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Abstract 

AUXIN-BINDING PROTEIN 1 (ABP1) is an auxin receptor essential for plant growth and 

development, including cell division and expansion; however, little is known about its 

signalling pathway.  This research investigated ABP1 signalling by focusing on how ABP1 

inactivation affects transcription using a conditional abp1 mutant and microarrays, followed 

by analysis of mutants in signalling genes affected by ABP1 inactivation to identify ABP1 

pathway components.  Analysis of T-DNA mutants identified three genes as components of 

ABP1 signalling.  Two receptor-like kinase genes, AT1G25320 and AT4G25390, were 

identified as repressors of the ABP1 pathway based on epistatic analysis with the conditional 

abp1 mutant.  It is proposed that they are components of ABP1-ROP signalling in a plasma 

membrane auxin-sensing complex with ABP1.  In addition, the calmodulin-like gene 

TOUCH 3 (TCH3) was down-regulated with ABP1 inactivation and epistatic analysis 

indicated that TCH3 was involved in ABP1-regulated growth, providing a link between 

ABP1 and calcium signalling.  ABP1-regulated TCH3 signalling was also linked to 

differential responses of organs to auxin.  Crosses between all three genes and the conditional 

abp1 mutant all exhibited similar resistance to IAA, indicating that these genes are in the 

same pathway. 

    ABP1 was found to regulate the transcription of many genes.  Genes involved in the 

pathway of the other auxin receptor, TRANSPORT INHIBITOR RESPONSE PROTEIN 1 

(TIR1), were affected, indicating that the two pathways interact indirectly; however, only 

20% of auxin-regulated genes were affected by ABP1 inactivation, indicating that ABP1 

signals to the nucleus independently of TIR1. 

    The other major focus of this research was investigation of ABP1‟s role in cell-wall 

development, since the cell wall is essential for auxin-regulated growth and development.  

Microarray and real-time RT-PCR analysis showed that ABP1 is required for the 

transcriptional control of auxin-regulated cell-wall expansion and lignification.  

Histochemical and Fourier transform Infrared microspectroscopy techniques showed that 

lignification was reduced in the interfascicular fibre cell walls of ABP1-inactivated stems, 

corresponding to reduced transcription of lignification pathway genes.  ABP1-inactivated 

stems displayed stunted growth and iTRAQ analysis of the cell-wall proteome showed that 

ABP1 regulates the concentrations of proteins involved in cell-wall expansion and 

lignification at the cell wall. 
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Abbreviations 

Abbreviations follow the system of measurement outlined by the International System of 

Units and its derivatives.  Chemical elements, chemical compounds, nucleotides and amino 

acids are shown using standard notation.  All other abbreviations are displayed in the table 

below.   

Abbreviation Definition 

°C Degree Celsius 
2,4-D 2,4-dichlorophenoxyacetic acid 
µE Microerg 
µF Microfarad 
Ω Ohm 
ABA Abscisic acid 
ABC ATP-BINDING CASSETTE 
ABP1 AUXIN-BINDING PROTEIN 1 
ABP1pro ABP1 promoter 
ABRC Arabidopsis Biological Resource Centre 
ACT ACTIN 
AFB AUXIN SIGNALLING F-BOX 
AGI Arabidopsis Genome Identifier 
AGP Arabinogalactan protein 
AmpR Ampicillin resistance 
APT2 ADENINE PHOSPHORIBOSYLTRANSFERASE 2 
Arabidopsis Arabidopsis thaliana 
ARF AUXIN RESPONSE FACTOR 
ASK1 ARABIDOPSIS SERINE/THREONINE KINASE 1 
AUX1 AUXIN RESISTANT 1 
AuxRE Auxin response element 
AXR4 AUXIN RESISTANT 4 
BAM2 BARELY ANY MERISTEM 2 
BAR BASTA RESISTANCE or Bio-Array Resource 
BCIG/X-gal 5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside 
bp Base pair 
BR Brassinosteroid 
BRL3 BRI1-LIKE 3 
BSK BR-SIGNALLING KINASE 
CAM CALMODULIN 
CBL CALCINEURIN B-LIKE 
CDK Cyclin-dependent kinase 
cDNA Complementary DNA 
CDS Coding DNA sequence 
CIPK CBL-INTERACTING PROTEIN KINASE 
CK Cytokinin or CASEIN KINASE 
CLV1 CLAVATA 1 
CNRS Centre National de la Recherche Scientifique 
Col Columbia-0 
cRNA Complementary RNA 
CT Threshold cycle 
CYC Cyclin 
CYP CYCLOPHILIN 
D6PK D6 PROTEIN KINASE 
DAG Days after germination 
DAPI 4',6-diamidino-2-phenylindole 
DMSO Dimethylsulfoxide 
DNA Deoxyribonucleic acid 
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DNase Deoxyribonuclease 
DTT Dithiothreitol 
ECR1 E1 C-TERMINAL RELATED 1 
EDTA Ethylenediaminetetraacetic acid 
eFP Electronic fluorescent pictograph 
e.g. For example 
EGTA Ethyleneglycoltetraacetic acid 
ER Endoplasmic reticulum 
ESM1 EPITHIOSPECIFIER MODIFIER 1 
EXP EXPANSIN 
eYFP Enhanced YELLOW FLUORESCENT PROTEIN 
F1 Filial 1 
F2 Filial 2 
FDR False discovery rate 
FER FERONIA 
FLA FASCICLIN-LIKE ARABINOGALACTAN  
FRA FRAGILE FIBRE 
FTIR Fourier transform infrared 
g Standard acceleration due to gravity at the Earth’s surface 
G1 Gap 1 phase of the cell cycle 
G2 Gap 2 phase of the cell cycle 
GA Gibberellin 
gDNA Genomic DNA 
GFP GREEN FLUORESCENT PROTEIN 
GH3 GRETCHENHAGEN 3 
GmR Gentamycin resistance 
GTG2 GPCR-TYPE G-PROTEIN 2 
GUS Β-glucuronidase 
h Hour 
HD-Zip Homeodomain-leucine-zipper 
HERK1 HERCULES 1 
HPLC High performance liquid chromatography 
HgmR Hygromycin resistance 
IAA Indole-3-acetic acid 
IAA

-
 Deprotonated IAA 

IAAH Protonated IAA 
IBA Indole-3-butyric acid 
IBR5 IBA RESPONSE 5 
ILL6 IAA-LEUCINE RESISTANT-LIKE 6 
INRA Institut National de la Recherche Agronomique 
IPA Indole-3-pyruvate 
IPTG Isopropyl-β-D-1-thiogalactopyranoside 
ISV Institut des Sciences du Végétal 
iTRAQ Isobaric tags for relative and absolute quantitation 
KanR Kanamycin resistance 
kb Kilobase pair 
Kd Dissociation constant 
kDa Kilodalton 
LAX1 LIKE AUXIN RESISTANT 1 
LB Luria broth 
LC HPLC 
LC-MS/MS Liquid chromatography tandem mass spectrometry 
LRR Leucine-rich repeat 
LTP Lipid transfer protein 
LysM Lysin motif 
M Mitotic phase of the cell cycle or molarity 
MAPKKK MAP KINASE KINASE KINASE 
MCS Multiple cloning site 
MEE62 MATERNAL EFFECT EMBRYO ARREST 62 
min Minute 
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misc Miscellaneous 
MKK MAP KINASE KINASE 
mPa Megapascal 
MPK MAP KINASE 
mRNA Messenger RNA 
MS½ medium 0.5x Murashige & Skoog medium 
MWCO Molecular weight cut-off 
n Variable number 
N Molality 
NAA Naphthaleneacetic acid 
NCBI National Centre for Biotechnology Information 
NEB Nuclei extraction buffer 
NGB Nuclei gradient buffer 
No. Number 
NOA Naphthoxyacetic acid 
NPC6 NOVEL PHOSPHOLIPASE C 6 
NSB Nuclei storage buffer 
NST1 NAC SECONDARY WALL THICKENING PROMOTING FACTOR 1 
OBP1 OBF-BINDING PROTEIN 1 
OD Optical density 
PAE Pectin acetylesterase 
PAI3 PHOSPHORIBOSYLANTHRANILATE ISOMERASE 3 
PAP PURPLE ACID PHOSPHATASE 
PAT-PLA Patatin-related phospholipase A 
PBP1 PID-BINDING PROTEIN 1 
PCR Polymerase chain reaction 
PEB Proteomic extraction buffer 
PERK Proline-rich extensin-like receptor kinase 
PRX PEROXIDASE 
pers. comm. Personal communication 
pH Negative logarithm of the H

+
 concentration 

PHOT2 PHOTOTROPIN 2 
PID PINOID 
PIN PIN-FORMED 
PIPES Piperazine-N,N′-bis(2-ethanesulfonic acid) 
PLA1 Phospholipase A1 
PLD Phospholipase D 
PLL Pectate lyase-like 
PME Pectin methylesterase 
PP2A PROTEIN PHOSPHATASE 2A 
PPI1 PROTON PUMP INTERACTOR 1 
PPT Phosphinothricin 
P-value Probability that a test statistic is significantly different from the null hypothesis 
RBK ROP-BINDING PROTEIN KINASE 
RBR RETINOBLASTOMA-RELATED 
RE Restriction enzyme 
REV REVOLUTA 
RHS10 ROOT HAIR SPECIFIC 10 
RIC ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 
RifR Rifampicin resistance 
RLCK Receptor-like cytoplasmic kinase 
RLK Receptor-like kinase 
RMA Robust multiarray averaging or RING membrane-anchor 
RNA Ribonucleic acid 
RNase Ribonuclease 
ROC ROTAMASE CYP 
ROP RHO-RELATED PROTEIN FROM PLANTS 
ROPGEF ROP GUANINE EXCHANGE FACTOR 
ROS Reactive oxygen species 
rpm Revolutions per min 
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RT-PCR Reverse transcriptase-PCR 
s Second 
S Synthesis phase of the cell cycle 
SAP Shrimp alkaline phosphatase 
SAUR SMALL AUXIN UP RNA 
SBS School of Biological Sciences 
SCF Skp, cullin, F-box-containing complex 
scFv Single chain Fragment variable 
SD S domain 
SDS Sodium dodecyl sulphate 
SDS-PAGE SDS-polyacrylamide gel electrophoresis 
SEM Standard error of the mean 
SKS SKU5-SIMILAR 
SND SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 
S-PLA Secreted phospholipase A2 
SpR Spectinomycin resistance 
SUBA SubCellular Proteomic 
T1 Transformant (first generation) 
T2 Transformant (second generation) 
T3 Transformant (third generation) 
TAA1 TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 
TAIR The Arabidopsis Information Resource 
TCA Tri-carboxylic acid 
T-DNA Transfer DNA 
TEMED Tetramethylethylenediamine 
TBE Tris-borate-EDTA 
TF Transcription factor 
TIR1 TRANSPORT INHIBITOR RESPONSE PROTEIN 1 
TC Tetracysteine 
TCH TOUCH 
THE1 THESEUS 1 
TPL TOPLESS 
Tris Tris(hydroxymethyl)aminomethane 
UTR Untranslated region 
UV Ultraviolet light 
v/v Volume by volume 
V Volt 
VND VASCULAR-RELATED NAC-DOMAIN 
VPSEM Variable pressure scanning electron microscopy 
w/v Weight by volume 
WAKL Wall-associated kinase-like 
WAT1 WALLS ARE THIN 1 
wt Wild-type 
x Times 
XCP XYLEM CYSTEINE PROTEASE 
X- Gluc 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid 
XTH Xyloglucan endotransglucosylase/hydrolase 
YUC YUCCA 
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Chapter 1. Introduction 

The plant hormone auxin is essential to the growth of plants, and has a role in almost all 

stages of plant development.  Auxin is a phytohormone, along with others including abscisic 

acid (ABA), gibberellins (GAs), cytokinins (CKs), ethylene, brassinosteroids (BRs), jasmonic 

acid and salicylic acid.  These substances are crucial to plants; together they are responsible 

for controlling plant growth and development.  They also show activity at low concentrations 

(Teale et al., 2006).  Auxin specifically plays a key role in almost all aspects of plant 

development, and exhibits an incredible ability to stimulate growth in plants.  Auxin 

promotes many processes throughout the plant‟s lifecycle, including germination, shoot 

elongation, adventitious and lateral root formation, phototropism, gravitropism, and flower 

and fruit development.  In contrast, auxin inhibits other processes, such as primary root 

elongation, axillary bud outgrowth, senescence and abscission.  At the level of the cell, auxin 

acts on cell division, cell elongation and cell differentiation (Teale et al., 2006).  Our 

knowledge of how auxin exerts these growth effects is growing rapidly, and our 

understanding of auxin signalling is improving; however, there still remains much to be 

discovered.  

    The effect of auxin on plant development has been studied for a long time.  Auxin was 

discovered in 1880 by Charles and Francis Darwin (Darwin, 1880), when they analysed the 

phototropic response of grass coleoptiles.  They found that light perception at the coleoptile 

tip induces bending towards the light in an area below the tip, which showed that some 

substance is being transported (Darwin, 1880).  In 1926, auxin was isolated from the plant via 

diffusion into agar blocks, and these blocks displayed promotion of growth.  It was found that 

during phototropism, auxin is transported on the shaded side of the coleoptile, and high auxin 

in this area stimulates cell elongation and bending towards the light source (Went, 1928).  In 

the 1930s, Kogl and Haagen-Smit isolated substances with elongation-promoting activity 

from human urine and the most potent was identified as indole-3-acetic acid (IAA).  IAA is 

the major auxin in plants, although there are several other auxins such as indole-3-butyric 

acid (IBA) and 4-chloro-IAA (reviewed by Normanly et al., 1995).  Auxin is present within 

species across the plant kingdom, from flowering plants to green algae, and is present at 

concentrations micromolar or lower (Taiz and Zeiger, 2002).   

    Auxin is clearly very important biologically, but also from a human standpoint.  Since 

auxin is essential for plant growth, in the past humans have manipulated auxin physiology for 
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propagation of plants and for developing modern crops via artificial selection (Multani et al., 

2003; Salamini, 2003).  Synthetic auxins such as 1-naphthaleneacetic acid (1-NAA) are 

important horticulturally, for in vitro micropropagation, fruit development and rooting 

powders; and 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid 

are herbicides used for killing weeds (reviewed by Teale et al., 2006).  The structures of three 

auxins are shown in Figure 1-1.   

 

Figure 1-1.  Structure of the natural auxin, IAA; and two synthetic auxins, 2,4-D and 1-NAA (adapted from 
Teale et al., 2006).    

 

    Auxin acts on cells by triggering signal transduction pathways, which result in downstream 

changes in gene expression and cellular and developmental responses.  This project aimed to 

identify components involved in the auxin signal transduction pathway, as well as cell-wall 

defects in a mutant affected in one of the auxin signalling pathways.  As a background to the 

project, this chapter will introduce auxin and signal transduction, which will lead into a 

discussion of AUXIN-BINDING PROTEIN 1 (ABP1) and its role in auxin signalling and 

plant development.  The role of auxin and ABP1 in cell-wall growth and lignification will 

also be discussed. 

 

1.1. Auxin biosynthesis and transport 

Auxin homeostasis is important for determining the auxin response across a group of cells 

and involves regulation of auxin biosynthesis as well as transport.  In addition, IAA is 

conjugated to other molecules such as amino acids and stored in vacuoles, in which case it is 

in an inactive form (reviewed by Woodward and Bartel, 2005).  The resultant concentration 

in a cell determines its response and auxin sensitivity differs between organs.  For example, 

the optimal auxin concentration for shoot elongation growth is generally 10
-6

 to 10
-5

 M 

IAA                            2,4 -D                 1-NAA
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(Thimann, 1937).  In contrast to the shoot, root elongation is generally inhibited by auxin.  

However, a low concentration of auxin can promote growth (10
-10

 to 10
-9

 M), whereas a 

higher concentration (10
-6

 M) is inhibitory.  Therefore, roots may have an auxin requirement 

for growth, but inhibition occurs at concentrations that promote growth in the shoot 

(Thimann, 1937).  

    IAA is synthesised in young tissues of the shoot apex and in roots.  IAA is generated from 

indole, via both tryptophan-dependent and tryptophan-independent pathways (Woodward and 

Bartel, 2005).  The tryptophan-dependent indole-3-pyruvate (IPA) and indole-3-acetamide 

pathways are thought to be the major routes for IAA biosynthesis in plants (Mashiguchi et al., 

2011; Mano and Nemoto, 2012).  IAA biosynthesis is regulated both temporally and spatially 

and this regulation is involved in determining auxin gradients and regulation of plant 

development (reviewed in Zhao, 2010). 

    Auxin is unique in being the one hormone which displays active, polarised transport.  

Auxin is distributed in tissues via this polar transport and triggers cell expansion, therefore 

inducing a growth response.  This cell-to-cell auxin transport results in concentration 

gradients across cells, which are fundamental for plant development (reviewed by Tanaka et 

al., 2006).  Auxin is additionally transported via the phloem (Morris and Thomas, 1978).  

Auxin gradients determine the pattern of auxin response.     

    Auxin influx involves transporter proteins as well as diffusion.  The major natural auxin, 

IAA, is protonated in the acidic apoplast (~pH 5.5) to form ~17% IAAH which can enter the 

cell (auxin is a weak acid) (Zazímalová et al., 2010).  In addition, IAA and the synthetic 

auxin 2,4-D are transported by the auxin influx carrier AUXIN RESISTANT 1 (AUX1), 

whereas 1-NAA is lipophilic and enters the cell easily via diffusion (Bennett et al., 1996; 

Delbarre et al., 1996).  This difference in how auxins enter the cell is a useful diagnostic tool 

for identifying mutants with defects in auxin influx.  For example, an aux1 mutant shows 

resistant root growth to IAA and 2,4-D but not 1-NAA, which confirms that this mutant is 

defective in auxin uptake (Marchant et al., 1999).  This assay was used to show that another 

mutant, auxin resistant 4 (axr4), is also defective in auxin influx (Yamamoto and Yamamoto, 

1999).  AXR4 was later identified as an endoplasmic reticulum (ER)-localised protein which 

regulates AUX1 distribution (Dharmasiri et al., 2006). 

    With respect to auxin efflux, the cytoplasm is neutral, so auxin is deprotonated here to 

form almost 100% IAA
-
 which can only exit the cell via efflux carriers.  These carriers are 
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called PIN-FORMED (PIN) proteins.  They are localised in the plasma membrane and 

polarly on either the apical or basal side of the cell, which results in directional auxin flow 

(reviewed in Teale et al., 2006).  It has been shown that PIN protein subcellular localisations 

do correlate with the direction of auxin flow (reviewed in Tanaka et al., 2006).  There are also 

numerous multidrug resistance/P-glycoprotein ATP-BINDING CASSETTE (ABC) 

transporters and they function in either influx or efflux (Geisler and Murphy, 2006).   

    Auxin shows feedback regulation of the transport proteins.  They are cycled from the 

plasma membrane to subcellular compartments; therefore, localisation can change quickly.  

For example, localisation of PIN proteins is regulated post-translationally by phosphorylation 

and dephosphorylation.  PINOID (PID) is an AGC kinase which phosphorylates PIN proteins 

whereas protein phosphatase 2A (PP2A) dephosphorylates them and the antagonistic action 

of PID and PP2A is thought to regulate apical-basal PIN distribution (Friml et al., 2004; 

Michniewicz et al., 2007; Kleine-Vehn et al., 2009).  PID also regulates auxin efflux via the 

ABC auxin transporter ABCB1 (Henrichs et al., 2012).  PID interacts with the calcium 

(Ca
2+

)-binding proteins TOUCH 3 (TCH3) and PID-BINDING PROTEIN 1 (PBP1) in 

response to Ca
2+

 influx, indicating that Ca
2+

 signalling is involved in auxin responses 

(Benjamins et al., 2003).  PID is also regulated by phospholipid signalling (Zegzouti et al., 

2006). 

 

1.2. Overview of auxin signalling 

As described in the previous section, regulation of auxin homeostasis results in a gradient of 

auxin across a tissue.  This gradient determines the pattern of auxin response and the 

individual cells respond to auxin via two types of receptors.  These are ABP1, which is 

involved in very early auxin responses; and TRANSPORT INHIBITOR RESPONSE 

PROTEIN 1 (TIR1) and AUXIN SIGNALLING F-BOX (AFB) proteins, a group of F-box 

proteins involved in degrading a repressor of auxin responses (Leblanc et al., 1999b; David et 

al., 2001).  ABP1 has been shown to be essential for plant development (a homozygous null 

mutant exhibits embryonic lethality) and controls cell division as well as cell expansion in 

green tissues (Jones et al., 1998; Chen et al., 2001b; David et al., 2007).  Tobacco (Nicotiana 

tabacum) plants over-expressing ABP1 have a normal morphology but have larger leaf cells 

(Jones et al., 1998).  In addition, Arabidopsis thaliana (Arabidopsis) plants for which ABP1 
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has been inactivated exhibit a drastic decrease in leaf pavement cell size and cell number 

(Braun et al., 2008).  While the TIR1/AFB pathway is beginning to be well understood, the 

ABP1 pathway is not (Figure 1-2).  Therefore, one of the challenges is to identify 

downstream signalling components.  This project aimed to identify these components in order 

to establish the pathway that links ABP1 to auxin-related responses.   

 

Figure 1-2.  Auxin signalling.  Auxin binds ABP1 at the plasma membrane and induces early responses, 

such as ion fluxes.  ABP1 also regulates auxin transport.  Auxin binds TIR1 in the nucleus and induces 

changes in auxin-regulated gene expression to cause an auxin response.  The TIR1/AFB pathway is well 

characterised.  In contrast, the ABP1 pathway is not understood.  This pathway is predicted to affect gene 

expression and induce an auxin response (as denoted by the arrows with question marks). 

 

1.3. TIR1/AFB signalling 

Auxin induces signal transduction to the nucleus in order to trigger transcriptional changes; 

this process is known to be regulated by the TIR1/AFB family of auxin receptors. 

1.3.1. Gene regulation 

There are two classes of auxin-induced genes: early response genes which are induced 

rapidly in the presence of auxin, within 2-5 min (McClure et al., 1989); and late response 

ABP1

TIR1 Cellular and 

developmental 

auxin 

responses

Ion fluxes (H+, K+, A-)

ER ? ?

Auxin

H+

A-

Auxin 

transport
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genes which are induced more slowly.  The early response genes were initially cloned from 

elongating tissues or dividing cells and include three major families: the AUX/IAA family, 

GRETCHENHAGEN 3 (GH3) family and SMALL AUXIN UP RNA (SAUR) family (Hagen 

and Guilfoyle, 1985; McClure and Guilfoyle, 1987; Abel and Theologis, 1996).  These genes 

contain a consensus sequence in their promoters (TGTCTC), called the auxin response 

element (AuxRE).  When auxin is present, AUXIN RESPONSE FACTOR (ARF) 

transcription factor (TF) proteins (23 members in Arabidopsis) bind to AuxREs to induce or 

repress transcription of auxin-regulated genes (Ulmasov et al., 1997a).     

    The AUX/IAA genes are a large family (29 members in Arabidopsis) and have four 

conserved domains (I-IV) (Overvoorde et al., 2005).  Domain I allows homodimerisation; 

domain II is required for protein stability; and domains III and IV are involved in protein 

interactions, which include both homodimerisation and heterodimerisation with ARF proteins 

(Kim et al., 1997; Hardtke et al., 2004).  AUX/IAAs were shown to be short-lived proteins 

(Abel et al., 1994) and their degradation was found to be both proteasome- and auxin-

dependent (Ramos et al., 2001; Zenser et al., 2001).  AUX/IAAs are negative regulators of 

gene expression which bind to ARFs and inhibit expression of auxin-response genes 

(Ulmasov et al., 1997b).     

1.3.2. TIR1: a nuclear receptor 

Identification of the auxin receptor TIR1 provided a mechanism of how AUX/IAAs are 

degraded in response to auxin, thus allowing ARFs to modify expression of auxin-regulated 

genes.  This signalling pathway occurs in the nucleus and has been well characterised.  TIR1 

was identified via genetic screening.  Two main methods have been used to identify mutants 

in auxin signalling: resistance to the inhibitory effect of auxin on root growth (auxin-resistant 

root elongation); or resistance to an auxin transport inhibitor.  A tir1-1 mutant was identified 

based on auxin transport inhibitor resistance (Ruegger et al., 1997).  However, the auxin-

insensitive phenotype was mild, and other F-box proteins, encoded by the AFB genes (AFB1, 

AFB2 and AFB3), are also involved (Ruegger et al., 1998).  Loss of functional TIR1 and these 

three AFB genes results in developmental and physiological defects.  There are also two other 

AFB genes, AFB4 and AFB5, which show lower homology to TIR1 versus the other three 

(50% versus 70%) (Greenham et al., 2011). Two studies showed that TIR1 is a receptor 

which binds auxin directly (Dharmasiri et al., 2005a; Kepinski and Leyser, 2005).   
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    The TIR1/AFB signalling pathway is shown in Figure 1-3.  The TIR1/AFB F-box proteins 

are part of the SCF
TIR1/AFB

 ubiquitin E3 ligase complex.  This complex is involved in the 

degradation of AUX/IAA proteins.  In the absence of auxin, AUX/IAA proteins complex 

with some ARF proteins via the carboxy-terminal region, to inhibit ARF protein function 

(Ulmasov et al., 1997a; Ulmasov et al., 1997b). However, when auxin binds to TIR1/AFB, 

the SCF
TIR1/AFB

 complex targets the AUX/IAA proteins for 26S proteasome-mediated 

degradation (Gray et al., 2001).  Therefore, ARF transcripton factors are de-repressed and 

induce auxin responses.  Although auxin induces degradation of AUX/IAAs to allow auxin-

responsive expression, auxin also induces AUX/IAA transcription.  Therefore, auxin inducing 

AUX/IAA transcription appears to ensure a transient response to auxin, so that if auxin is 

removed, auxin-responsive expression is also reduced (Woodward and Bartel, 2005).   

    Although TIR1/AFB proteins are important targets of auxin function (Dharmasiri et al., 

2005b), they do not account for all auxin action.  For example, a quadruple mutant for TIR1 

plus the AFB genes does form a functional plant (with abnormalities) (Dharmasiri et al., 

2005b).  In addition, TIR1/AFB signalling does not account for rapid (a few min) responses 

to auxin at the plasma membrane, such as cell expansion and ion fluxes (Badescu and Napier, 

2006). 

 

Figure 1-3.  TIR1/AFB signalling for regulation of auxin-induced gene transcription.  Auxin response factor 
(ARF) TFs bind to promoters of auxin-responsive genes to induce transcription.  However, AUX/IAAs bind 
ARFs to repress auxin-induced gene transcription.  When auxin is present it binds TIR1/AFB proteins in 
SCF

TIR1/AFB
 and stabilises interaction between TIR1/AFB proteins and AUX/IAAs. SCF

TIR1/AFB
 ubiquitylates 

AUX/IAAs which targets them for 26S proteasome-mediated degradation.  Therefore, auxin-responsive gene 
transcription can occur (Mockaitis and Estelle, 2008). 
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1.4. ABP1 signalling 

ABP1 was the first auxin receptor identified; however, there is still limited knowledge about 

ABP1 signalling, such as how ABP1 triggers ion fluxes as well as transcriptional changes 

involved in auxin responses.   

1.4.1. The ABP1 protein 

ABP1 was identified using a biochemical approach.  ABP1 was isolated from maize (Zea 

mays L.) based on its high capability to bind auxin (
14

C-radiolabelled 1-NAA).  ABP1 binds 

auxin at physiologically relevant concentrations (Kd value of ~5.10
-6

 M) (Hertel et al., 1972; 

Lobler and Klämbt, 1985).  ABP1 displays optimal auxin binding activity at pH 5.0-6.0 and 

binding is reversible (Badescu and Napier, 2006).   

    It is important to analyse ABP1 structure to understand how this protein functions as a 

receptor, such as how it binds auxin and how it induces downstream signalling.  The crystal 

structure of the protein with and without bound 1-NAA was solved by Woo et al. (2002) 

(Figure 1-4).  The protein as analysed was a dimer (Woo et al., 2002), but the in vivo state is 

unknown.  The structure confirms that ABP1 is a member of the seed storage 7S cupin 

protein superfamily, with conserved cupin motifs; however, there is low similarity in other 

areas of protein sequence when compared to peach cupin auxin-binding proteins (Ohmiya et 

al., 1993; Napier et al., 2002).  ABP1 structure is similar to manganese oxalate-oxidase 

(which acts as an oxidoreductase) and other enzymatic cupins (Dunwell et al., 2004).   

    ABP1 sequences exhibit high conservation of residues across the mature protein.  

However, the signal peptide, which is cleaved co-translationally as ABP1 enters the ER, 

shows high variation.  The protein contains four highly conserved domains: the C-terminus, 

which contains a KDEL ER retention motif and three regions of 13-20 amino acids, called 

boxes A, B and C.  Other regions of interest include three cysteines and one conserved N-

glycosylation site (Napier et al., 2002).     

    The auxin-binding site is the key to the control of ABP1 activity.  The binding site has a 

zinc ion (Zn
2+

) coordinated with three histidine residues plus a glutamic acid residue.  Auxin 

binding produces an auxinic carboxylic acid group with a bidentate link to Zn
2+

, holding 

auxin within an otherwise hydrophobic pocket (Woo et al., 2002; Napier, 2004).  W151 in the 

active site provides a hydrophobic platform for auxin binding (Napier, 2001).  Since ABP1 

has Zn
2+

 in its auxin-binding site, it possibly has an enzymatic role (Dunwell et al., 2004).  
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The conserved regions box A and C appear to be important for auxin binding.  For example, 

five amino acids involved in auxin binding are in box A (Dahlke et al., 2009).  Box C 

overlaps the site where photolabelled IAA binds (Brown and Jones, 1994). 

 

Figure 1-4.  ABP1 structure.  ABP1 was crystallized as a dimer.  The β-sheets are broad arrows, some N-
glycosylation is shown at the top of each monomer and Zn

2+
 is shown in blue (Woo et al., 2002). 

 

    To induce signalling, ABP1 should undergo a conformation change upon binding auxin.  

Although Woo et al. (2002) found no difference in conformation between ABP1 with or 

without auxin, many other studies have.  Mass spectrometry identified a disulfide bridge 

between C2 and C61, and no disulfide bridge with C155 (Feckler et al., 2001).  However, the 

crystallographic data shows a disulfide bridge between C2 and C155 (Woo et al., 2002); and if 

tobacco (N. tabacum) C158 (equivalent to C155 in maize) is converted to serine, it modifies 

ABP1 structure, folding and interaction with auxin, and activity (David et al., 2001).  Perhaps 

intramolecular disulfide bridge shuffling occurs for control of ABP1 auxin response, but this 

idea remains untested (Napier et al., 2002).  The C-terminus is involved in ABP1 activity, 

and can activate an auxin response, as previously mentioned.  However, the KDEL sequence 

at the C-terminus is not required for auxin binding nor interaction with the plasma membrane 

(David et al., 2001).  The molecular dynamics of auxin-ABP1 interaction were investigated 

by Bertosa et al. (2008) using simulations of molecular dynamics.  They identified two ABP1 

conformations which differed in the position of the C-terminus, one stabilized by auxin 

binding.  Their results indicate that without auxin, W151 is not in the active site and the C-

terminus is extended; whereas with auxin, W151 is in the active site and the C-terminus is less 

extended (Bertosa et al., 2008).  This conformation change with auxin is proposed to result in 

auxin signalling. 
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    Within the cell ABP1 is predominantly localised in the ER, as expected, since it has an ER 

KDEL retention signal (Inohara et al., 1989; Henderson et al., 1997).  However, a small 

proportion of ABP1 does reach the plasma membrane, where it binds auxin (Jones and 

Herman, 1993; Diekmann et al., 1995).  In addition, auxin does not apparently bind ABP1 in 

the ER, because the pH is too high for binding to occur (Henderson et al., 1997).  There is 

evidence that ABP1 is ubiquitinated in the ER, which would target ABP1 for degradation.  In 

Arabidopsis, there are three ER-localised homologs of human RING membrane-anchor E3 

ubiquitin ligase, RMA1, RMA2 and RMA3.  ABP1 binds RMA2, as shown by a yeast two-

hybrid assay and an in vitro pull-down assay, and they interact in vivo, in a tobacco 

(Nicotiana benthamiana) transient assay.  Therefore, the amount of ABP1 protein in the ER 

may be regulated by the ubiquitin/26S proteasome system (Son et al., 2010).  It is not known 

yet if ABP1 has a function in the ER.  

1.4.2. ABP1 and early auxin responses 

Evidence for a role of ABP1 in auxin signalling was obtained from electrophysiological 

studies using protoplasts.  These experiments showed that addition of ABP1, or peptides 

corresponding to the C-terminal region of ABP1, to protoplasts without addition of auxin, 

gives an auxin-like early response involving plasma membrane ion fluxes and protoplast 

swelling (Barbier-Brygoo et al., 1991; Thiel et al., 1993; Gehring et al., 1998; Leblanc et al., 

1999a).  Treatment of protoplasts with auxin causes hyperpolarisation of the plasma 

membrane, which is dependent on ABP1 and involves ion fluxes resulting from activation or 

deactivation of ion channels (K
+
 and anions) or transporters (H

+
); antibodies which either 

inhibit ABP1 or mimic auxin-binding to ABP1 can block or promote the hyperpolarisation 

response, respectively (Ephritikhine et al., 1987; Barbier-Brygoo et al., 1989; Leblanc et al., 

1999b). 

