At5g23870 pectinacetylesterase --- 1.97 

At4g28270 putative protein Arabidopsis thaliana RMA1 --- 1.97 

At1g06830 glutaredoxin --- 1.97 

At5g37600 ATGSR1; copper ion binding / glutamate-ammonia ligase GSR 1 1.96 

At1g76800 nodulin-like protein --- 1.96 

At1g70900 unknown protein --- 1.96 

At5g36870 ATGSL09 (glucan synthase-like 9) ATGSL09 1.95 

At2g43200 hypothetical protein --- 1.94 

At4g24350 putative protein storage protein --- 1.94 

At1g33560 ADR1 (ACTIVATED DISEASE RESISTANCE 1) ADR1 1.93 

At5g53030 putative protein --- 1.93 

At4g11360 RHA1B; protein binding RHA1B 1.93 

At3g56410 putative protein --- 1.92 

At5g59550 putative protein COP1-interacting protein CIP8 --- 1.92 

At1g48750 lipid transfer protein --- 1.92 

At1g58180 carbonic anhydrase family protein BCA6 1.91 

At5g20030 putative protein --- 1.91 

At1g32920 unknown protein --- 1.91 

At5g67350 unknown protein --- 1.90 

At1g20440 COR47 (COLD-REGULATED 47) COR47 1.90 

At3g62040 hypothetical protein contains non-consensus GA --- 1.90 

At1g21820 unknown protein --- 1.90 

At1g23090 AST91 (SULFATE TRANSPORTER 91) AST91 1.90 

At3g19850 hypothetical protein --- 1.90 

At2g41140 CRK1 (CDPK-RELATED KINASE 1) CRK1 1.89 

At1g55450 hypothetical protein similar to embryo-abundant protein --- 1.89 

At1g56020 unknown protein --- 1.89 

At5g18670 BMY3; beta-amylase/ catalytic/ cation binding BMY3 1.85 

At1g56720 unknown protein similar to receptor-like protein kinase --- 1.85 

At1g53430 receptor-like serine/threonine kinase --- 1.85 

At5g39660 CDF2 (CYCLING DOF FACTOR 2) CDF2 1.84 

At4g03820 hypothetical protein --- 1.83 

At3g07770 putative heat-shock protein similar to Heat shock hsp90 --- 1.82 

At1g15210 PDR7 (PLEIOTROPIC DRUG RESISTANCE 7) PDR7 1.81 

At3g18830 ATPLT5 (POLYOL TRANSPORTER 5) ATPLT5 1.81 

At1g04770 hypothetical protein --- 1.80 

At3g43800 ATGSTU27 (GLUTATHIONE S-TRANSFERASE TAU 27) ATGSTU27 1.79 

At1g53390 hypothetical protein ABC transporter --- 1.79 

At3g16720 ATL2; protein binding / zinc ion binding ATL2 1.78 

At3g49940 LBD38 (LOB DOMAIN-CONTAINING PROTEIN 38) LBD38 1.78 

At2g23340 putative AP2 domain transcription factor --- 1.77 

At1g77920 transcription factor, putative --- 1.76 

At2g30870 GSTF10 (HALIANA GLUTATHIONE S-TRANSFERASE PHI 10) GSTF10 1.76 

At1g02640 BXL2 (BETA-XYLOSIDASE 2) BXL2 1.75 

At2g28350 ARF10 (AUXIN RESPONSE FACTOR 10) ARF10 1.75 

At1g36370 SHM7 (serine hydroxymethyltransferase 7) SHM7 1.74 

At3g18690 MKS1 (MAP kinase substrate 1) MKS1 1.73 

At4g13410 ATCSLA15; cellulose synthase/ transferase ATCSLA15 1.73 

At2g44740 CYCP4;1 (cyclin p4;1) CYCP4;1 1.72 

At4g08930 ATAPRL6 (APR-like 6) ATAPRL6 1.71 

At1g69160 hypothetical protein --- 1.71 
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At2g36320 unknown protein --- 1.71 

At4g22710 CYP706A2 CYP706A2 1.71 

At3g05140 RBK2 (Rop Binding protein Kinases 2) RBK2 1.71 

At1g28600 putative Lipase/Acylhydrolase with GDSL-like motif --- 1.71 

At4g24670 TAR2 (TRYPTOPHAN AMINOTRANSFERASE RELATED 2) TAR2 1.70 

At4g04930 DES-1-LIKE; oxidoreductase/ sphingolipid delta-4 desaturase DES-1-LIKE 1.68 

At1g19300 PARVUS; polygalacturonate 4-alpha-galacturonosyltransferase PARVUS 1.67 

At1g76520 unknown protein --- 1.66 

At1g59870 PEN3 (PENETRATION 3) PEN3 1.66 

At5g44410 berberine bridge enzyme-like protein --- 1.65 

At2g37630 AS1 (ASYMMETRIC LEAVES 1) AS1 1.64 

At1g80640 similar to leucine-rich repeat transmembrane protein kinase 1 --- 1.63 

At4g01450 protein of unknown function similar to M. truncatula MtN21 --- 1.63 

At1g21830 unknown protein --- 1.63 

At3g47570 receptor kinase-like protein protein kinase Xa21 --- 1.62 

At4g18210 putative protein --- 1.62 

At5g53370 PMEPCRF (PECTIN METHYLESTERASE PCR FRAGMENT F) PMEPCRF 1.62 

At1g22885 Expressed protein --- 1.62 

At5g03630 ATMDAR2; monodehydroascorbate reductase (NADH) ATMDAR2 1.62 

At2g18890 putative protein kinase --- 1.61 

At4g24120 YSL1 (YELLOW STRIPE LIKE 1) YSL1 1.60 

At3g28930 AIG2 (AVRRPT2-INDUCED GENE 2) AIG2 1.60 

At5g64850 putative protein --- 1.60 

At3g13000 hypothetical protein --- 1.59 

At5g33290 XGD1 (XYLOGALACTURONAN DEFICIENT 1) XGD1 1.58 

At1g25520 transmembrane protein --- 1.58 

At2g31110 hypothetical protein --- 1.58 

At2g30010 hypothetical protein --- 1.57 

At4g00330 CRCK2 CRCK2 1.57 

At2g34490 CYP710A2 (cytochrome P450, family) CYP710A2 1.57 

At1g03770 RING1B (RING 1B); protein binding / zinc ion binding RING1B 1.57 

At3g61970 NGA2 (NGATHA2) NGA2 1.56 

At1g18270 unknown protein --- 1.56 

At1g33590 hypothetical protein similar to disease resistance protein --- 1.56 

At1g70895 CLE17 (CLAVATA3/ESR-RELATED 17) CLE17 1.56 

At1g05010 EFE (ETHYLENE-FORMING ENZYME) EFE 1.56 

At1g78450 hypothetical protein --- 1.56 

At2g03530 UPS2 (UREIDE PERMEASE 2) UPS2 1.56 

At5g54760 ROC5 (ROTAMASE CYCLOPHILIN 5) ROC5 1.55 

At4g31820 ENP (ENHANCER OF PINOID) ENP 1.55 

At5g15330 SPX4 (SPX DOMAIN GENE 4) SPX4 1.55 

At2g16790 putative gluconokinase --- 1.54 

At1g71420 hypothetical protein --- 1.54 

At3g45010 scpl48 (serine carboxypeptidase-like 48) SCPL48 1.54 

At3g47420 putative protein sn-glycerol-3-phosphate permease --- 1.54 

At4g34590 GBF6 (G-BOX BINDING FACTOR 6) GBF6 1.53 

At5g67280 RLK (Receptor-like kinase) RLK 1.53 

At2g33570 hypothetical protein --- 1.53 

At3g58620 TTL4 (Tetratricopetide-repeat Thioredoxin-Like 4) TTL4 1.53 

At1g66180 unknown protein --- 1.53 

At2g33330 PDLP3 (PLASMODESMATA-LOCATED PROTEIN 3) PDLP3 1.52 

At3g61890 ATHB-12 (ARABIDOPSIS THALIANA HOMEOBOX 12) ATHB-12 1.52 

At1g79060 hypothetical protein --- 1.52 

At3g53260 PAL2; phenylalanine ammonia-lyase PAL2 1.52 

At1g19770 ATPUP14; purine transmembrane transporter ATPUP14 1.52 

At5g67260 CYCD3;2 (CYCLIN D3;2) CYCD3;2 1.51 

At3g50350 hypothetical protein --- 1.51 

At3g28910 MYB30 (MYB DOMAIN PROTEIN 30) MYB30 1.50 
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Appendix C Genes down-regulated in 4h 