    ABP1 is involved in auxin-induced swelling of protoplasts derived from maize coleoptiles 

and pea (Pisum sativum) internodes (Steffens et al., 2001; Yamagami et al., 2004).  This 

swelling response is similar to the growth response: it depends on potassium (K
+
) channels 

(Keller and Van Volkenburgh, 1996) and the effect is observed with active auxins, but not the 

inactive analogue 2-NAA (Steffens and Lüthen, 2000).   

    Auxins differ in their ability to activate ABP1 responses, because they show different 

placement in the ABP1 binding pocket, which affects their affinity and activity (Napier, 

2004; Dahlke et al., 2009).  They differ in binding to box A and box C, and their placement in 
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the binding site affects interaction with W151, which may cause differences in activity (Figure 

1-5) (Dahlke et al., 2009).  For example, IAA binds to both box A and C, whereas 2-NAA 

binds only to box A.  Binding affinity is higher for 2-NAA than 1-NAA and in turn higher 

than IAA (Dahlke et al., 2009).  However, 2-NAA exhibits very low activity, and does not 

induce protoplast swelling (Steffens and Lüthen, 2000), perhaps because it does not interact 

with W151 (Dahlke et al., 2009).  

    An antibody to ABP1, mAb12, binds an epitope containing residues from both boxes A 

and C.  It inhibits the auxin-induced hyperpolarisation response in tobacco (N. tabacum) 

protoplasts (Leblanc et al., 1999b).  When expressed in a plant as scFv12 (single chain 

Fragment variable) derived from mAb12, it inhibits ABP1 (Leblanc et al., 1999b; David et 

al., 2001; David et al., 2007).  In contrast, apoplastic treatment with scFv12 was shown to 

induce protoplast swelling; this discrepancy could be because in a plant, scFv12 interacts 

with ABP1 in the ER which could lead to degradation of the protein (Dahlke et al., 2009). 

 

Figure 1-5.  Protoplast swelling assay for ABP1 activity in different conditions.  ABP1 has box A and box C in 
the active site, and W151 of the C-terminal domain appears to be important for ABP1 signalling.  For ABP1 
alone or with added 2-NAA no swelling occurs.  In contrast, with IAA, anti-box a antibody, scFv12 (which 
binds W151 and consequently shifts C-terminus position) or a C-terminal peptide, swelling is induced (Dahlke 
et al., 2009). 

 

    In addition to its affect on ion fluxes at the plasma membrane, ABP1 shows a link to gene 

expression changes in the nucleus.  Braun et al. (2008) generated conditional abp1 mutants 

(see Section 1.4.3) and showed that repression of ABP1 activity in leaves results in 

transcriptional down-regulation of many AUX/IAA genes, indicating that ABP1 is required for 

maintaining the expression of a specific subset of auxin-induced genes (Figure 1-6).   
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Figure 1-6.  Levels of AUX/IAA transcripts after ABP1 repression in Arabidopsis leaves (Braun et al., 2008). 

 

    AUX/IAA gene expression in response to ABP1 inactivation differs between roots and 

shoots.  ABP1 inactivation results in a reduced response to auxin for a subset of AUX/IAA 

genes in the root, whereas in the shoot the same genes increase in auxin response with ABP1 

inactivation (Braun et al., 2008; Tromas et al., 2009).  The SCF
TIR1/AFB

 system regulates 

AUX/IAA expression, but there has been no insight on differential regulation of this system 

with respect to differences in organ sensitivity to auxin and ABP1 might be involved.  Only 

some AUX/IAA genes are affected by ABP1 inactivation, and so two hypotheses have been 

put forward: that ABP1 signalling acts on other transcription factors, which co-regulate 

expression of these genes independently of TIR1/AFB proteins; and that the ABP1 signal in 

some way modifies the relative affinity of AUX/IAA and ARF interaction to modify their 

expression and interfere with the TIR1/AFB pathway (Tromas et al., 2009).   

1.4.3. ABP1 during plant development 

As shown in the previous section, ABP1 is an auxin receptor involved in early auxin 

responses.  Over the last 12 years progress has also been made to determine the role of ABP1 

during plant development, including cell expansion and division at many stages of 

development.  The ABP1 protein appears to be expressed throughout the plant, since it has 

been found in every tissue analysed (reviewed by Napier et al., 2002).  The activity of the 
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ABP1 promoter was investigated by Klode et al. (2011), and promoter expression was 

localised to regions of growth such as young leaves and the root meristem. 

    ABP1 function has been investigated using molecular genetics, and this analysis has 

revealed the importance of ABP1 in plant development.  Chen et al. (2001a) identified a T-

DNA insertion abp1 mutant of Arabidopsis.  The homozygous null mutant exhibited 

embryonic lethality, with arrested development at the globular stage of embryogenesis, and 

defective cell elongation, division and patterning.  This result was very interesting, showing 

that ABP1 is essential for plant development.  It was later discovered that the heterozygous 

abp1 mutant also displays a phenotype, with changes in auxin transport and expression of 

auxin-regulated genes (Effendi et al., 2011).  The embryonic lethality provided a challenge 

for investigating the function of ABP1 in subsequent developmental stages.  To overcome 

this problem, a novel method to conditionally decrease the activity of ABP1 protein in 

tobacco (N. tabacum) BY2 cells was developed by David et al. (2007).  These lines express 

an scFv „mini-antibody‟, which blocks ABP1 activity, and is controlled by the tetracycline 

de-repressible promoter.  Braun et al. (2008)  generated conditional abp1 mutants of 

Arabidopsis.  They expressed SCFV12 or ABP1 antisense under control of an AlcA promoter, 

so that ABP1 is inactivated when ethanol is added.  They showed that ABP1 is required for 

Arabidopsis postembryonic development, in addition to its essential embryonic role.  They 

observed stunted shoots and changes in leaf size and shape.  Therefore, ABP1 is essential for 

shoot and leaf growth and development (Braun et al., 2008).  A subsequent study by Tromas 

et al. (2009), which also used the conditional abp1 mutant, found that ABP1 is required for 

root development as well, since inactivation results in stunted roots.  So it is clear that ABP1 

plays a key role in various aspects of plant development.   

    The reduced growth in plants with inactivated ABP1 in shoots and roots is due to defective 

cell expansion and defective cell division (Braun et al., 2008; Tromas et al., 2009).  It was 

mentioned in Section 1.4.2 that electrophysiological studies with protoplasts showed that 

ABP1 causes plasma membrane ion fluxes and protoplast swelling.  This response provided 

the first evidence that ABP1 is important for cell expansion.  In addition, the auxin-ABP1 

binding profile correlates with the degree of auxin-induced cell elongation (Ray et al., 1977; 

Edgerton et al., 1994; Rescher et al., 1996).  Consistent with these results is the finding that 

antisense ABP1 expression in BY2 cells resulted in reduced ABP1 expression and reduced 

auxin-induced expansion (Chen et al., 2001b).  In whole plants, ABP1 inactivation in leaves 

resulted in a smaller cell surface area, with threefold smaller adaxial epidermis cells and 
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fourfold smaller abaxial epidermis cells (Braun et al., 2008).  In roots with inactivated ABP1, 

cells show reduced radial but not longitudinal expansion (Tromas et al., 2009).  Over-

expression of ABP1 in tobacco (N. tabacum) leaves, in cells which normally do not respond 

to auxin, increased auxin-dependent cell expansion (Jones et al., 1998).  The degree of auxin 

response changes across a leaf during leaf development, and this auxin response correlates 

with ABP1 abundance (Chen et al., 2001a). 

    ABP1 is the key regulator of the auxin control of cell division in various areas and stages 

of the plant.  David et al. (2007) inactivated ABP1 in cell cultures to show that ABP1 is 

required for the G1/S transition, and is likely to be involved in the G2/M transition as well.    

Braun et al. (2008) found several lines of evidence which indicate that the conditional abp1 

mutant exhibits defective cell division in the shoot due to inhibition of entry into the cell 

cycle.  Firstly, the conditional abp1 mutant plants were dwarfed due to fewer cells, as well as 

reduced cell expansion.  In addition, there was a fall in CYCLIN (CYC) D transcripts.  Since 

CYCD proteins are important for cell cycle entry, this result suggests that ABP1 is required 

for this process (Maughan et al., 2006; David et al., 2007).  This result also fits with the 

defective cell cycle observed in ABP1-inactivated cell cultures (David et al., 2007).  ABP1 

affects the CYCD/RETINOBLASTOMA-RELATED (RBR) regulatory pathway, and targets 

of this pathway include cyclin-dependent kinase (CDK) inhibitors, kip-related proteins 

(KRPs) and the E2FC TF (Tromas et al., 2009).  E2FC is reported to negatively affect cell 

division (Del Pozo et al., 2002a), so up-regulation of E2FC mRNA in ABP1-inactivated 

seedlings may contribute to cell division inhibition.  However, the E2FC protein is rapidly 

degraded via the ubiquitin pathway, so protein turnover needs to be analysed to see if more 

mRNA results in more protein (Tromas et al., 2009).  

    Leaves with inactivated ABP1 exhibit modified endoreduplication (Braun et al., 2008).  

Endoreduplication involves an increase in the cell C-value, due to the cells undergoing a cell 

cycle which skips mitosis.  It is thought that the endocycle uses the same G1/S transition and 

DNA replication machinery as the mitotic cell cycle (Vlieghe et al., 2007).  Therefore, this 

finding provides further evidence that loss of ABP1 results in inhibition of cell cycle re-entry.  

There was a correlation between ABP1 repression, reduced endoreduplication, and reduced 

cell expansion.  Endopolyploidy has previously been correlated with increased cell size 

(Melaragno et al., 1993).  However, it was uncertain whether this relationship was causal, 

because inactivation of ABP1 in leaves which had already undergone endoreduplication 

resulted in a decrease in subsequent leaf growth.  Therefore, endoreduplication cannot fully 
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account for the cell expansion, and an independent mechanism must be occurring (Braun et 

al., 2008).            

    The requirement of ABP1 for cell expansion and division differs between plant tissues and 

organs.  Exogenous auxin generally promotes cell division whilst inhibiting cell expansion at 

high concentrations, and the inverse at low concentrations (Braun et al., 2008).  Braun et al. 

(2008) found evidence that ABP1 may be involved in this differential response to different 

auxin concentrations.  The conditional loss of ABP1 using tetracycline-dependent repression 

in tobacco (N. tabacum) plants was used to modify spatial and temporal expression in shoots.  

During early leaf initiation, leaf founder cells come from peripheral zone of the shoot apical 

meristem.  Braun et al. (2008) discovered that in this founding region (I1), transient ABP1 

repression disrupted this initiation process.  They observed a change in cell shape but not cell 

size, and in the positioning of the cell plate during cell division.  These changes in fact reflect 

the abp1 T-DNA mutant phenotype (Chen et al., 2001b).  However, the role of ABP1 does 

appear to be context dependent.  For example, no significant changes in tissue organization 

are observed if ABP1 is repressed after leaf initiation.  In addition, repression of ABP1 at 

another area of the peripheral zone (I2) where leaf initiation occurs subsequent to I1, did not 

affect tissue development.  Therefore, the peripheral region varies in ABP1 requirement.  The 

observed results are consistent with previous reports of local transient maxima at site of leaf 

initiation (I1) and relative depletion at I2 (De Reuille et al., 2006; Jönsson et al., 2006; Smith 

et al., 2006; Braun et al., 2008).  Therefore, Braun et al. (2008) suggest that at high auxin 

concentrations ABP1 functions in both cell growth and cytokinesis, and at low auxin 

concentrations ABP1 function is limited to cell elongation. 

    Root elongation is in fact inhibited by auxin and commences once auxin concentration is 

lower (10
-10

 to 10
-9

 M); in contrast, in shoots auxin promotes cell elongation.  Therefore, the 

observed differential effect of ABP1 on cell expansion in roots (Tromas et al., 2009) 

compared to shoots (Jones et al., 1998; Braun et al., 2008) is consistent with the differential 

effect of auxin in these organs.            

    ABP1 regulates leaf epidermal cell lobe and indentation formation.  This pathway occurs 

in the cytoplasm and influences the cytoskeleton.  Auxin binding to ABP1 results in 

activation of two Rho GTPases: RHO-RELATED PROTEIN FROM PLANTS 2 (ROP2) 

which promotes lobe formation and ROP6 which promotes indentation formation.  An auxin-
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ROP2-PIN1-auxin positive feedback loop acts against the ROP6 pathway to generate 

localised extracellular auxin (Figure 1-7) (Xu et al., 2010). 

 

Figure 1-7.  ROP2 pathway.  An auxin positive feedback loop involving auxin, ABP1, ROP2 and PIN1 results in 
high localised auxin concentration where ROP2 is distributed, which signals to ROP-INTERACTIVE CRIB 
MOTIF-CONTAINING PROTEIN 4 (RIC4) and modifies F-actin to result in lobe formation (Xu et al., 2010). 

 

1.4.4. Potential components of the ABP1 signalling pathway 

It is clear that ABP1 is important for auxin response.  What remains unclear is how auxin 

binding to ABP1 causes signal transduction (changes in ion flux, secretory pathway or gene 

expression) (Braun et al., 2008), to generate this response.  It is necessary to identify 

downstream signalling components, which so far has not been achieved.   

    It was shown that a ROP GTPase signalling pathway downstream of ABP1 affects PIN 

protein distribution and therefore the amount of auxin efflux (Nagawa et al., 2012).  Robert et 

al. (2010)  discovered that ABP1 regulates clathrin-mediated endocytosis of PIN proteins at 

the plasma membrane.  ABP1 (without bound auxin) is a positive regulator of clathrin-

mediated endocytosis.  However, auxin binding to ABP1 results in inhibition of this process, 

so that PIN proteins stay at the plasma membrane, thus promoting directional auxin transport.  

The endocytosis may link to cell expansion, since during this process endocytosis is reduced 

to ensure signalling and structural components remain at the cell surface (Robert et al., 2010).  

It was subsequently revealed that ABP1 regulates PIN transport via a ROP signalling 

pathway.  Xu et al. (2010) found that ABP1 regulates spatial coordination of Arabidopsis leaf 

pavement cells, by activating two Rop GTPases: ROP2, which is distributed where lobes will 
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form; and ROP6, which is located where indentations will form (Xu et al., 2010).  ROP2 

activation results in F-actin accumulation and F-actin inhibits clathrin-mediated endocytosis, 

so that PIN proteins accumulate and create areas of high auxin concentration and growth 

(Nagawa et al., 2012).  Chen et al. (2012)  discovered that ABP1 and ROP6 regulate clathrin-

mediated endocytosis in roots, which shows that ROP GTPase signalling is important for 

ABP1 function in more than one tissue.  This pathway was shown to affect PIN2 distribution 

(Lin et al., 2012).  However, it is unknown how ABP1 activates ROP GTPase, as they are on 

opposite sides of the plasma membrane.  A receptor-like kinase (RLK) called FERONIA 

(FER) activates a ROP pathway for root hair growth in Arabidopsis (Duan et al., 2010).  

Therefore, there is likely to be an as yet unidentified RLK that bridges the gap between ABP1 

and ROP GTPase. 

    In the current literature, there are other signalling components outside of the nucleus which 

appear to be involved in auxin signalling, but not in TIR1/AFB signalling, so these 

components could potentially link the ABP1 signal to the nucleus.  They include MAP 

kinases (Kovtun et al., 1998; Mockaitis and Howell, 2000), IBA RESPONSE 5 (IBR5) 

protein phosphatase (Monroe-Augustus et al., 2003; Strader et al., 2008), Ca
2+

 sensors (Yang 

and Poovaiah, 2000; Benjamins et al., 2003), G-proteins (Ullah et al., 2003), phospholipase 

A2 (Scherer, 2002; Scherer et al., 2007) and cyclophilin (Christian et al., 2003; Oh et al., 

2006; Lavy et al., 2012).  The IBR5 phosphatase auxin response has a mechanism distinct 

from the TIR1/AFB pathway, since an ibr5 tir1 double mutant displays enhanced auxin 

resistance (Strader et al., 2008).  Therefore, it is possible that IBR5 could be part of the ABP1 

pathway. 

    Figure 1-8 is a model of ABP1 signalling, which summarises how the ABP1 pathway may 

work. 
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Figure 1-8.  A model of ABP1 signalling.  Auxin binds ABP1 at the plasma membrane to induce ABP1 
signalling, but the pathway is not well characterised.  ABP1 signalling involves ion fluxes at the plasma 
membrane, auxin transport regulation and gene expression changes, which are linked to cell-wall expansion.  
ABP1 is also located in the ER, where it can be degraded via the proteasome. 

 

1.4.5. Model of a plasma membrane auxin-sensing complex involving ABP1 

ABP1 has no predicted transmembrane domains, unlike most classical hormone receptors.  

ABP1 functions at the cell surface, but it is unknown how it interacts with the plasma 

membrane.  It is possible that ABP1 binds a docking protein at the plasma membrane 

(Barbier-Brygoo et al., 1991).  The C-terminus may bind a docking protein, since this region 

protrudes and can induce auxin responses, as previously described.  Shimomura (2006) used 

a photoaffinity crosslinking experiment to identify maize proteins bound to an ABP1 C-

terminal peptide at the plasma membrane.  Two proteins were identified, C-terminal peptide-

binding protein 1 and 2 (CBP1 and CBP2).  CBP1 is a GPI-anchored protein with homology 

to Arabidopsis SKU5.  A sku5 T-DNA mutant had already been characterised and its roots 

were found to grow stunted, skewed and looped versus wt.  In addition, analysis of SKU5 

expression using reporter constructs indicated that SKU5 is involved in cell elongation 

processes (Sedbrook et al., 2002; Fischer et al., 2004).  As mentioned previously, ABP1 is 
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important for directional elongation, since abp1 mutation disturbs this process (Chen et al., 

2001b).  Perhaps SKU5 interacts with ABP1 to promote directional cell growth; however, it 

is unknown how SKU5 may contribute to cell elongation (Shimomura, 2006).  Crosslink 

analysis on Arabidopsis ABP1 could be performed to find out if this is the case. 

 

1.5. Cell-wall growth and lignification 

Auxin is known to induce cell-wall extension during cell expansion; however, it is unknown 

how this signal is transmitted and ABP1 is the likely receptor since it is important for cell 

expansion (Section 1.4.3).  Auxin is also implicated in regulation of cell-wall development 

and lignification in the stem, but the receptor for this response is unknown.  Preliminary 

observations of the conditional abp1 mutant stem using histochemical colour reagents 

showed defects in cell-wall lignification (C. Perrot-Rechenmann pers. comm.).  However, 

these defects had not been characterised.  Therefore, another major aim of this project was to 

analyse cell-wall-related gene expression and aspects of the cell-wall composition of the abp1 

mutant.  Plant cells have a thin (0.1-1 μm), mechanically strong cell wall.  The cell wall 

deposited during growth is called the primary wall, as opposed to the secondary wall, which 

is deposited after growth has ceased and has a distinct composition and structure (Cosgrove, 

2005).   

    The main component of primary cell walls is cellulose, which provides mechanical 

strength and influences cell expansion (Taylor, 2008).  Cellulose is embedded in a matrix of 

complex non-cellulosic polysaccharides.  Polysaccharides such as xyloglucans may bind 

cellulose to form a strong but extensible network (Bacic et al., 1988; Harris and Stone, 2008).  

Pectins function in forming hydrated gel and this gel facilitates sideways slippage of 

microfibrils during growth, and after growth holds the microfibrils in position (Willats et al., 

2001). 

    The mechanism of cell expansion induced by auxin is called cell-wall loosening.  The 

turgidity of plant cells is an important feature for the mechanism of cell-wall loosening.  The 

plant cell wall contains water with moderate concentrations of solutes, whereas within the 

cell, solute concentrations are much higher.  Cells would be expected to keep taking up water 

since they have a semi-permeable membrane, but the rigid cell wall stops water uptake.  This 

results in high osmotic pressure (0.6-1.0 MPa) in the cell and the cell maintains turgor of 
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equal value.  This pressure causes the cell wall to be in a state of tensile stress (Cosgrove, 

1993).  Cells can enlarge by releasing some of this stress.  This process of cell expansion 

induced by auxin involves a gradual and irreversible cell-wall extension which is caused by 

sliding of microfibrils and matrix polysaccharides (Cosgrove, 1993).  Wall loosening lowers 

water potential by decreasing turgor, so that the cell takes up water.  Entry of water restores 

turgor pressure and the cell is irreversibly enlarged, with increased wall surface area 

(Cosgrove, 1993; Schopfer, 2006). 

    Auxin signals to induce cell expansion for growth.  Auxin signalling induces many 

changes within the plant cell, such as ion fluxes, gene expression, protein turn-over and post-

translational modifications.  At least two auxin signals occur for promoting cell expansion 

(see Figure 1-9): 

1.    Auxin induces movement of protons (H
+
) across the plasma membrane to the cell wall 

via a plasma membrane H
+
 pump, called H

+
-ATPase (Rayle and Cleland, 1980).  This 

process is thought to activate acid-induced growth.  Acid growth may be carried out by 

proteins called expansins, since they induce wall loosening upon cell-wall acidification 

(McQueen-Mason et al., 1992; Cosgrove and Li Zhen, 1993).  They may act by binding 

cellulose microfibrils, causing disruption of hydrogen bonds between cellulose and other 

polysaccharides.  Other cell-wall proteins that may be involved in wall loosening include 

xyloglucan endotransglucosylases/hydrolases (XTHs) (Fry et al., 1992).  They may aid cell-

wall expansion by regulating xyloglucan transglycosylation (Rose et al., 2002; Fuchs et al., 

2006).  Activity of pectin methylesterases (PMEs) is also affected by pH (Bordenave and 

Goldberg, 1993) and modification of the homogalacturonan component of pectin by these 

enzymes could also be important for cell expansion (Moustacas et al., 1991).   

2.    Auxin signalling results in transcriptional changes in various genes involved in cell 

expansion.  Therefore, another mechanism of expansion involves gene expression changes in 

the nucleus.  For example, the MHA2 gene encodes a major isoform of the plasma membrane 

H
+
-ATPase in maize coleoptiles.  Transcriptional up-regulation induced by auxin might 

increase the ATPase levels at the plasma membrane, to increase extrusion of H
+
 to the cell 

wall (Hager, 2003).  Some expansins show transcriptional regulation by auxin.  For example, 

an α-expansin gene from loblolly pine (Pinus taeda) shows mRNA expression up-regulated 

50- to 100-fold with application of auxin to hypocotyls (Hutchison et al., 1999).  An XTH 

gene of tomato, called LeEXT, is transcriptionally up-regulated by the synthetic auxin 2,4-D 
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(Català et al., 1997).  Genes encoding proteins located at the cell wall show expression 

changes in a gain-of-function iaa17 mutant, which has modified auxin-induced gene 

expression (Overvoorde et al., 2005). 

 

Figure 1-9.  Two auxin signals occur for promoting cell expansion:  (1) Auxin induces transport of H
+
 to the 

cell wall via an H
+
-ATPase.  Acidification of the cell wall activates acid growth, which is thought to be carried 

out by expansins and XTHs.  (2) Auxin induces transcriptional changes in genes involved in cell expansion. 

 

    The extent to which acid growth contributes to elongation is still debated (Hager, 2003).  

Studies on various plant species support the acid growth theory (Rayle and Cleland, 1992); 

however, there is some evidence against it (Kutschera and Schopfer, 1985).  An alternative 

mechanism for wall loosening is breakdown of cell-wall polymers by reactive oxygen species 

(ROS) such as hydroxyl radicals (∙OH).  It has been shown that if ∙OH are generated 

experimentally in the cell wall, they degrade polysaccharides and cause cell-wall extension.  

In addition, auxin can promote ∙OH production (Schopfer and Liszkay, 2006).  There is 

ongoing debate about the relative importance of these different loosening processes for plant 

cell expansion.       

    Another aspect of elongation growth is uptake of osmolytes such as K
+
.  K

+
 channels are 

involved in cell growth, and blocking them with tetraethylammonium inhibits cell elongation 

(Claussen et al., 1997).  Maize K
+
 channel 1 (ZMK1) is transcriptionally up-regulated by 

auxin (Philippar et al., 1999).  ZMK1 is activated by acidification of the cell wall 10 min after 

auxin addition, which indicates that ZMK1 is involved in cell elongation (Philippar et al., 

1999).  The uptake of K
+
 via ZMK1 may be important for sustained growth, since it allows 

uptake of osmolyte (Fuchs et al., 2006).  K
+
 uptake in Arabidopsis is more complex than in 
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maize, since multiple K
+
 channel genes are expressed during auxin-induced cell elongation.  

KAT1 and KAT2 are up-regulated by auxin in a concentration-dependent manner (Philippar et 

al., 2004). 

    Secondary cell walls may be deposited once cell expansion is complete.  They provide 

mechanical strength for specific cell types such as fibres and tracheary elements, which is 

essential for the structural support of plants (Zhong et al., 2010).  The complex polymer 

lignin is an important component of secondary cell walls.  Lignin subunits are generated from 

phenylalanine via the phenylpropanoid pathway (reviewed by Boerjan et al., 2003); this 

pathway also generates other metabolites including flavonoids, which are involved in defense 

and pigmentation (reviewed by Vogt, 2010).  Lignin is a phenolic polymer and contains three 

main units called p-hydroxy-phenyl, guaiacyl and syringyl.  These components are derived 

from the three monolignols, named p-coumaryl, coniferyl and sinapyl alcohols, respectively 

(reviewed by Boerjan et al., 2003).  Stem lignification in plants is an important aspect of 

secondary growth (wood formation).  In Arabidopsis stems, there is no wood formation; 

however, lignification occurs in the interfascicular fibre region and the vascular 

bundles/vessels (Turner and Somerville, 1997).   

    In the interfascicular fibre as well as vascular bundle regions, TF cascades control 

deposition of secondary walls.  Components of this cascade have been investigated in 

Arabidopsis.   NAC domain TFs are the master switches which control this process (Zhong et 

al., 2010).  SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1 (SND1) is 

expressed in fibres (Zhong et al., 2006).  SND1 acts redundantly with another NAC, NAC 

SECONDARY WALL THICKENING PROMOTING FACTOR 1 (NST1); these two TFs 

are the master regulators of fibre secondary wall formation.  In the vessels, two different 

NACs, VASCULAR-RELATED NAC-DOMAIN 6 (VND6) and VND7, are the master 

regulators (Zhong et al., 2010).  The fibre and vessel NACs target the same set of genes; for 

example, MYB46 and MYB83 TFs are second-level master regulators (Zhong et al., 2007; 

McCarthy et al., 2009).  Downstream TFs include SND2, SND3, MYB20, MYB42, MYB43, 

MYB52, MYB54, MYB69, MYB103 and KNAT7; and lignin-specific MYB58, MYB63 and 

MYB85 (reviewed by Zhong et al., 2010).  Other genes involved in fibre differentiation have 

been identified.  Mutants in the homeodomain-leucine zipper TF gene REVOLUTA (REV) 

have a loss of fibre lignification (Zhong et al., 1997).  The fragile fibre (fra) mutants exhibit 

fibres with defective secondary walls (Burk et al., 2001; Hu et al., 2003).  WALLS ARE THIN 

1 (WAT1) encodes a tonoplastic protein involved in the formation of fibre secondary cell 
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walls (Ranocha et al., 2010).  A wat1 mutant exhibits greatly reduced stem fibre lignification 

and defective cell elongation.  Transcription of SND1 and other associated TFs is down-

regulated in this mutant, suggesting that WAT1 is upstream of the SND1 pathway.  

    Studies are showing that auxin is involved in the lignification of Arabidopsis stems.  1-N-

naphthylphthalamic acid (NPA), an auxin transport inhibitor, blocks interfascicular fibre 

differentiation.  REV is expressed in interfascicular cells and vascular bundles and a knock-

out mutant has reduced polar auxin transport in the stem.  PIN3 and PIN4 may be involved, 

since their transcription is reduced, but it is not a consistent change (Zhong and Ye, 2001).  

The wat1 mutant also has reduced auxin transport in the stem (Ranocha et al., 2010).  ABC 

transporters are co-expressed with phenylpropanoid metabolic genes.  Auxin transport via 

ABCBs has been linked to lignification in Arabidopsis stems (Kaneda et al., 2011). 

 

1.6. The importance of auxin signalling and ABP1 across the plant kingdom 

The Plantae includes red and green algae, glaucophytes, and land plants including the 

bryophytes as well as vascular plants: lycophytes, monilophytes, gymnosperms and 

angiosperms (flowering plants).  The importance of auxin and ABP1 in plants goes far 

beyond the angiosperm Arabidopsis, the species for which auxin signalling has been studied 

in most detail.  However, it is unclear what time during evolution auxin was important for 

plant growth and development.  In the moss Physcomitrella patens, which has rhizoids as a 

functional equivalent to the roots of vascular plants, rhizoid growth and development appears 

to be influenced by auxin (Sakakibara et al., 2003).  The P. patens genome showed that the 

components of auxin signalling are present.  They also have modes of action comparable to 

angiosperms, indicating the presence of a functional auxin signalling pathway with 

AUX/IAAs and ARFs (Rensing et al., 2008; Lau et al., 2009).  In red and green algae, there 

are some reports of auxin, and some observed effects on algal development (reviewed by Lau 

et al., 2009).  This suggests an early evolutionary origin of auxin-dependent mechanisms.  

However, the major components of signalling are lacking in these algae, so they may have an 

alternative mechanism (Lau et al., 2009).   

    ABP1 is ubiquitous across vascular plant species as well as the bryophytes, and an ABP1 

homologue has even been identified in the green alga Chlamydomonas reinhardtii (Napier et 

al., 2002; Woo et al., 2002).  However, it has not been shown whether the ABP1 homologue 
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in C. reinhardtii is functionally equivalent to plant ABP1 (Lau et al., 2009).  The moss ABP1 

does not contain a KDEL retention signal unlike vascular plants (Panigrahi et al., 2009).  

Monilophytes and gymnosperms contain ER retention signals different to the KDEL (Tromas 

et al., 2010). 

    It is clear that auxin signalling is important for almost all plants, which emphasises the 

need to study and understand this process.  The characterisation of ABP1 signalling in 

Arabidopsis is an important first step, and this knowledge can be applied to other plant 

species in future research. 

 

1.7. Aims and significance of the project 

The overall aim of this project was to improve our understanding of auxin signalling by 

focusing on ABP1.  Auxin signalling and cell-wall lignification are important areas of 

research, since these processes are fundamental to plants.  Therefore, this project has 

significance scientifically and also with respect to the agriculture, horticulture and forestry 

industries. 

    The first two parts of this project aimed to discover the components acting downstream of 

ABP1 in Arabidopsis using proteomic and transcriptomic approaches, followed by 

assessment of the functional relevance of the identified genes.  In the third part, we aimed to 

determine how cell walls are affected in plants where ABP1 activity has been altered.  

Through collaboration with the group of Dr. C. Perrot-Rechenmann (Institut des Sciences du 

Végétal (ISV), Centre National de la Recherche Scientifique (CNRS), Université Paris-Sud, 

France), we had access to Arabidopsis conditional abp1 mutant lines.  These lines were used 

to achieve the first three objectives.  The fourth part of the project aimed to investigate ABP1 

dynamics, localisation and promoter expression. 

1. Identify signalling genes regulated by ABP1 by quantitative proteomic and transcriptomic 

approaches and characterise the genes regulated by ABP1 (Chapter 3).   

Plants with inactivated ABP1 were compared to wild-type (wt), in order to identify 

differential expression of genes and proteins.  Nuclei were extracted and the proteome was 

analysed using the quantitative technique called iTRAQ (isobaric tags for relative and 

absolute quantitation); however, this approach failed to identify candidate genes.  
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Microarrays were used to analyse the transcriptional profile upon ABP1 inactivation relative 

to wt.  This data was used to identify signalling genes which showed differential expression 

and could be in the ABP1 pathway.  In addition, since decreased ABP1 activity alters 

transcription of genes involved in the TIR1/AFB pathway, the interaction between ABP1 and 

TIR1/AFB pathways in the transcriptome data was also analysed.  Cell expansion and 

division-related genes were also investigated to provide new information on how ABP1 

might regulate these processes. 

2. Determine the functional relevance of the identified proteins (Chapter 4).   

We focused on signalling genes known to be involved in auxin responses and/or cell 

division/expansion.  The Arabidopsis database was explored to identify T-DNA insertion 

mutants available.  Standard phenotypic analysis was carried out to search for mutants 

exhibiting cell growth defects and/or auxin-related phenotypes and compared with the 

conditional abp1 mutant phenotype.  Epistatic analysis of the chosen mutants with the 

conditional abp1 mutant and each other was conducted to elucidate how these genes might fit 

into the model of auxin signalling.  Analysis of the identified genes filled in some gaps in our 

knowledge of ABP1 signalling. 

3. Characterise the cell-wall defects in the conditional abp1 mutant (Chapter 5).   

The cell wall of the conditional abp1 mutant was analysed via cell biology techniques, such 

as lignin colour reagents; and Fourier transform Infrared (FTIR) microspectroscopy.  Insight 

on the cause of the cell-wall defects was obtained using real-time reverse transcriptase (RT)-

polymerase chain reaction (PCR) analysis of lignification-related genes and cell-wall 

proteome analysis using the quantitative iTRAQ technique. 