35Spro::FIL-GR 

 

Locus Description 
Gene 
Name 

Fold 
Change  

At1g20190 ATEXPA11 (ARABIDOPSIS THALIANA EXPANSIN 11) ATEXPA11 -12.93 

At1g23730 BCA3 (BETA CARBONIC ANHYDRASE 4) BCA3 -10.52 

At4g11190 putative disease resistance response protein --- -7.74 

At5g43840 AT-HSFA6A AT-HSFA6A -7.38 

At1g20070 hypothetical protein --- -4.68 

At1g29460 auxin-induced protein --- -3.85 

At4g23680 putative major latex protein --- -3.72 

At5g15580 LNG1 (LONGIFOLIA1) LNG1 -3.63 

At1g29450 auxin-induced protein --- -3.62 

At5g46240 KAT1 (POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 1) KAT1 -3.31 

At4g30410 hypothetical protein --- -3.23 

At1g31700 copper amine oxidase --- -2.93 

At4g34650 SQS2 (SQUALENE SYNTHASE 2) SQS2 -2.92 

At2g40610 ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8) ATEXPA8 -2.90 

At3g14210 ESM1 (epithiospecifier modifier 1) ESM1 -2.89 

At1g31710 copper amine oxidase, putative --- -2.85 

At2g46640 hypothetical protein --- -2.85 

At5g49730 ATFRO7 (FERRIC REDUCTION OXIDASE 7) ATFRO7 -2.82 

At4g04840 methionine sulfoxide reductase domain-containing protein ATMSRB6 -2.79 

At5g49100 unknown protein --- -2.75 

At4g39800 MIPS1 (MYO-INOSITOL-1-PHOSTPATE SYNTHASE 1) MIPS1 -2.73 

At5g25460 putative protein hypothetical protein --- -2.69 

At1g76240 hypothetical protein --- -2.68 

At5g60890 MYB34 (MYB DOMAIN PROTEIN 34) MYB34 -2.67 

At4g37410 CYP81F4 CYP81F4 -2.67 

At4g15440 HPL1 (HYDROPEROXIDE LYASE 1) HPL1 -2.65 

At4g02850 putative protein --- -2.65 

At2g44940 putative AP2 domain transcription factor pFAM domain --- -2.63 

At3g14440 NCED3 (NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3) NCED3 -2.57 

At2g15020 hypothetical protein --- -2.56 

At4g01080 hypothetical protein --- -2.53 

At1g69870 putative peptide transporter similar to peptide transporter --- -2.53 

At5g48900 pectate lyase non-consensus AG donor splice site at exon 2 --- -2.52 

At5g02890 putative protein --- -2.51 

At2g38750 ANNAT4 (ANNEXIN ARABIDOPSIS 4) ANNAT4 -2.50 

At5g63850 AAP4 AAP4 -2.49 

At5g01210 anthranilate N-benzoyltransferase - like protein --- -2.46 

At4g00780 Unknown protein --- -2.45 

At5g54510 DFL1 (DWARF IN LIGHT 1) DFL1 -2.45 

At5g57780 putative protein --- -2.45 

At2g40475 Expressed protein --- -2.44 

At3g12610 DRT100 (DNA-DAMAGE REPAIR/TOLERATION 100) DRT100 -2.42 

At3g20370 unknown protein --- -2.40 

At1g12080 unknown protein --- -2.38 

At1g68620 unknown protein --- -2.37 

At1g64390 AtGH9C2 (Arabidopsis thaliana glycosyl hydrolase 9C2) AtGH9C2 -2.36 

At4g14400 ACD6 (ACCELERATED CELL DEATH 6) ACD6 -2.35 



230 
 

At1g29430 auxin-induced protein --- -2.35 

At5g41400 RING zinc finger protein-like --- -2.35 

At1g14120 dioxygenase-like protein --- -2.34 

At5g04950 NAS1 (NICOTIANAMINE SYNTHASE 1) NAS1 -2.33 

At5g11550 putative protein --- -2.33 

At3g04030 transfactor-like protein --- -2.31 

At2g45450 ZPR1 (LITTLE ZIPPER 1) ZPR1 -2.30 

At4g19030 NLM1 NLM1 -2.29 

At5g54130 putative protein --- -2.29 

At1g21060 unknown protein --- -2.27 

At1g06980 hypothetical protein --- -2.27 

At5g52900 unknown protein --- -2.27 

At3g63200 PLP9 (PATATIN-LIKE PROTEIN 9) PLP9 -2.26 

At1g29510 SAUR68 (SMALL AUXIN UPREGULATED 68) SAUR68 -2.26 

At3g24470 hypothetical protein --- -2.23 

At2g38760 ANNAT3 (ANNEXIN ARABIDOPSIS 3) ANNAT3 -2.23 

At4g03060 AOP2 (ALKENYL HYDROXALKYL PRODUCING 2) AOP2 -2.22 

At1g52140 unknown protein --- -2.21 

At5g01740 putative protein wound-inducible protein wun1 protein --- -2.20 

At3g12710 unknown protein similar to 3-methyladenine-DNA glycosidase I --- -2.20 

At3g16460 putative jacalin-like lectin domain --- -2.19 

At5g49630 AAP6 (AMINO ACID PERMEASE 6) AAP6 -2.19 

At5g63800 MUM2 (MUCILAGE-MODIFIED 2) MUM2 -2.18 

At5g22500 FAR1 (FATTY ACID REDUCTASE 1) FAR1 -2.18 

At1g65310 XTH17 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 17) XTH17 -2.18 

At5g19730 pectin methylesterase-like protein --- -2.17 

At1g23080 PIN7 (PIN-FORMED 7) PIN7 -2.17 

At5g39860 PRE1 (PACLOBUTRAZOL RESISTANCE1) PRE1 -2.16 

At3g14760 hypothetical protein --- -2.15 

At2g28470 BGAL8 (beta-galactosidase 8) BGAL8 -2.15 

At5g07690 ATMYB29 (ARABIDOPSIS THALIANA MYB DOMAIN PROTEIN 29) ATMYB29 -2.15 

At1g70850 MLP34 (MLP-LIKE PROTEIN 34) MLP34 -2.13 

At4g22730 leucine rich repeat receptor kinase-like protein --- -2.13 

At3g60390 HAT3 (HOMEOBOX-LEUCINE ZIPPER PROTEIN 3) HAT3 -2.12 

At3g11930 ethylene-responsive protein, putative similar to ER6 protein --- -2.12 

At3g42800 putative protein hypothetical proteins --- -2.11 

At5g66080 protein phosphatase 2C-like protein --- -2.11 

At4g17695 KAN3 (KANADI 3) KAN3 -2.10 

At3g10525 Expressed protein --- -2.09 

At4g39640 GGT1 (GAMMA-GLUTAMYL TRANSPEPTIDASE 1) GGT1 -2.08 

At2g34930 putative disease resistance protein --- -2.08 

At5g54120 unknown protein --- -2.08 

At1g68780 unknown protein --- -2.06 

At2g01890 PAP8 (PURPLE ACID PHOSPHATASE 8) PAP8 -2.06 

At1g14890 unknown protein similar to pectinesterase --- -2.04 

At2g37640 EXP3 EXP3 -2.04 

At1g23205 Unknown protein --- -2.04 

At3g15950 NAI2 NAI2 -2.02 

At1g05170 putative AVR9 elicitor response protein --- -2.02 

At1g54010 myrosinase-associated protein, putative --- -2.01 

At3g15570 non-phototropic hypocotyl protein, putative --- -2.01 

At2g32990 AtGH9B8 (Arabidopsis thaliana glycosyl hydrolase 9B8) AtGH9B8 -2.01 

At3g20470 GRP5 (GLYCINE-RICH PROTEIN 5) GRP5 -2.00 

At1g62660 beta-fructosidase --- -2.00 

At3g17120 hypothetical protein --- -1.99 

At5g10380 RING1; protein binding / ubiquitin-protein ligase RING1 -1.97 

At2g37180 RD28 (RESPONSIVE TO DESICCATION 28) RD28 -1.96 

At1g78170 unknown protein --- -1.96 
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At5g55620 putative protein similar to unknown protein --- -1.95 