4. Investigate ABP1 localisation and promoter expression (Chapter 6). 

This part of the project involved developing an ABP1 construct with a fluorescent tag and 

attempting to complement the abp1 T-DNA mutant with this construct.  In addition, the β-

glucuronidase (GUS) system was used with the aim of analysing ABP1 promoter expression. 
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Chapter 2. Materials and Methods 

2.1. Enzymes, chemicals and consumables 

Enzymes, chemicals and consumables were purchased from the following suppliers: 3M, 

Affymetrix, Ambion, Applied Biosystems, BioRad Laboratories, Eppendorf, Global Science 

and Technology, Grodan, Integrated DNA Technologies, Invitrogen, Merck, New England 

Biolabs, Ngaio Diagnostics, Promega, Qiagen, Raylab, Roche Applied Science, SIGMA 

Aldrich and Thermo Scientific. 

2.1.1. Buffers, media and solutions 

The buffers, media and solutions used during this research are shown in Table 2-1. All 

percentages are weight by volume (w/v) unless stated otherwise.  All solutions were prepared 

with MilliQ-filtered water (Millipore®), unless stated otherwise.   

Table 2-1.  Buffers, media and solutions used during this research. 

Name Components 

1-naphthaleneacetic acid 
(1-NAA) 

1-NAA stock solution concentration 1 mM.  1-NAA was dissolved in 1 M 
NaOH then made up to 1 mM with MilliQ-filtered water (final NaOH 
concentration = ~200 mM) 

1-naphthoxyacetic acid  
(1-NOA) 

1-NOA stock solution concentration 50 mM in dimethylsulfoxide (DMSO) 

2,3,5-triiodobenzoic acid 
(TIBA) 

TIBA stock solution concentration 10 mM in DMSO 

2,4-dichlorophenoxyacetic 
acid (2,4-D) 

2,4-D stock solution concentration 1 mM.  2,4-D was dissolved in 1 M 
NaOH then made up to 1 mM with MilliQ-filtered water (final NaOH 
concentration = ~200 mM) 

2-naphthoxyacetic acid  
(2-NOA) 

2-NOA stock solution concentration 50 mM in DMSO 

4',6-diamidino-2-
phenylindole (DAPI) 

DAPI stock solution concentration 200 µg mL
-1

.  Used at 20 µg mL
-1

 

5-bromo-4-chloro-3-
indolyl-beta-D-galacto-
pyranoside (BCIG/X-gal) 

X-gal stock solution concentration 20 mg mL
-1

 in dimethylformamide.  
Used at 32 µg mL

-1
 

Ampicillin Ampicillin stock solution concentration 100 mg mL
-1

.  Used at 100 µg mL
-1

 

CaCl2 CaCl2 stock solution concentration 1 M.  Used at 10 mM 

Ethyleneglycoltetraacetic 
acid (EGTA) 

EGTA stock solution concentration 0.25 M.  Used at 0.5 mM 

Fixative enhancer solution 
50% (v/v) methanol , 10% (v/v) acetic acid, 10% (v/v) fixative enhancer 
concentrate 

Gentamicin Gentamicin stock solution concentration 10 mg mL
-1

.  Used at 25 µg mL
-1

 

Grinding buffer 50 mM NaAc pH 5.5, 0.4 M sucrose, 30 mM ascorbic acid 

GUS staining buffer 
100 mM Tris, 50 mM NaCl, 2 mM K3Fe(CN)6, 20% (v/v) methanol, 1 mM 
5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X- Gluc) 

GUS wash buffer 
100 mM Tris(hydroxymethyl)aminomethane (Tris), 50 mM NaCl, 2 mM 
K3Fe(CN)6, 20% (v/v) methanol 

Hydroponics medium 
1.25 mM KNO3, 1.5 mM Ca(NO3)2.4H2O, 5 mM KCl, 72 mM 
C10H12FeN2NaO8, 0.5 mM KH2PO4, 0.75 mM MgSO4.7H2O,                     
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Name Components 

Hydroponics medium 
(continued) 

50 mM H3BO3, 10 mM MnSO4.4H2O, 2.0 mM ZnSO4.7H2O, 1.5 mM 
CuSO4.5H2O, 0.075 mM (NH4)6Mo7O24.4H2O, 50 mM KCl, 0.5 mM 
C6H13NO4.S.H2O.  Adjust to pH 5.7 with orphophosphoric acid 

Indole-3-acetic acid (IAA) 
IAA stock solution concentration 1 mM.  IAA was dissolved in 1 M NaOH 
then made up to 1 mM with MilliQ-filtered water (final NaOH concentration 
= ~200 mM) 

Iodoacetic acid 50 mM iodoacetic acid 

Isopropyl-β-D-1-
thiogalactopyranoside 
(IPTG) 

IPTG stock solution concentration 20 mg mL
-1

.  Used at 16 µg mL
-1

 

Kanamycin 
Kanamycin sulfate stock solution concentration 100 mg mL

-1
.  Used at 100 

µg mL
-1

 

Laemmli sample buffer 
(4x) 

0.01%  bromophenol blue, 10 mM ethylenediaminetetraacetic acid 
(EDTA), 40% (v/v) glycerol, 0.3 M Tris-HCl pH 6.8, 8% sodium dodecyl 
sulphate (SDS), 400 mM dithiothreitol (DTT) 

Luria broth (LB) 
1% bactotryptone, 0.5% yeast extract, 1% NaCl.  For solid medium, 1.5% 
agar was added prior to autoclaving 

Mäule stain 1% potassium permanganate 

Murashige & Skoog (MS) 
½ medium (basal salt) 

0.5x Murashige & Skoog medium basal salt mixture, 2.5 mM 2-(N-
morpholino)ethanesulfonic acid, adjusted to pH 5.7 with KOH then 
autoclaved.  For solid medium, 0.9% agar was added prior to autoclaving 

Nuclei extraction buffer 
(NEB) 

2.0 M hexylene glycol, 20 mM PIPES-KOH (pH 7.0), 10 mM MgCl2, 5 mM 
2-mercaptoethanol added immediately before use  

Nuclei gradient buffer 
(NGB) 

0.5 M hexylene glycol, 5 mM piperazine-N,N′-bis(2-ethanesulfonic acid) 
(PIPES)-KOH (pH 7.0), 10 mM MgCl2, 1% triton X-100, 5 mM                  
2-mercaptoethanol added immediately before use 

Nuclei storage buffer 
(NSB) 

50 mM Tris-HCl (pH 7.8), 5 mM MgCl2, 0.44 M sucrose, 20% glycerol, 10 
mM 2-mercaptoethanol added immediately before use 

Percoll 30%/80% 
30 or 80% (v/v) Percoll, 0.5 M hexyleneglycol, 5 mM PIPES-KOH (pH 
7.0), 10 mM MgCl2, 1% triton X-100, 5 mM 2-mercaptoethanol added 
immediately before use 

Phloroglucinol-HCl stain 
2% phloroglucinol in 95% (v/v) ethanol, added 2 mL 37% HCl to 1 mL 
phloroglucinol stock just before use 

Phosphate buffer 15 mM NaH2PO4.H2O, pH 8.0 with NaOH 

Phosphinothricin (PPT) PPT stock solution concentration 20 mg mL
-1

.  Used at 10 µg mL
-1

 

Protease inhibitor (100x) 
50 mM pepstatin A, 200 mM bestatin hydrochloride, 10 mM 
phenanthroline 

Protein extraction buffer 1 200 mM CaCl2, 50 mM NaAc pH 5.5 

Protein extraction buffer 2 3 M LiCl, 50 mM NaAc pH 5.5 

Proteomic extraction 
buffer (PEB) 

5 M guanidine-HCl, 10 mM DTT, 0.8% Surfact-Amps® X-100, 5 mM 
EDTA, 10% glycerol, 5 mM pepstatin A, 20 mM bestatin hydrochloride, 1 
mM phenanthroline in 15 mM NaH2PO4.H2O, pH 8.0 with NaOH 

Resolving gel 
0.375 M Tris-HCl pH 8.8, 0.1% SDS, 9.67% acrylamide, 0.33% bis-
acrylamide, 0.1% ammonium persulfate, 0.05% 
tetramethylethylenediamine (TEMED) 

Revco medium 
20 mM K2HPO4, 11 mM KH2PO4, 8.5 mM Na3C6H5O7.2H2O, 10 mM 
MgSO4.7H2O, 30% glycerol 

Running buffer 19.2 mM glycine, 2.5 mM Tris base, 0.1% SDS 

Spectinomycin 
Spectinomycin stock solution concentration 100 mg mL

-1
.  Used at 100 µg 

mL
-1

 

Stacking gel 
0.125 M Tris-HCl pH 8.8, 0.1% SDS, 3.87% acrylamide, 0.13% bis-
acrylamide, 0.1% ammonium persulfate, 0.05% TEMED 

Super optimal broth with 
catabolite repression 
(SOC) medium 

2% bactotryptone, 0.5% yeast extract, 1 M NaCl, 0.25 M KCl, 1 M MgCl2, 
1 M MgSO4, 2 M glucose  

Tobacco infiltration 
medium 

Prepared100 mM acetosyringone stock solution in DMSO, used to 
prepare a 10 mM MgCl2 and 100 µM acetosyringone solution 
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Name Components 

Toluidine blue-O stain 20 mM benzoate pH 4, 0.05% toluidine blue-O 

Tris-borate-EDTA (TBE) 
buffer 

90 mM H3BO3, 2 mM Na2EDTA, 90 mM Tris-HCl, pH 8.0 with NaOH 

Wash buffer 1 50 mM NaAc pH 5.5, 0.6 M sucrose, 30 mM ascorbic acid 

Wash buffer 2 50 mM NaAc pH 5.5, 1 M sucrose, 30 mM ascorbic acid 

 

2.2. Plant material and growth conditions 

2.2.1. Plant lines 

The Arabidopsis ecotype Columbia-0 (Col) was used as a wt experimental control.  The 

conditional knock-out abp1 mutant (also referred to as ss12k) (Col background) has been 

described previously; it contains an ethanol-inducible scFv which inactivates ABP1 (Braun et 

al., 2008).  Another control line, AlcA:Gus, which expresses GUS upon ethanol induction, 

was used in some cases.  The heterozygous abp1 T-DNA mutant (Wassilewskija (Ws) 

background) (Chen et al., 2001b) was used for complementation work.  The already 

characterised tir1-1 (Ruegger et al., 1998), axr4-2 and aux1-7 axr4-2 mutants (Hobbie and 

Estelle, 1995) (Col background) were used as controls in auxin/auxin transport inhibitor 

experiments and/or stem lignification experiments.  T-DNA insertion lines of candidate 

ABP1 pathway signalling genes (Col background) were obtained from the Arabidopsis 

Biological Resource Centre (ABRC) and are listed in Table 2-2.  Tobacco (N. benthamiana) 

was used for transient assays. 

Table 2-2:  T-DNA insertion lines for the candidate ABP1 pathway signalling genes. 

AGI code Name T-DNA line T-DNA location 

AT1G25320  SALK_110111C Exon 

AT2G36570 
 

CS857337 
CS857440 

Exon 
Exon 

AT5G45800 MEE62 SALK_133510 Exon 

AT3G13380 BRL3 SALK_038909 Exon 

AT4G25390   SALK_093369 Exon 

AT2G01450 MPK17 SALK_040905 5’ UTR 

AT2G42880 MPK20 SALK_148471 Exon 

AT1G73500 MKK9 SALK_017378C 5’ UTR 

AT5G66850 MAPKKK5 SALK_122847 Exon 

AT4G30960 CIPK6 SALK_080951 3’ untranslated region (UTR) 

AT4G26570 CBL3 CS876830 5’ UTR 

AT2G41100 TCH3 SALK_122731C Exon 

AT5G37770 TCH2 CS815583 3’ UTR 

AT4G11240 TOPP7 SALK_023073C  Intron 

AT3G17790 PAP17 SALK_097940 Exon 

AT4G27630 GTG2 SALK_106630 3’ UTR 

AT3G50410 OBP1 SALK_049540C Exon 
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2.2.2. Arabidopsis seed sterilisation 

Seeds were sterilised in 4% (v/v) hypochlorite and rinsed five times with sterile water.  

Stratification was achieved by placing the seeds in the dark at 4°C for two days. 

2.2.3. Growth in liquid culture 

Sterilised seeds (Section 2.2.2) (20 or 100 mg per flask) were placed in sterile 100-mL or 

250-mL flasks containing 20 mL or 125 mL of MS½ medium (Table 2-1), respectively.  

Seedlings were grown in a growth cabinet at 22°C, under either constant light (80 µE m
-2 

s
-1

) 

or long-day (16 h light:8 h dark) conditions, with shaking at 100-150 rpm. 

2.2.4. Growth on solid agar medium 

Sterilised seeds (Section 2.2.2) (~30 mg) were placed on square plates containing MS½ 

medium with agar (Table 2-1).  The plates were sealed with Micropore
TM

 tape (3M).  

However, for the conditional abp1 mutant, plates were not sealed, to prevent anaerobic 

conditions and possible ethanol formation; instead, a small piece of tape was placed at the top 

and bottom to close the plate.  The plates were cold-treated at 4°C for 2 days.  Seedlings were 

grown in a growth cabinet at 22°C, under either constant light (80 µE m
-2 

s
-1

) or long-day (16 

h light:8 h dark) conditions.  Seedlings were grown in constant darkness for analysis of 

hypocotyl growth.  For antibiotic selection, 100 µg mL
-1

 kanamycin was added to the 

medium.  For selection of transformants with a BIALAPHOS RESISTANCE (BAR) gene, the 

medium was supplemented with 10 µg mL
-1 

PPT (Table 2-1).  To change calcium 

concentration or availability, 10 mM CaCl2 or 0.5 mM EGTA (Table 2-1) was added to the 

medium. 

2.2.5. Growth on rockwool and soil 

Blocks of rockwool (Grodan, 20 cm x 15 cm) were soaked in hydroponic medium (Table 2-

1).  Seeds (cold-treated on wet filter paper for 2 days) or 7-10 DAG (days after germination) 

seedlings were transferred onto agar plugs consisting of MS½ medium with agar (Table 2-1) 

on the rockwool (12 plants per block).  The seedlings were grown either in a growth cabinet 

or growth room at 22°C in long-day (16 h light:8 h dark) conditions; or in a greenhouse. 

    Arabidopsis was also grown on soil in a greenhouse by C. Perrot-Rechenmann (ISV, 

CNRS, Université Paris-Sud, France), in preparation for ethanol induction and FTIR 

microspectroscopy.  Tobacco was grown on soil mixture in a greenhouse. 
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2.2.6. Induction of scFv expression in the conditional abp1 mutant 

Ethanol induction was conducted in a growth cabinet.  For ethanol induction in liquid culture, 

ethanol was added at a final concentration of 0.5% (v/v).  For ethanol induction on square 

plates, two sterile tubes (no lid) with 200 µL of 10% (v/v) ethanol each were placed inside 

the plate.  Plates were sealed with either parafilm® or Micropore
TM

 tape.  For ethanol 

induction on rockwool, four tubes with 2 mL of ethanol each were placed around two 

rockwool blocks and a hard plastic cover with holes at the top was placed over the plants.  

For ethanol induction on soil, a tube with 2 mL of ethanol was placed in the soil and a 

Perspex tube was placed around each plant (C. Perrot-Rechenmann, ISV, CNRS, Université 

Paris-Sud, France). 

2.2.7. Auxin analogue  and auxin transport inhibitor root growth assays 

Plants for auxin and auxin transport inhibitor assays were first grown on plates for 5 days 

(except for the initial screen done directly with seeds) (Section 2.2.4).  Seedlings were 

transferred onto plates containing different auxin analogues (IAA, 2,4-D and 1-NAA) or 

auxin transport inhibitors (TIBA, 1-NOA and 2-NOA) (Table 2-1).  Various concentrations 

were used (Table 2-3), to obtain a dose response curve.  Different concentration ranges were 

required for different auxins/auxin transport inhibitors, because they differ in their range of 

concentrations that affect root growth.  At least ten seedlings were used for each treatment.  

For the seedlings, the end of the root was marked with a black pen and the plants were grown 

for 3 days.  Photos of the plates (with a ruler next to the plate) were taken and the root growth 

over the 3 days was measured.  Root growth was expressed as a percentage relative to growth 

on MS½ medium with no added auxin or auxin transport inhibitor. 

Table 2-3.  Concentrations of auxins and auxin transport inhibitors added to MS½ medium. 

Treatment 
Concentration (µM) 

0 0.01 0.03 0.1 0.3 1 2 5 10 30 100 200 400 

IAA              

2,4-D              

1-NAA              

TIBA              

1-NOA              

2-NOA              
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2.2.8. Arabidopsis crosses 

Plants were grown to maturity on rockwool (Section 2.2.5).  Flowers that had not fully 

opened had their stamens removed with fine forceps.  For pollination, a flower with well-

developed pollen, from the other line required in the cross, was removed with fine forceps.  

The stamens were brushed lightly against the stigma to transfer the pollen.  All other 

developing flowers and siliques were removed from the shoot.  Pollination was repeated the 

next day.  The siliques were harvested once they turned yellow/brown and stored in 1.5-mL 

tubes with holes in the lid. 

    The F1 hybrid seeds were grown on rockwool and seeds were harvested (Section 2.2.9).  

The F2 seeds were grown on rockwool and 24 plants were genotyped to identify homozygous 

double mutants.   

2.2.9. Arabidopsis seed harvest 

Plants were grown to maturity on rockwool (Section 2.2.5).  Arabidopsis plants with 

yellowing siliques were staked and long cellophane bags (with the base cut to make a tube) 

were tied around the base of the plant with Micropore
TM

 tape.  Plants were dried and seeds 

were transferred into 1.5-mL tubes for storage. 

2.2.10. Statistical analyses 

Error for plant mearsurements was assessed by calculating the standard deviation and 

subsequently the standard error of the mean (SEM), which was used as error bar values on 

graphs.  Differences between samples were assessed for significance using a student‟s t test 

to obtain a P-value.  The P-value was generally considered to be significant if it was < 0.05. 

 

2.3. Molecular biology techniques 

2.3.1. DNA extraction  

DNA was extracted from ~5 mm
2
 plant tissue, or a bacterial colony, using the Extract-N-

Amp Plant PCR kit, following the manufacturer‟s instructions (SIGMA Aldrich).  DNA was 

otherwise extracted from plant tissue using the EzWay
TM

 Plant Direct PCR kit, following the 

manufacturer‟s instructions (Ngaio Diagnostics). 
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2.3.2. Oligonucleotide primers 

Primers were ordered from either Invitrogen or Integrated DNA Technologies and provided 

lyophilised.  Primers were solubilised in 10 mM Tris-HCl, pH 8.5 (Roche Applied Science), 

to a stock concentration of 100 µM.  Stocks were diluted to 10 µM with sterile water for 

working solutions.  Sequences of primers used in this work are provided in Table 2-4. 

Table 2-4:  Oligonucleotide primers used in this research. 

Type Name Sequence (5’ to 3’) Notes Source 

G
e
n

o
ty

p
in

g
 

AT1G25320_F TCCCCTTCTTCGGAAAATCT 
 

This work 

AT1G25320_R CTTTGGGAACCTCCTTCTCC 
Used with 
SALK_LBb1.3 

This work 

AT2G36570_F CTCTTCTCTTTCCCGCCTCT 
 

This work 

AT2G36570_R CAGCGATTATTCCCGGTTTA 
Used with 
WISC_LB 

This work 

AT4G25390_F TTAACATTGCCGATGGGATT 
Used with 
SALK_LBb1.3 

This work 

AT4G25390_R CCCAGGAACCTTAGCAACAC 
 

This work 

BRL3_F CGACGTTAACGACACAGCTC 
Used with 
SALK_LBb1.3 

This work 

BRL3_R CAACGCCGTGAGATTATTGA 
 

This work 

CBL3_F CATGCTCCACTAGACGACGA 
Used with 
SAIL_LB 

This work 

CBL3_R CACACGAGATTACGAGGAAGC 
 

This work 

CIPK6_F CGATATGTTGCGTCACGAAG 
Used with 
SALK_LBb1.3 

This work 

CIPK6_R TGGACCAGCATAAACAAAGATG 
 

This work 

GTG2_F CTGCGCACTACACATCTCGT 
Used with 
SALK_LBb1.3 

This work 

GTG2_R TGTGGCCACTACTCTTTTTCTTT 
 

This work 

MAPKKK5_F CAGGCTCCTCTCAAACTGGA 
Used with 
SALK_LBb1.3 

This work 

MAPKKK5_R AAACACAGCCGTGACTGAGA 
 

This work 

MEE62_F TCACCAGCTCCTCTCAAATTC 
 

This work 

MEE62_R TACGGTGCGTTTTAACGTTTC 
Used with 
SALK_LBb1.3 

This work 

MKK9_F CGATTAGGATTAGTCATTTTCCA 
Used with 
SALK_LBb1.3 

This work 

MKK9_R TGTCACGAGTGACTATTACTTTTTGA 
 

This work 

MPK17_F TTCAAAACAAATTAACCGAATGAA 
 

This work 

MPK17_R AAGCAATATTCACAAGGAAGAACC 
Used with 
SALK_LBb1.3 

This work 

MPK20_F AATGCGGCTGATCTGAATTT 
Used with 
SALK_LBb1.3 

This work 

MPK20_R ATGAAGGCTCCCTTTCCACT 
 

This work 

OBP1_F CACTTCTGCAAAGCTTGTCG 
Used with 
SALK_LBb1.3 

This work 

OBP1_R AACGCCGTTAGAGATTGACG 
 

This work 

PAP17_F GCAATGAGAAGCATTGGACA 
Used with 
SALK_LBb1.3 

This work 

PAP17_R CCATTTGTGCAAAATCTCACC 
 

This work 

SAIL_LB TGGATAAATAGCCTTGCTTCC 
 

SAIL 

SALK_LBb1.3 ATTTTGCCGATTTCGGAAC 
 

SALK 
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Type Name Sequence (5’ to 3’) Notes Source 
G

e
n

o
ty

p
in

g
 

TCH2_F TAGTCGACGGTGATGATTCG 
 

This work 

TCH2_R CGCTATAATGGGCCTCCTAA 
Used with 
SAIL_LB 

This work 

TCH3_F TGGCGGATAAGCTCACTGAC 
 

This work 

TCH3_R TTGTTTGGGTTTCACCAAGG 
Used with 
SALK_LBb1.3 

This work 

TCH3_R2 TGAAACGCCTTTTGAGAGAGA 
Used with 
SALK_LBb1.3 

This work 

T-DNA_RB TCCCAACAGTTGCGCACCTGAATG 
Used with 
ABP1_R2 

(Chen et 
al., 2001b) 

TOPP7_F CCGAGCTCATCAGGTAAAGC 
Used with 
SALK_LBb1.3 

This work 

TOPP7_R TTCTTCAGTTGAAAATGCTGTGA 
 

This work 

Wisc_LB GCCTTTACTTGAGTTGGCGTA 
 

This work 

R
e
a
l-

ti
m

e
 R

T
-P

C
R

 

ABP1_F1 ACTGTTGCTGGCTCCGTATT 
 

This work 

ABP1_R1 TTCCATGTGTTTCAGCGAGA 
 

This work 

ACT2_F1 GCCATCCAAGCTGTTCTCTC 
 

R. Deed 

ACT2_R1 ACCCTCGTAGATTGGCACAG 
 

R. Deed 

ACT2-8 
coamplified_F1 

GGTAACATTGTGCTCAGTGGTGG 
 

(Charrier et 
al., 2002) 

ACT2-8 
coamplified_R1 

AACGACCTTAATCTTCATGCTGC 
 

(Charrier et 
al., 2002) 

APT2_F1 CCATAGGTGCCAAGTTCGTT 
 

R. Deed 

APT2_R1 TCCGATTTGACGGCTTCTAC 
 

R. Deed 

AT1G25320_F1 GCCTTACCAATGCACTCCAC 
 

This work 

AT1G25320_R1 CACCAGCCCTCTTGAGATTC 
 

This work 

AT2G32170_F1 TGCTTTTTCATCGACACTGC 
 

(Czechows
ki et al., 
2005) 

AT2G32170_R1 CCATATGTGTCCGCAAAATG 
 

(Czechows
ki et al., 
2005) 

AT2G36570_F1 TGGAAGCTTGCACTCTCTTC 
 

This work 

AT2G36570_R1 TTGCCGTGTGGTATCTTTGA 
 

This work 

AT4G25390_F1 GGCGTGGTAGTGGTAGTGGT 
 

This work 

AT4G25390_R1 GCTCGGCGTGCTACTAATTC 
 

This work 

BRL3_F1 AGCGGTTAGAGCATTTTCCA 
 

This work 

BRL3_R1 ACCTGAAACCGCATTGTAGG 
 

This work 

CBL3_F1 GAGGTGAAGCAAATGGTGGT 
 

This work 

CBL3_R1 TATCGATCCTCCCGTCATGT 
 

This work 

CIPK6_F1 TCTTGGTGCACAAGTCGAAG 
 

This work 

CIPK6_R1 ACGTCGCGAATCTCATCTCT 
 

This work 

CYCD3.1_F1 GCAAGTTGATCCCTTTGACC 
 

(Braun et 
al., 2008) 

CYCD3.1_R1 CAGCTTGGACTGTTCAACGA 
 

(Braun et 
al., 2008) 

GH3.11_F1 CACCGAAAGAGACCTTCAGC 
 

K. David 

GH3.11_R1 AACTAACGTAACCCGCATCG 
 

K. David 

GH3.14_F1 GTCATGATCCCGCAGAGAAT 
 

This work 

GH3.14_R1 TCCATGTCGATGCTCAGAAC 
 

This work 

GTG2_F1 GGCACGAAAGATCCTGTCAC 
 

This work 

GTG2_R1 TTCGTCAAGAATCCCCTCAC 
 

This work 
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Type Name Sequence (5’ to 3’) Notes Source 
R

e
a
l-

ti
m

e
 R

T
-P

C
R

 

IAA1_F1 ACCGACCAACATCCAATCTC 
 

(Braun et 
al., 2008) 

IAA1_R1 TGGACGGAGCTCCATATCTC 
 

(Braun et 
al., 2008) 

IAA11_F1 CGATGGTCACATGGAAACAC 
 

This work 

IAA11_R1 GGAGCCTTCTCACTGAACCA 
 

This work 

IAA14_F1 GAAGCAGAGGAGGCAATGAG 
 

K. David 

IAA14_R1 CCAAGGCATCAGAGAGATCC 
 

K. David 

IAA17_F1 TTGATTTTTGGCAGGAAACC 
 

(Braun et 
al., 2008) 

IAA17_R1 AGGGTTCTCAGAGACGGTTG 
 

(Braun et 
al., 2008) 

IAA2_F1 ATCACCAACCAACATCCAGTC 
 

(Braun et 
al., 2008) 

IAA2_R1 TGGACGGAGCTCCATATCTC 
 

(Braun et 
al., 2008) 

IAA7_F1 CTTCTCCTTGGGAACAGCAG 
 

K. David 

IAA7_R1 TCGGCCAACTTATGAACCTC 
 

K. David 

MAPKKK5_F1 GCCTCCTTGGAGTGAGTTTG 
 

This work 

MAPKKK5_R1 CAGCTGGGTTTCTCTGGAAG 
 

This work 

MKK9_F1 AAACCGGCGAATCTTCTTCT 
 

This work 

MKK9_R1 TCAAACCTCTCCGGACTCAT 
 

This work 

MPK17_F1 CGTGACTGATCTGCTTGGAA 
 

This work 

MPK17_R1 AAGCGATCAAACGCTGAAGT 
 

This work 

MPK20_F1 GTAGCACGAGGAGGACAACC 
 

This work 

MPK20_R1 CATGAATGTGCTTGGTTTGG 
 

This work 

MYB46_F1 GGAGTAAACGCAGGGGTACA 
 

This work 

MYB46_R1 TGGTCAAGGTCCCAAAATTC 
 

This work 

MYB63_F1 GAACAGCTCAGGCTCAAGAGCAAC 
 

(Zhou et 
al., 2009) 

MYB63_R1 ATGTATCATGAGCTCGTAGTTCTT 
 

(Zhou et 
al., 2009) 

MYB77_F1 GCGTTGATGTTTCCGAGATT 
 

This work 

MYB77_R1 CCGCCATGTAACTCCTCACT 
 

This work 

NST1_F1 CGAGGATGTCACCGTTCAT 
 

This work 

NST1_R1 ATGTCGTCTTCGGCGTATCT 
 

This work 

OBP1_F1 TATCGGAGGTTTTGGAATCG 
 

This work 

OBP1_R1 CCGTTACTCCCAACATTCGT 
 

This work 

PAP17_F1 CTGCTCCAAGTCTTCAGAAACA 
 

This work 

PAP17_R1 AGACAAATCCAACGGCTGTC 
 

This work 

REV_F1 GGCTATCTGTTCGGACTTCG 
 

This work 

REV_R1 CAGCAAACACTTTCCAAGCA 
 

This work 

SCFV_F1 TTACTGGATGCACTGGGTGA 
 

This work 

SCFV_R1 ATGTGGCCTTGTCCTTGAAC 
 

This work 

SND1_F1 GCCTCGACGATACTCCAATG 
 

This work 

SND1_R1 CTTCCTCCGTGTCATCAGGT 
 

This work 

TCH2_F1 TGGGTGAGAAGTGCTCTGTG 
 

This work 

TCH2_R1 TCAAGCACCACCACCATTAC 
 

This work 

TCH3_F1a TCCGCGTATTCGACAAGAAT 
 

This work 

TCH3_F1b ACCATGATGCGTTCAATCG 
 

This work 

TCH3_R1a ATCCGCTTCGTTGATCATGT 
 

This work 

TCH3_R1b GGAGCTCCTTTTTCGTAATGG 
 

This work 

TOPP7_F1 TTTGGGGCTGACAAAGTAGC 
 

This work 
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Type Name Sequence (5’ to 3’) Notes Source 
R

e
a
l-

ti
m

e
 

R
T

-P
C

R
 TOPP7_R1 CCACAGTAATTGGGTGCAGA 

 
This work 

VND6_F1 ATGCAACGAGATGATGGTCA 
 

This work 

VND6_R1 AGCGTTTGCCAATCCATTAC 
 

This work 

WAT1_F1 GACTCTTGTCGTTGCGATCA 
 

This work 

WAT1_R1 TCCTCTCTTCGCTCTTACCG 
 

This work 

C
lo

n
in

g
 

ABP1CTerXbaI_R TCTAGATTAAAGCTCGTCTTTTTGTGA 
 

K. David 

ABP1NTerHindIII
_R 

AAGCTTATGTGTTTCAGCGAGATAC 
 

K. David 

ABP1NTerXhoI_F 
CTCGAGATGATCGTACTTTCTGTTGGT
TCC  

K. David 

ABP1pro_F AAAGCCAGAACCTGAGGACA 
 

This work 

ABP1proKpnI_F GGTACCCTGCACAAAAACGGAACAA 
 

This work 

ABP1proKpnI_R GGTACCTCGATGCTTCGACGAACTAA 
 

This work 

ABP1proXhoI_R CTCGAGTCGATGCTTCGACGAACTAA 
 

This work 

GUS_R CTGTAAGTGCGCTTGCTGAG 
 

K. David 

TCEcoR1_R 
AATTCGGCAGCGGCAGCGCAGCATCC
CGGGCAGCAGGCAGCGGCAGCA  

J. Keeling 

S
e
q

u
e
n

c
in

g
 

35S_F CGCACAATCCCACTATCCTT 
 

J. Keeling 

ABP1pro2_F TTCCTGCTTAAACCCCAAAA 
 

This work 

ABP1pro2_R CGCTATTGCAAATCGGAGAT 
 

This work 

pENTR1A_F GGCCTTTTTGCGTTTCTACA 
 

This work 

pENTR1A_R GATGGTCGGAAGAGGCATAA 
 

This work 

SP6 ATTTAGGTGACACTATAG  K. Boxen 

T7 TAATACGACTCACTATAGGG  K. Boxen 

 

2.3.3. Polymerase chain reaction (PCR) 

The Extract-N-Amp Plant PCR kit was used for PCR preparation, following the 

manufacturer‟s instructions (SIGMA Aldrich).  PCR involved 10-µL reactions in 100-µL 

PCR microcentrifuge tubes.  Reactions used 0.1 µL of each primer (F and R, 10 µM) and 

were performed in the GeneAmp® PCR system 9700 (Applied Biosystems).  Amplification 

involved initial denaturation for 5 min at 94°C, followed by 35 cycles of 94°C for 30 s 

(denaturation), 55°C for 30 s (annealing) and 72°C for 1 min (elongation).  Often, to reduce 

the chance of obtaining non-specific PCR products, touchdown cycles were included at the 

start of the PCR, which involved 10 cycles starting at 65°C for annealing and going down 

1°C each cycle.  The reaction was subsequently incubated at 72°C for 5 min and cooled to 

15°C.  PCR products were stored at -20°C.   