At1g04250 AXR3/IAA17 (AUXIN RESISTANT 3) AXR3 -1.95 

At1g48330 hypothetical protein --- -1.94 

At5g26280 putative protein --- -1.94 

At4g33420 peroxidase ATP17a --- -1.92 

At5g05690 CPD (CONSTITUTIVE PHOTOMORPHOGENIC DWARF) CPD -1.92 

At3g48100 ARR5 (ARABIDOPSIS RESPONSE REGULATOR 5) ARR5 -1.90 

At5g06270 putative protein --- -1.89 

At2g04160 AIR3; serine-type endopeptidase AIR3 -1.89 

At3g16690 MtN3-like protein --- -1.88 

At1g17700 PRA1.F1 (PRENYLATED RAB ACCEPTOR 1.F1) PRA1.F1 -1.87 

At4g12470 pEARLI 1-like protein --- -1.86 

At3g60690 putative protein SAUR-AC1 --- -1.85 

At4g19170 NCED4 (NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 4) NCED4 -1.84 

At1g26560 BGLU40 (BETA GLUCOSIDASE 40) BGLU40 -1.84 

At4g20430 subtilisin-like serine protease --- -1.84 

At5g57150 putative protein contains similarity to unknown protein --- -1.84 

At3g55740 PROT2 (PROLINE TRANSPORTER 2) PROT2 -1.84 

At2g07680 ATMRP11; ATPase ATMRP11 -1.83 

At3g16370 APG protein similar --- -1.83 

At4g00400 GPAT8 (glycerol-3-phosphate acyltransferase 8) GPAT8 -1.83 

At5g58570 Expressed protein --- -1.82 

At5g17860 CAX7 (calcium exchanger 7) CAX7 -1.82 

At4g34710 ADC2 (ARGININE DECARBOXYLASE 2) ADC2 -1.82 

At4g28250 ATEXPB3 (ARABIDOPSIS THALIANA EXPANSIN B3) ATEXPB3 -1.81 

At1g21460 hypothetical protein contains similarity to MTN3 --- -1.81 

At2g21210 putative auxin-regulated protein --- -1.81 

At4g27860 putative protein --- -1.80 

At1g29440 auxin-induced protein, putative --- -1.80 

At2g22990 SNG1 (SINAPOYLGLUCOSE 1) SNG1 -1.79 

At5g49800 unknown protein --- -1.79 

At1g78370 ATGSTU20 (GLUTATHIONE S-TRANSFERASE TAU 20) ATGSTU20 -1.79 

At5g23020 IMS2 (2-ISOPROPYLMALATE SYNTHASE 2) IMS2 -1.77 

At1g09390 putative lipase Similar to nodulins and lipase --- -1.77 

At5g56860 GNC (GATA, nitrate-inducible, carbon metabolism-involved) GNC -1.76 

At3g06370 NHX4 (SODIUM HYDROGEN EXCHANGER 4) NHX4 -1.76 

At1g70470 hypothetical protein --- -1.75 

At1g73630 putative calmodulin protein --- -1.75 

At1g21590 hypothetical protein similar to Pto kinase interactor 1 --- -1.74 

At4g22200 AKT2/3 (ARABIDOPSIS POTASSIUM TRANSPORT 2/3) AKT2/3 -1.74 

At1g66970 SVL2 (SHV3-LIKE 2) SVL2 -1.74 

At3g16430 JAL31 (JACALIN-RELATED LECTIN 31) JAL31 -1.74 

At3g16450 putative jacalin-like lectin domain --- -1.73 

At2g46790 APRR9 (ARABIDOPSIS PSEUDO-RESPONSE REGULATOR 9) APRR9 -1.73 

At5g15230 GASA4 (GAST1 PROTEIN HOMOLOG 4) GASA4 -1.73 

At2g43550 putative trypsin inhibitor --- -1.72 

At1g68560 XYL1 (ALPHA-XYLOSIDASE 1) XYL1 -1.72 

At4g33040 putative protein --- -1.72 

At2g37870 hypothetical protein --- -1.71 

At4g26530 fructose-bisphosphate aldolase  --- -1.71 

At5g65020 ANNAT2 (Annexin Arabidopsis 2) ANNAT2 -1.70 

At4g24510 CER2 (ECERIFERUM 2) CER2 -1.70 

At1g61240 hypothetical protein --- -1.70 

At5g15160 putative protein --- -1.70 

At1g70210 CYCD1;1 (CYCLIN D1;1) CYCD1;1 -1.70 

At3g19620 beta-xylosidase, putative --- -1.70 

At4g30660 stress responsive protein  --- -1.69 

At1g09250 unknown protein --- -1.69 
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At1g64400 acyl-CoA synthetase, putative --- -1.69 

At4g22190 hypothetical protein --- -1.68 

At3g46490 putative protein, mainly gibberellin 20-oxidases  --- -1.68 

At3g52720 ACA1 (ALPHA CARBONIC ANHYDRASE 1) ACA1 -1.68 

At4g00410 GPAT8 (glycerol-3-phosphate acyltransferase 8) GPAT8 -1.68 

At5g59480 putative ripening-related protein --- -1.67 

At3g22970 unknown protein --- -1.67 

At1g64660 ATMGL (METHIONINE GAMMA-LYASE) ATMGL -1.66 

At5g25610 RD22 RD22 -1.64 

At4g38740 ROC1 (ROTAMASE CYP 1) ROC1 -1.64 

At1g28230 PUP1 (PURINE PERMEASE 1) PUP1 -1.64 

At5g38390 unknown protein --- -1.64 

At1g62950 protein kinase, putative --- -1.63 

At2g26690 putative nitrate transporter --- -1.63 

At3g54400 nucleoid DNA-binding --- -1.63 

At3g52870 putative protein --- -1.62 

At4g22250 hypothetical protein --- -1.62 

At5g20630 GER3 (GERMIN 3) GER3 -1.62 

At2g38120 AUX1 (AUXIN RESISTANT 1) AUX1 -1.62 

At1g14700 PAP3 (PURPLE ACID PHOSPHATASE 3) PAP3 -1.61 

At5g04220 SYTC SYTC -1.61 

At4g03070 AOP1 AOP1 -1.61 

At3g17100 unknown protein --- -1.61 

At5g23820 putative protein --- -1.60 

At5g14210 receptor protein kinase-like protein --- -1.60 

At2g32090 unknown protein --- -1.60 

At5g08130 BIM1 BIM1 -1.59 

At1g74430 MYB95 (myb domain protein 95) MYB95 -1.59 

At4g00820 iqd17 (IQ-domain 17) IQD17 -1.59 

At3g18850 LPAT5 LPAT5 -1.59 

At1g08250 ADT6 (arogenate dehydratase 6) ADT6 -1.58 

At2g40460 putative PTR2 family peptide transporter --- -1.57 

At2g41250 hypothetical protein --- -1.57 

At1g13650 unknown protein --- -1.57 

At1g55920 ATSERAT2;1 (SERINE ACETYLTRANSFERASE 2;1) ATSERAT2;1 -1.57 

At1g55020 LOX1 LOX1 -1.57 

At3g16390 NSP1 (NITRILE SPECIFIER PROTEIN 1) NSP1 -1.56 

At3g26932 DRB3 (dsRNA-binding protein 3) DRB3 -1.56 

At5g47800 photoreceptor-interacting protein-like --- -1.56 

At1g70985 Expressed protein --- -1.56 

At5g46690 bHLH071 (beta HLH protein 71) bHLH071 -1.55 

At4g33490 nucellin -like protein nucellin --- -1.55 

At4g01070 GT72B1; UDP-glucosyltransferase GT72B1 -1.55 

At4g19530 TMV resistance protein N - like --- -1.55 

At1g28440 HSL1 (HAESA-Like 1) HSL1 -1.55 

At4g36780 putative protein --- -1.54 

At4g28390 AAC3 (ADP/ATP CARRIER 3) AAC3 -1.54 

At3g08730 PK1 (PROTEIN-SERINE KINASE 1) PK1 -1.54 

At3g56060 mandelonitrile lyase-like ADHESION OF CALYX EDGES (ACE)  --- -1.54 

At5g11420 putative protein --- -1.53 

At1g18810 unknown protein --- -1.53 

At1g73870 hypothetical protein --- -1.53 

At3g23640 HGL1 (heteroglycan glucosidase 1) HGL1 -1.52 

At3g47500 CDF3 (CYCLING DOF FACTOR 3) CDF3 -1.52 

At3g48460 lipase - like protein lipase --- -1.52 

At3g01490 putative protein kinase similar to ATMRK1 --- -1.51 

At5g59780 MYB59 (MYB DOMAIN PROTEIN 59) MYB59 -1.51 

At5g55550 RNA-binding protein-like --- -1.51 
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Appendix D Genes up-regulated in 8h 35Spro::FIL-

GR 

 

 

Locus Description 
Gene 
Name 

Fold 
Change 

At3g23550 MATE efflux family protein similar to ripening regulated protein --- 20.02 

At4g37290 hypothetical protein --- 18.23 

At1g06160 ORA59 (OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF 59) ORA59 13.92 

At1g03495 hypothetical protein Anthocyanin 5-aromatic acyltransferase --- 12.54 

At5g17220 ATGSTF12 (GLUTATHIONE S-TRANSFERASE PHI 12) ATGSTF12 11.41 

At1g69490 NAP (NAC-like, activated by AP3/PI) NAP 9.89 

At3g09020 unknown protein --- 9.66 

At5g54060 UF3GT (udp-glucose:flavonoid 3-O-glucosyltransferase) UF3GT 8.05 

At1g56650 PAP1 (PRODUCTION OF ANTHOCYANIN PIGMENT 1) PAP1 7.97 

At5g42500 disease resistance response protein-like --- 7.15 

At3g04720 PR4 (PATHOGENESIS-RELATED 4) PR4 6.70 

At3g62150 PGP21 (P-GLYCOPROTEIN 21) PGP21 6.42 

At5g04340 ZAT6 (ZINC FINGER OF ARABIDOPSIS THALIANA 6) ZAT6 5.98 

At3g29590 AT5MAT; O-malonyltransferase AT5MAT 5.25 

At1g18570 MYB51 (MYB DOMAIN PROTEIN 51) MYB51 5.11 

At1g61800 GPT2; antiporter glucose-6-phosphate transporter GPT2 4.63 

At1g73805 putative calmodulin-binding protein --- 4.21 

At1g78270 AtUGT85A4 (UDP-glucosyl transferase 85A4) AtUGT85A4 4.19 

At3g16530 putative lectin similar to lectin --- 3.79 

At4g02380 SAG21 (SENESCENCE-ASSOCIATED GENE 21) SAG21 3.78 

At1g76960 unknown protein --- 3.65 

At2g26560 PLA2A (PHOSPHOLIPASE A 2A) PLA2A 3.50 

At2g44130 unknown protein --- 3.48 

At5g27420 RING-H2 zinc finger protein-like RING-H2 zinc finger protein ATL6 --- 3.42 

At2g23170 GH3.3; indole-3-acetic acid amido synthetase GH3.3 3.28 

At1g21000 unknown protein --- 3.23 

At4g36410 UBC17 (UBIQUITIN-CONJUGATING ENZYME 17) UBC17 3.19 

At5g16230 stearoyl-acyl carrier protein desaturase sad1 --- 3.13 

At2g41990 unknown protein --- 3.02 

At2g47800 ATMRP4 ATMRP4 2.98 

At5g16560 KAN1 (KANADI1) KAN1 2.95 

At3g13672 seven in absentia-like protein similar to SINA1p --- 2.94 

At2g36970 putative glucosyltransferase --- 2.91 

At5g13750 ZIFL1 (ZINC INDUCED FACILITATOR-like 1) ZIFL1 2.88 

At5g01520 putative protein putative proteins --- 2.85 

At1g73800 Expressed protein --- 2.78 

At5g60450 ARF4 (AUXIN RESPONSE FACTOR 4) ARF4 2.76 

At5g22580 unknown protein --- 2.71 

At1g78460 hypothetical protein --- 2.67 

At1g55200 protein kinase, putative contains Pfam profile --- 2.54 

At1g57590 pectinacetylesterase precursor --- 2.53 

At1g21130 O-methyltransferase, putative --- 2.52 
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At5g61290 putative protein flavin-containing monooxygenase FMO3 --- 2.51 

At4g27830 BGLU10 (BETA GLUCOSIDASE 10) BGLU10 2.48 

At3g53250 putative protein auxin-induced protein --- 2.47 

At3g45640 mitogen-activated protein kinase 3 NAXT1 2.47 

At4g30020 contains similarity to meiotic serine proteinase TMP --- 2.44 

At3g13310 DnaJ protein, putative contains Pfam profile --- 2.43 

At2g28350 ARF10 (AUXIN RESPONSE FACTOR 10) ARF10 2.43 

At4g19420 putative pectinacetylesterase --- 2.40 

At3g52480 putative protein --- 2.36 

At3g10980 SAG20 (SENESCENCE ASSOCIATED GENE 20) SAG20 2.35 

At2g41180 unknown protein --- 2.32 

At4g33050 EDA39 (embryo sac development arrest 39) EDA39 2.32 

At3g50650 scarecrow-like 7 (SCL7) --- 2.31 

At2g02930 ATGSTF3 (GLUTATHIONE S-TRANSFERASE F3) ATGSTF3 2.31 

At1g21100 O-methyltransferase --- 2.29 

At2g41140 CRK1 (CDPK-RELATED KINASE 1) CRK1 2.28 

At5g17760 BCS1 - like protein h-bcs1 --- 2.27 

At1g53170 ERF8 ERF8 2.27 

At1g78820 glycoprotein(EP1), putative similar to glycoprotein(EP1) --- 2.26 

At5g37260 RVE2 (REVEILLE 2) RVE2 2.26 

At5g11670 ATNADP-ME2 (NADP-malic enzyme 2) NADPME2 2.23 

At2g43200 hypothetical protein --- 2.21 

At1g67860 unknown protein --- 2.21 

At3g03470 CYP89A9 CYP89A9 2.21 

At1g48750 lipid transfer protein --- 2.17 

At1g70900 unknown protein --- 2.16 

At5g54960 PDC2 (pyruvate decarboxylase-2) PDC2 2.10 

At4g27300 putative receptor protein kinase --- 2.07 

At1g78860 hypothetical protein --- 2.07 

At1g28330 DYL1 (DORMANCY-ASSOCIATED PROTEIN-LIKE 1) DYL1 2.05 

At5g16190 ATCSLA11; cellulose synthase/ transferase CSLA11 2.05 

At4g24350 putative protein storage protein --- 2.05 

At5g53370 PMEPCRF (PECTIN METHYLESTERASE PCR FRAGMENT F) PMEPCRF 2.02 

At4g21990 APR3 (APS REDUCTASE 3) APR3 2.01 

At1g76160 sks5 (SKU5 Similar 5); copper ion binding / oxidoreductase SKS5 2.01 

At5g03960 IQD12 (IQ-domain 12) IQD12 2.01 

At4g05070 coded for by A. thaliana cDNA T44741 --- 2.00 

At5g40450 putative protein microtubule-associated protein homolog --- 2.00 

At1g58180 carbonic anhydrase family protein BCA6 1.99 

At1g20440 COR47 (COLD-REGULATED 47) COR47 1.98 

At5g07580 transcription factor-like protein ERF5 --- 1.98 

At4g14720 PPD2 PPD2 1.97 

At3g14990 4-methyl-5(b-hydroxyethyl)-thiazole monophosphate biosynthesis --- 1.97 