    Phire® Hot Start II DNA polymerase was alternatively used for PCR, following the 

manufacturer‟s instructions (Thermo Scientific).  PCR involved 10-µL reactions in 100-µL 

PCR microcentrifuge tubes.  Reactions used 0.5 µL of each primer (forward and reverse, 10 

µM).  Amplification involved initial denaturation for 1 min at 98°C, followed by 35 cycles of 
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98°C for 5 s (denaturation), 55°C for 5 s (annealing) and 72°C for 20-45 s (elongation).  

Sometimes, touchdown cycles were included at the start of PCR.  The reaction was 

subsequently incubated at 72°C for 2 min and cooled to 15°C.  The PCR products were stored 

at -20°C.   

    For amplifying the ABP1 promoter, a high-fidelity DNA polymerase was used in order to 

minimise DNA replication errors.  The Roche FastStart High Fidelity PCR System was used 

for PCR preparation, following the manufacturer‟s instructions (Roche Applied Science).  

PCR involved 50-µL reactions in 100-µL PCR microcentrifuge tubes.  Reactions used 2.5 µL 

of each primer (forward and reverse, 10 µM).  Amplification involved initial denaturation for 

5 min at 94°C, followed by 30 cycles of 94°C for 30 s (denaturation), 55°C for 30 s 

(annealing) and 72°C for 1 min (elongation).  The PCR products were purified immediately, 

so that the polyA tails generated at the end of the PCR products during PCR were not 

removed by the exonuclease activity of the proofreading DNA polymerase (polyA tails are 

required for subsequent cloning).   

2.3.4. Agarose gel electrophoresis 

The size and yield of PCR fragments and restriction enzyme (RE) digests were analysed on 

0.7-1% agarose gels in TBE buffer (Table 2-1).  Gels were submerged in TBE buffer and 10 

µL PCR product or 5 µL RE digest reaction was loaded into each well with bluejuice 

electrophoresis loading dye (Invitrogen).  A 1 kb Plus DNA ladder (Invitrogen) (5 µL) was 

also loaded.  Gels were electrophoresed at 100 V for 30-40 min and stained with 0.5 mg L
-1

 

ethidium bromide in TBE buffer for 15 min.  The DNA was viewed under UV light (302 nm) 

using a Molecular Imager Gel Documentation system (BioRad Laboratories) and the image 

was optimised using Quantity One® software (Version 4.5.1). 

2.3.5. RNA extraction and processing 

Plant material was harvested by drying the tissue on a paper towel (if from liquid culture) and 

snap-freezing the tissue in a tube in liquid N2.  Total RNA was extracted from 30-150 mg 

Arabidopsis frozen tissue using a TRIzol® extraction method (Invitrogen).  Tissue was 

ground to a fine powder with a mortar and pestle and liquid N2.  TRIzol® (1 mL) was added 

and samples were homogenised for 5 min on a shaker.  Chloroform (200 µL) was added and 

samples were mixed vigorously and incubated at room temperature for 3 min.  Samples were 

centrifuged 15 min, 4°C, 13000g and the top aqueous phase containing RNA was transferred 
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to a new tube.  To precipitate the RNA, isopropanol (500 µL) was added and samples were 

incubated at room temperature for 10 min.  Samples were centrifuged 15 min, 4°C, 13000g 

and the supernatant was removed and replaced with 1 mL 70% (v/v) ethanol to wash the 

pellet.   Samples were centrifuged 5 min, 4°C, 7500g and the supernatant was removed and 

the sample was dried at room temperature for 10 min.  The RNA pellet was dissolved in 100 

µL RNAse-free water and incubated 9 min at 60°C.  RNA samples were stored at -80°C.   

    RNA was purified using the Qiagen RNeasy kit following the manufacturer‟s instructions 

(Qiagen).  RNA was treated with DNase following the manufacturer‟s instructions 

(Invitrogen).  The RNA concentration was assessed at each step using the NanoDrop® 

(Section 2.3.6).  The RNA samples for microarrays were analysed using the Agilent 2100 

Bioanalyzer, following the manufacturers‟ instructions (Agilent Technologies Inc.), to assess 

the RNA quality.  In some cases, agarose gel electrophoresis (Section 2.3.4) was used to 

assess RNA quality.  The gel box and equipment were incubated in 3% (v/v) H2O2 for 20 min 

to remove any RNase.  RNA (500 ng) was incubated 5 min at 65°C prior to gel 

electrophoresis. 

2.3.6. Nucleic acid quantification 

RNA or DNA concentration was assessed using the NanoDrop® spectrophotometer ND-

1000, following the manufacturer‟s instructions (NanoDrop® Technologies Inc.). 

2.3.7. Real-time reverse transcriptase (RT)-PCR 

First-strand cDNA was synthesised from 500 ng total RNA via Superscript II reverse 

transcriptase with oligo(dT) primers according to the manufacturer‟s instructions 

(Invitrogen).  Prior to real-time RT-PCR, the cDNA was tested by conducting a PCR with 

ACT2-8 coamplified primers followed by gel electrophoresis (RT-PCR) (Sections 2.2.3-

2.2.4).  The real-time RT-PCR was conducted with SYBR Green QPCR master mix (Roche) 

with selected primer pairs.  Reactions were 10 µL-volume and prepared in a 384-well plate 

(Raylab) sealed with MicroAmp
TM

 Optical Adhesive Film (Applied Biosystems).  The real-

time RT-PCR reactions were carried out using the 7900HT Sequence Detection System, with 

SDS 2.2.2 software, following the manufacturer‟s instructions (Applied Biosystems).  The 

data was normalised relative to the endogenous control genes ACTIN (ACT) 2-8 coamplified,  

ACT2,  AT2G32170 and/or ADENINE PHOSPHORIBOSYLTRANSFERASE 2 (APT2).  ACT2 

has long been used as a control gene; however, ACT2 and ACT8 have complementary 
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expression patterns and co-amplifying these genes appears to give a more consistent level of 

amplification (Charrier et al., 2002).  AT2G32170 was identified as a stably expressed gene 

across development in an analysis by Czechowski et al. (2005).  APT2 has been used 

successfully as a control gene by R. Deed, this laboratory. 

   Prior to real-time RT-PCR on experimental samples, it was necessary to determine relative 

amplification efficiencies of the primers for target genes and endogenous control genes.  A 

dilution series of ethanol-induced conditional abp1 mutant cDNA was prepared and 

amplified for all primer pairs.  The dilution series usually comprised of seven dilutions of 

cDNA:  1:5, 1:10, 1:20, 1:40, 1:100, 1:200, 1:400.  The CT (Threshold cycle) was used for 

comparing primer efficiencies; this value is the cycle number where the increase in 

fluorescent signal exceeds a fixed threshold at the exponential growth phase of the PCR 

product (Liu and Saint, 2002).  The ΔCT was calculated (average CT value of the target 

template minus the average CT value of the endogenous control).  The ΔCT was plotted 

versus log10 of the RNA (cDNA) dilution factor.  The slope of the line should ideally be 

between 0.1 and -0.1 (Livak, 1997). 

   For analysis of gene expression, real-time RT-PCR was carried out on two or three 

biological replicates, each with two or three technical replicates.  The CT values were used to 

calculate ΔCT values for each sample, followed by ΔΔCT (the ΔCT normalised to a calibrator, 

which was usually untreated wt plants).  Comparative expression levels (2-ΔΔCT) were 

calculated for each sample with each primer pair (Liu and Saint, 2002).  Comparative 

expression levels obtained with the different endogenous controls were averaged for each 

gene. 

2.3.8. Microarray processing and analysis 

The RNA samples were given to L. Williams (Affymetrix Centre, Centre for Genomics and 

Proteomics, School of Biological Sciences (SBS), University of Auckland).  Samples were 

subjected to poly (A)
+
 RNA purification, cDNA synthesis and biotin-labelled cRNA 

synthesis and fragmentation procedures, as described in the GeneChip Expression Analysis 

Technical Manual (Affymetrix).  The cRNA samples were hybridised to Affymetrix ATH1 

Arrays (Affymetrix) and processed as described by the manufacturer (Eukaryotic Arrays 

GeneChip Expression Analysis and Technical Manual, Affymetrix).   
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    Differential expression analysis of the microarray data (Smyth, 2004, 2005) was conducted 

using the Limma package from Bioconductor (Gentleman et al., 2004; Smyth, 2005).  

Normalisation of the data via robust multiarray averaging (RMA) and computation of a linear 

model fit was applied using this programme.  Contrasts between pairs of conditions (abp1 

mutant versus wt at 0, 12 and 24 h) were conducted in order to identify a list of differentially 

expressed genes for each contrast.  A gene was considered to show significant differential 

expression if the log2-fold change was ≥ 0.584963 or ≤ -0.584963 (which corresponds to fold 

change of ≥ 1.5 or ≤ -1.5), and the P-value, adjusted for false discovery rate (FDR) using the 

Benjamini and Hochberg (1995) method, was < 0.005.  The probe sets were linked to their 

target gene descriptions using NetAffx (www.affymetrix.com/analysis/index.affx).   

    Mapman (Version 3.5.1) (Thimm et al., 2004) was used to analyse gene pathways and 

processes and to create custom mappings of the auxin signalling pathway and cell-wall genes.  

Transcriptional changes were mapped onto these pathways. 

 

2.4. Cloning 

2.4.1. Bacterial strains 

The bacterial strain used for cloning was Escherichia coli DH5α (Grant et al., 1990).  For 

transformation of Arabidopsis or tobacco, Agrobacterium tumefaciens GV3101 (Holsters et 

al., 1980), which has rifampicin resistance (RifR) on the genome and gentamycin resistance 

(GmR) on the helper plasmid pMP90, was used.  GV3101 with a p19 plasmid was used in 

transient assays.  This strain contains a p19 suppressor from tomato bushy stunt virus to 

improve the effectiveness of  tobacco transient assays when co-infiltrated with the GV3101 

strain with the plasmid of interest (Hellens et al., 2005).  GV3101 with a pHEX_GFP plasmid 

was used as a positive control in tobacco transient assays. 

2.4.2. Bacterial growth 

Bacteria were grown on LB (solid or liquid media, Table 2-1) for routine culture, at 37°C for 

DH5α and 28°C for GV3101.  Liquid cultures were shaken at 150 rpm.  For antibiotic 

selection, 100 µg mL
-1

 spectinomycin, 100 µg mL
-1

 ampicillin and/or 25 µg mL
-1

 gentamicin 

(Table 2-1) were added to the LB.  For blue/white colony screening, 100 µg mL
-1

 

http://www.affymetrix.com/analysis/index.affx
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spectinomycin or ampicillin, 32 µg mL
-1 

X-gal and 16 µg mL
-1 

IPTG (Table 2-1) were added 

to the medium. 

2.4.3. Preparation of electrocompetent DH5α or GV3101 

Non-competent DH5α was streaked onto LB solid medium and incubated overnight at 37°C.  

A 250-mL flask with 200mL LB was inoculated with a colony of DH5α and incubated 

overnight at 37°C, 150 rpm.  The optical density (OD600) of the culture was assessed using a 

spectrophotometer wavelength 600nm.  The flask was chilled on ice for 45 min.  The culture 

was transferred to four 50-mL falcon tubes and centrifuged 20 min, 4°C, 3500g.  Each pellet 

was resuspended in 50 mL ice-cold water and centrifuged 30 min, 4°C, 3500g.  This step was 

repeated.  Each pellet was resuspended in 25 mL ice-cold water and the suspensions were 

combined into two tubes then centrifuged 30 min, 4°C, 3500g.  The pellets were each 

resuspended in 2 mL 10% (v/v) glycerol.  The suspensions were transferred to 15-mL falcons 

and centrifuged 30 min, 4°C, 3500g.  The final pellets were each resuspended in 200 µL 10% 

glycerol.  Aliquots of 40 µL were prepared and stored at -80°C.  

    The protocol for preparation of electrocompetent GV3101 was the same as above, except 

gentamicin selection (25 µg mL
-1

) was included during growth on LB solid medium and in 

the 200 mL LB liquid culture, and growth was at 28°C rather than 37°C. 

2.4.4. Plasmids 

Plasmids used and constructed in this research are listed in Table 2-5. 

Table 2-5: Plasmids used and constructed in this research. 

Name Description Source 

pART27 Binary vector (Gleave, 1992) 

pART27_35S_ABP1_eYFP 

35S promoter and ABP1 coding DNA 
sequence (CDS) with ENHANCED 
YELLOW FLUORESCENT PROTEIN 
(EYFP) tag 

J. Keeling 

pART27_35S_ABP1_TC 
35S promoter and ABP1 CDS with 
tetracysteine (TC) tag 

J. Keeling 

pART7 Vector for cloning of RE fragments (Gleave, 1992) 

pART7_ABP1_eYFP ABP1 CDS with EYFP tag J. Keeling 

pART7_ABP1_TC ABP1 CDS with TC tag J. Keeling 

pART7_ABP1pro_ABP1_eYFP 
1600 bp gDNA upstream of ABP1 and 
ABP1 CDS with EYFP tag 

This work 

pART7_ ABP1pro _ABP1_TC 
1600 bp gDNA upstream of ABP1 and 
ABP1 CDS with TC tag 

This work 

pBGW 
Binary vector/Gateway

TM 
destination 

vector 
(Karimi et al., 
2002) 
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Name Description Source 

pBGW _35S_ABP1_eYFP 
35S promoter and ABP1 CDS with EYFP 
tag 

This work 

pBGW _35S_ABP1_TC 35S promoter and ABP1 CDS with TC tag This work 

pBGW _ABP1pro_ABP1_eYFP 
1600 bp gDNA upstream of ABP1 and 
ABP1 CDS with EYFP tag 

This work 

pBGW _ABP1pro_ABP1_TC 
1600 bp gDNA upstream of ABP1 and 
ABP1 CDS with TC tag 

This work 

pENTR
TM

1A Dual selection Gateway
TM

 vector Invitrogen 

pENTR
TM

1A_35S_ABP1_eYFP 
35S promoter and ABP1 CDS with EYFP 
tag 

This work 

pENTR
TM

1A_35S_ABP1_TC 35S promoter and ABP1 CDS with TC tag This work 

pENTR
TM

1A_ABP1pro_ABP1_eYFP 
1600 bp gDNA upstream of ABP1 and 
ABP1 CDS with EYFP tag 

This work 

pENTR
TM

1A_ABP1pro_ABP1_TC 
1600 bp gDNA upstream of ABP1 and 
ABP1 CDS with TC tag 

This work 

pGEM®-T Easy Vector for cloning of PCR products Promega 

pGEM®-T _ABP1pro 1600 bp gDNA upstream of ABP1 This work 

pGEM®-T _ABP1pro1 1600 bp gDNA upstream of ABP1 This work 

pGEM®-T _ABP1pro2 700 bp gDNA upstream of ABP1 This work 

pHEX14 
Binary vector.  Contains GUS downstream 
of multiple cloning site (MCS) for insertion 
of promoter of interest 

G. Rae (Plant 
and Food 
Research) 

pHEX14_ABP1pro1 1600 bp gDNA upstream of ABP1 This work 

pHEX14_ABP1pro2 700 bp gDNA upstream of ABP1 This work 

 

2.4.5. Restriction enzyme (RE) digestion of DNA 

REs used in this research were NotI, XbaI, BamHI, XhoI and KpnI.  Reactions ranged from 

10-30 µL.  REs were used with their corresponding buffer supplied from the manufacturer 

(Roche Applied Science or Invitrogen).  If two REs were required and did not use compatible 

buffers, two subsequent digests were performed and the DNA was re-purified between 

digests using a PCR product purification kit (Section 2.4.9).  If needed, a phosphatase 

treatment (SAP) (Roche Applied Science) was performed to prevent re-circularisation of 

plasmids upon ligation.  Reactions were incubated 37°C overnight and REs/SAP were heat-

inactivated at 65°C for 30 min. 

2.4.6. Ligation and dialysis 

The pGEM®-T Easy vector system was used to ligate PCR products following the 

manufacturer‟s instructions (Promega).  Ligation of RE fragments was conducted using High 

Concentration T4 DNA ligase following the manufacturer‟s instructions (New England 

Biolabs). 
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    Dialysis, to remove salt from the ligation reaction before electroporation, was conducted 

on MF-Millipore
TM

 membrane filters (0.025 µm pore size) (Merck) placed on 500 µL water 

droplets on parafilm®.  Ligations were incubated on the filter for 20 min. 

2.4.7. Bacterial transformation by electroporation 

Aliquots of electrocompetent bacterial cells (DH5α or GV3101) were thawed on ice.  

Ligations (1-2 µL) were added to the cells.  The cells were incubated on ice for 5 min and 

dispensed into 0.1-cm path length electroporation cuvettes (BioRad Laboratories).  

Electroporation was conducted using the BioRad Gene Pulser Electroporator (BioRad 

Laboratories).  For DH5α the settings were 200 Ω, 25 µF and 1.8 kV.  For GV3101 the 

settings were 400 Ω, 25 µF and 1.25 kV.  SOC medium (Table 2-1) (1 mL) was added to the 

cells immediately.  DH5α cells were incubated 2 h at 37°C and 150 rpm, whereas GV3101 

cells were incubated 3 h at 28°C and 150 rpm.  Cell suspensions (200 µL) were spread-plated 

onto LB plates with the appropriate antibiotic selection and in some cases with X-Gal and 

IPTG for blue/white colony screening. 

2.4.8. Plasmid purification 

A single colony of DH5α was inoculated into a 13-mL culture tube with 5 mL LB.  The 

culture was incubated overnight at 37°C.  Plasmid was purified from the DH5α culture using 

an Axygen Axyprep
TM

 Plasmid Prep Kit, following the manufacturer‟s instructions (Axygen 

Biosciences).  Plasmid DNA concentration was assessed using the NanoDrop® (Section 

2.3.6) and samples were stored at -20°C.  

2.4.9. PCR product purification 

PCR products were purified using a Roche High Pure PCR Product Purification Kit following 

the manufacturer‟s instructions (Roche).   

2.4.10. DNA gel extraction 

Extraction of a particular DNA fragment, after RE digestion (Section 2.4.5) and gel 

electrophoresis (Section 2.3.4), was conducted using either a Quick Gel Extraction Kit 

following the manufacturer‟s instructions (Invitrogen), or an Axyprep
TM

 DNA Gel Extraction 

kit following the manufacturer‟s instructions (Axygen).  DNA concentration was assessed 

using the NanoDrop® (Section 2.3.6) and samples were stored at -20°C. 
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2.4.11. DNA sequencing of plasmids 

Primers and plasmids were diluted to 5 µM and 60-200 ng µL
-1

 respectively and given to K. 

Boxen (DNA Sequencing Facility, Centre for Genomics and Proteomics, SBS, University of 

Auckland).  The primers for sequencing from the ends of the pGEM®-T Easy (T7 and SP6) 

(Table 2-4) were supplied by the facility.  Sanger sequencing was conducted on a 

3130x/Genetic Analyzer using a BigDye® Terminator v3.1 sequencing kit (Applied 

Biosystems).  Sequences were viewed and analysed using ContigExpress, which is part of the 

Vector NTI® software (v11.5.1, Invitrogen). 

2.4.12. LR clonase TM Gateway® cloning 

The Invitrogen LR clonase
TM

 II enzyme was used to transfer a gene construct from 

pENTR
TM

1A to pBGW  (Table 2-5), following the manufacturer‟s instructions (Invitrogen). 

2.4.13. Glycerol stocks 

Bacterial strains containing plasmids of interest were stored long-term as glycerol stocks.  A 

5-mL culture of the strain supplemented with the appropriate antibiotic was incubated 

overnight at 37°C (DH5α) or 28°C (GV3101), 150 rpm.  The culture was centrifuged 10 min 

at 1000g, room temperature.  The pellet was resuspended in 1 mL Revco medium (Table 2-1) 

and was transferred to a new tube.  The glycerol stock was stored at -80°C. 

2.4.14. Transient expression in tobacco 

The appropriate GV3101 strains, including p19 which contains pART27_p19 (Table 2-5), 

were streaked onto LB plus agar with 25 µg mL
-1

 gentamicin and 100 µg mL
-1

 

spectinomycin.  Plates were grown for two days at 28°C.  Sterile water (1 mL) was added to 

the plate and the OD600 of a 100x diluted cell suspension was measured.  The undiluted 

suspensions were diluted in 1.5 mL tobacco infiltration medium (Table 2-1), using the 

appropriate volume of suspension to result in an OD600 of 0.5.  Each strain was mixed with 

0.5 mL of p19 to give 2 mL of inoculum.  A 1-mL syringe (without a needle) was used to 

infiltrate tobacco leaves with inoculum.  Plants were placed in sunbags and incubated in a 

growth cabinet for at least two days. 
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2.4.15. Arabidopsis transformation 

The appropriate GV3101 strain was cultured overnight at 28°C, 150 rpm, in 10 mL LB with 

25 µg mL
-1

 gentamicin and 100 µg mL
-1

 spectinomycin.  The OD600 was measured and 

dilutions of OD600 = 0.005 were prepared in 200 mL LB with 10 µg mL
-1

 gentamicin and 100 

µg mL
-1

 spectinomycin, in 500-mL flasks.  Cultures were incubated at 28°C, 150 rpm, until 

the OD600 = 0.8-0.9.  The cultures were transferred to four 50-mL falcon tubes and 

centrifuged 20 min, 3500g.  The pellet was resuspended in four 50-mL aliquots of 5% 

sucrose and these were combined in a 600-mL beaker.  Silwet L-77 surfactant was added to a 

concentration of 0.05% (v/v).   

    Mature Arabidopsis on rockwool had all of their siliques removed and the flowers were 

dipped in the GV3101 suspension inside a vacuum pump.  The vacuum was run for 15 min.  

The plants were placed on paper towels to dry.  The seeds were harvested (Section 2.2.9). 

    Transformants (T1) were selected on MS½ plus agar with 10 µg mL
-1 

PPT and/or 100 µg 

mL
-1 

kanamycin.  Plants expressing a fluorescent tag were visualised using fluorescence 

microscopy (Section 2.6.3).  Plants transformed with GUS were assessed using GUS staining 

(Section 2.6.4).  The T1 plants were transferred to rockwool to harvest seed.  T2 seeds were 

harvested and grown on MS½ plus agar with 10 µg mL
-1 

PPT and/or 100 µg mL
-1 

kanamycin.  

Labelled-ABP1 lines showing a 3:1 ratio of PPT resistance (heterozygous) were selected and 

transferred to rockwool to collect seed.  The T3 seed was grown on MS½ plus agar with 10 

µg mL
-1 

PPT and 100 µg mL
-1 

kanamycin with the aim of obtaining plants homozygous for 

kanamycin (T-DNA in ABP1) and PPT resistance (inserted construct). 

 

2.5. Proteomics preparation and processing 

2.5.1. Nuclear extraction 

The protocol was adapted from Folta and Kaufman (2006).  Seedlings (5 DAG) (1 g) were 

snap-frozen in liquid N2.  Tissue was ground to a fine powder with a mortar and pestle in 

liquid N2.  The tissue was resuspended three tissue-equivalent volumes (3 mL) of ice-cold 

NEB (Table 2-1) and homogenised gently on ice for 5 min using an Omni Tip homogeniser 

with an Omni Tip plastic Generator Probe, set on its lowest speed (Omni International Inc.).  

Two layers of cheesecloth were soaked with NEB and placed on a 100-µm BD-Falcon cell 
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strainer fitted to a 50-mL falcon tube.  The homogenate was filtered through the 

cheesecloth/cell strainer.  NEB was added to the extract in the tube to restore the volume to 3 

mL.  Triton X-100 25% (v/v) was added slowly in 20 µL aliquots, swirling gently for 1 min 

between additions, until the final concentration was 1% (v/v).  The extract was incubated on 

ice for 30 min, mixing occasionally.  Percoll (Table 2-1) gradients were prepared by adding 

250 µL 30% Percoll to cold 2 mL-round-bottomed microfuge tubes and adding slowly 250 

µL 80% Percoll to the bottom of the tubes, below the 30% layer.  The filtered plant extract 

was added slowly on top of the 30% layer (1.5 mL per tube).  Tubes were centrifuged 30 min, 

4°C, 1000g.  After centrifugation, the nuclei appeared as a conspicuous dark band at the 

interface between the 30% and 80% fractions.  The top layer of NEB was discarded and 

nuclei were collected gently from the 30%-80% interface and transferred to new, cold 2 mL-

round-bottomed microfuge tubes.  NGB (Table 2-1) (500 µL) was added to each enriched 

nuclei fraction and mixed gently, and 250 µL 30% Percoll was added to the bottom of the 

tubes, below the nuclear fraction.  Tubes were centrifuged 10 min, 4°C, 1000g.  The top of 

the pellet (where the nuclei reside) was resuspended in 250 µL NGB by running buffer over 

the pellet repeatedly until the top layer was in solution, with minimal disruption of the 

underlying green layer.  The nuclei were transferred to new, cold 1.5-mL microfuge tubes 

and centrifuged 10 min, 4°C, 1000g. The top of the pellet was resuspended in 100 µL NSB 

(Table 2-1) and nuclei were stored at -80°C.   

  To confirm the presence of nuclei, samples were stained with DAPI (Table 2-1) and 

observed with a Leica DMR fluorescence microscope (Section 2.6.3). 

2.5.2. Nuclear protein extraction 

Nuclei in NSB (Section 2.5.1) were thawed and 400 µL of NGB (Table 2-1) was added.  

Nuclei were centrifuged 20 min, 4°C, 2000g.  The pellet was resuspended in 100 µL PEB 

(Table 2-1), vortexed 30 s and subjected to three freeze (-80°C)/thaw cycles.  Samples were 

centrifuged 20 min, 4°C, 16000g and the supernatant was transferred to new tubes.   

2.5.3. Extraction of cell walls 

The protocol for extraction of cell walls was modified from the methods of Feiz et al. (2006) 

and Watson and Sumner (2007).  Fresh Arabidopsis stem tissue (1 g) was cut into small 

pieces less than 1 cm in length and ground in a mortar and pestle at 4°C with 10 mg acid-

treated polyvinylpolypyrrolidone (PVPP) and 1% protease inhibitor 100x stock.  Grinding 
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buffer (Table 2-1) (5 mL) was added and the tissue was ground further.  The tissue was 

transferred to a Tenbroeck glass grinder and ground for 15 min at 4°C.  The homogenate was 

transferred to a falcon tube, the glass grinder was rinsed with 5 mL grinding buffer and this 

was also added to the tube.  The homogenate was centrifuged 10 min, 4°C, 800g.  The pellet 

was resuspended in 10 mL wash buffer 1 (Table 2-1) and centrifuged 10 min, 4°C, 800g.  

The pellet was resuspended in 10 mL wash buffer 2 (Table 2-1) and centrifuged 10 min, 4°C, 

800g.  The pellet was resuspended in 10 mL grinding buffer and poured onto the nylon mesh 

filter (11 µm
2
) in a Buchner funnel fitted to a vacuum filter.  The tube was rinsed with a 

further 10 mL grinding buffer and this buffer was used to wash the cell wall on the nylon 

mesh.  The cell wall was rinsed three more times with 10 mL grinding buffer.  The washes 

were removed by applying a vacuum.  The cell wall was viewed under a microscope to assess 

purity.  The cell wall was scraped off the filter and ground in a mortar and pestle in liquid N2.  

The cell wall was lyophilised. 

2.5.4. Cell-wall protein extraction 

Four extractions were conducted, two with protein extraction buffer 1 (Table 2-1) and two 

with protein extraction buffer 2 (Table 2-1).  For each extraction, extraction buffer (1.5 mL) 

was added to the cell-wall extract (Section 2.5.3) and the sample was vortexed for 15 min at 

room temperature and centrifuged 15 min, 4°C, 4000g.  The four supernatants were 

combined.   

    The supernatant was diluted 2x with 50 mM NaAc and concentrated with a Vivaspin 20 5 

kDa MWCO centrifugal concentrator for 2 h, 4°C, 4000g.  The sample was concentrated to a 

volume of 300 μL.  The membrane of the concentrator was rinsed with 20 μL of 50 mM 

NaAc; this wash was combined with the concentrated proteins. 

2.5.5. Alkylation 

Nuclear protein extracts (Section 2.5.2) were alkylated with iodoacetic acid (Table 2-1) in the 

dark for 2 h and diluted with nine volumes of phosphate buffer (Table 2-1).   

2.5.6. Protein concentration measurement 

The Bradford method was used for protein concentration determination following the 

manufacturer‟s instructions (BioRad Laboratories).  
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2.5.7. SDS-polyacrylamide gel electrophoresis (PAGE) and silver stain 

Protein samples (3-4 µg protein) were mixed with Laemmli sample buffer (4x) (Table 2-1).  

Samples were denatured at 95°C for 5 min.  Gels were prepared with a stacking gel layer on 

top of a resolving gel layer.  Gels were run in running buffer at 15 mA per gel.  Gels were 

placed in fixative enhancer solution (Table 2-1) for 20 min, rinsed in deionized distilled water 

for 20 min and stained in staining solution for 5 min, following the manufacturer‟s 

instructions (BioRad Laboratories).  Staining was stopped with 5% acetic acid treatment for 

at least 15 min. 

2.5.8. Tryptic digest 

Alkylated nuclear protein (Section 2.5.5) (25-50 µg) was digested with 2 µL of 1 mg mL
-1

 

trypsin and incubated for 4 h at 37°C. 

2.5.9. iTRAQ processing and analysis 

The cell-wall protein samples were given to M. Middleditch (Proteomics Facility, Centre for 

Genomics and Proteomics, SBS, University of Auckland), for alkylation, tryptic digestion 

and iTRAQ labelling. 

    The nuclear protein tryptic digests (Section 2.5.8) were desalted on Strata-X SPE 

cartridges, eluted with 100% (v/v) ethanol and dried down in a speed vacuum concentrator. 

The digests were resuspended in 30 µL dissolution buffer from the iTRAQ™ Reagent 8-Plex 

Kit (Applied Biosystems) and labelled with iTRAQ™ reagents, according to the 

manufacturer‟s instructions.  

    The labelled samples were processed by M. Middleditch.  The samples were acidified by 

addition of 10% (v/v) formic acid, combined and concentrated.  High-performance liquid 

chromatography (HPLC or LC) was used to separate the peptides and mass spectrometry was 

used to identify the peptides and level of iTRAQ™ reporter ion signal (liquid 

chromatography tandem mass spectrometry or LC-MS/MS), following the protocol described 

in Jüllig et al. (2007).   

    The raw data was searched against the ProteinPilotTM database (Applied Biosystems), to 

identify the proteins which match the peptides.  Subsequent data analysis followed the 

method of Jüllig et al. (2007).  A protein was considered to be differentially expressed if it 

exhibited P-value < 0.05. 
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2.6. Histology and microscopy 

2.6.1. Embedding and sectioning 

The Tissue-Tek® VIP 2000 machine was used for embedding samples in paraffin wax, 

following the manufacturer‟s instructions (Sakura).  A Leica embedding system was used to 

embed the samples into paraffin blocks, following the manufacturer‟s instructions (Leica).  A 

rotary microtome (Microm Heidelberg) was used to cut 10 µm-thick transverse sections 

which were placed onto slides. 

    To remove the wax, slides were heated 10 min at 60°C and de-waxed in xylene for 5 min.  

Slides were rinsed in 100% ethanol for 5 min and 95% (v/v) ethanol for 2 min.  Slides were 

rinsed with running tap water for 1 min.  

    A vibratome was used to cut 60 µm-thick transverse stem sections, 1-2 cm up from the 

base of the stem.  These sections were used for FTIR microspectroscopy (Section 2.6.6). 

2.6.2. Lignin stains 

Sections were treated with either phloroglucinol-HCl colour reagent (Table 2.1) and a cover 

slip was added immediately and sealed with nail polish; or toluidine blue-O stain (Table 2.1) 

for 1 min and rinsed 1 min with water; or Mäule reagent (1% potassium permanganate) 

(Table 2.1) for 5 min and rinsed twice with 3% (v/v) HCl. 

2.6.3. Fluorescence microscopy and TC-FLAsHTM 

DAPI-stained nuclei (Section 2.5.1) were placed on a slide in water with a coverslip on top 

and visualised with a Leica DMR fluorescence microscope (excitation = 340-380 nm, 

emission = 425 nm).    

    Tissue from plants expressing EYFP or GREEN FLUORESCENT PROTEIN (GFP) were 

placed onto a slide in water with a coverslip on top and visualised with a Leica DMR 

fluorescence microscope (GFP excitation = 470/40 nm, emission = 525/50 nm; and eYFP 

excitation = 500/20 nm, emission =535/ 30 nm). 

    Prior to visualisation with the fluorescence microscope, plants expressing a TC tag were 

labelled with an Invitrogen TC-FlAsH™ II In-Cell Tetracysteine Tag Detection Kit, 

following the protocol of Estévez and Somerville (2006).  Tissue was placed onto a slide in 
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water with a coverslip on top and visualised with a Leica DMR fluorescence microscope 

(excitation = 470/40 nm, emission = 525/50 nm). 

2.6.4. GUS staining 

Fresh tissue in small petri dishes was immersed in cold (4°C) 90% (v/v) acetone for 20 min at 

room temperature.  Plant material was washed with 2.5 mL GUS wash buffer (Table 2.1) for 

5 min, treated with 2.5 mL GUS staining buffer (Table 2.1) and vacuum infiltrated for 15 

min.  The tissue was incubated at 37°C overnight.  GUS staining buffer was added (3 mL) 

and samples were incubated at 37°C in darkness, overnight.  The samples were treated with 3 

mL 0.24 N HCl in 20% (v/v) methanol at 57°C for 15 min and 7% NaOH in 60%(v/v)  

ethanol at room temperature for 15 min.  Samples were rehydrated for 5 min each in 3 mL 

40% (v/v), 20% (v/v)  and 10% (v/v)  ethanol and infiltrated in 3 mL 5% (v/v) ethanol for 15 

min and 25% (v/v) glycerol for 15 min.  Samples were placed on slides in 50% (v/v) glycerol. 

2.6.5. Variable pressure scanning electron microscopy (VPSEM) 

The surfaces of fresh inflorescence stems or rosette leaves were analysed using the FEI 

Quanta 200 field emission VPSEM.  Conditions included a chamber pressure of 5.5 Torr, 

spot size of 3, accelerating voltage of 10 kV and sample temperature of 2°C. 

2.6.6. FTIR microspectroscopy 

FTIR microspectroscopy was conducted on stem sections cut with a vibratome (Section 

2.6.1) and was conducted at the Institut National de la Recherche Agronomique (INRA), 

Versailles, France.  The machine consisted of a Thermo-Nicolet Nexus spectrometer with a 

Continuum microscope accessory.  The interferograms were collected in transmission mode 

at 8 cm
-1

 resolution.  For each sample, 50 interferograms were co-added to improve the 

signal-to-noise ratio.  Spectra were baseline corrected and normalized following the protocol 

of Robin et al. (2003).  Differences in spectra were tested for significance using a student‟s t 

test, as described by Mouille et al. (2003). 
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Chapter 3. Effect of ABP1 Inactivation on the Transcriptome and 

Nuclear Proteome in Arabidopsis  

3.1. Introduction 

As described in Chapter 1, auxin has long been known to modify gene expression and the 

TIR1/AFB pathway accounts for a large amount of auxin-dependent gene expression.  Auxin 

signals to the nucleus to affect gene expression and induce auxin responses, such as cell 

division, expansion and differentiation.  At the start of this work, the role of ABP1 was 

mostly documented towards early auxin responses, such as modification of ion fluxes 

(Chapter 1, Section 1.4.2).  However, ABP1 inactivation can also lead to modification of 

gene expression and the mechanisms are unknown.  ABP1 could signal either through or 

independently of the TIR1/AFB pathway.  Only a few genes, such as AUX/IAA and cell cycle 

genes, were investigated previously (Braun et al., 2008).  One way to progress further is to 

use a genome-wide approach rather than candidate gene approaches.   

      This part of the project aimed to identify genes encoding signalling molecules which 

could link ABP1 to gene expression in the nucleus, as well as to gain insight on the 

transcriptional changes occurring upon ABP1 inactivation.  To carry out this aim, the effect 

of ABP1 inactivation on expression at the transcriptome level and nuclear proteome level was 

analysed, to identify changes in signalling-related genes and proteins.  Microarrays and 

iTRAQ were used to identify genes and proteins that were differentially expressed between 

the conditional abp1 mutant and wt.  Microarrays were selected over deep sequencing 

because it is a very well established technique for a model plant such as Arabidopsis, with a 

large resource base for analysis.  The iTRAQ method was selected because it is more 

sensitive than the two-dimensional gel method (Wu et al., 2006), which should increase the 

likelihood of identifying signalling proteins that might only be at low levels; allows 

quantitative analysis; and there is an excellent Proteomics Facility in our department which is 

familiar with the iTRAQ process (Proteomics Facility, Centre for Genomics and Proteomics, 

SBS, University of Auckland).   

    Analysis of the nuclear proteome did not identify signalling-related genes that were 

differentially expressed.  Therefore, the microarray data was used to identify interesting 

signalling genes in the ABP1 pathway.  The best candidates were selected and analysed 

further in Chapter 4.  ABP1 is required for auxin response, cell division and cell expansion, 
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and the transcriptome data provided more detail about how ABP1 regulates these processes.  

In addition, analysis of similarities and differences in transcriptional response between ABP1 

inactivation and auxin treatment, using publicly available transcriptomic studies, provided 

insight on the role of ABP1 in control of auxin-regulated gene expression.  

 

3.2. ABP1 inactivation trials for seedlings in liquid culture and on rockwool 

The conditional abp1 mutant and wt were grown in liquid culture and rockwool as a trial for 

the microarray experiment.  Seeds were placed in 20 mL MS½ in 100-mL flasks (20 

mg/sample) or on rockwool (100 mg/sample) as described in Chapter 2, Sections 2.2.3 and 

2.2.5.  Seedlings were grown in long-day conditions and at 5 DAG were treated with ethanol 

for the following times: 0, 8, 24 and 48 h (Chapter 2, Section 2.2.6).  These time points were 

selected because the SCFV transcript accumulates over 24 h upon ethanol induction (Braun et 

al., 2008).  Single samples of the conditional abp1 mutant and wt were harvested at each time 

point and RNA was extracted and processed (Chapter 2, Section 2.3.5).   

    Prior to real-time RT-PCR, primer efficiency was determined as described in Chapter 2, 

Section 2.3.7.  A dilution series of cDNA from ethanol-induced conditional abp1 mutant was 

used for this experiment.  This process involves determining ΔCT values of primer pairs for 

genes of interest, relative to the control/housekeeping gene primer pairs.  In this experiment, 

the genes of interest were SCFV and CYCD3.1.  SCFV encodes the scFv protein which 

inactivates ABP1 and CYCD3 is a cell cycle gene known to be down-regulated upon ABP1 

inactivation (Braun et al., 2008).  The control genes were ACT2 and AT2G32170, as ACT2 

has been used as a control gene for a long time and AT2G32170 was identified as a stably 

expressed gene across development by Czechowski et al. (2005).  The ΔCT of each gene was 

plotted versus log10 of the RNA (cDNA) dilution factor (Figure 3-1).  The slope of the line 

should ideally be between 0.1 and -0.1 (Livak, 1997).  The control genes had slightly 

different efficiencies, as the slope value was -0.1177.  The primers for the genes of interest 

had acceptable slope values relative to at least one of the control genes; therefore, the control 

gene which gave the best efficiency for each gene was used for normalisation in subsequent 

experiments. 
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Figure 3-1.  Primer efficiency for the control genes ACT2 and AT2G32170, and SCFV and CYCD3.1 relative to 
the control genes.  cDNA from ethanol-induced conditional abp1 mutant plants was prepared as a dilution 
series and primer efficiencies were assessed by comparing ΔCT values across the dilution; a slope between 
0.1 and -0.1 indicates that the primers have similar efficiency.  The graphs show ΔCT value relative to 
log10(relative target concentration), for ACT2 versus AT2G32170, and genes of interest versus ACT2 and 
AT2G32170. 

 

    cDNA synthesis was conducted on the RNA samples followed by real-time RT-PCR 

(Chapter 2, Section 2.3.7).  Relative expression levels for SCFV and CYCD3.1 were 

determined using the ΔCT for each gene of interest relative to each control gene, and 

determining the ΔΔCT relative to wt at 0 h of ethanol induction.  However, SCFV was 

calibrated to the conditional abp1 mutant at 0 h instead of wt, because SCFV is not expressed 

in wt.  Results showed that SCFV was greatly induced upon ethanol induction and CYCD3.1 

was down-regulated as expected (Figure 3-2).  The SCFV induction was higher at 8 h for 

rockwool versus liquid culture (1200-fold versus 500-fold), but at 24 h the opposite was 

observed (2400-fold in liquid culture versus 1000-fold on rockwool).  Both media gave good 

results, with clear evidence that ABP1 inactivation was successful.  However, it was decided 

to continue with liquid culture since seedling growth is more consistent in liquid culture than 

on rockwool. 
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Figure 3-2.  SCFV and CYCD3.1 expression in wt and the conditional abp1 mutant grown in liquid medium 
and on rockwool.  Ethanol induction was performed on 5 DAG seedlings.  These graphs show relative 
expression levels of SCFV (normalised to ACT2) and CYCD3.1 (normalised to AT2G32170) versus time of 
ethanol induction (h).  Error bars = SEM; n = 3 (technical replicates). 

 

    The previous experiment consisted of a single sample per time point; therefore, two more 

liquid culture replicates were obtained to confirm the previous result.  This experiment was 

conducted in the same way as described for the previous experiment; however, AlcA:GUS 

was used as a control instead of wt, to ensure that the AlcA contruct has no effect on gene 

expression differences.  Real-time RT-PCR showed that the results are consistent with first 

experiment (Figure 3-3).  However, the AT2G32170 control gene was up-regulated over time 

relative to ACT2, so the graphs show the expression relative to ACT2 only.  This up-

regulation was not observed for AT2G32170 in the previous experiment.  SCFV was induced 

and CYCD3.1 was down-regulated upon ethanol induction.  Therefore, the system was 

working well and it was decided to move on to growing samples for the microarray and 

nuclear proteome experiment. 

 

Figure 3-3.  SCFV and CYCD3.1 expression in AlcA:GUS and the conditional abp1 mutant grown in liquid 
medium.  Ethanol induction was performed on 5 DAG seedlings.  These graphs show relative expression 
levels of SCFV and CYCD3.1 (normalised to ACT2) versus time of ethanol induction (h).  Error bars = SEM; n = 
6 (two biological and three technical replicates).  
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3.3. RNA processing and quality control 

Wt and the conditional abp1 mutant were grown in 250-mL flasks with 125 mL of MS½ 

medium.  Seedlings were grown under constant light with shaking at ~140 rpm.  Ethanol 

induction started at 5 DAG (Chapter 2, Section 2.2.6) and triplicate samples of ~2 g seedlings 

were harvested at 0, 12 and 24 h of ethanol treatment (Figure 3-4).  These time points were 

selected because the mRNA for the scFv is detectable 2 h post-induction and the protein 8 h 

post-induction and accumulates over 24 h (Braun et al., 2008).  We reasoned that by 12 h we 

would access reasonably early gene expression changes and by 24 h late changes.  All of the 

samples were processed for the microarray experiment, whereas only duplicates of the 0 and 

24 h samples were processed for nuclear extraction and iTRAQ (Section 3.11). 

 

Figure 3-4.  Schematic of the ethanol induction experiment and processing of samples.  Wt and the 
conditional abp1 mutant were grown in liquid culture in continuous light and were treated with ethanol at 5 
DAG.  Triplicate samples at each time of ethanol induction (0, 12 and 24 h) were harvested and processed 
for RNA and microarrays (all samples) and for nuclear protein and iTRAQ (duplicates of 0 and 24 h samples). 

 

    RNA was extracted from 100-150 mg of tissue and processed from the 18 samples 

(Chapter 2, Section 2.3.5).  RNA concentrations were assessed using the Nanodrop® (Table 

3-1).  The RNA concentrations were acceptable and the 260 nm/280 nm (260/280) ratios 

were close to 2, which showed that RNA was of high purity.  RNA quality was assessed 

using the Agilent 2100 Bioanalyzer, which showed that the RNA was of good quality for all 

samples (Figure 3-5).  The samples had clear 18S and 28S ribosomal RNA peaks, with 

28S/18S ratios close to 2, which is an indication of good quality.     
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Table 3-1.  RNA concentrations and 260/280 ratios for wt and the conditional abp1 mutant samples for 
microarrays. 

Sample name RNA (ng μL
-1

) 260/280 

wt 0 h 1 184.8 1.91 

    2 209.9 1.91 

    3 188.6 1.97 

wt 12 h 1 185.5 1.99 

    2 194.2 1.93 

    3 158.5 2.08 

wt 24 h 1 174.2 2.17 

    2 200.0 2.11 

    3 193.7 2.13 

abp1 0 h 1 209.3 2.04 

    2 209.9 2.00 

    3 173.7 1.97 

abp1 12 h 1 195.7 1.97 

    2 178.1 1.97 

    3 228.8 2.03 

abp1 24 h 1 195.5 2.00 

    2 213.3 2.02 

    3 242.3 2.03 

 

 

Figure 3-5.  RNA samples were run on the Bioanalyzer machine to test RNA quality.  This graph shows a 
Bioanalyzer run for one RNA sample, with fluorescence units (FU) versus time (s).  All samples showed a 
similar result.  The 18S and 28S ribosomal RNA peaks are clear, which is an indication of good RNA quality. 

 

    Prior to microarrays, it was necessary to confirm SCFV expression via real-time RT-PCR.  

However, an alternative control gene to AT2G32170 was needed, since this gene gave 

different results compared to ACT2.  The selected gene was APT2, because this gene had 

been previously used as a control gene with successful results, by R. Deed (this laboratory).  

Real-time efficiency for this gene was tested versus ACT2 as well as genes used to confirm 

ethanol induction.  These genes included SCFV and CYCD3.1 again, plus the AUX/IAA genes 

IAA7 and IAA14, which are down-regulated upon ABP1 inactivation (Braun et al., 2008).  

The ΔCT of each gene was plotted versus log10 of the RNA (cDNA) dilution factor (Figure 3-

6).  The primers had acceptable slope values for at least one of the control genes, so the 

control gene which gave the best efficiency for each gene of interest was used for 

normalisation in subsequent experiments. 
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Figure 3-6.  Primer efficiency for the control genes ACT2 and APT2, and SCFV, CYCD3.1, IAA7 and IAA14 
relative to the control genes.  cDNA from ethanol-induced conditional abp1 mutant was prepared as a 
dilution series and primer efficiencies were assessed by comparing ΔCT values across the dilution; a slope 
between 0.1 and -0.1 indicates that the primers have similar efficiency.  The graphs show ΔCT value relative 
to log10(relative target concentration), for ACT2 versus APT2, and genes of interest versus ACT2 and APT2. 

 

    The 18 RNA samples were processed to generate cDNA.  The expression of SCFV, 

CYCD3.1 and IAA7 was assessed in the 18 samples via real-time RT-PCR (Figure 3-7).  The 

results confirmed that SCFV was up-regulated and CYCD3.1 and IAA7 were down-regulated, 

as expected.  Therefore, the samples were acceptable to be used for microarray hybridisation. 

 

Figure 3-7.  Relative expression of SCFV, CYCD3.1 and IAA7 upon ethanol induction in the wt and conditional 
abp1 mutant RNA samples for microarrays.  Ethanol induction was performed on 5 DAG seedlings.  These 
graphs show relative expression levels of SCFV (normalised to ACT2), CYCD3.1 (normalised to ACT2 and 
APT2) and IAA7 (normalised to ACT2 and APT2) versus time of ethanol induction (h).  Error bars = SEM; n = 9 
(three biological and three technical replicates). 
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3.4. Microarray processing and quality control 

The RNA samples (Section 3.3) were processed by L. Williams (Affymetrix Centre, Centre 

for Genomics and Proteomics, SBS, University of Auckland) to generate cRNA, which was 

hybridised to 18 Affymetrix ATH1 Arrays.   The 18 microarray .CEL files were processed 

and analysed using the statistical programme R and Bioconductor software (Chapter 2, 

Section 2.3.8).  An R code for microarray analysis was obtained from R. Deed (this 

laboratory) and was modified to be used for the ATH1 array (Appendix A.1).  This code first 

assessed the quality of the arrays, based on the probe signal intensity and distribution.  All 

arrays exhibited good signal intensity and distribution; the only outlier was wt.12.2 (Figure 3-

8A).  All samples were background corrected and normalised using RMA.  This process is 

required to remove variation caused by differences in sample preparation and in the 

processing of each array.  It modifies the overall distribution of probe signals so that they are 

consistent across arrays.  After the normalisation process, all samples displayed similar signal 

intensity distribution; therefore, all samples were acceptable to use for subsequent analysis of 

differential expression (Figure 3-8B).  

 

Figure 3-8.  Microarray probe signal intensity distribution before and after RMA normalisation.  Graphs 
show density (which represents the number of probes) versus log2probe intensity.  A = The 18 microarrays 
prior to normalisation.  B = The microarrays after RMA normalisation. 

 

3.5. Microarray results: an overview 

As explained in Chapter 1, the major focus of this research is on auxin signalling and how 

ABP1 mediates auxin responses.  Auxin action via ABP1 signalling is essential for many 

plant processes such as cell division, cell expansion, and plant development.  Therefore, 

investigation of how ABP1 inactivation affects gene expression should provide greater 
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insight on how ABP1 regulates these crucial processes.  In this section, a broad view of how 

ABP1 inactivation affected transcription will be described, as ABP1 inactivation affected a 

wide range of genes.  Genes of particular interest with respect to ABP1 signalling will be 

covered in subsequent sections: auxin- and other hormone-related genes (Section 3.6); the 

identification of signalling genes which were transcriptionally affected and could be 

candidates for the ABP1 pathway (Section 3.8); cell division-related genes (Section 3.9); and 

cell-wall-related genes which might be involved in cell expansion (Section 3.10).  ABP1 is 

known to regulate expression of some auxin-regulated genes (Braun et al., 2008); therefore, 

another aim of this chapter was to investigate how ABP1 inactivation compares to 

transcriptomic studies of auxin-treated plants (Section 3.7).   

    Differential gene expression data was obtained for the conditional abp1 mutant versus wt 

at each time point (0, 12 and 24 h), with the criteria of a Benjamini and Hochberg-adjusted P-

value < 0.005 and a log2-fold change of ≥ 0.584963 or ≤ -0.584963 (which corresponds to a 

fold change of ≥ 1.5 or ≤ -1.5) (Chapter 2, Section 2.3.8).  The full set of significantly 

affected genes is shown on a Microsoft Office Excel spreadsheet on CD-ROM (see Appendix 

A.2). 

    The transcriptional profiles of wt and the conditional abp1 mutant prior to ethanol 

induction were the same, as a comparison of the genes expressed at 0 h showed that only one 

gene was differentially expressed.  Following ABP1 inactivation, there was a large number of 

changes (Figure 3-9).  A total of 3696 genes had their expression either up- or down-

regulated, with 2516 and 2819 genes showing expression changes at 12 h and 24 h, 

respectively.  Many of these genes (1639) were similarly expressed at both 12 h and 24 h, 

while the other genes were either up- or down-regulated at only one time point.  The most 

highly up-regulated gene encodes a cell-wall protein, SBTI1.1 (72- and 98-fold at 12 and 24 

h, respectively).  The other genes in the top three also encode cell-wall proteins: EXPA20 and 

XTH31.  The next highest was a signalling gene, PURPLE ACID PHOSPHATASE 17 

(PAP17), and this gene was shown to be induced in response to phosphate deprivation and 

oxidative stress (Del Pozo et al., 1999).  Interestingly, the most highly down-regulated gene 

was also a cell-wall-related gene, XTH23 (23-fold and 13-fold at 12 and 24 h, respectively).  

The Ca
2+

 signalling gene TCH3, which regulates PID involved in auxin transport (Chapter 1, 

Section 1.1), was second.  These results already indicate that ABP1 has a strong affect on 

genes related to the cell wall and signalling. 
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Figure 3-9.  The number of genes differentially expressed upon ABP1 inactivation (conditional abp1 mutant 
versus wt).  This graph shows the number of genes up- or down-regulated at different time points of ethanol 
induction (h).  No genes up-regulated at 12 h were down-regluated at 24 h, and vice versa. 

 

    The genes were placed into functional categories and major pathways, using Mapman 

(Thimm et al., 2004) and the ATH1 array TAIR9 (The Arabidopsis Information Resource) 

(2010) gene annotation.  This analysis showed that ABP1 inactivation affects many 

processes, with a broad range of gene categories over-represented (adjusted P-value ≤ 0.1) 

(Table 3-2).  At 12 h, categories for which genes were mostly up-regulated included DNA 

synthesis and chromatin organisation; nucleotide metabolism; and protein synthesis and 

targeting.  A large number of genes with unknown function were affected by ABP1 

inactivation and most of these genes were up-regulated.  Categories for which genes were 

mostly down-regulated were hormone metabolism; minor carbohydrate metabolism; 

secondary metabolism; signalling and stress.  Development-related genes were both up- and 

down-regulated.  At 24 h, the same categories were significantly affected, plus some 

additional categories for which genes were mostly down-regulated, such as cell wall; lipid 

metabolism; photosynthesis; and transport.  Therefore, a broad range of processes were 

affected by ABP1 inactivation, which reflects the importance of ABP1 for plants. 

    Genes involved in a wide range of cellular functions were affected by ABP1 inactivation 

(Figure 3-10).  There was up-regulation of RNA and protein synthesis and cell cycle genes, 

which suggests that the plants are not deficient in energy.  The down-regulation of stress 

response correlates with down-regulation of genes associated with hormone signalling, in 

particular the hormones ethylene and ABA, which are associated with stress responses (Wang 

et al., 2002; Cutler et al., 2010).   
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Table 3-2.  Gene classes which were affected by ABP1 inactivation.  Transcriptional changes were grouped 
into gene classes which were over-represented at 12 and 24 h after ethanol induction (P-value < 0.1*, < 
0.05**, < 0.005***).    

Gene classification 
  

 12 h        24 h     

No. of 
genes 

% up 
% 
down 

  
No. of 
genes 

% up 
% 
down 

Nucleotide metabolism 44** 86 14 
 

39*** 85 15 

DNA (synthesis/chromatin) 42* 81 19 
 

61*** 89 11 

Protein (synthesis/targeting) 502*** 80 20 
 

526*** 83 17 

Not assigned 702* 68 32 
 

753*** 62 38 

Development 70 46 54 
 

77* 42 58 

Secondary metabolism 36** 39 61 
 

58*** 28 72 

Hormone metabolism 55** 35 65 
 

73*** 25 75 

Signalling 131*** 34 66 
 

135*** 37 63 

Stress 86*** 32 68 
 

101*** 30 70 

Minor carbohydrate metabolism 16** 19 81 
 

18** 11 89 

Transport 118 40 60 
 

131** 37 63 

Cell wall 60 38 62 
 

86*** 33 67 

Lipid metabolism 34 50 50 
 

52*** 29 71 

Photosynthesis 15 33 67   30*** 7 93 

 

    Genes involved in important metabolic pathways displayed altered expression in ABP1-

inactivated plants (Figure 3-11).  For example, genes involved in energy generation (the tri-

carboxylic acid (TCA) cycle and the electron transport chain), amino acid biosynthesis and 

nucleotide synthesis were up-regulated.  In contrast, amino acid breakdown was down-

regulated, which suggests that the plants are conserving amino acids; perhaps because nitrate 

assimilation was down-regulated and plants may be limited for nitrogen.  Cell-wall 

metabolism genes have potential roles in cell expansion and these genes were mostly down-

regulated; cell wall-related genes will be investigated in more detail in Section 3.10.  Both 

lipid metabolism and photosynthesis are known to be down-regulated in nitrogen-limited 

plants (Martin et al., 2002), and both of these processes were down-regulated with ABP1 

inactivation.  With respect to secondary metabolism, flavonoids have been shown to regulate 

auxin transport (Brown et al., 2001) and the phenylpropanoid pathway (the pathway leading 

to flavonoid and lignin biosynthesis) is important for plant growth (Chapter 1, Section 1.5).  

At 24 h, the ABP1 mutant had down-regulation of key flavonoid biosynthesis genes such as 

CHALCONE SYNTHASE and CHALCONE ISOMERASE.  The phenylpropanoid pathway 

was down-regulated at both time points, especially at 24 h.  This pathway is investigated in 

more detail in Section 3.10.   
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Figure 3-10.  Genes involved in a broad range of cell functions which were differentially expressed upon 
ABP1 inactivation.  Red = up-regulated.  Green = down-regulated.  The pathway picture was adapted from 
Thimm et al. (2004). 
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Figure 3-11.  Genes involved in metabolism which were differentially expressed upon ABP1 inactivation.  A = 
12 h and B = 24 h of ABP1 inactivation.  Red = up-regulated.  Green = down-regulated.  The pathway picture 
was adapted from Thimm et al. (2004). 
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3.6. Auxin- and other hormone-related genes 

Braun et al. (2008) demonstrated that ABP1 regulates transcription of some auxin response  

genes.  However, their analysis only looked at AUX/IAA genes and the microarray analysis 

provided a chance to look at the full range of auxin-related genes regulated by ABP1.  

Therefore, gene transcriptional changes related to auxin signalling, metabolism and transport 

were mapped onto a hypothetical diagram of ABP1 signalling (Figure 3-12).  A list of these 

genes is provided in Appendix A.3, Table A-1.  The TF category consists of TF genes which 

are reported to be differentially expressed with auxin treatment in the literature, and/or were 

found to be differentially expressed with auxin treatment in the analysis in Section 3.7.  A 

key finding was that ABP1 was transcriptionally up-regulated upon ABP1 inactivation; ABP1 

was up-regulated 2.1-fold at 12 h and 2.0-fold at 24 h, respectively.  This result indicates that 

ABP1 shows some positive feedback regulation.   

    The TIR1/AFB pathway involves an SCF complex with an auxin receptor component 

(TIR1/AFB) and auxin-binding results in AUX/IAA degradation, which allows ARFs to 

induce the expression of many genes (Chapter 1, Section 1.3.2).  Various genes in this 

pathway were affected by ABP1 inactivation, which indicates that the two pathways are 

linked in some way.  There was down-regulation of the auxin receptors AFB1 (1.8-fold) and 

AFB2 (1.9-fold) at 24 h.  There was up-regulation of SCF components ARABIDOPSIS 

SERINE/THREONINE KINASE 1 (ASK1) (2.9- and 2.3-fold at 12 and 24 h, respectively) and 

E1 C-TERMINAL RELATED 1 (ECR1) (1.6- and 1.5-fold at 12 and 24 h, respectively).  With 

respect to early auxin response genes, there were some changes in AUX/IAA, GH3 and SAUR 

genes, both up- and down-regulated.  However, no ARF genes were differentially expressed.  

TOPLESS (TPL), which encodes a transcriptional co-repressor that interacts with AUX/IAAs, 

was down-regulated 1.7- and 2.0-fold at 12 and 24 h, respectively.  Therefore, these results 

indicate that ABP1 inactivation affects the TIR1/AFB pathway.   

    A large number of TFs linked to auxin were differentially expressed at both time points (62 

at 12 h, 50 at 24 h and 84 total).  The vast majority were down-regulated and some of these 

genes are important for auxin response.  For example, MYB77 interacts with ARFs and is 

required for maintaining expression of auxin-related genes such as AUX/IAAs (Shin et al., 

2007).  This gene was down-regulated 3.0-fold and 2.1-fold at 12 and 24 h, respectively.  In 

addition, the homeobox leucine-zipper gene HAT2 is auxin-induced and a plant over-

expressing HAT2 exhibits auxin-related phenotypes, such as smaller leaves and root auxin 
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resistance (Sawa et al., 2002).  This gene was down-regulated 2.2- and 1.7-fold at 12 and 24 

h, respectively. 

    Auxin homeostasis is an important process and involves transport of auxin in and out of 

the cell, as well as auxin biosynthesis and conjugation within the cell.  A role for ABP1 in 

regulating auxin biosynthesis has not been reported.  In contrast, ABP1 has been linked to 

auxin transport regulation; the localisation of auxin efflux transporter PIN1 was shown to be 

regulated by ABP1 in recent studies (Chapter 1, Section 1.4.4).  Upon ABP1 inactivation, 

auxin metabolism and transport genes were mostly up-regulated, whereas at 24 h there was a 

shift to mainly down-regulation of genes in these classes.  IAA biosynthesis involves 

tryptophan-dependent and independent pathways (Chapter 1, Section 1.1).  

PHOSPHORIBOSYLANTHRANILATE ISOMERASE 3 (PAI3), involved in tryptophan 

biosynthesis (Li et al., 1995) was up-regulated 1.6-fold at 12 h.  At 24 h, there was down-

regulation of four genes involved in one of the major tryptophan-dependent IAA biosynthesis 

pathways, called the IPA pathway (Mashiguchi et al., 2011).  TRYPTOPHAN 

AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) is involved in the generation of the IAA 

precursor indole-3-pyruvate (IPA) and this gene was down-regulated 2.0-fold.  YUCCA 

(YUC) genes are involved in conversion of IPA to IAA and three of these genes were down-

regulated (YUC2 2.1-fold, YUC5 3.5-fold and YUC8 3.6-fold).  Two genes encoding 

peroxisomal proteins, which are involved in the metabolism of the auxin IBA to IAA in the 

peroxisome, were up-regulated: PEX6 at 12 h (1.8-fold) and PEX5 at 24 h (1.9-fold).  IAA-

LEUCINE RESISTANT-LIKE 6 (ILL6) is in the IAA conjugate hydrolase family but its 

function is unknown (LeClere et al., 2002); this gene was up-regulated 1.6-fold at 12 h.  

There was also down-regulation of auxin transport-related genes at 24 h, such as the auxin 

transporter gene PIN4 (2.4-fold) involved in root auxin distribution (Friml et al., 2002b) and 

ABCB2 (2.1-fold).  The auxin efflux transporter gene PIN3, involved in tropic responses, was 

up-regulated 2.0-fold at 12 h.  The auxin influx transporter gene LIKE AUXIN RESISTANT 1 

(LAX1) was up-regulated 1.9-fold at 12 h and at 24 h.  Therefore, it appears that ABP1 

regulates expression of genes involved in auxin homeostasis, which could affect the degree of 

TIR1/AFB pathway signalling, since this pathway occurs within the cell. 
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Figure 3-12.  Auxin response, metabolism and transport genes affected by ABP1 inactivation.  Mapman was 
used to map transcriptional changes 12 and 24 h after ethanol induction onto a hypothetical diagram of the 
ABP1 pathway.  Red = up-regulated.  Green = down-regulated.  Bold border = 12 h.  Thin border = 24 h. 

 

    Auxin in many instances is known to act antagonistically or synergistically with other 

hormones (Ross et al., 2011).  Therefore, it was interesting to look at the genes potentially 

implicated in the regulation of these in the ABP1-inactivated plants.  Many genes related to 

other hormones were affected and mostly down-regulated (Table 3-3).  ABP1 inactivation 

had the greatest effect on ABA-related genes, followed by ethylene and GA, and lastly 

cytokinin-related genes.  Interestingly, many of the auxin-responsive TF genes differentially 

expressed with ABP1 inactivation were also ABA and/or ethylene-regulated genes involved 

in stress or defense response.  This result indicates that ABP1 has a role in crosstalk with 

these hormones, and it is well known that ethylene and auxin act antagonistically as well as 

synergistically in different processes (Muday et al., 2012).  One component of ethylene signal 

transduction, encoded by ETHYLENE INSENSITIVE 3, a positive regulator of ethylene-

regulated genes, was down-regulated 1.9-fold with 12 h of ABP1 inactivation, so down-

regulation of this gene by ABP1 inactivation could also be affecting ethylene response TFs.  

ABP1 inactivation affected many ABA response genes and one gene of interest was FIERY1, 

because a mutant in this gene has altered auxin homeostasis and auxin-related phenotypes 
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(Robles et al., 2010).  This gene encodes an inositol polyphosphate 1-phosphatase which 

negatively regulates ABA signalling (Xiong et al., 2001) and was up-regulated 5.4- and 4.1-

fold at 12 and 24 h, respectively.   

    Auxin is known to increase GA levels and GA (as well as auxin) is important for stem and 

hypocotyl elongation (O‟Neill et al., 2010).  However, only one metabolism gene involved in 

GA catabolism (GIBBERELLIN 2-OXIDASE 6) was affected by ABP1 inactivation and this 

gene was down-regulated 1.9-fold at 12 h.  In GA signalling, DELLA proteins repress plant 

growth and GA targets them to degradation via an SCF complex to induce growth (reviewed 

by Gao et al., 2011).  GA INSENSITIVE encodes an important DELLA protein (Peng and 

Murphy, 1997) and this gene was down-regulated 3.2-fold at 24 h.  In addition, SLEEPY 1 

and SLEEPY 2 are components of the SCF complex which degrades DELLA proteins, and 

these genes were up-regulated (SLEEPY 1 1.8-fold at 12 h and SLEEPY 2 a massive 17.7- and 

20.9-fold at 12 and 24 h, respectively). Therefore, these results suggest that ABP1 could 

actually act to repress GA signalling. 

    Auxin and BR are known to exhibit overlap slightly in the genes that they induce and act 

synergistically to promote growth and cell elongation (Goda et al., 2004).  A BR signalling 

TF, BIM1, interacts with the auxin signalling-related TF DORNROESCHEN to regulate 

embryonic patterning.  The BIM1 gene was down-regulated 3.9-fold at 24 h, which suggests 

that ABP1 could be involved in crosstalk between auxin and BR.  In addition, ARGOS-LIKE 

is involved in cotyledon and leaf cell expansion and is induced by BR; this gene was highly 

down-regulated (5.5- and 5.8-fold at 12 and 24 h, respectively) which indicates that ABP1 

has a link to BR-induced as well as auxin-induced cell expansion. 

    Auxin and CK are known to act antagonistically as well as synergistically to regulate 

developmental processes (Durbak et al., 2012).  However, ABP1 inactivation affected only a 

small number of CK-related genes and mostly at 24 h.   

Table 3-3.  Genes involved in the metabolism and signalling of hormones other than auxin which were 
affected by ABP1 inactivation at 12 and 24 h.  