At2g20340 putative tyrosine decarboxylase --- 1.95 

At1g56010 NAC1; transcription factor NAC1 1.95 

At3g60450 putative protein prib5 --- 1.94 

At5g44680 putative protein contains DNA-3-methyladenine glycosylase --- 1.93 

At2g33830 putative auxin-regulated protein --- 1.89 

At5g64850 putative protein --- 1.88 

At1g14730 cytochrome B561 --- 1.87 

At5g23210 SCPL34 SCPL34 1.87 

At4g21910 putative protein --- 1.86 

At1g69160 hypothetical protein --- 1.85 

At1g73680 feebly-like protein --- 1.84 

At4g31500 CYP83B1 (CYTOCHROME P450 MONOOXYGENASE 83B1) CYP83B1 1.84 

At2g40435 unknown protein --- 1.82 

At2g18980 peroxidase (ATP22a) --- 1.82 

At3g52470 putative protein hin1 protein --- 1.82 
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At1g76590 unknown protein --- 1.81 

At3g54640 TSA1 (TRYPTOPHAN SYNTHASE ALPHA CHAIN) TSA1 1.81 

At3g13690 protein kinase, putative --- 1.81 

At5g57630 CIPK21 (CBL-interacting protein kinase 21) CIPK21 1.78 

At2g38790 unknown protein --- 1.78 

At1g08940 unknown protein --- 1.78 

At2g46710 putative rac GTPase activating protein --- 1.77 

At4g17090 CT-BMY (CHLOROPLAST BETA-AMYLASE) CT-BMY 1.76 

At5g18170 GDH1 (GLUTAMATE DEHYDROGENASE 1) GDH1 1.75 

At1g73600 CPuORF32 (Conserved peptide upstream open reading frame 32) CPuORF32 1.74 

At2g29670 unknown protein --- 1.74 

At5g04530 KCS19 (3-KETOACYL-COA SYNTHASE 19) KCS19 1.74 

At1g67340 unknown protein --- 1.74 

At5g57340 unknown protein --- 1.73 

At1g52200 unknown protein --- 1.73 

At3g45010 scpl48 (serine carboxypeptidase-like 48) SCPL48 1.72 

At3g15510 ATNAC2 (ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 2) ATNAC2 1.72 

At5g44670 putative protein --- 1.72 

At1g23090 AST91 (SULFATE TRANSPORTER 91) AST91 1.70 

At2g37630 AS1 (ASYMMETRIC LEAVES 1) AS1 1.70 

At1g21820 unknown protein --- 1.70 

At1g10140 unknown protein --- 1.69 

At5g18310 putative protein --- 1.69 

At1g71030 MYBL2 (ARABIDOPSIS MYB-LIKE 2) MYBL2 1.69 

At3g53400 CPuORF46 (Conserved peptide upstream open reading frame 46) CPuORF46 1.69 

At2g35600 BRXL1 (BREVIS RADIX LIKE 1) BRXL1 1.67 

At4g24670 TAR2 (TRYPTOPHAN AMINOTRANSFERASE RELATED 2) TAR2 1.67 

At4g22710 CYP706A2 CYP706A2 1.67 

At2g30360 SIP4 (SOS3-INTERACTING PROTEIN 4) SIP4 1.66 

At5g23870 pectinacetylesterase --- 1.66 

At2g30870 GSTF10 (HALIANA GLUTATHIONE S-TRANSFERASE PHI 10) GSTF10 1.65 

At2g21560 unknown protein --- 1.64 

At1g76180 ERD14 (EARLY RESPONSE TO DEHYDRATION 14) ERD14 1.62 

At1g24530 hypothetical protein --- 1.60 

At1g27130 ATGSTU13  ATGSTU13 1.59 

At3g44970 cytochrome P450 --- 1.58 

At2g23120 unknown protein --- 1.57 

At2g31110 hypothetical protein --- 1.57 

At1g79420 hypothetical protein --- 1.54 

At1g12710 AtPP2-A12 (Phloem protein 2-A12) AtPP2-A12 1.54 

At2g34490 CYP710A2 (cytochrome P450, family 710, subfamily A, polypeptide 2) CYP710A2 1.53 

At1g08500 unknown protein --- 1.53 

At1g74960 FAB1 (FATTY ACID BIOSYNTHESIS 1) FAB1 1.52 

At5g13420 transaldolase - like protein transaldolase --- 1.51 

At2g16790 putative gluconokinase --- 1.51 

At1g18270 unknown protein --- 1.51 

At4g39030 EDS5 (ENHANCED DISEASE SUSCEPTIBILITY 5) EDS5 1.50 

At3g58710 WRKY69; transcription factor WRKY69 1.50 

At1g59960 NADPH-dependent codeinone reductase --- 1.50 
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Appendix E Genes down-regulated in 8h 

35Spro::FIL-GR 

 

 

Locus Description 
Gene 
Name 

Fold 
Change 

At4g17470 putative protein --- -12.25 

At1g11000 MLO4 (MILDEW RESISTANCE LOCUS O 4) MLO4 -7.41 

At2g18660 EXLB3 (EXPANSIN-LIKE B3 PRECURSOR) EXLB3 -7.36 

At1g29450 auxin-induced protein --- -4.77 

At3g14210 ESM1 (epithiospecifier modifier 1) ESM1 -4.46 

At3g45140 LOX2 (LIPOXYGENASE 2) LOX2 -4.37 

At4g11190 putative disease resistance response protein --- -4.34 

At4g30410 hypothetical protein --- -4.01 

At1g20070 hypothetical protein --- -3.89 

At1g20190 ATEXPA11 (ARABIDOPSIS THALIANA EXPANSIN 11) ATEXPA11 -3.69 

At4g04840 methionine sulfoxide reductase domain-containing protein ATMSRB6 -3.65 

At1g04240 SHY2 (SHORT HYPOCOTYL 2); transcription factor SHY2 -3.56 

At1g66100 thionin, putative --- -3.50 

At1g29430 auxin-induced protein --- -3.45 

At2g40610 ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8) ATEXPA8 -3.29 

At1g76240 hypothetical protein --- -3.23 

At5g57780 putative protein --- -3.11 

At1g14120 dioxygenase-like protein --- -3.11 

At5g19730 pectin methylesterase-like protein --- -3.10 

At1g12080 unknown protein --- -3.10 

At1g29510 SAUR68 (SMALL AUXIN UPREGULATED 68) SAUR68 -3.08 

At5g48900 pectate lyase non-consensus AG donor splice site at exon 2 --- -2.98 

At5g18060 auxin-induced protein-like --- -2.93 

At5g15580 LNG1 (LONGIFOLIA1) LNG1 -2.86 

At1g31700 copper amine oxidase --- -2.84 

At5g48485 DIR1 (DEFECTIVE IN INDUCED RESISTANCE 1) DIR1 -2.83 

At4g39800 MIPS1 (MYO-INOSITOL-1-PHOSTPATE SYNTHASE 1) MIPS1 -2.80 

At1g31710 copper amine oxidase, putative --- -2.78 

At3g12710 unknown protein similar to 3-methyladenine-DNA glycosidase I --- -2.78 

At4g02850 putative protein --- -2.76 

At1g26560 BGLU40 (BETA GLUCOSIDASE 40) BGLU40 -2.76 

At2g01890 PAP8 (PURPLE ACID PHOSPHATASE 8) PAP8 -2.73 

At5g49730 ATFRO7 (FERRIC REDUCTION OXIDASE 7) ATFRO7 -2.72 

At3g43960 cysteine proteinase --- -2.71 

At1g29500 auxin-induced protein, putative --- -2.65 

At4g22730 leucine rich repeat receptor kinase-like protein --- -2.65 

At5g63850 AAP4 AAP4 -2.65 

At5g02890 putative protein --- -2.58 

At1g04250 AXR3/IAA17 (AUXIN RESISTANT 3) AXR3 -2.57 

At3g12610 DRT100 (DNA-DAMAGE REPAIR/TOLERATION 100) DRT100 -2.55 

At1g65310 XTH17 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 17) XTH17 -2.53 

At5g25460 putative protein hypothetical protein --- -2.52 

At1g17700 PRA1.F1 (PRENYLATED RAB ACCEPTOR 1.F1) PRA1.F1 -2.47 

At4g39640 GGT1 (GAMMA-GLUTAMYL TRANSPEPTIDASE 1) GGT1 -2.42 

At1g23205 Unknown protein --- -2.41 
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At3g54400 nucleoid DNA-binding --- -2.37 