Gene classification  12 h     24 h     

  No. of genes % up % down No. of genes % up % down 

ABA 45 27 73 37 35 65 

BR 9 0 100 12 8 92 

CK 1 0 100 8 25 75 

Ethylene 24 17 83 24 17 83 

GA 17 29 71 23 22 78 
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3.7. ABP1 inactivation compared to auxin treatment microarray data 

The ABP1 inactivation microarray data was compared to microarrays of auxin-treated 

seedlings.  Data of auxin-treated seedlings from Delker et al. (2010) was obtained from 

ArrayExpress (experiment E-GEOD-18975) from the European Bioinformatics Institute 

website.  The data consisted of wt treated with IAA for 30 min, 1 h and 3 h, plus a control 

with no added IAA.  This data was re-analysed on Bioconductor so that it was more 

comparable with the data in this study (genes were considered significant if the P-value was 

<0.005 and log2-fold change was ≥ 0.584963 or ≤ -0.584963/fold change was ≥ 1.5 or ≤ -1.5).  

The highest number of shared genes was in the category of genes up-regulated with auxin and 

down-regulated with ABP1 inactivation (159 genes) (Figure 3-13).  This result suggests that 

ABP1 is important for maintaining the expression of many auxin-regulated genes.  However, 

there were also many genes affected by auxin which were not affected by ABP1 inactivation, 

and vice versa.  Overall, 20% of genes affected by auxin treatment were affected by ABP1 

inactivation, which indicates that ABP1 affects only a subset of auxin response genes. 

 

Figure 3-13.  Euler diagram showing the groups of genes shared between ABP1 inactivation and auxin 
treatment.  abp1 up = genes up-regulated with 12 h of ABP1 inactivation.  abp1 down = genes down-
regulated with 12 h of ABP1 inactivation.  Auxin up = genes up-regulated at 30 min and/or 1 h of auxin 
treatment.  Auxin down = genes down-regulated at 30 min and/or 1 h of auxin treatment.   

 

    Subsequent sections focus on signalling genes and cell-wall-related genes due to their 

potential involvement in ABP1 signalling and response.  Therefore, it is of particular interest 

to investigate the number of genes in these categories that are transcriptionally affected by 

IAA treatment (Table 3-4).  A list of these genes is provided in Appendix A.4, Table A-2.  

The highest percentage was for TF genes down-regulated by ABP1 inactivation but up-
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regulated by auxin (30.3%), which suggests that many of the TFs regulated by auxin require 

ABP1 for this response.  Cell-wall-related genes showed the same trend, which supports the 

role of ABP1 in regulating auxin-induced cell expansion. 

Table 3-4.  Genes affected by both ABP1 inactivation and auxin treatment in categories related to TFs, signal 
transduction and the cell wall.  This table shows the % genes affected by auxin out of all genes affected by 
ABP1 inactivation in each category, for various gene categories and up- or down-regulation combinations of 
ABP1 inactivation and auxin treatment. 

ABP1 
inactivation 

Plus auxin 

% genes affected by auxin out of all genes in category 

(and number of genes/number of total genes in category) 

All genes TFs 
Signal 
transduction 

Cell wall 

Up abp1 Up auxin 2.4 (49/2080) 7.3 (6/82) 13.4 (9/67) 3.3 (2/60) 

 
Down auxin 2.0 (41/2080) 4.9 (4/82) 4.5 (3/67) 5.0 (3/60) 

Down abp1 Up auxin 18.6 (300/1617) 30.3 (53/175) 17.8 (21/118) 18.9 (33/175) 

  Down auxin 11.6 (187/1617) 13.7 (24/175) 5.1 (6/118) 9.7 (17/175) 

 

3.8. Many signalling genes were affected by ABP1 inactivation 

Signalling genes were a major focus of this research, because it is still unclear how ABP1 

signals from the plasma membrane to generate gene expression changes in the nucleus.  The 

signalling genes which were of most interest included ones that detect signals at the plasma 

membrane, plus second messengers that result in changes in transcription factor expression.  

Many signalling classical components have been described and some such as RLKs, MAP 

kinases, protein phosphatases, Ca
2+

 sensors, G-proteins, phospholipases, ROP GTPases and 

cyclophilins have been linked with auxin signalling (Chapter 1, Section 1.4.4).  We also 

looked at potential signalling components that are not yet linked with auxin but are common 

in other eukaryotic signalling pathways, such as other kinase families and two-component 

signallers.  

3.8.1. RLK genes 

RLKs are a large family of kinases which are important for plant development, although most 

members have unknown functions (Becraft, 2002).  These genes are divided into 44 families 

plus sub-families (Shiu and Bleecker, 2001).  When this work started in 2009, there was no 

link between auxin and RLKs.  However, in 2010 it was discovered that ROP2 signalling is 

controlled by ABP1, and this pathway would require an as yet unidentified RLK (Xu et al., 

2010).  Therefore, these genes are of great interest since there are so many uncharacterised 

genes which could be linked to ABP1 signalling. 
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    Overall, 79 RLK genes spread across 31 families/subfamilies showed differential 

expression upon ABP1 inactivation (Table 3-5), out of 610 RLKs that are annotated in the 

Arabidopsis genome.  Most of these genes (75%) were down-regulated.  Most RLK families 

consist of transmembrane proteins which are distinguished from each other by their 

extracellular motif: CRINKLY4-related (2 genes); CrRLK-like (1 gene); DUF26 (7 genes); 

L-lectin (8 genes); LRK10-like (1 gene); leucine-rich repeat (LRR) (30 genes); lysin-motif 

(LysM) (2 genes); proline-rich extensin-like receptor kinase (PERK) (2 genes); RKF3L (2 

genes); S domain (SD) (3 genes); and wall-associated kinase-like (WAKL) (2 genes). Two 

genes were not annotated as being in any family.  The rest of the RLKs (17 genes) were 

receptor-like cytoplasmic kinases (RLCKs) which are predicted to lack an extracellular 

domain (Shiu and Bleecker, 2001).   

    As explained in the introduction of this chapter (Section 3.1), ABP1 is important for cell 

division/cell expansion and plant development; therefore, signalling genes involved in these 

processes could be potentially linked to ABP1.  Some of the RLKs which were affected by 

ABP1 inactivation are linked to these processes.  For example, THESEUS1 (THE1) is part of 

the CrRLK pathway which regulates cell elongation and is partly regulated by BR (Guo et al., 

2009); THE1 was down-regulated 1.6- and 1.7-fold at 12 and 24 h respectively, which 

indicates that ABP1 might be required for regulating this pathway.  AT2G36570 has been 

linked to cell expansion since a mutant had slightly curled leaves and more oval and 

compactly packed cells in the leaf, plus weaker lignification in leaf vascular bundles (Kim et 

al., 2008), a phenotype which could relate to ABP1.  This gene was up-regulated 2.5-fold at 

12 h and 4.5-fold at 24 h.  FEI2 is involved in cell-wall elongation in hypocotyls and roots 

(Xu et al., 2008) and this gene was up-regulated 1.9-fold at 12 h.  Some genes with more 

specific developmental roles were affected, such as the up-regulated genes SUB (flower 

development and stem development) (Chevalier et al., 2005) and ROOT HAIR SPECIFIC 10 

(RHS10) (root hair growth) (Lin and Cho, 2010); and the down-regulated genes BARELY 

ANY MERISTEM 2 (BAM2) (leaf growth and anther development) and CLAVATA1 (CLV1) 

(shoot and floral meristem size) (Clark et al., 1993). 
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Table 3-5.  RLK genes showing differential expression upon ABP1 inactivation at 12 and/or 24 h.  Coloured 
boxes show up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and down-regulated 
genes with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are denoted with *. 

Family AGI code Name 
FC 

 
12 h 24 h 

CRINKLY4-related 
AT3G09780 CCR1 18.0* 28.9* 

AT3G55950 CCR3 15.6* 12.4* 

CrRLK1-like AT5G54380 THE1 1.6* 1.7* 

DUF26 

AT4G23180 CRK10 3.4* 2.9* 

AT4G23270 CRK19 2.6* 1.9 

AT4G23290 CRK21 1.8 7.0* 

AT4G23300 CRK22 1.4 2.3* 

AT4G21410 CRK29 2.9* 2.1 

AT4G11460 CRK30 1.3 2.7* 

AT5G40380 CRK42 2.0* 2.4* 

L-lectin 

AT2G32800 AP4.3A 1.5 2.4* 

AT5G01560 LECRKA4.3 1.5 1.9* 

AT1G15530 
 

1.6 1.7* 

AT3G53380 
 

1.2 1.8* 

AT3G53810 
 

1.8* 2.4* 

AT4G02420 
 

1.1 1.8* 

AT4G04960 
 

1.7* 1.1 

AT5G60270   3.6* 2.5* 

LRK10-like AT1G18390 
 

3.1* 2.1* 

LRR I  AT1G51820   1.5 2.0* 

LRR II  AT1G60800 NIK3 1.4 1.8* 

LRR III  

AT5G16590 LRR1 1.6* 1.2 

AT3G17840 RLK902 1.9* 1.0 

AT1G25320 
 

5.0* 4.6* 

AT2G36570 
 

2.5* 4.5* 

AT4G34220   1.6 2.5* 

LRR IV  AT2G45340 
 

1.0 1.8* 

LRR V  

AT1G53730 SRF6 1.6 2.0* 

AT3G14350 SRF7 1.7 2.0* 

AT1G11130 SUB 2.4* 1.6 

LRR VII  

AT5G45800 MEE62 4.1* 2.2* 

AT3G28040 
 

1.0 2.3* 

AT3G56370 
 

2.6* 1.3 

AT5G01890 
 

1.9* 1.2 

AT5G58150 
 

1.7* 1.8* 

LRR VIII-1  AT1G06840   1.3 1.7* 

LRR VIII-2  

AT1G07650 
 

2.5* 2.0* 

AT1G53430 
 

2.5* 2.4* 

AT1G53440 
 

1.7* 1.2 

AT3G14840 
 

2.8* 2.5* 

LRR IX  AT3G23750   1.9* 2.3* 

LRR X  AT3G13380 BRL3 1.8 2.3* 

LRR XI  

AT3G49670 BAM2 1.3 3.3* 

AT1G75820 CLV1 3.0* 6.3* 

AT2G31880 
 

3.0* 1.3 

AT2G33170 
 

1.8 2.1* 

AT5G25930   4.0* 1.7 
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Family AGI code Name 
FC 

 
12 h 24 h 

LRR XII  AT4G08850   4.0* 3.9* 

LRR XIII  AT2G35620 FEI2 1.9* 1.4 

LysM  
AT2G23770   1.1 1.6* 

AT2G33580   1.8* 1.1 

PERK 
AT3G24550 PERK1 1.3 1.9* 

AT1G70460 RHS10 1.8* 2.3* 

RKF3L  
AT2G48010 RKF3 1.9* 2.0* 

AT1G11050   2.3* 1.4 

RLCK I  AT3G56050 
 

1.6* 1.5 

RLCK III  AT1G67470   2.3* 1.7 

RLCK IV  AT4G00330 CRCK2 2.0* 2.3* 

RLCK VII  

AT1G07570 APK1A 1.1 1.6* 

AT2G28930 APK1B 2.2* 1.5 

AT2G02800 APK2B 3.1* 1.9* 

AT2G39660 BIK1 1.8* 1.9* 

AT4G35600 CONNEXIN 32 2.0* 1.3 

AT5G02290 NAK 2.3* 1.8* 

AT2G05940 
 

2.3* 2.4* 

AT2G07180 
 

2.0* 1.2 

AT2G17220 
 

1.7 2.4* 

AT5G01020 
 

1.6* 1.4 

AT5G47070   1.2 2.2* 

RLCK IX  AT3G49060 
 

1.9* 2.5* 

RLCK X  AT1G80640   2.9* 1.2 

RLCK XI  AT4G25390 
 

5.3* 9.2* 

SD-1  
AT1G11280   2.0* 2.1* 

AT4G27300   1.1 3.1* 

SD-2  AT5G35370 
 

1.5 1.8* 

WAKL  
AT1G16130 WAKL2 1.7* 1.1 

AT1G16260   2.4* 3.5* 

N.A.  
AT2G25790 

 
1.6* 2.5* 

AT5G20050   1.9* 1.9* 

 

3.8.2. Additional kinase families 

Kinases other than RLKs have been linked to auxin signalling, such as MAP kinases.  For 

example, over-expression of the MAP kinase kinase MKK7 leads to impaired auxin transport, 

resulting in defects in plant architecture (Dai et al., 2006).  In addition, the dual specificity 

phosphatase IBR5 is predicted to be part of a MAP kinase pathway; this gene is associated 

with auxin signalling and seems to act independently of the TIR1/AFB pathway (Chapter 1, 

Section 1.4.4).  However, this gene has not been shown to interact with any MAP kinases.  

Seven MAP kinase genes were differentially expressed with ABP1 inactivation (Table 3-6) 

and none of them have been associated with auxin signalling; therefore, they could be 

interesting for further investigation.   
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    AGC kinases are downstream of Ca
2+

 and/or phospholipid signals, and some of these 

kinases have roles related to growth (Bögre et al., 2003).  PID is a member of this family and 

it is an important regulator of auxin transport (Chapter 1, Section 1.1).  Upon ABP1 

inactivation, nine genes in this family were differentially expressed (five down-regulated and 

four up-regulated) (Table 3-6).  D6 PROTEIN KINASE (D6PK) has role in auxin transport, 

along with the related genes D6PKL1, D6PKL2 and D6PKL3 (Zourelidou et al., 2009).  

D6PKL2 was up-regulated 2.6- and 1.9-fold at 12 and 24 h, respectively; D6PKL3 was up-

regulated 4.4- and 4.3-fold at 12 and 24 h, respectively; and D6PK and D6PKL1 were down-

regulated 1.7- and 1.5-fold respectively, at 24 h.  The PHOTOTROPIN 2 (PHOT2) gene 

encodes a blue light receptor involved in phototropism (Kagawa et al., 2009) and this gene 

was up-regulated 2.0- and 1.9-fold at 12 and 24 h, respectively. 

    Out of the remaining 10 kinase genes (Table 3-6), two of these genes have roles in plant 

development.  CASEIN KINASE I1 (CKI1) is linked to vascular bundle development and 

cytokinin signalling (Hejátko et al., 2009) and this gene was up-regulated 2.2- and 2.5-fold at 

12 and 24 h, respectively.  CASEIN KINASE II CATALYTIC SUBUNIT Α 1 (CKA1) promotes 

photomorphogenesis (Bu et al., 2011; Mulekar et al., 2012) and this gene was up-regulated 

1.5-fold at 12 and 24 h. 
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Table 3-6.  Various other kinase genes, such as eukaryotic protein kinases and AGC kinases, which exhibited 
differential expression upon ABP1 inactivation at 12 and/or 24 h.  Coloured boxes show up-regulated genes 
with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and down-regulated genes with FC ≥ 2 (green) or FC 
< 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are denoted with *. 

Family AGI code Name 
FC   

12 h 24 h 

Eukaryotic 
protein 
kinase 

AT1G69220 MAP4K3/SIK1 2.0* 1.3 

AT5G66850 MAPKKK5 2.3* 2.4* 

AT3G21220 MKK5 1.8 1.8* 

AT1G73500 MKK9 4.1* 2.2* 

AT2G01450 MPK17 3.5* 2.4* 

AT3G14720 MPK19 1.0 1.8* 

AT2G42880 MPK20 1.9* 1.8 

AT4G11330 MPK5 1.5 1.9* 

AT4G18950 RAF27 2.0* 1.6 

AT4G38470 RAF30 3.2* 1.6 

AT3G58760 RAF47 1.4 1.7* 

AT3G63260 RAF48/MRK1 2.5* 2.9* 

AT5G58350 ZIK2 3.6* 2.5* 

AT3G22420 ZIK3 2.4* 2.5* 

AT5G41990 ZIK6 2.4* 1.5 

AGC kinase 

AT5G55910 AGC1.1/D6PK 1.3 1.7* 

AT3G44610 AGC1.12 1.1 1.9* 

AT4G26610 AGC1.2/D6PKL1 1.5 1.5* 

AT1G45160 IRE4 9.0* 12.3* 

AT5G58140 PHOT2 2.0* 1.9 

AT5G47750 PK5/D6PKL2 2.6* 1.9* 

AT3G27580 PK7/D6PKL3 4.3* 4.4* 

AT3G08730 S6K1/PK1 1.8 2.7* 

AT3G08720 S6K2 2.1* 1.2 

Other 
kinases 

AT4G32660 AME3 1.5* 1.1 

AT3G08760 ATSIK 1.8* 1.5 

AT1G18040 CDKD.3 2.4* 2.0* 

AT5G67380 CKA1 1.5* 1.5* 

AT4G14340 CKI1 2.2* 2.5* 

AT5G60550 GRIK2 1.6 1.9* 

AT3G04530 PPCK2 1.2 1.8* 

AT3G61160 
 

1.6 2.0* 

AT5G25440 
 

1.5* 1.3 

AT5G44290   2.0* 1.4 

 

3.8.3. Ca
2+ signalling 

Ca
2+

 signalling has a role in regulating auxin transport (Chapter 1, Section 1.1) and 

calmodulin has been linked to auxin signalling (Yang and Poovaiah, 2000).  Therefore, ABP1 

signalling could potentially involve Ca
2+

 signal transduction.  Twenty-seven Ca
2+

 signalling 

genes were differentially expressed with ABP1 inactivation and most of them (20 genes) 

were down-regulated (Table 3-7).  CBL-INTERACTING PROTEIN KINASE 6 (CIPK6) is 
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linked to auxin transport; a mutant in this gene has reduced shoot to root auxin transport and 

has fused cotyledons, thick hypocotyls and shorter roots (Tripathi et al., 2009).  This gene 

was down-regulated 1.5- and 1.6-fold at 12 and 24 h, respectively.  CALMODULIN 7 

(CAM7) is involved in photomorphogenic growth (Kushwaha et al., 2008); this gene was up-

regulated 1.8-fold at 24 h.  The calmodulin-like gene TCH3 is involved in regulation of PID 

and auxin transport (Benjamins et al., 2003).  TCH3 along with the related gene TCH2 are 

expressed in regions of cell expansion (Antosiewicz et al., 1995; Braam et al., 1997).  As 

mentioned in Section 3.5, TCH3 was the most highly down-regulated signalling gene, 

showing 23.8- and 10.7-fold down-regulation at 12 and 24 h, respectively.  In addition, TCH2 

was down-regulated 2.8- and 2.6-fold at 12 and 24 h, respectively. 

Table 3-7.  Ca
2+

 signalling genes which displayed differential expression upon ABP1 inactivation at 12 and/or 
24 h.  Coloured boxes show up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and 
down-regulated genes with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are 
denoted with *. 

Family AGI code Name 
FC 

12 h 24 h 

Ca
2+

-dependent 
protein kinase 

AT4G23650 CPK3/CDPK6 1.8 3.1* 

AT3G20410 CPK9 3.6* 1.2 

AT1G35670 CPK11/CDPK2 3.8* 2.6* 

AT3G57530 CPK32 2.6* 1.4 

CBL-interacting 
protein kinase 

AT3G17510 CIPK1 2.4* 2.2* 

AT2G26980 CIPK3 2.7* 2.2 

AT4G30960 CIPK6/SIP3 1.6* 1.5 

AT1G01140 CIPK9 3.0* 3.0* 

AT5G01820 CIPK14/SR1 1.2 2.5* 

AT5G01810 CIPK15 1.8* 1.5 

AT5G45820 CIPK20 1.5 2.7* 

CPK-related kinase AT2G41140 CRK1 1.3 2.5* 

CBL 

AT5G55990 CBL2 1.5 1.9* 

AT4G26570 CBL3 2.6* 2.2* 

AT5G24270 CBL4/SOS3 2.5* 1.5 

Calmodulin 
AT1G66410 CAM4 1.3 2.2* 

AT3G43810 CAM7 1.3 1.8* 

Calmodulin-like 

AT2G43290 CML5/MSS3 1.7 2.0* 

AT2G41090 CML10 1.9* 2.1* 

AT2G41100 CML12/TCH3 23.8* 10.7* 

AT1G12310 CML13 1.8* 1.3 

AT3G25600 CML16 3.6* 2.4* 

AT5G37770 CML24/TCH2 2.8* 2.6* 

AT1G18210 CML27 1.6* 1.7* 

AT2G41410 CML35 2.3* 2.3* 

AT3G10190 CML36 2.5* 2.5* 

AT1G76650 CML38 2.8* 1.2 
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3.8.4. Other signalling gene families 

PP2A is a phosphoprotein phosphatase which regulates polar auxin transport by regulating 

the localisation of PIN proteins (Chapter 1, Section 1.1).  This gene was highly up-regulated 

upon ABP1 inactivation, 6.2- and 5.1-fold at 12 and 24 h, respectively (Table 3-8). 

    Phospholipases are connected to auxin signalling and possibly ABP1 signalling (Chapter 1, 

Section 1.4.4).  Three types are associated with auxin signalling: secreted phospholipase A2 

(S-PLA2), patatin-related phospholipase A (PAT-PLA) and phospholipase D (PLD) (Scherer 

et al., 2012).  One S-PLA2 gene (S-PLA2-Α) was down-regulated 2.3-fold at 24 h; two PAT-

PLA genes were down-regulated (PAT-PLA-IIΑ 2.1-fold at 12 h and PAT-PLA-IIIΔ 1.7-fold 

at 24 h) and PAT-PLA-IIIΓ was up-regulated 1.8-fold at 24 h; and one PLD gene (PLDΔA) 

was down-regulated 1.7-fold at 24 h (Table 3-9).  Two phospholipase genes in families not 

connected to auxin were down-regulated (phospholipase A1 gene PLA1-IIΔ and 

phospholipase C gene NOVEL PHOSPHOLIPASE C 6, NPC6).  None of the phospholipases 

differentially expressed in this study have been characterised with respect to auxin responses. 

    A cyclophilin gene in tomato (DIAGEOTROPICA) has been linked to ABP1 signalling 

(Christian et al., 2003; Oh et al., 2006; Lavy et al., 2012).  However, cyclophilin genes are 

yet to be connected to auxin signalling in Arabidopsis.  The closest homologues in 

Arabidopsis are in a group called I-a, along with DIAGEOTROPICA, and are CYCLOPHILIN 

18-3 (CYP18-3)/ROTAMASE CYP 1 (ROC1), CYP19-1/ROC3, CYP18-4/ROC5 and CYP19-

2/ROC6 (Oh et al., 2006).  There were 12 cyclophilin genes differentially expressed upon 

ABP1 inactivation in this data; most of them were up-regulated (Table 3-9).  Two of the four 

DIAGEOTROPICA closest homologues, ROC1 and ROC5, were affected by ABP1 

inactivation (down-regulated and up-regulated, respectively).  CYP19-3/ROC2 is in the next 

closest group (I-b) and was highly up-regulated with ABP1 inactivation (6.2- and 5.7-fold at 

12 and 24 h, respectively).  CYP71 is linked to meristem development (Li et al., 2007) and 

this gene was up-regulated 1.9-fold at 24 h. 

    The heterotrimeric G-protein has been linked to auxin response; analysis of a mutant in the 

β subunit suggests that it acts as a repressor of auxin-induced cell division (Ullah et al., 

2003).  GPCR-TYPE G-PROTEIN 2 (GTG2) interacts with the α subunit of the 

heterotrimeric G-protein and is an ABA receptor (Pandey et al., 2009).  This gene was down-

regulated 1.8-fold at 12 and 24 h (Table 3-9). 
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    ROP GTPase genes are linked to ABP1 signalling (Chapter 1, Section 1.4.4); however, 

none of these genes were differentially expressed, which suggests that although ROP 

GTPases are components of ABP1 signalling, they are not transcriptionally regulated by the 

ABP1 pathway. 

    A large number of TF genes, 257, were affected by ABP1 inactivation and the genes which 

are relevant to auxin signalling were described in Section 3.6.  The rest of the TF genes were 

involved in a broad range of processes, which reflects the importance of ABP1 to plants.   

    The analysis of signalling genes affected by ABP1 inactivation identified a number of 

interesting genes to help with the selection and analysis of candidates for the ABP1 pathway, 

which is the focus of Chapter 4.      

Table 3-8.  Phosphatase genes which showed differential expression upon ABP1 inactivation at 12 and/or 24 
h.  Coloured boxes show up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and 
down-regulated genes with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are 
denoted with *. 

Family AGI code Name 
FC   

12 h 24 h 

Protein 
phosphatase 

AT4G26080 ABI1 2.5* 2.1* 

AT1G05000 DSP9 2.4* 1.8 

AT5G52200 I-2 1.6* 1.3 

AT1G69960 PP2A 6.2* 5.1* 

AT4G26720 PPX1 1.6 1.6* 

AT2G29400 TOPP1 1.8* 1.7 

AT1G64040 TOPP3 1.7 1.8* 

AT4G11240 TOPP7 2.0* 2.1* 

AT1G09160 
 

1.7* 1.3 

AT1G68410 
 

2.1* 1.7 

AT3G55050 
 

1.4 2.1* 

AT4G28400 
 

2.9* 5.3* 

AT4G31860 
 

1.8* 1.3 

AT5G53140   1.6* 1.2 

Purple acid 
phosphatase 

AT1G14700 PAP3 1.2 2.3* 

AT2G01890 PAP8 1.2 2.1* 

AT2G16430 PAP10 1.1 2.4* 

AT3G17790 PAP17 50.8* 81.3* 
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Table 3-9.  Various other signalling gene families with genes which were differentially expressed upon ABP1 
inactivation at 12 and/or 24 h.  Coloured boxes show up-regulated genes with fold change (FC) ≥ 2 (red) or 
FC < 2 but ≥ 1.5 (pink); and down-regulated genes with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  
Significant P-values (< 0.005) are denoted with *. 

Family AGI code Name 
FC 

12 
h 

24 h 

Phospholipase 

AT3G48610 NPC6 1.9 3.2* 

AT4G29800 PAT-PLA-IIIΓ 1.4 1.8* 

AT3G63200 PAT-PLA-IIIΔ 1.1 1.7* 

AT2G26560 PAT-PLA-IIΑ 2.1* 1.2 

AT2G42690 PLA1-IIΔ 1.8* 1.7* 

AT4G35790 PLDΔA 1.5 1.7* 

AT2G06925 S-PLA2-Α 1.1 2.3* 

G-protein AT4G27630 GTG2 1.8 1.8* 

Cyclophilin 

AT1G01940 CYP18-1 2.4* 3.4* 

AT2G36130 CYP18-2 1.8* 1.4* 

AT4G38740 CYP18-3/ROC1 1.1 2.0* 

AT4G34870 CYP18-4/ROC5 1.7* 1.5* 

AT3G56070 CYP19-3/ROC2 6.2* 5.7* 

AT3G44600 CYP71 1.4 1.9* 

Immunophilin 

AT5G64350 FKBP12 1.9* 1.5* 

AT3G25220 FKBP15-1  2.2* 1.8 

AT5G48580 FKBP15-2 2.3* 3.5* 

AT4G39710 FKBP16-2 1.2 2.8* 

AT1G18170 FKBP17-2 1.9* 1.7* 

AT5G48570 FKBP65 1.2 2.3* 

Parvulin 

AT2G18040 PIN1AT 2.7* 4.0* 

AT1G26550 PIN2AT 1.0 1.6* 

AT5G19370 PIN3AT 1.7* 1.3 

Two-
component 
signalling 

AT3G29350 AHP2 1.2 1.7* 

AT1G03430 AHP5 2.5* 2.1* 

AT1G10470 ARR4 1.1 1.7* 

AT5G02810 PRR7 2.2* 1.2 

 

3.9. Cell cycle genes 

As mentioned in the general introduction, auxin is involved in the regulation of the cell cycle 

and ABP1 has been shown to control both the G1/S and G2/M transitions (David et al., 

2007).  In addition, Braun et al. (2008) demonstrated that ABP1 is required for maintaining 

expression of important CYCD genes.  However, cell cycle genes were predominantly up-

regulated with ABP1 inactivation in this study.  Of the core cell cycle genes, which include 

the CDK, CYC, KRP, CKS, E2F, DP, RB and WEE1 families (Menges et al., 2005), CYCD3.1 

was down-regulated (consistent with Braun et al. (2008)); and CDKD.3, CYCH.1, CYCT.1, 

CYCD5.1, CYCA3.2 and KRP4 were up-regulated.  The most highly up-regulated cell 

division-related gene was OBF-BINDING PROTEIN 1 (OBP1) (8.1- and 9.3-fold at 12 and 
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24 h).  OBP1 encodes a DOF TF involved in induction of cell division genes involved in cell 

division (Skirycz et al., 2008). 

 

3.10. Genes involved in cell-wall expansion and lignification 

Plant cell expansion is induced by auxin and involves cell-wall modification.  Auxin is 

thought to promote cell expansion by inducing plasma membrane H
+
 transport to the cell wall 

(acid growth), as well as affecting the transcription of cell-wall-related genes (Chapter 1, 

Section 1.5).  This process involves H
+
-ATPase transporters in the plasma membrane, which 

transport H
+
 to the cell wall, as well as cell-wall-modifying proteins such as expansins, 

XTHs, endo-1,4-beta-glucanases and possibly peroxidases.  Studies of the Arabidopsis 

conditional abp1 mutant have shown that ABP1 controls auxin-induced cell expansion 

(Chapter 1, Section 1.4.3).  Therefore, the microarray data was analysed to determine how 

ABP1 inactivation affects expression of cell-wall-related genes. 

    Auxin induces movement of H
+
 to the cell wall via H

+
-ATPases.  This response is rapid 

and does not require transcription; however, transcription of these genes could also be 

important for longer-term expansion.  One H
+
-ATPase gene, AHA2, was down-regulated 2.0-

fold at 24 h of ABP1 inactivation.  PROTON PUMP INTERACTOR 1 (PPI1) was shown to 

activate H
+
-ATPase in vitro; however, a mutant in this gene and double mutant with PPI2 

had no phenotype (Anzi et al., 2008).  PPI1 was down-regulated 2.4- and 1.5-fold at 12 and 

24 h, respectively.  K
+
 transport is important for cell expansion because import of K

+
 into the 

cell maintains osmolyte balance during expansion (Chapter 1, Section 1.5).  The gene KUP2 

encodes a K
+
 transporter and was down-regulated 1.5-fold at 12 h and 2.7-fold at 24 h.  A 

mutant in this gene has reduced leaf and stem expansion (Elumalai et al., 2002), so this gene 

could be an important target of ABP1-regulated cell expansion. 

    In total, 235 putative cell-wall-related genes were differentially expressed upon ABP1 

inactivation; 145 genes at 12 h and 204 genes at 24 h (Figure 3-14).  A list of these genes is 

provided in Appendix A.5, Table A-3.  The results indicate that ABP1 is important for 

maintaining expression of cell-wall genes, since most of these genes (176/235) were down-

regulated upon ABP1 inactivation.  A large range of cell-wall-related gene families had genes 

which were affected by ABP1 inactivation and many of these groups could be important for 

auxin-induced cell expansion.  Genes affected by ABP1 inactivation include those involved 
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in synthesis of cellulose; generation of substrates for synthesis of cell-wall components, such 

as the nucleotide-sugar interconversion pathway for sugar substrates and lignin biosynthesis; 

proteins which modify cell-wall components such as expansins, XTHs, PMEs, pectin 

acetylesterases (PAEs), endo-1,4-beta-glucanases, endo-1,3-beta-glucosidases, 

polygalacturonases and beta-galactosidases; peroxidases; proteases; structural proteins such 

as extensins, proline-rich proteins and glycine-rich proteins; proteins with interacting 

domains such as LRR proteins and enzyme inhibitors; proteins involved in signalling and 

response such as arabinogalactan proteins (AGPs), SKU5-like and Cobra-like; and proteins 

involved in lipid metabolism such as GDSL lipases and lipid transfer proteins (LTPs).   

    Proteins which act on carbohydrates, such as expansins and XTHs, are important for cell 

expansion.  Most of these proteins are enzymes which directly modify the polysaccharides; 

the exception is expansins, which are thought to disrupt hydrogen bonds between 

polysaccharides (Chapter 1, Section 1.5).  Six expansin genes were differentially expressed 

following ABP1 inactivation; three were up-regulated and three were down-regulated.  It was 

mentioned in Section 3.5 that EXPA20 was one of the most highly up-regulated genes in all 

of the data.  XTHs catalyse xyloglucan transglycosylation and there were 17 genes 

differentially expressed upon ABP1 inactivation (15 down-regulated).  XTH31 and XTH23 

were among the most highly up-regulated and down-regulated genes, respectively (Section 

3.5).  Two of the down-regulated XTH genes have possible roles in cell expansion.  For 

example, XTH9 expression correlates with areas of cell elongation and is reduced in mutants 

with cell elongation defects (Hyodo et al., 2003).  TCH4 is induced by auxin and its 

expression correlates with areas of cell expansion (Xu et al., 1995).  Endo-1,4-beta-

glucanases act on 1,4-β-D-glucan linkages in polysaccharides (Libertini et al., 2004).  Two 

endo-1,4-β-glucanases were down-regulated upon ABP1 inactivation and CELLULASE 1 is 

expressed in elongating areas of shoot and root (Shani et al., 1997).  This gene was down-

regulated 1.6-fold at 24 h of ABP1 inactivation.  Polygalacturonases break down 

homogalacturonan and their activity in cotton has been correlated with cell expansion (Zhang 

et al., 2007).  Four polygalacturonase genes were differentially expressed upon ABP1 

inactivation; two were up-regulated and two were down-regulated.  PMEs catalyse 

homogalacturonan demethylesterification to form acidic pectins and methanol (Pilling et al., 

2000; Micheli, 2001).  Nine PME genes were differentially expressed upon ABP1 

inactivation and most of them were down-regulated.   
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    It was mentioned in Chapter 1, Section 1.5, that formation of ROS in the cell wall might be 

important for cell expansion, since ROS such as •OH can degrade cell-wall components and 

allow for extension of the wall.  Peroxidases are enzymes which can generate •OH and this 

process occurs in response to auxin (Passardi et al., 2004).  Five peroxidase genes were 

down-regulated after ABP1 inactivation.   

    SKU5 is a GPI-anchored protein associated with directional cell expansion and a 

homologous gene in maize, encoding the CBP1 protein, was isolated bound to ABP1 in a 

photoaffinity crosslinking experiment; therefore, it has been suggested that SKU5 may 

interact with ABP1 (Chapter 1, Section 1.4.5).  SKU5 was down-regulated 1.9-fold upon 

ABP1 inactivation; in addition, five SKU5-SIMILAR (SKS) genes were down-regulated.   

    AGPs are proteoglycans located at the surface of the plasma membrane.  Treatment of 

Arabidopsis seedlings with a reagent (β-glucosyl Yariv reagent) which binds AGPs, results in 

reduced root and shoot cell expansion (Willats and Knox, 1996).  One AGP gene has been 

linked to cell expansion plus cell division in Arabidopsis (AGP19) but this gene was not 

affected by ABP1 inactivation (Yang et al., 2007).  However, another AGP gene, AGP18, is 

also linked to cell expansion (Zhang et al., 2011) and this gene was down-regulated with 

ABP1 inactivation.  There were 22 AGP genes (out of 62 total) differentially expressed upon 

ABP1 inactivation and 17 of them were down-regulated.  Therefore, it is possible that 

regulation of these genes by ABP1 is important for auxin-induced cell expansion. 
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Figure 3-14.  Cell-wall-related genes which were differentially expressed upon ABP1 inactivation.  Boxes with thick and thin borders denote genes changed at 12 and 24 h, 
respectively.  Green and red boxes signify genes that were down-regulated and up-regulated upon ABP1 inactivation, respectively. 
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    Genes involved in the phenylpropanoid pathway, which generates monolignols (p-

coumaryl, coniferyl and sinapyl alcohols) for lignin biosynthesis, were analysed in more 

detail using Mapman.  Genes in this pathway were differentially expressed at 12 and 24 h of 

ABP1 inactivation, but the greatest changes were at 24 h (Figure 3-15).  Almost all steps in 

this pathway were down-regulated, which indicates that ABP1 is important in regulation of 

lignification and this role for ABP1 is investigated in Chapter 5. 

 

Figure 3-15.  Phenylpropanoid pathway genes differentially expressed upon ABP1 inactivation (24 h).  
Mapman was used to map the phenylpropanoid pathway genes onto the diagram.  Red = up-regulated.  
Green = down-regulated. 
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3.11. Nuclear proteome 

3.11.1. Nuclear protein extraction and processing 

As described in the introduction of this chapter (Section 3.1), the aim of the nuclear proteome 

analysis was to identify differences in nuclear protein expression upon ABP1 inactivation, 

focusing on signalling components which could be important for ABP1 signalling.  To do 

this, the nuclear proteome of ABP1-inactivated plants was compared to wt using iTRAQ, 

which is a technique for determining differential expression of proteins.  

    The nuclear protein extraction protocol had not been conducted before in our lab, so the 

protocol had to be developed and optimised.  Nuclei were extracted following a protocol 

adapted from Folta and Kaufman (2006) (Chapter 2, Section 2.5.1).  The sample was tested 

using DAPI stain (which binds nucleic acid) to visualise nuclei.  Nuclei were observed but 

there was also a large amount of debris (Figure 3-16A).  Protein was extracted from the 

sample and alkylated, to prevent disulfide bond formation Chapter 2, Sections 2.5.2 and 

2.5.5).  The alkylated protein was digested with trypsin Chapter 2, Section 2.5.8) and 

analysed by M. Middleditch (Proteomics Facility, Centre for Genomics and Proteomics, SBS, 

University of Auckland) using LC to separate the peptides and mass spectrometry to identify 

them.  This process gives a snapshot of what proteins would be identified by iTRAQ; 

however, iTRAQ can identify many more proteins because the samples are divided into 

multiple elutions and run again using LC.  The first extract had many chloroplastic proteins 

(~45% of the 93 identified proteins), so a trial was conducted taking different amount of the 

band at the 30%-80% Percoll interface where nuclei should be present, since this band goes 

dark green at the bottom due to chloroplasts.  Taking less pellet resulted in less chloroplasts 

and less other debris as well (Figure 3-16B).  This trial indicated that only the top area of the 

band should be used. 

 

Figure 3-16.  Trial extracts of nuclei from 5 DAG seedlings visualised with DAPI stain.  A = The first trial of 
nuclei.  B = The last trial where the green part of the nuclear fraction was excluded during extraction.  Scale 
bar = 200 μm. 
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    Nuclei were processed from 1 g of tissue, from eight samples (Section 3.3), which were 

duplicates of wt and the conditional abp1 mutant, at 0 and 24 h of ethanol induction, and the 

nuclei were visualised with DAPI stain (Figure 3-17). 

 

Figure 3-17.  Extracts of nuclei from wt and the conditional abp1 mutant visualised with DAPI stain.  The wt 
and conditional abp1 mutant samples were from 5 DAG seedlings treated with ethanol for 0 and 24 h in 
duplicate.  Scale bar = 20 μm. 

 

    Protein was extracted and alkylated and the concentration was assessed using a Bradford 

assay.  The quality was visualised using SDS-PAGE and silver staining (Figure 3-18), which 

showed that the protein had not degraded.  Samples were processed for iTRAQ and analysed 

using LC-MS/MS (Chapter 2, Section 2.5.6-Section 2.5.9). 

 

Figure 3-18.  Protein banding of the alkylated samples on an SDS-PAGE gel.  SDS-PAGE and silver stain were 
conducted on the wt and conditional abp1 mutant samples harvested at 0 and 24 h of ethanol induction. 
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3.11.2. Nuclear proteome iTRAQ results 

The iTRAQ analysis identified 404 proteins; however, 115 proteins were chloroplastic 

(~28%), although this is a significant reduction in chloroplastic contamination relative to the 

first trial.  Out of the remaining 289 proteins, only 17 were significantly differentially 

expressed at 24 h (P-value < 0.05) (Table 3-10).  At 0 h, no proteins were significantly 

differentially expressed.  Comparison to microarray data showed that transcriptional and 

protein expression changes matched for 35% of the genes.  There was one gene that was 

transcriptionally up-regulated but down-regulated at the protein level.  The other proteins had 

no corresponding transcriptional change.  None of the identified differentially expressed 

proteins were involved in signal transduction; therefore, the iTRAQ data could not be used to 

select signalling gene candidates.  The microarray data, however, provided a large number of 

interesting signalling genes as described earlier in this chapter and the best candidates were 

selected and analysed in Chapter 5. 

Table 3-10.  The proteins which were differentially expressed in the nucleus upon ABP1 inactivation.  In 
addition, some of these genes were transcriptionally affected in the microarray experiment.  Coloured boxes 
show up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.4 (pink); and down-regulated genes 
with FC ≥ 2 (green) or FC < 2 but ≥ 1.4 (pale green) (P-value < 0.05*, < 0.01**, < 0.005***). 

AGI code Name 

FC 
 

iTRAQ Microarray 
 

24 h 12 h 24 h 

AT5G15090 VDAC3 3.5** 1.6*** 1.5*** 

AT2G07698 ATP SYNTHASE ALPHA CHAIN 2.8*** 
  

AT3G26520 TIP2 2.7* 
  

AT1G78830 
 

2.3*** 
  

AT3G18780 ACT2 1.9* 
  

AT5G14170 CHC1 1.8* 
  

AT3G47370 40S RIBOSOMAL PROTEIN S20-2 1.8* 3.1*** 2.8*** 

AT4G18100 60S RIBOSOMAL PROTEIN L32-1 1.6** 2.4*** 2.5*** 

AT2G01250 60S RIBOSOMAL PROTEIN L7-2 1.5* 2.0*** 2.2*** 

AT3G60770 40S RIBOSOMAL PROTEIN S13-2 1.4* 2.8*** 2.3*** 

AT3G08950 SCO1 1.5* 

  AT1G04040 
 

1.7** 

  AT2G41260 M17 1.8* 

  AT3G22120 CWLP 2.1* 6.1*** 14.9*** 

AT3G32980 PRX32 2.4* 

  AT4G27170 SEED STORAGE PROTEIN 4 3.0** 

  AT5G47700 60S ACIDIC RIBOSOMAL PROTEIN P1-3 4.5* 2.7*** 2.2*** 
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3.12. Discussion 

ABP1 is important for auxin responses such as cell division and expansion, but its effect on 

gene expression has not been well characterised.  In addition, it is unknown how ABP1 

signals to the nucleus, so there is a need to identify signalling candidates which could be in 

the ABP1 pathway.  Therefore, this chapter investigated the effect of ABP1 inactivation on 

the Arabidopsis transcriptome and nuclear proteome to identify candidate signalling genes, 

using microarrays and iTRAQ, respectively.  The microarray data (but not the iTRAQ data) 

was very successful for providing new information on signalling genes affected by ABP1 

inactivation, which could be linked to ABP1.  There was a large number of genes 

differentially expressed upon ABP1 inactivation (3696 genes), whereas there was only a 

small number of proteins differentially expressed in the nucleus (17 proteins).  This section 

discusses the possible meaning of these changes with respect to ABP1‟s role in plant growth 

and development.    

3.12.1. Overall effect of ABP1 inactivation on transcription 

This chapter showed that ABP1 inactivation had a large effect on the transcription of many 

genes.  This result is not surprising, since ABP1 has an essential role in plants; a homozygous 

T-DNA mutant is embryo-lethal and ABP1 is essential for cell expansion and division in 

shoots and roots (Chen et al., 2001b; Braun et al., 2008).  Retrospectively, it would have been 

useful to have a time point earlier than 12 h, so that the first genes affected by ABP1 

inactivation could have been identified.  ABP1 inactivation affected a broad range of genes 

(Section 3.5).  A larger number of genes were up-regulated than down-regulated (2083 versus 

1613 genes); however, of the over-represented gene classes in the Mapman analysis, most of 

them were down-regulated (four classes up-regulated, nine down-regulated) (Table 3-2).  

This result is due to some up-regulated groups containing a large number of genes, in 

particular protein synthesis and targeting with over 500 genes, and many unassigned genes.  

While this is a large number of genes, it is still possible to draw some conclusions and 

hypotheses.   

    One of the major patterns in the transcriptome data was a down-regulation of stress-related 

genes upon ABP1 inactivation (Section 3.5).  Less et al. (2011)  identified coordinated gene 

groups that are affected in similar ways by different cues such as various stresses, nutritional 

and hormonal treatments.  For example, hormone metabolism, signalling and stress were 

shown to cluster together; all of these categories were generally down-regulated upon ABP1 
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inactivation.  It might be expected that ABP1-inactivated plants would be stressed, since loss 

of ABP1 has such a major impact on growth and development.  However, stress genes were 

down-regulated and this result correlates with down-regulation of ethylene and ABA 

signalling-related genes, which are associated with signalling stress responses (Wang et al., 

2002; Cutler et al., 2010; Less et al., 2011).  Many of these ethylene and ABA signalling-

related genes were also auxin-induced genes, which suggests that ABP1 is involved in 

crosstalk between auxin and these two hormones, and that ABP1 might be required for stress 

response. 

    ABP1 did not seem to be important for maintaining cell energy status.  Energy generation 

and amino acid biosynthesis appear to be closely linked (Less et al., 2011), and both of these 

processes were up-regulated upon ABP1 inactivation.  These processes are generally up-

regulated when energy status is high (Less et al., 2011).  Other lines of evidence also 

suggested that the ABP1-inactivated plants had sufficient energy: there was up-regulation of 

RNA and protein synthesis genes, cell cycle genes and nucleotide synthesis genes.  This up-

regulation of protein synthesis was also observed at the protein level upon ABP1 inactivation, 

with a higher concentration of ribosomal proteins in the nuclear proteome (Section 3.11.2) 

and as contaminants in the cell-wall proteome (Chapter 5, Section 5.6.2), indicating that up-

regulation of protein synthesis is one of the major changes which occurs upon ABP1 

inactivation. 

    ABP1 could be involved in regulation of nitrogen uptake, since the ABP1-inactivated 

plants exhibited down-regulation of amino acid breakdown, which suggests that they were 

conserving amino acids.  In addition, lipid metabolism and photosynthesis genes were down-

regulated, which is known to occur upon nitrogen limitation (Martin et al., 2002).  Nitrogen 

uptake by the roots is known to be auxin-regulated along with lateral root growth (Kiba et al., 

2011), so it is possible that ABP1 could be involved in regulation of this process.    

3.12.2. Auxin signalling genes 

The TIR1 signalling pathway is well known to regulate gene expression in response to auxin 

and this pathway is well characterised (Chapter 1, Section 1.3.2).  However, ABP1 also 

appears to be required for this process.  The observed down-regulation of auxin signalling 

genes with ABP1 inactivation (Section 3.6) supports the importance of ABP1 in auxin 

signalling and agrees with the Braun et al. (2008) study; they inactivated ABP1 in leaves and 

showed that ABP1 is involved in maintaining expression of the TIR1/AFB pathway 
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components, AUX/IAAs.  Crosstalk between ABP1 and the TIR1/AFB pathway was 

suggested by Braun et al. (2008) because of the affect of ABP1 inactivation on AUX/IAAs.  

The changes showed similarities as well as differences when compared to the results of Braun 

et al. (2008).  In both studies, IAA2, IAA7 and IAA17 were down-regulated.  However, Braun 

et al. (2008) obtained down-regulation of IAA1, IAA4, IAA5, IAA14 and IAA19 which was not 

observed in this data.  In addition, this data showed up-regulation of IAA11 and IAA27 which 

was not observed in the Braun et al. (2008) data.  The differences are unsurprising since the 

Braun et al. (2008) study investigated leaves and this microarray experiment used whole 

seedlings, and AUX/IAAs are known to show different expression patterns in different tissues 

(Teale et al., 2006). 

      This research provided new insights on how ABP1 inactivation affects TIR1 signalling 

genes.  For example, TPL encodes a protein which interacts with IAA12 and is necessary for 

the repressive activity of this AUX/IAA (Szemenyei et al., 2008).  Therefore, it is possible 

that ABP1 affects the activity of more AUX/IAAs by affecting TPL expression.  Two TIR1 

family receptor genes were down-regulated upon ABP1 inactivation (AFB1 and AFB2).  The 

members of the TIR1/AFB family appear to differ in their function; for example, both AFB1 

and AFB2 are unable to restore the tir1-1 2,4-D root resistance phenotype to wt (Parry et al., 

2009).  AFB1 has a role in plant growth, as tir1-1 afb1 afb2 plants are smaller than tir1-1 afb2 

plants.  In contrast, AFB2 is involved in root auxin response, because a tir1-1 afb2 mutant has 

higher 2,4-D resistance than a tir1-1 mutant (Parry et al., 2009).  The down-regulation of 

these genes was at 24 h not 12 h, so it was a downstream consequence of ABP1 inactivation.  

TIR1 is a component of an SCF complex, which promotes the degradation of AUX/IAAs in 

response to auxin (Chapter 1, Section 1.3.2).  ASK1 and ECR1 encode core components of 

this complex (Gray et al., 1999; Del Pozo et al., 2002b) and both of these genes were up-

regulated with ABP1 inactivation.  Therefore, ABP1 appears to affect many different 

components of the TIR1/AFB pathway.  However, it remains unclear whether ABP1 affects 

gene expression independently of the TIR1/AFB pathway, or whether TIR1 is downstream of 

ABP1. 

    ABP1 was up-regulated upon ABP1 inactivation, which indicates that this gene exhibits 

positive feedback regulation.  This result is an important finding because signalling pathways 

often show co-regulation, so it acts as a way to identify other signalling genes that could be 

involved in the ABP1 pathway.  ABP1 generally has low but very consistent expression 
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across development (Tromas et al., 2009), so it was very interesting to observe this 

regulation.   

    Some TFs implicated in auxin signalling were differentially expressed.  For example, 

MYB77 interacts with ARFs to regulate auxin response and lateral root development and 

MYB77 was down-regulated with ABP1 inactivation.  A knock-out mutant in MYB77 exhibits 

reduced auxin-responsive gene expression and less lateral roots (Shin et al., 2007).  

Interestingly, this gene is down-regulated during potassium deprivation (Shin and 

Schachtman, 2004) and ABP1 is known to regulate K
+
 channels (Chapter 1, Section 1.4.2).  

In addition, ABP1 appears to affect lateral root formation (Effendi and Scherer, 2011).  

Therefore, ABP1 may be important for MYB77 control of lateral root formation.  The 

homeodomain-leucine-zipper (HD-Zip) family TF gene, HAT2, is rapidly induced by auxin 

treatment and a HAT2 over-expressor shows auxin-related phenotypes, such as long 

hypocotyls and small leaves (a phenotype similar to auxin over-production mutants) and 

reduced lateral roots and increased root auxin resistance (Sawa et al., 2002).  HAT2 was 

down-regulated with ABP1 inactivation; therefore, it appears that ABP1 is involved in 

maintaining expression of this gene.  A null mutant of this gene gave no phenotype; however, 

HAT2 is one of nine genes in the HD-Zip II subfamily and there is likely to be redundancy, 

since other members are linked to auxin responses (Sessa et al., 2005).  Interestingly, five of 

the nine genes in this subfamily were down-regulated by ABP1 inactivation. It would be 

interesting to test the transcriptional response to auxin upon ABP1 inactivation for MYB77 

and HAT2, to see if ABP1 is essential for their response to auxin. 

3.12.3. Auxin homeostasis 

A small number of genes involved in auxin biosynthesis were differentially expressed.  Auxin 

biosynthesis is known to be regulated by various environmental and developmental signals 

(reviewed by Zhao, 2010) and by CK signalling (Jones et al., 2010).  At 12 h, PAI3 was up-

regulated.  This gene encodes one of three genes involved in the third step in tryptophan 

biosynthesis (Li et al., 1995).  This up-regulation fits with the general up-regulation of amino 

acid biosynthesis which occurred with ABP1 inactivation; therefore, this change does not 

appear to be auxin-related.  However, at 24 h there were several genes down-regulated in the 

major IAA biosynthesis pathway, called the IPA pathway.  TAA1 is involved in the formation 

of the IAA precursor IPA; this gene is up-regulated during shade avoidance (Tao et al., 

2008).  YUC enzymes catalyse IPA to IAA (Mashiguchi et al., 2011) and three YUC genes, 
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YUC2, YUC5 and YUC8 were down-regulated.  Therefore, ABP1 inactivation affected genes 

in two auxin biosynthetic pathways; however, these genes are all in big families so it is 

uncertain whether down-regulation of these genes would affect auxin biosynthesis.  In 

addition, all of these changes occurred at 24 h but not at 12 h, so it is likely that ABP1 does 

not have a direct affect on auxin biosynthesis. 

    Conjugates of IAA with sugars and amino acids function for storage, transport and 

compartmentalizing auxin (reviewed by Cohen and Bandurski, 1982). One gene was up-

regulated at 12 h, ILL6.  This gene encodes an IAA conjugate hydrolase, but the biological 

role of this gene is yet to be elucidated  (LeClere et al., 2002).  

    ABP1 could potentially negatively regulate conversion of IBA to IAA, a process which 

occurs in the peroxisome (Zolman et al., 2000).  ABP1 inactivation affected the expression of 

two genes involved in the conversion of IBA to IAA.  PEX5 (up-regulated at 24 h) encodes a 

transporter that imports peroxisomal proteins and is required for conversion of IBA to IAA, 

perhaps by importing the enzymes required for this conversion step (Zolman et al., 2000).  

PEX6 (up-regulated at 12 h) appears to be an ATPase which regulates PEX5 recycling 

(Zolman and Bartel, 2004).  Therefore, ABP1 inactivation may result in increased conversion 

of IBA to IAA, which suggests that ABP1 might repress this process, although transcriptional 

regulation of these genes by auxin has not been reported. 

    Auxin transport is regulated by ABP1, through modulating the endocytosis of PIN proteins 

at the plasma membrane (Chapter 1, Section 1.4.4).  The influence of ABP1 on auxin 

transport also appears to involve transcriptional changes, since ABP1 inactivation affected 

seven transport-related genes at 12 h and 12 genes at 24 h.  Therefore, it appears that ABP1 

regulates auxin levels in cells mainly by influencing auxin transport, rather than by causing 

changes in auxin biosynthesis.  Two PIN proteins were transcriptionally affected by ABP1 

inactivation; this change could also contribute to transport defects in the conditional abp1 

mutant.  PIN3 was up-regulated at 12 h and this gene is required for tropism in both shoots 

and roots (Friml et al., 2002a).  PIN4 was down-regulated at 24 h and this gene is required for 

auxin distribution in the root (Friml et al., 2002b).  Another transporter gene, ABCB2, was 

down-regulated 24 h.  In addition, the auxin influx transporter gene LAX1 was up-regulated, 

which indicates that ABP1 may affect auxin influx as well as efflux.  Some of the signalling 

genes affected by ABP1 inactivation have possible roles in auxin transport.  For example, the 

Ca
2+

-dependent protein kinase gene CIPK6 was down-regulated and a mutant in this gene has 
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fused cotyledons, thick hypocotyls, shorter roots and reduced shoot to root auxin transport 

(Tripathi et al., 2009) (Section 3.8.3).  The AGC protein kinase genes D6PK, D6PKL1, 

D6PKL2 and D6PKL3 (Section 3.8.2) are involved in auxin transport and function 

redundantly (Zourelidou et al., 2009).  D6PKL2 and D6PKL3 were up-regulated at both time 

points and D6PK and D6PKL1 were down-regulated at 24 h.  Therefore, it appears that 

ABP1‟s affect on auxin transport could extend to changes in gene expression, in addition to 

its affect on PIN cycling at the plasma membrane. 

3.12.4. ABP1 and auxin-induced genes 

If ABP1 is required for auxin response, ABP1 inactivation would be predicted to cause 

down-regulation of auxin-induced genes.  To see if this was the case, the genes affected by 

ABP1 inactivation were compared to genes affected by auxin treatment using microarray data 

from Delker et al. (2010) (Section 3.7).  This analysis revealed that ABP1 is required for 

maintaining expression of many auxin-induced genes (159).  The ABP1 down/auxin up 

category had more genes than the other three combinations, which is what would be expected 

if ABP1 is necessary for auxin response.  In addition, this trend carried through for various 

gene groups such as auxin response, biosynthesis and transport genes; TF genes; signalling 

genes; and cell-wall-related genes.  Therefore, ABP1 signalling is important for maintaining 

expression of TF and signalling genes induced by auxin, as well as maintaining expression of 

cell-wall-related genes which could be required for auxin-induced cell expansion. 

    It appears that ABP1 regulates a subset of auxin-regulated genes because out of the genes 

affected by auxin treatment, only 20% were affected by ABP1 inactivation.  Scherer et al. 

(2012) suggested that ABP1 signalling may regulate TIR1/AFB signalling by regulating 

auxin transport, which would determine the intracellular auxin concentration and the amount 

of auxin binding to TIR1/AFB; however, they did not exclude the possibility of ABP1 

signalling to the nucleus independently of TIR1/AFB proteins as well.  The microarray data 

indicates that ABP1 is unlikely to affect gene expression only through TIR1/AFB signalling 

and is likely to have its own pathway to the nucleus. 

3.12.5. Cell cycle genes 

David et al. (2007) showed that ABP1 promotes the G1/S and G2/M transitions of the cell 

cycle and Braun et al. (2008) showed that cell division is reduced upon ABP1 inactivation.  

However, in this study, cell cycle genes such as CDK and CYC genes were mostly up-
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regulated upon ABP1 inactivation (Section 3.9).  Braun et al. (2008) found that CYCD3.1 and 

CYCD6.1 were down-regulated and transcriptional repressor E2FC and RBR1 were up-

regulated with ABP1 inactivation.  The only consistent change in this study was CYCD3.1 

being down-regulated; CYCD6.1, E2FC and RBR were unaffected.  CYCD3.1 is involved in 

the G1/S transition of the cell cycle (Menges et al., 2006), which fits nicely with ABP1‟s role 

in this process.  CYCD5.1 was up-regulated at 12 h; this gene is involved in 

endoreduplication (Sterken et al., 2012).  However, ABP1 inactivation is known to reduce 

endoreduplication (Braun et al., 2008), so the significance of up-regulation of this gene is 

unclear.  One of the up-regulated genes, KRP4, is an inhibitor of the cell cycle (Zhou et al., 

2002); therefore, just because cell cycle genes were up-regulated, it does not necessarily 

mean that the cell cycle was more active in ABP1-inactivated plants.  The cell division-

related TF OBP1 was highly up-regulated.  Interestingly, in a cell culture experiment, OBP1 

over-expression was found to initially increase cell division, but subsequently cell division 

slowed to result in less cells and smaller cells than the control (Skirycz et al., 2008).  

Therefore, it is possible that reduction of cell division upon ABP1 inactivation would be 

reflected in gene expression after the 24 h analysed in this experiment.  In support of this 

idea, Braun et al. (2008) did show that CYCD genes were greatly down-regulated at 48 h 

relative to 24 h after ABP1 inactivation. 

3.12.6. Cell expansion genes 

ABP1 is an important regulator of auxin-induced cell expansion, as demonstrated by studies 

using protoplasts and inducible ABP1 (Chapter 1, Section 1.4.2) and leaf growth of ABP1-

inactivated Arabidopsis (Braun et al., 2008).  During auxin-induced cell expansion, H
+
-

ATPases transport H
+
 to the cell wall to activate cell-wall-modifying proteins such as XTHs 

and expansins (Chapter 1, Section 1.5).  ABP1 controls this rapid response to auxin by 

modifying ion fluxes; however, there is also a transcriptional response of changes in cell 

expansion-related genes, which is important for sustained growth.  The microarray data 

suggests that ABP1 is required for the transcriptional response.   

    There were some signalling genes affected by ABP1 inactivation that may be involved in 

cell expansion and these genes are of particular interest, since they could be in the ABP1 

pathway.  For example, the HERCULES 1 (HERK1)/THE1/FER CrRLK pathway regulates 

cell elongation and THE1 was down-regulated with ABP1 inactivation (Section 3.8.1).  This 

elongation pathway is induced by BR but appears to be mostly independent of BR, since 
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microarray analysis showed that only a small proportion of BR-regulated genes are changed 

in a herk1 the1 double mutant (Guo et al., 2009).  This means that another pathway is 

involved and it could be the ABP1 pathway.  AT2G36570 encodes an LRR III RLK and a 

mutant had slightly curled leaves and more oval and compactly packed cells in the leaf, plus 

weaker lignification in leaf vascular bundles (Kim et al., 2008).  This phenotype could be 

related to ABP1, since ABP1 inactivation also results in leaf curling and changes in leaf cell 

appearance (Braun et al., 2008; Xu et al., 2010).  This gene was up-regulated (Section 3.8.1), 

which is interesting because ABP1 was also up-regulated, and they could be co-regulated 

genes in the same pathway.  Another cell expansion-related RLK was up-regulated, FEI2, 

which is in the LRR XIII sub-family (Section 3.8.1).  This gene along with FEI1 is involved 

in cell-wall elongation, although mainly in roots (Xu et al., 2008).  TCH3 encodes a 

calmodulin-like gene which was highly down-regulated with ABP1 inactivation (Section 

3.8.3).  This gene is involved in regulation of PID and auxin transport (Benjamins et al., 

2003).  In addition, TCH3 and TCH2 are expressed in regions of cell expansion (McCormack 

et al., 2001).  These genes are particularly interesting because ABP1 is involved in regulation 

of both auxin transport and cell expansion.  

    Transcriptional control of plasma membrane ion transporters by ABP1 was only observed 

for a few genes.  There are two dominant H
+
-ATPases in Arabidopsis, AHA1 and AHA2, and 

a T-DNA null mutant in both genes is embryo-lethal (Haruta et al., 2010).  The H
+
-ATPase 

gene, AHA2, was down-regulated by ABP1 inactivation, but only at 24 h (Section 3.10); 

whereas AHA1 transcription was unaffected by ABP1 inactivation.  PPI1 can activate H
+
-

ATPase in vitro and this gene was down-regulated; however, loss of this gene gave no 

phenotype (Anzi et al., 2008).  Therefore, it appears that transcriptional regulation of the H
+
-

ATPase is not an important aspect of ABP1 signalling for cell expansion.  Plasma membrane 

H
+
-ATPase activity is regulated by auxin via phosphorylation and this regulation is 

independent of the TIR1/AFB pathway, so it is probable that ABP1 regulates the H
+
-ATPase 

without changes in transcription (Takahashi et al., 2012).  The K
+
 transporter gene KUP2 is 

required for leaf and stem expansion (Elumalai et al., 2002) and this gene was down-

regulated with ABP1 inactivation.  Therefore, transcriptional regulation of this transporter 

could be important for ABP1-induced cell expansion. 

    A large number of cell-wall-related genes were affected by ABP1 inactivation (235) 

(Section 3.10) and many of them could be important for ABP1-regulated cell expansion.  The 

GPI-anchored protein SKU5 is linked to cell expansion and was suggested to be the docking 
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protein for ABP1 (Chapter 1, Section 1.4.5), and SKU5 as well as five SKU5 family genes 

were down-regulated with ABP1 inactivation.  AGPs are proteoglycans which are associated 

with cell expansion and a large number of genes in this family were down-regulated (17 

genes).  One AGP gene linked to cell expansion, AGP18 (Zhang et al., 2011), was among 

these and it is possible that the many uncharacterised AGP genes affected by ABP1 

inactivation could also be involved.  Many classes associated with cell-wall modification 

during cell expansion were affected, such as expansins, XTHs, endo-1,4-β-glucanases, 

polygalacturonases, PMEs, PAEs and peroxidises and most of these genes were down-

regulated.  Therefore, many of these genes could be involved in acting out cell expansion via 

ABP1.  A few of these genes have been directly associated with cell expansion.  For example, 

the XTH genes XTH9 and TCH4 are expressed in areas of expansion and TCH4 is an auxin-

induced gene (Xu et al., 1995; Hyodo et al., 2003).  The cell-wall proteome of ABP1-

inactivated stems was investigated in Chapter 5 and provided more insight on the cell-wall 

proteins likely to be involved in auxin-induced cell expansion. 

3.12.7. Lignification-related genes 

The phenylpropanoid pathway, which generates lignin subunits, is important for plant growth 

(Li et al., 2010) and the microarray data indicate that ABP1 regulates this pathway.  This 

pathway was greatly down-regulated when ABP1 was inactivated (Section 3.10).  Therefore, 

it appears that ABP1 is very important for the lignification pathway and this connection was 

investigated in Chapter 5, with respect to stem growth and lignification. 

3.12.8. Nuclear proteome 

The nuclear proteome upon ABP1 inactivation was investigated with the aim of identifying 

signalling-related genes differentially expressed.  A previous study identified signalling-

related proteins using 2D gel electrophoresis (Bae et al., 2003) and iTRAQ is a more 

sensitive technique (Wu et al., 2006).  The nuclear proteome identified 17 proteins 

differentially expressed in the nucleus; however, the protein changes did not include 

signalling genes (Section 3.11).  Therefore, the nuclear proteome could not be used to 

identify candidate signalling genes.  One of the problems with the data was variability, and 

since there were only duplicate samples for each time point and genotype, many of the 

expression differences were not significant.  In addition, there was substantial contamination 

of the sample with chloroplastic protein, which may have masked identification of signalling 

proteins with low abundance.  Compared to the microarray data, 35% of the changes 
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matched, which indicates that nuclear protein concentrations do not necessarily correspond to 

the transcriptional changes.   

3.13. Conclusion 

This chapter investigated the effect of ABP1 inactivation on the transcriptome and nuclear 

proteome, to identify signalling genes which could be components of the ABP1 pathway and 

to characterise the transcriptional changes related to processes regulated by ABP1, such as 

auxin response, cell division and cell expansion.  The results showed that ABP1 regulates 

auxin response genes in addition to the TIR1/AFB pathway and these pathways interact, but 

appear to signal to the nucleus independently.  ABP1 was confirmed to regulate cell cycle 

genes, as previously reported.  ABP1 was required for maintaining expression of cell 

expansion genes, which suggests that transcriptional regulation by ABP1 is important for cell 

expansion, in addition to its effect on ion fluxes at the plasma membrane.  Therefore, 

transcriptional regulation by ABP1 signalling is an important process and the pathway is 

unknown, so the next chapter aimed to focus on signalling genes which could bridge the gap 

between ABP1 and the nucleus. 
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Chapter 4. Signalling Candidate Gene Mutant Analysis1 

4.1. Introduction 

ABP1 is known to bind auxin and regulate cell expansion as well as cell division during plant 

development.  ABP1 signalling induces rapid ion fluxes, regulates auxin transport at the 

plasma membrane, and affects downstream gene expression and auxin responses (Chapter 1, 

Section 1.4).  However, it is currently unknown how this important auxin receptor transmits a 

signal to activate plasma membrane ion fluxes and affect gene expression in the nucleus.         