At2g32880 unknown protein --- -2.37 

At5g57760 unknown protein --- -2.34 

At5g60890 MYB34 (MYB DOMAIN PROTEIN 34) MYB34 -2.34 

At5g49630 AAP6 (AMINO ACID PERMEASE 6) AAP6 -2.33 

At5g50730 putative protein contains similarity to ATFP3 --- -2.33 

At2g26690 putative nitrate transporter --- -2.30 

At3g20370 unknown protein --- -2.28 

At4g14400 ACD6 (ACCELERATED CELL DEATH 6) ACD6 -2.27 

At1g29440 auxin-induced protein, putative --- -2.26 

At4g38950 kinesin like protein --- -2.25 

At5g26280 putative protein --- -2.25 

At2g38750 ANNAT4 (ANNEXIN ARABIDOPSIS 4) ANNAT4 -2.22 

At2g28470 BGAL8 (beta-galactosidase 8) BGAL8 -2.22 

At1g72230 blue copper protein, putative --- -2.21 

At3g01490 putative protein kinase similar to ATMRK1 --- -2.20 

At2g45450 ZPR1 (LITTLE ZIPPER 1) ZPR1 -2.20 

At5g15780 proline-rich protein --- -2.20 

At5g54510 DFL1 (DWARF IN LIGHT 1) DFL1 -2.18 

At4g28250 ATEXPB3 (ARABIDOPSIS THALIANA EXPANSIN B3) ATEXPB3 -2.16 

At4g17695 KAN3 (KANADI 3) KAN3 -2.16 

At2g37640 EXP3 EXP3 -2.15 

At1g11545 endo-xyloglucan transferase, putative --- -2.12 

At1g54010 myrosinase-associated protein, putative --- -2.12 

At4g19030 NLM1 NLM1 -2.11 

At2g13820 putative nonspecific lipid-transfer protein precursor --- -2.10 

At1g74670 GAST1-like protein --- -2.10 

At2g34810 putative berberine bridge enzyme --- -2.09 

At4g28780 Proline-rich APG - like protein --- -2.09 

At3g29030 EXPA5 (EXPANSIN A5) EXPA5 -2.06 

At5g15230 GASA4 (GAST1 PROTEIN HOMOLOG 4) GASA4 -2.01 

At2g22990 SNG1 (SINAPOYLGLUCOSE 1) SNG1 -2.01 

At3g60390 HAT3 (HOMEOBOX-LEUCINE ZIPPER PROTEIN 3) HAT3 -2.00 

At1g54030 myrosinase-associated protein --- -1.98 

At1g12460 hypothetical protein --- -1.98 

At5g63800 MUM2 (MUCILAGE-MODIFIED 2) MUM2 -1.98 

At5g55620 putative protein similar to unknown protein --- -1.98 

At1g05260 RCI3 (RARE COLD INDUCIBLE GENE 3) RCI3 -1.98 

At3g15950 NAI2 NAI2 -1.97 

At1g14890 unknown protein similar to pectinesterase --- -1.96 

At1g64400 acyl-CoA synthetase, putative --- -1.94 

At3g17100 unknown protein --- -1.94 

At4g16515 Expressed protein --- -1.93 

At5g48490 putative protein --- -1.92 

At1g28230 PUP1 (PURINE PERMEASE 1) PUP1 -1.89 

At4g29020 glycine-rich protein like glycine-rich protein 5 --- -1.88 

At3g16460 putative jacalin-like lectin domain --- -1.87 

At3g16690 MtN3-like protein --- -1.87 

At3g26932 DRB3 (dsRNA-binding protein 3) DRB3 -1.86 

At3g05640 putative protein phosphatase-2C --- -1.85 

At4g22200 AKT2/3 (ARABIDOPSIS POTASSIUM TRANSPORT 2/3) AKT2/3 -1.84 

At1g80280 unknown protein --- -1.84 

At2g28410 unknown protein --- -1.84 

At3g23050 IAA7 (INDOLE-3-ACETIC ACID 7) IAA7 -1.83 

At5g11420 putative protein --- -1.82 

At5g04660 CYP77A4 CYP77A4 -1.82 

At4g37980 ELI3-1 (ELICITOR-ACTIVATED GENE 3-1) ELI3-1 -1.82 

At1g70830 MLP28 (MLP-LIKE PROTEIN 28) MLP28 -1.82 
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At3g22600 unknown protein --- -1.82 

At4g33490 nucellin -like protein nucellin --- -1.80 

At3g46490 putative protein several oxidases, mainly gibberellin 20-oxidases  --- -1.80 

At4g30400 putative protein RING-H2 finger protein RHX1a --- -1.79 

At2g30470 HSI2 (HIGH-LEVEL EXPRESSION OF SUGAR-INDUCIBLE GENE 2) HSI2 -1.79 

At5g10430 AGP4 (ARABINOGALACTAN PROTEIN 4) AGP4 -1.77 

At3g05180 putative nodulin --- -1.76 

At4g18670 extensin-like protein --- -1.76 

At4g24780 putative pectate lyase --- -1.75 

At4g20430 subtilisin-like serine protease --- -1.74 

At1g73330 ATDR4 ATDR4 -1.72 

At5g15410 DND1 (DEFENSE NO DEATH 1) DND1 -1.72 

At1g68560 XYL1 (ALPHA-XYLOSIDASE 1) XYL1 -1.72 

At3g18850 LPAT5 LPAT5 -1.71 

At3g03770 hypothetical protein C-terminal ser/thr protein kinase domain --- -1.70 

At5g63180 pectate lyase  --- -1.70 

At5g13140 putative protein --- -1.69 

At5g54250 ATCNGC4 (CYCLIC NUCLEOTIDE-GATED CATION CHANNEL 4) ATCNGC4 -1.69 

At1g80050 APT2 (ADENINE PHOSPHORIBOSYL TRANSFERASE 2) APT2 -1.69 

At2g39310 JAL22 (JACALIN-RELATED LECTIN 22) JAL22 -1.69 

At1g14700 PAP3 (PURPLE ACID PHOSPHATASE 3) PAP3 -1.68 

At2g32090 unknown protein --- -1.68 

At3g11930 ethylene-responsive protein, putative similar to ER6 protein --- -1.68 

At4g09760 choline kinase GmCK2p -like protein --- -1.67 

At1g13650 unknown protein --- -1.66 

At2g06925 PLA2-ALPHA; phospholipase A2 PLA2ALPHA -1.66 

At3g16450 putative jacalin-like lectin domain --- -1.65 

At1g09250 unknown protein --- -1.64 

At1g22550 peptide transporter, putative --- -1.64 

At1g09390 putative lipase Similar to nodulins and lipase --- -1.64 

At3g44300 NIT2 (nitrilase 2) NIT2 -1.64 

At2g37180 RD28 (RESPONSIVE TO DESICCATION 28) RD28 -1.63 

At4g34610 BLH6 (BELL1-LIKE HOMEODOMAIN 6) BLH6 -1.60 

At2g13610 putative ABC transporter --- -1.60 

At5g24420 6-phosphogluconolactonase-like protein --- -1.60 

At4g22010 sks4 (SKU5 Similar 4) SKS4 -1.60 

At2g45590 putative protein kinase --- -1.60 

At5g24530 DMR6 (DOWNY MILDEW RESISTANT 6) DMR6 -1.59 

At1g58360 AAP1 (AMINO ACID PERMEASE 1) AAP1 -1.58 

At3g52340 SPP2 (SUCROSE-6F-PHOSPHATE PHOSPHOHYDROLASE 2) SPP2 -1.58 

At4g03070 AOP1 AOP1 -1.56 

At1g69440 AGO7 (ARGONAUTE7) AGO7 -1.56 

At1g78210 hypothetical protein --- -1.55 

At5g05690 CPD (CONSTITUTIVE PHOTOMORPHOGENIC DWARF) CPD -1.55 

At3g28920 AtHB34 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 34) AtHB34 -1.55 

At5g20700 putative protein --- -1.53 

At1g74430 MYB95 (myb domain protein 95) MYB95 -1.53 

At1g66970 SVL2 (SHV3-LIKE 2) SVL2 -1.52 

At5g62670 AHA11 (Arabidopsis H(+)-ATPase 11) AHA11 -1.52 

At3g08960 hypothetical protein --- -1.51 

At3g50750 putative protein --- -1.51 

At5g17860 CAX7 (calcium exchanger 7) CAX7 -1.51 

At2g35190 NPSN11 (NOVEL PLANT SNARE 11) NPSN11 -1.51 

At3g14220 myrosinase-associated protein --- -1.51 

At5g45800 MEE62 (maternal effect embryo arrest 62) MEE62 -1.50 
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Appendix F Genes up-regulated in fil yab3 

 

 

Locus Description 
Gene 
Name 

Fold 
Change 

At3g23085 putative AC-like transposase similar to ORF2  --- 30.55 

At4g38080 putative protein --- 22.84 

At1g76230 hypothetical protein --- 14.48 

At3g19350 MPC (MATERNALLY EXPRESSED PAB C-TERMINAL) MPC 7.61 

At1g70850 MLP34 (MLP-LIKE PROTEIN 34) MLP34 5.59 

At1g42705 Tam3-like transposon protein, similar --- 3.95 

At3g03190 ATGSTF11 (GLUTATHIONE S-TRANSFERASE F11) ATGSTF11 3.42 

At4g08150 KNAT1 (KNOTTED-LIKE FROM ARABIDOPSIS THALIANA) KNAT1 3.30 

At3g16390 NSP1 (NITRILE SPECIFIER PROTEIN 1) NSP1 3.22 

At1g12000 putative pyrophosphate-fructose-6-phosphate --- 3.20 

At1g03420 2A6; oxidoreductase --- 3.02 

At1g56430 NAS4 (NICOTIANAMINE SYNTHASE 4) NAS4 2.96 

At5g04950 NAS1 (NICOTIANAMINE SYNTHASE 1) NAS1 2.93 

At4g04830 methionine sulfoxide reductase domain-containing protein --- 2.79 

At5g62140 putative protein --- 2.66 

At3g15720 putative polygalacturonase --- 2.63 

At4g04610 APR1 (APS REDUCTASE 1) APR1 2.53 

At3g08770 LTP6; lipid binding LTP6 2.46 

At2g34490 CYP710A2 --- 2.28 

At1g80050 APT2 (ADENINE PHOSPHORIBOSYL TRANSFERASE 2) APT2 2.23 

At5g52060 ATBAG1 (BCL-2-ASSOCIATED ATHANOGENE 1) BAG1 2.21 

At2g36870 putative xyloglucan endo-transglycosylase --- 2.17 

At3g21950 salicylic acid carboxyl methyltransferase --- 2.10 

At5g28290 ATNEK3 (NIMA-RELATED KINASE3) NEK3 2.05 

At1g11580 PMEPCRA (METHYLESTERASE PCR A) PMEPCRA 1.97 

At3g63200 PLP9 (PATATIN-LIKE PROTEIN 9) PLP9 1.95 

At5g12330 LRP1 (LATERAL ROOT PRIMORDIUM 1) LRP1 1.94 

At1g17480 IQD7 (IQ-domain 7) IQD7 1.93 

At1g67080 ABA4 (abscisic acid (ABA)-deficient 4) ABA4 1.93 

At1g29395 COR414-TM1 TM1 1.91 

At1g07090 LSH6 (LIGHT SENSITIVE HYPOCOTYLS 6) LSH6 1.91 

At1g12200 unknown protein --- 1.90 

At1g25530 lysine and histidine specific transporter, putative --- 1.89 

At1g75270 DHAR2 (DEHYDROASCORBATE REDUCTASE 2) DHAR2 1.89 

At5g06270 putative protein --- 1.88 

At5g56000 heat shock protein --- 1.85 

At3g54400 nucleoid DNA-binding - like protein --- 1.84 

At3g10525 Expressed protein --- 1.84 

At2g23950 putative LRR receptor protein kinase --- 1.83 

At5g07690 ATMYB29 (ARABIDOPSIS THALIANA MYB DOMAIN PROTEIN 29) ATMYB29 1.82 

At5g19440 cinnamyl-alcohol dehydrogenase --- 1.82 

At3g08910 putative heat shock protein --- 1.81 

At5g13750 ZIFL1 (ZINC INDUCED FACILITATOR-like 1) ZIFL1 1.81 

At1g72140 peptide transporter PTR2-B PTR2-B 1.79 

At3g23290 LSH4 (LIGHT SENSITIVE HYPOCOTYLS 4) LSH4 1.79 

At1g23080 PIN7 (PIN-FORMED 7) PIN7 1.78 

At3g13470 chaperonin 60 beta, putative --- 1.73 
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At1g75780 TUB1 TUB1 1.72 

At1g23800 ALDH2B7 ALDH2B7 1.72 

At1g77690 LAX3 (LIKE AUX1 3) LAX3 1.72 

At4g02130 GATL6 GATL6 1.70 

At1g59990 RNA helicase, putative --- 1.70 

At2g39960 unknown protein --- 1.70 

At1g51310 unknown protein --- 1.68 

At1g31710 copper amine oxidase, putative --- 1.68 

At3g48200 putative protein --- 1.67 

At1g19450 integral membrane protein, putative --- 1.66 

At2g20940 hypothetical protein --- 1.65 

At5g23310 FSD3 (FE SUPEROXIDE DISMUTASE 3) FSD3 1.63 

At4g32320 APX6 APX6 1.63 

At1g23740 putative auxin-induced protein --- 1.63 

At5g16040 UVB-resistance protein-like --- 1.62 

At3g18420 unknown protein --- 1.62 

At5g45650 subtilisin-like protease --- 1.61 

At4g34740 ATASE2  ATASE2 1.60 

At5g63980 SAL1; 3'(2'),5'-bisphosphate nucleotidase SAL1 1.60 

At2g32150 putative hydrolase --- 1.59 

At4g09350 putative protein heat shock protein --- 1.58 

At3g20330 aspartate carbamoyltransferase precursor --- 1.58 

At1g64640 unknown protein --- 1.58 

At3g10970 unknown protein --- 1.57 

At2g31410 unknown protein --- 1.56 

At2g13820 putative nonspecific lipid-transfer protein precursor --- 1.56 

At2g47840 hypothetical protein --- 1.55 

At1g04040 unknown protein Similar to acid phosphatase --- 1.55 

At4g24830 argininosuccinate synthase -like protein --- 1.52 

At4g39880 putative protein --- 1.52 

At4g38520 putative protein phosphatase-2c protein phosphatase-2c (PP2C) --- 1.52 

At2g35040 putative phosphoribosylaminoimidazolecarboxamide formyltransferase --- 1.51 
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Appendix G Genes down-regulated in fil yab3 

 

 

Locus Description 
Gene 
Name 

Fold 
Change 

At4g30140 putative protein proline-rich protein APG --- -129.53 

At5g62280 putative protein --- -46.32 

At2g45190 FILAMENTOUS FLOWER (FIL)/ AFO (ABNORMAL FLORAL ORGANS) AFO/FIL -39.09 

At4g22490 RCc3- like protein --- -28.64 

At1g28330 DYL1 (DORMANCY-ASSOCIATED PROTEIN-LIKE 1) DYL1 -18.50 

At5g59330 putative protein nonspecific lipid-transfer protein --- -16.51 

At5g60950 COBL5 (COBRA-LIKE PROTEIN 5 PRECURSOR) COBL5 -7.84 

At2g47880 putative glutaredoxin --- -7.20 

At1g60190 hypothetical protein --- -6.47 

At4g00180 YAB3 (YABBY3) YAB3 -6.34 

At1g75040 PR5 (PATHOGENESIS-RELATED GENE 5) PR5 -5.94 

At5g22570 WRKY38; transcription factor WRKY38 -5.72 

At5g02760 protein phosphatase - like protein --- -5.61 

At5g55450 unknown protein --- -5.39 

At4g23600 CORI3 (CORONATINE INDUCED 1) CORI3 -5.00 

At5g03350 putative protein --- -4.67 

At2g18660 EXLB3 (EXPANSIN-LIKE B3 PRECURSOR) EXLB3 -4.28 

At5g02550 putative protein --- -4.18 

At1g72060 unknown protein --- -3.99 

At5g63130 unknown protein --- -3.84 

At1g01560 ATMPK11; MAP kinase MPK11 -3.81 

At5g01870 lipid-transfer protein-like --- -3.81 

At2g28630 KCS12 (3-KETOACYL-COA SYNTHASE 12) KCS12 -3.76 

At4g11000 putative protein --- -3.66 

At2g17040 anac036 (Arabidopsis NAC domain containing protein 36) ANACO36 -3.57 

At1g80080 TMM (TOO MANY MOUTHS) TMM -3.55 

At4g36410 UBC17 (UBIQUITIN-CONJUGATING ENZYME 17) UBC17 -3.21 

At3g50930 BCS1 (CYTOCHROME BC1 SYNTHESIS) BCS1 -3.18 

At2g32680 AtRLP23 (Receptor Like Protein 23) RLP23 -3.18 

At3g22060 hypothetical protein --- -3.15 

At5g64620 C/VIF2 (CELL WALL / VACUOLAR INHIBITOR OF FRUCTOSIDASE 2) C/VIF2 -3.11 

At1g22890 unknown protein --- -3.06 

At3g02150 PTF1 (PLASTID TRANSCRIPTION FACTOR 1) PTF1 -2.94 

At5g11090 putative protein --- -2.90 

At5g39860 PRE1 (PACLOBUTRAZOL RESISTANCE1) PRE1 -2.82 

At5g62470 MYB96 (myb domain protein 96) MYB96 -2.79 

At2g31880 putative receptor-like protein kinase --- -2.71 

At4g14610 disease resistance RPS2 like protein RPS2 -2.68 

At4g29610 cytidine deaminase 6 (CDA6) CDA6 -2.66 

At2g28305 hypothetical protein --- -2.61 

At3g16120 putative dynein light chain protein --- -2.59 

At2g38790 unknown protein --- -2.57 

At5g63190 topoisomerase-like protein --- -2.54 

At3g02800 unknown protein --- -2.54 

At1g12720 mutator-like transposase, putative --- -2.53 
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At3g15210 ERF4 (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 4) ERF4 -2.50 

At4g29900 ACA10 (AUTOINHIBITED CA(2+)-ATPASE 10) ACA10 -2.48 

At5g44680 putative protein --- -2.48 

At5g48490 putative protein --- -2.47 

At1g51790 receptor protein kinase, putative --- -2.42 

At1g65500 unknown protein --- -2.41 

At5g39670 calcium-binding protein - like --- -2.39 

At4g26070 MEK1 (MAP KINASE/ ERK KINASE 1) MEK1 -2.38 

At1g74670 GAST1-like protein --- -2.35 

At1g10640 polygalacturonase PG1, putative --- -2.35 

At1g74360 putative receptor protein kinase similar to brassinosteroid insensitive 1 --- -2.32 

At1g54820 protein kinase, putative --- -2.32 

At5g50200 WR3 (WOUND-RESPONSIVE 3) WR3 -2.31 

At2g43570 endochitinase isolog --- -2.31 

At3g56710 SIB1 (SIGMA FACTOR BINDING PROTEIN 1) SIB1 -2.30 

At2g24160 putative disease resistance protein --- -2.28 

At2g30250 WRKY25; transcription factor WRKY25 -2.24 

At3g29240 unknown protein --- -2.24 

At3g29575 AFP3 (ABI FIVE BINDING PROTEIN 3) AFP3 -2.20 

At5g66640 DAR3 (DA1-RELATED PROTEIN 3) DAR3 -2.20 

At1g49050 unknown protein contains similarity to nucellin --- -2.19 

At1g31690 copper amine oxidase, putative FSD3 -2.19 

At2g40610 ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8) EXP8 -2.17 

At1g67920 unknown protein --- -2.17 

At2g29670 unknown protein --- -2.15 

At5g48410 ATGLR1.3 GLR1.3 -2.15 

At5g67340 putative protein --- -2.14 

At5g46750 AGD9 (ARF-GAP DOMAIN 9) AGD9 -2.14 

At1g10060 branched-chain amino acid aminotransferase 1 --- -2.14 

At2g02930 ATGSTF3 (GLUTATHIONE S-TRANSFERASE F3) ATGSTF3 -2.11 

At5g41740 disease resistance protein-like --- -2.08 

At1g08450 CRT3 (CALRETICULIN 3) CRT3 -2.06 

At5g05190 putative protein --- -2.02 

At5g22580 unknown protein --- -2.02 

At1g05560 UGT75B1 (UDP-GLUCOSYLTRANSFERASE 75B1) UGT75B1 -2.01 

At3g53540 putative protein --- -2.00 

At4g28150 putative protein --- -1.99 

At1g14870 unknown protein --- -1.99 

At2g47540 hypothetical protein --- -1.99 

At1g22690 putative gibberellin-regulated protein --- -1.94 

At3g42140 putative protein --- -1.93 

At5g52740 putative protein --- -1.91 

At1g31600 hypothetical protein --- -1.89 

At2g30550 putative lipase --- -1.84 

At1g02930 ATGSTF6 (GLUTATHIONE S-TRANSFERASE) ATGSTF6 -1.84 

At1g48320 hypothetical protein --- -1.83 

At4g33300 ADR1-L1 (ADR1-like 1) ADR1-L1 -1.82 

At1g73480 lysophospholipase homolog, putative --- -1.79 

At3g11440 MYB65 (MYB DOMAIN PROTEIN 65) MYB65 -1.78 

At1g19300 PARVUS (PARVUS) PARVUS -1.78 

At5g03540 ATEXO70A1 EO7OA1 -1.77 

At3g11930 ethylene-responsive protein, putative --- -1.77 

At2g14560 LATE UPREGULATED IN RESPONSE TO HYALOPERONOSPORA PARASITICA LURP1 -1.76 

At2g17120 LYM2 (LYSM DOMAIN GPI-ANCHORED PROTEIN 2 PRECURSOR) LYM2 -1.74 

At1g21520 hypothetical protein --- -1.72 

At1g18390 wall-associated kinase, putative --- -1.70 

At5g54780 putative protein --- -1.70 

At5g61010 ATEXO70E2 (EXOCYST SUBUNIT EXO70 FAMILY PROTEIN E2) EXO7OE2 -1.68 
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At3g49260 iqd21 (IQ-domain 21) IQD21 -1.68 

At2g31810 putative acetolactate synthase --- -1.68 

At1g34440 hypothetical protein --- -1.66 

At4g26080 ABI1 (ABA INSENSITIVE 1) ABI1 -1.65 

At2g44180 MAP2A (METHIONINE AMINOPEPTIDASE 2A) MAP2A -1.63 

At1g71880 SUC1 (Sucrose-proton symporter 1) SUC1 -1.63 

At4g22780 ACR7 ACR7 -1.62 

At1g03400 putative 1-aminocyclopropane-1-carboxylate oxidase --- -1.62 

At1g12080 unknown protein --- -1.62 

At4g14550 IAA14 (INDOLE-3-ACETIC ACID INDUCIBLE 14) IAA14 -1.61 

At1g33250 unknown protein --- -1.61 

At1g08050 unknown protein --- -1.60 

At5g14420 RGLG2 (RING domain Ligase2) RGLG2 -1.57 

At4g15440 HPL1 (HYDROPEROXIDE LYASE 1) HPL1 -1.57 

At1g48430 dihydroxyacetone kinase, putative --- -1.57 

At1g71697 ATCK1 (CHOLINE KINASE 1) ATCK1 -1.57 

At2g07734 hypothetical protein --- -1.56 

At1g13570 hypothetical protein --- -1.56 

At2g46600 putative caltractin --- -1.55 

At3g18000 XPL1 (XIPOTL 1) XPL1 -1.53 

At1g33480 unknown protein --- -1.52 

At1g66940 unknown protein --- -1.52 

At4g17810 SUPERMAN like protein --- -1.50 
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