    There are some signalling components which are thought to be involved in auxin 

signalling, but not as part of the well characterised TIR1/AFB pathway, such as RLKs, MAP 

kinases, protein phosphatases, Ca
2+

 sensors, G-proteins, phospholipases, ROP GTPases and 

cyclophilins (Chapter 1, Section 1.4.4).  However, only ROP GTPases have been clearly 

linked to ABP1.  The ROP pathway regulates auxin transport and is important for leaf and 

root growth (Xu et al., 2010; Lin et al., 2012).  Some RLKs are known to function upstream 

of ROP GTPases in other signalling pathways, such as FER which regulates root hair 

development (Duan et al., 2010).  Therefore, it is likely that an RLK would signal from 

extracellular ABP1 to the intracellular ROP GTPases.  However, the other signalling 

categories are still very interesting for selecting candidates, because new links to ABP1 could 

be identified. 

    The effect of ABP1 inactivation on the transcriptome was analysed in Chapter 3 and 

provided greater insight on ABP1‟s role in regulating gene expression for auxin response, 

growth and development.  The transcriptome data identified a large number of signalling 

genes which were differentially expressed upon ABP1 inactivation and could be components 

of the ABP1 signalling pathway.  In this chapter, some of these signalling genes were 

selected as candidates.  These genes were analysed by obtaining T-DNA mutants and 

characterising them for growth and auxin-related phenotypes, as well as epistatic analysis 

with the conditional abp1 mutant and each other.  This analysis identified three genes that 

had not been linked to ABP1 previously and could be components of ABP1 signalling.  

 

                                                           
1
 A modification of this chapter (including some content from Chapter 3) has been drafted for publication. 
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4.2. Selection of candidate ABP1 pathway signalling genes 

The effect of ABP1 inactivation on signalling genes was investigated in Chapter 3, Section 

3.8 and some genes were described in more detail because they had been linked to growth 

and/or auxin response.  This chapter aimed to select signalling candidate genes and analyse 

them further for auxin-related phenotypes, to establish if they could be components of the 

ABP1 pathway.  Out of 181 signalling genes, 17 were selected (Table 4-1) using three criteria 

to help with gene selection.  However, there would be other criteria that could have been used 

and this choice will be discussed later.  ABP1 was up-regulated 2-fold upon ABP1 

inactivation, which indicated that ABP1 exhibits positive feedback regulation (Chapter 3, 

Section 3.6).  It is possible that other signalling genes in the ABP1 pathway might be up-

regulated as well, because genes in the same pathway often show co-regulation (Wolfe et al., 

2005; Mao et al., 2009).  Therefore, most of the signalling genes selected were up-regulated 

upon ABP1 inactivation.  The other two criteria were genes that were previously reported to 

be involved in auxin response; and genes known to be implicated in cell expansion or cell 

division.  The focus on auxin response was mostly based on the selection of genes induced 

transcriptionally by auxin treatment, although some signalling components would not be 

modulated by auxin at the transcript level.  Some excluded genes did fit one or two of the 

criteria; however, it was decided that 17 was a reasonable number of genes to work with.  

The genes were selected to spread across a range of signalling gene categories which could 

be involved in ABP1 signalling, such as kinases, phosphatases, Ca
2+

 signalling and G-

proteins.  It was also important to select genes that have not been placed in a pathway 

already. 
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Table 4-1.  The 17 signalling-related genes selected as possible candidates in the ABP1 pathway.  The table 
shows the fold-change (FC) upon ABP1 inactivation (12 and 24 h) and whether the genes showed co-
regulation with ABP1, are linked to auxin response and/or are linked to cell expansion/division.  Coloured 
boxes show up-regulated genes with FC ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and down-regulated genes with 
FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green). 

Family AGI code Name 

FC   
Implicated 
in auxin 
response 

Implicated 
in cell 
expansion 
or division 

Co-
regulated 
with 
ABP1 

12 h 24 h 

RLK LRR III 

AT1G25320 
 

5.0 4.6 
Induced by 
auxin (this 
study) 

 
This study  

AT2G36570   2.5 4.5 
Repressed 
by auxin 
(this study) 

(Kim et al., 
2008)  

This study  

RLK LRR VII AT5G45800 MEE62 4.1 2.2 

Auxin-
resistant 
mutant (Ten 
Hove et al., 
2011)  

  This study  

RLK LRR X AT3G13380 BRL3 1.8 2.3 
Induced by 
auxin (Goda 
et al., 2004)  

  This study  

RLCK XI AT4G25390   5.3 9.2 
Induced by 
auxin (Goda 
et al., 2004)  

  This study  

MAP kinase 
AT2G01450 MPK17 3.5 2.4 

   
AT2G42880 MPK20 1.9 1.8       

MAP kinase 
kinase 

AT1G73500 MKK9 4.1 2.2 
Induced by 
auxin (this 
study) 

    

MAP kinase 
kinase kinase 

AT5G66850 MAPKKK5 2.3 2.4     This study  

CBL-
interacting 
protein 
kinase 

AT4G30960 CIPK6 1.6 1.5 

Auxin 
transport 
defect 
(Tripathi et 
al., 2009)  

    

CBL AT4G26570 CBL3 2.6 2.2     This study  

Calmodulin-
like 

AT2G41100 TCH3 23.8 10.7 

Induced by 
auxin 
(Antosiewicz 
et al., 1995)  

(McCormack 
et al., 2001)   

AT5G37770 TCH2 2.8 2.6 
Induced by 
auxin (Delk 
et al., 2005)  

(McCormack 
et al., 2001)  

  

Protein 
phosphatase 

AT4G11240 TOPP7 2.0 2.1     This study  

Purple acid 
phosphatase 

AT3G17790 PAP17 50.8 81.3 
Induced by 
auxin (this 
study) 

  This study  

G-protein AT4G27630 GTG2 1.8 1.8     This study  

TF AT3G50410 OBP1 8.1 9.3 

Induced by 
auxin (Kang 
and Singh, 
2000)  

(Skirycz et 
al., 2008)  

This study  
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    When this research commenced, the involvement of ROP GTPases with ABP1 was 

unknown, so RLK genes were selected as potential ABP1 pathway candidates before this data 

was published.  Out of the 79 differentially expressed RLK genes, five were selected, all of 

which fit at least two of the criteria.  They were all up-regulated upon ABP1 inactivation and 

are involved in auxin response, mostly due to being regulated by IAA treatment.  BRI1-LIKE 

3 (BRL3) and AT4G25390 were identified to be IAA-induced genes by Goda et al. (2004).  

These two genes were found to be auxin-induced at 30 min, 1 and 3 h in the re-analysed data 

from Delker et al. (2010) (Appendix A.4, Table A-2).  In addition, in the re-analysed data 

from Delker et al. (2010), AT1G25320 was weakly induced by IAA (1.5-fold) at 3 h, whereas 

AT2G36570 was repressed 1.5-fold at 3 h.  AT2G36570 fit all three criteria, as it might also 

function in regulating cell expansion (Kim et al., 2008).  MATERNAL EFFECT EMBRYO 

ARREST 62 (MEE62) is not IAA-induced, but it was added to the candidate genes later 

because in 2011, it was published that a T-DNA insertion mutant displayed auxin-resistant 

root growth (Ten Hove et al., 2011). 

    MAP kinases such as MKK7 have been associated with auxin signalling but have not been 

placed in a pathway, so are good candidates for the ABP1 pathway.  Seven MAP kinase 

genes were affected by ABP1 inactivation (Chapter 3, Section 3.8.2) and four of these genes 

were selected as candidates.   MAP KINASE 17 (MPK17) and MPK20 were selected even 

though they did not fit the criteria, because they were the most highly differentially expressed 

MAP kinases and MPK20 interacts with auxin-regulated MKK9 (Jin et al., 2008).  MKK9 was 

the only auxin-regulated MAP kinase gene affected by ABP1 inactivation; this gene was up-

regulated at 3 h of IAA treatment in the re-analysed data from Delker et al. (2010) (Appendix 

A.4, Table A-2).  MAPKKK5 was the only MAP kinase kinase kinase gene affected by ABP1 

inactivation and fit the criterion of being co-regulated with ABP1. 

    Ca
2+

 signalling is also linked to auxin response and has a role in regulating auxin transport 

(Chapter 1, Section 1.1).  Four of the 27 genes in this category identified as differentially 

expressed with ABP1 inactivation (Chapter 3, Section 3.8.3) were selected as candidates.  

CIPK6 is involved in regulation of auxin transport and a mutant in this gene has growth 

defects (Chapter 3, Section 3.8.3), which indicates that CIPK6 could be involved in auxin 

responses.  CALCINEURIN B-LIKE 3 (CBL3) encodes a calcineurin B-like Ca
2+

 sensor 

protein and this gene fit the criterion of being co-regulated with ABP1.  Two calmodulin-like 

genes were selected, TCH3 and TCH2, as they fit two of the criteria.  It was mentioned 

previously (Chapter 3, Section 3.8.3) that they are possibly involved in cell expansion and 
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TCH3 was one of the most highly down-regulated genes in the microarray.  They are also 

induced by IAA, as shown by Antosiewicz et al. (1995) (TCH3) and Delk et al. (2005) 

(TCH2) and confirmed in the re-analysed data from Delker et al. (2010) at 30 min, 1 and 3 h 

of IAA treatment (Appendix A.4, Table A-2).   

    Two phosphatase genes were chosen out of the 18 identified as differentially expressed 

upon ABP1 inactivation (Chapter 3, Section 3.8.4).  TOPP7 was chosen because this gene fit 

the criterion of being co-regulated with ABP1; in fact, this gene had a very similar level of 

up-regulation compared to ABP1.  PAP17 fit two criteria; it was identified as an IAA-induced 

gene in the re-analysed data from Delker et al. (2010) (at 1 and 3 h of IAA treatment) 

(Appendix A.4, Table A-2) and it was co-regulated with ABP1, although the level of up-

regulation was many-fold higher than for ABP1.  This gene was identified as the most highly 

up-regulated signalling-related gene (Chapter 3, Section 3.5). 

    G-proteins might be linked to auxin signalling (Chapter 3, Section 3.8.4) and GTG2 was 

the only G-protein gene differentially expressed upon ABP1 inactivation; therefore, this gene 

was included as a candidate and it fit the criterion of being co-regulated with ABP1. 

   TF genes were generally not selected because the aim was to identify components which 

could signal between ABP1 and the nucleus.  However, one TF gene was included in the 

candidates, because it fit all three criteria.  The DOF TF gene OBP1 was co-regulated with 

ABP1, is involved in cell cycle regulation (Chapter 3, Section 3.9) and is induced by auxin, 

particularly in the root (Kang and Singh, 2000). 

 

4.3. Shoot and root expression of selected signalling genes 

The microarray data used to select the candidate signalling genes was obtained using whole 

seedlings; however, auxin is known to have different effects on the shoot and root, since 

auxin promotes shoot growth at concentrations which are inhibitory in the root (Chapter 1, 

Section 1.1).  ABP1 is likely to be required for the differential response of shoots and roots to 

auxin (Chapter 1, Section 1.4.3).  To assess if the candidate genes show any differential 

regulation between shoot and root, the transcription of the candidate signalling genes and 

ABP1, upon ABP1 inactivation, was analysed in 4 DAG seedling shoot and root cDNA 

samples (Chapter 2, Section 2.3.7).  This experiment was also a way to confirm the 
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expression changes observed in the microarray data.  This experiment was conducted at the 

laboratory of Dr. C. Perrot-Rechenmann (ISV, CNRS, Université Paris-Sud, France) using 

their cDNA samples derived from ethanol-treated wt and conditional abp1 mutant seedling 

shoots and roots.   

    Prior to real-time RT-PCR analysis, the primer pair efficiency for the candidate signalling 

genes relative to the control primer pair ACT2-8 coamplified was tested by P. Muller (ISV, 

CNRS, Université Paris-Sud, France).  ACT2-8 coamplified primers amplify both ACT2 and 

ACT8, and are considered to be excellent control primers because ACT2 and ACT8 have 

complementary expression patterns and co-amplification gives a stable level of amplification 

(Charrier et al., 2002).  All primer pairs apart from MPK20 had acceptable efficiency (data 

not shown).  Therefore, MPK20 was not included in this analysis.  In addition, MEE62 was 

not analysed because this gene was added to the list of candidates after this experiment was 

conducted.   

    The expression of 15 of the signalling candidate genes and ABP1 upon ABP1 inactivation 

was analysed in shoots (Figure 4-1) and roots (Figure 4-2) which had been treated with 

ethanol at 4 DAG.  Most of the genes were confirmed to be differentially expressed 

consistently with the microarray data; however, CIPK6 did not exhibit differential expression 

and TCH2, MPK17 and GTG2 showed a weaker change compared to the other genes and 

compared to their change in the microarray data.  Most of the genes had greater differential 

expression upon ABP1 inactivation in the shoot compared to the root; therefore, the other 11 

genes had their expression confirmed in the shoot in triplicate and a 48 h time point was 

added.  In the root, six of the 16 genes were not differentially expressed (AT1G25320, 

CIPK6, CBL3, TOPP7, GTG2 and ABP1).  Therefore, the transcriptional up-regulation of 

ABP1 was occurring in shoot but not root, and it is interesting that some of the candidate 

signalling genes (AT1G25320, CBL3, TOPP7, GTG2) also showed this response, as it 

suggests that they are regulated in a similar way to ABP1 and could be involved in 

differential responses in the shoot versus the root.  MKK9 was the only gene that exhibited a 

greater change in the root versus the shoot.  This result suggests that the whole seedlings used 

in the microarray experiment consisted predominantly of shoot material.  However, the 

observed transcriptional differences between tissues does not exclude the possibility that 

these genes could have important functions in both tissues, so subsequent experiments 

analysed both shoot and root phenotypes.  The difference in expression could be related to the 

difference in how ABP1 controls growth in the shoot versus the root. 
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Figure 4-1.  Relative expression of 15 of the candidate genes in the shoot upon ethanol induction/ABP1 
inactivation.  Seedlings had been treated with ethanol at 4 DAG.  These graphs show relative expression 
levels of SCFV, the candidate signalling genes and ABP1 versus time of ethanol induction (h).  Error bars = 
SEM; n = 3 (biological replicates). 

 

 

Figure 4-2.  Relative expression of 15 of the candidate genes in the root upon ethanol induction/ABP1 
inactivation.  Seedlings had been treated with ethanol at 4 DAG.  These graphs show relative expression of 
SCFV, the candidate signalling genes and ABP1 versus time of ethanol induction (h). 
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4.4. Genotyping of candidate gene T-DNA mutants and confirmation of 

knocked-out expression of the gene 

To understand the possible role of the candidate genes in ABP1 signalling, it was necessary 

to obtain and characterise plants mutated in these genes.  Arabidopsis has a vast resource of 

T-DNA mutants which can be ordered from the ABRC website.  However, because the T-

DNA is inserted randomly in the genome when these lines are generated, it is not always 

possible to obtain a mutant with a T-DNA in an exon of the gene.  T-DNA mutant lines for 

the 17 candidate genes were obtained from the ABRC (Chapter 2, Table 2-2).  T-DNA 

mutants were selected with the T-DNA located in an exon whenever possible (10 of the 17), 

whereas the other mutants had the T-DNA in a UTR (six mutants) or intron (one mutant) 

(Figure 4-3).  Five of the chosen candidate genes have had mutants which were characterised 

in the literature.  The at1g25320, at2g36570, mee62 and brl3 mutants were included in a 

custom T-DNA insertion set for analysis of LRR RLKs, but these mutants were not analysed 

in detail (Ten Hove et al., 2011).  For AT2G36570, a transposon-tagged mutant with a cell 

expansion phenotype has been described (Kim et al., 2008).  For TCH3, the same T-DNA 

mutant selected in this study was characterised by Gleeson et al. (2012), which was published 

when most of this work had been completed; however, they only looked at the role of TCH3 

in the response to mechanical cues, and this mutant had not been characterised for auxin-

related phenotypes. 

    To identify plants which were homozygous for the T-DNA insert at the respective locus, 

the lines were grown on rockwool (Chapter 2, Section 2.2.5) and screened via PCR (Chapter 

2, Sections 2.3.3-2.3.4) (data not shown).  The mee62 mutant was genotyped, but no 

expression or phenotypic analysis was conducted, because this mutant was obtained after 

these experiments were completed, as mentioned previously.  Seed was harvested from the 

homozygous mutants. 
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Figure 4-3.  Maps of the 17 signalling candidate genes showing exons (blue boxes), introns (lines), UTRs 
(green boxes) and the locations of the T-DNA inserts (black triangles).  The maps are not to scale with 
respect to the relative lengths of the genes. 

 

    It was essential to confirm the knock-out status of the mutants by testing expression of the 

gene relative to wt.  Therefore, seedlings (7 DAG) of the 16 candidate gene mutant lines 

(excluding mee62) and wt were processed for RNA and cDNA and analysed for transcription 

of the respective gene via RT-PCR (Chapter 2, Sections 2.3.5 and 2.3.7).  RT-PCR using 

ACT2-8 coamplified primers confirmed that all cDNA samples had the ACT2-8 band and 

there was no genomic contamination in the minus-reverse transcriptase control (Figure 4-4A).  

The next step was to check the expression of the candidate signalling genes in the respective 

mutant and wt (Figure 4-4B).  Some of these mutants were confirmed to be knock-outs 

(at1g25320, at4g25390, mapkkk5, topp7 and pap17).  Two exhibited reduced expression 

(mpk17 and tch3).  The TCH3_F1a and R1a primers were located at the 3‟ end of the gene 

and the same result in this region of the gene was obtained for this mutant in the Gleeson et al 

(2012) study.  Eight mutants had similar expression relative to wt, whereas the GTG2 gene 
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was not detected.  Interestingly, cipk6 actually had higher expression of CIPK6 than wt.  For 

the cipk6, cbl3, tch2 and mkk9 mutants, the T-DNA is located in a UTR so it is not entirely 

surprising that the gene was still expressed.  However, the putative at2g36570, brl3, mpk20 

and obp1 mutants had the T-DNA located in an exon, so these lines were either not 

homozygous mutants, which indicates that they were not genotyped properly, or it could be 

that the amplified region was still expressed even with the T-DNA insert.  Since the putative 

at2g36570 mutant (CS857337) still expressed the gene and the seeds obtained from ABRC 

had extremely low germination, a different T-DNA mutant which had a T-DNA insert in 

almost the same location was obtained and genotyped (CS857440); however, since it was 

obtained much later, this mutant was not analysed for expression or phenotypes. 
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Figure 4-4.  Gel electrophoresis of RT-PCR products from 7 DAG seedlings of the putative T-DNA knock-outs, 
to confirm expression of the respective gene.  A = ACT2-8 coamplified primers with wt and candidate gene 
cDNA (-RT = minus-reverse transcriptase).  B = Candidate gene primers in combination with cDNA from wt 
(top row) or the respective candidate gene mutant (bottom row).  
  

4.5. Phenotyping of candidate gene T-DNA mutants 

The candidate gene mutants were first screened for an auxin resistance phenotype, which 

allowed for selection of a small number of mutants (four candidates) to be analysed in more 

detail.  These gene mutants were further analysed for shoot and root phenotypes, auxin and 

auxin transport inhibitor phenotypes, crosses with the conditional abp1 mutant and leaf cell 

expansion, to identify whether these genes are likely to be in the ABP1 pathway. 
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4.5.1. Preliminary screen for auxin resistance 

Mutants involved in auxin signalling often exhibit the phenotype of root auxin resistance 

relative to wt, and ABP1-inactivated plants, as well as the heterozygous abp1 mutant, show 

resistance to IAA (Tromas et al., 2009; Effendi et al., 2011).  This resistance suggests that the 

plants are not responding to auxin as efficiently as wt, which indicates that the gene could be 

involved in auxin response.  Therefore, the T-DNA mutants were analysed for IAA resistance 

(Chapter 2, Section 2.2.7) as an initial screen to choose the best candidates.  Note that the 

mee62 mutant was added to the candidates later, so this mutant was not part of this analysis, 

and some of these mutants (at2g36570, brl3, mpk20, mkk9, cbl3, tch2 and obp1) appeared to 

express the gene similar to wt when they were tested via RT-PCR (Section 4.4).  The 

candidate gene mutants were grown on plates with 0, 1 or 10 µM IAA from germination, for 

7 days.  Some of the mutants exhibited IAA resistance: at1g25320, at4g25390, cipk6, tch3, 

pap17 and gtg2 (Figure 4-5).  None of the mutant seedlings showed obvious growth 

phenotypes relative to wt on the plates with no added IAA (data not shown).   

 

Figure 4-5.  Relative root lengths of the candidate gene mutants when grown on media with different levels 
of IAA.  Relative root length for 7 DAG seedlings of wt and the candidate gene mutants on media with no 
added IAA, 1 μM IAA or 10 μM IAA.  Error bars = SEM; n = 8 to 25 (biological replicates). 
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all except pap17 had a 1:3 ratio for being homozygous for the T-DNA (data not shown).  

Surprisingly, pap17 had a ~1:12 ratio for plants homozygous for the T-DNA and it is 

unknown why so few plants were homozygous mutants. 

4.5.2. Bioinformatic analysis of candidate gene expression and protein localisation 

Bioinformatic analysis is a good starting point to indicate where a gene of interest is 

expressed and how it might function.  The expression of the candidate signalling genes 

during development was investigated using the Arabidopsis “electronic fluorescent 

pictograph” (eFP) browser.  This tool is available on the Bio-Array Resource (BAR) website 

and integrates information from multiple publically available microarray experiments.  The 

expression of the four candidate genes across development was compared to ABP1 (Figure 4-

6). 

    AT1G25320 was expressed at a low level but was detected in all tissues, with absolute 

expression values ranging from 11.5 in mature pollen to 152.6 in the shoot apex 

inflorescence.  Interestingly, ABP1 and AT1G25320 exhibited quite similar expression 

profiles across development, except for AT1G25320 being expressed at a comparatively high 

level in the inflorescence shoot apex and at a comparatively low level in flower petals, sepals 

and stamens.  AT4G25390 was expressed at quite a low level and was present in all tissues, 

with expression values ranging from 4.58 in mature pollen to 396.7 in stage 15 sepals.  ABP1 

and AT4G25390 exhibited different patterns of expression across development.  For example, 

AT4G25390 was expressed at a comparatively high level in senescing leaves, sepals and 

petals and at a comparatively low level in imbibed seeds and at the early stages of flower 

development.  TCH3 was expressed gene in all tissues, but had a large (~300-fold) range of 

expression (with expression values ranging from 10.8 in dry seed to 3112.3 in the distal part 

of leaf 7).  TCH3 was particularly highly expressed in leaves.  ABP1 and TCH3 had quite 

different expression profiles, with TCH3 being comparatively lowly expressed in the seed 

and inflorescence shoot apex.  PAP17 was detected in all tissues but had a large (~300-fold) 

range of expression values, ranging from 6.7 in the second internode of the stem to 1859.8 in 

mature pollen.  ABP1 and PAP17 had very different expression profiles, with PAP17 being 

expressed at a comparatively high level in senescing leaves and mature pollen.  

    The subcellular localisation of the candidate signalling gene protein products was 

investigated using a tool called Cell eFP Browser, which has localisations from the 

SubCellular Proteomic (SUBA) database and predicts the confidence of the localisation as 
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well (Heazlewood et al., 2007; Winter et al., 2007).  The subcellular localisation for 

AT1G25320 was the plasma membrane (medium confidence), cell wall, cytoplasm and ER 

(low confidence); for AT4G25390, the plasma membrane (medium confidence), nucleus, 

mitochondria and chloroplasts (low confidence); for TCH3, the cytoplasm, nucleus and 

vacuole (low confidence); and for PAP17, the cell wall, vacuole and peroxisome (low 

confidence).  ABP1 is known to localise to the plasma membrane and endoplasmic reticulum, 

so the RLKs could possibly respond to ABP1 at the plasma membrane, TCH3 respond 

downstream in the cytoplasm and PAP17 could respond at the cell wall. 
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Figure 4-6.  Absolute expression levels of ABP1 and the four signalling candidate genes across development 
using the Arabidopsis eFP browser.  The eFP browser expression data has been processed to allow for 
comparison of microarray data from different sources, using gene chip operating software normalisation 
with a Target intensity value (TGT) of 100 (Winter et al., 2007).  Graphs show normalised expression levels in 
different organs and at different developmental stages for ABP1, AT1G25320, AT4G25390, TCH3 and PAP17. 
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4.5.3. Growth of the selected candidate gene mutants 

ABP1 regulates both leaf and root growth (Braun et al., 2008; Tromas et al., 2009), so to 

investigate if the candidate gene mutants have defects in growth, the candidate gene mutants 

were grown on both solid MS½ medium and rockwool and growth was monitored from the 

seedling stage through to maturity, compared to wt (Chapter 2, Sections 2.2.4-2.2.5).  The 

candidate gene mutants were analysed for seedling shoot and root growth, lateral root growth, 

rosette leaf and stem growth and dark hypocotyl growth (Figures 4-7 and 4-8).  Overall, the 

candidate gene mutants looked similar to wt in all of these experiments.  However, the tch3 

mutant exhibited slightly reduced dark hypocotyl growth and rosette diameter relative to wt 

(P-value < 0.05).  This result suggests that the tch3 mutant has slightly reduced growth and it 

is possibly involved in cell expansion, since it was reported to be expressed in regions of 

expansion (Antosiewicz et al., 1995).   
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Figure 4-7.  Phenotypic analysis of the candidate gene mutants for seedling root growth, hypocotyl growth 
in darkness and the leaf/rosette growth of older plants.  The photos show a 7 DAG seedling, 10 DAG 
seedling, 16 DAG plant, and  29 DAG plant for A = wt, B = at1g25320, C = at4g25390, D = tch3, E = pap17.  
Scale bar = 5 mm.  F = Average root length (mm) at 8 DAG.  G = Average number of lateral roots at 8 DAG.  H 
= Average dark-grown hypocotyl length (mm) at 6 DAG.  I = Average rosette diameter (mm) at 10 DAG.  J = 
Average rosette diameter (mm) at 29 DAG.  Error bars = SEM; n = 12 to 43 (biological replicates).  Significant 
difference relative to wt is shown with * P-value < 0.05 and *** P-value < 0.0005.  
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Figure 4-8.  Mature plants of the candidate gene mutants compared to wt.  This photo shows the mature (41 
DAG) plants of wt, at4g25390, at1g25320, tch3 and pap17.  Scale bar = 20 mm. 

 

4.5.4. Auxin dose response of the candidate gene mutants and abp1 

It was mentioned in Section 4.5.1 that auxin-resistant root growth of a mutant is an indicator 

that the affected gene might be involved in auxin response.  The four selected candidate gene 

mutants displayed resistant root growth when grown on plates containing IAA from 

germination (Section 4.5.1).  However, the best way to measure auxin resistance is to 

generate an auxin dose response curve.  This method involves germination on MS medium, 

followed by the transfer of seedlings to MS medium supplemented with a range of auxin 

concentrations.   The ends of the roots are marked and root growth over 3 days is measured 

(Chapter 2, Section 2.2.7).  Seedlings (5 DAG) of wt, the conditional abp1 mutant and the 

candidate gene mutants were placed on media with three different auxins: IAA, 2,4-D or 1-

NAA.  Three auxins were used because they have different effects on different auxin-related 

mutants.  For wt and the conditional abp1 mutant, ethanol induction was conducted from 4 

DAG.  Auxin dose response curves were generated for the effect of the different auxins (IAA, 

2,4-D or 1-NAA) on relative root growth (Figure 4-9).  The conditional abp1 mutant 

displayed significant resistance to IAA (P-value < 0.05 at all four concentrations) and 2,4-D 

(P-value < 0.05 at 0.05 and 0.1 µM 2,4-D) but not to 1-NAA, which is also shown by the 

auxin influx mutant aux1, because 1-NAA (unlike IAA and 2,4-D) can diffuse into the cell 

wt      at4g25390      at1g25320             tch3                  pap17 
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without requiring transport through AUX1 (Chapter 1, Section 1.1).  The four candidate gene 

mutants were confirmed to be significantly resistant to IAA (P-value < 0.05 for at least three 

of the four concentrations).  The at1g25320 mutant was weakly resistant and significant (P-

value < 0.05) at both 0.05 and 0.1 µM 2,4-D, whereas the at4g25390 mutant was only weakly 

resistant relative to wt at 0.05 µM 2,4-D.  The tch3 and pap17 mutants were significantly 

resistant to 2,4-D only at 0.1 µM.  None of the candidate gene mutants were resistant to 1-

NAA.  As a positive control for the 1-NAA experiment, tir1-1 was tested, since this mutant is 

known to be resistant to 1-NAA.  The tir1-1 mutant was confirmed to be resistant to 1-NAA 

(P-value < 0.05 at 0.3 and 1 µM 1-NAA) (Figure 4-10) and the result was consistent with 

what is reported in literature (Růžička et al., 2007), which showed that the 1-NAA used in the 

experiment was acting as expected. 

 

Figure 4-9.  Auxin dose response of root growth for wt, the conditional abp1 mutant and the four candidate 
gene mutants.  Ethanol treatment commenced for wt and the conditional abp1 mutant at 4 DAG.  At 5 DAG 
the seedlings were transferred to MS½ medium with different concentrations of auxins and root growth 
after 3 days was measured.  These graphs show the auxin dose response of root growth (% of untreated) at 
various concentrations (μM) of auxins (A = IAA, B = 2,4-D and C = 1-NAA).  Error bars = SEM; n = 15 to 29 
(biological replicates). 
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Figure 4-10.  The lack of 1-NAA resistance in the candidate gene mutants was not due to a problem with the 
1-NAA used, since the tir1-1 mutant exhibited 1-NAA resistance versus wt, as expected.  This graph shows 
the auxin dose response of root growth (% of untreated) at various concentrations (μM) of 1-NAA.  Error 
bars = SEM; n = 6 to 10 (biological replicates). 

 

    The resistance of the conditional abp1 mutant and some of the candidate signalling gene 

mutants to IAA and 2,4-D, but not 1-NAA, matches the pattern exhibited by auxin influx 

mutants aux1 and axr4 (Chapter 1, Section 1.1).  This result for an abp1 mutant has not been 

reported before, and is in contradiction with data obtained by the Dr. C. Perrot-Rechenmann 

group (ISV, CNRS, Université Paris-Sud, France), because they found that the conditional 

abp1 mutant was resistant to IAA and 1-NAA, but not 2,4-D. 

    To investigate the possible role of auxin influx or efflux in generating the auxin resistance 

phenotype, the lines were analysed for root growth on auxin transport inhibitors (Chapter 2, 

Section 2.2.7).  The auxin transport inhibitors 1-NOA, 2-NOA and TIBA were selected, 

because 1-NOA and 2-NOA are auxin influx inhibitors (Imhoff et al., 2000), whereas TIBA 

is an auxin efflux inhibitor (Depta et al., 1983).  1-NOA exhibits no auxin activity, whereas 

2-NOA has some auxin activity (Katekar, 1979).  Only the conditional abp1 mutant showed 

some significant resistance to 2-NOA (P-value < 0.05 at 2 and 5 μM 2-NOA); none of the 

lines were resistant or sensitive to 1-NOA or TIBA (Figure 4-11).  The aux1-7 axr4-2 and 

axr4-2 mutants, which are defective in auxin influx, were not resistant to 1-NOA and were 

only weakly resistant to 2-NOA; however, the P-values were not significant (Figure 4-12).  

Therefore, it is possible that the conditional abp1 mutant‟s resistance to 2-NOA could be 

partly due to a defect in auxin influx, but the results were not conclusive. 
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Figure 4-11.  Auxin transport inhibitor dose response of root growth for wt, the conditional abp1 mutant and 
the four candidate gene mutants.  Ethanol treatment started for wt and the conditional abp1 mutant at 4 
DAG.  At 5 DAG the seedlings were transferred to plates with different concentrations of auxin transport 
inhibitors and root growth after 3 days was measured.  These graphs show the auxin transport inhibitor 
dose response of root growth (% of untreated) at various concentrations (μM) of transport inhibitor (A = 1-
NOA, B = 2-NOA and C = TIBA).  Error bars = SEM; n = 7 to 10 (biological replicates). 

 

Figure 4-12.  Root auxin transport inhibitor dose response of auxin influx mutants compared to wt.  These 
graphs show the auxin transport inhibitor dose response of root growth (% of untreated) at various 
concentrations (μM) of transport inhibitor (A = 1-NOA and B = 2-NOA).  Error bars = SEM; n = 5 to 12 
(biological replicates). 
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4.5.5. Auxin transcriptional response of the candidate genes in the conditional abp1 

mutant versus wt 

The four selected candidate signalling genes respond transcriptionally to auxin (Table 4-1).  

Analysis of upstream sequences of these genes for AuxRE promoter elements, which are 

present in promoters of genes regulated by the TIR1/AFB pathway (Chapter 1, Section 1.3.1), 

showed that all four genes contained AuxREs within 2 kb upstream of the gene (Table 4-2).  

This result indicates that the auxin response of these genes could potentially be regulated by 

the TIR1/AFB pathway.  Therefore, the transcriptional response to auxin of the conditional 

abp1 mutant versus wt was investigated, to see if the candidate signalling genes require 

ABP1 in their auxin response, which would indicate which auxin pathway (ABP1 or 

TIR1/AFB) is involved.  There were no biological replicates for this experiment because it 

was conducted as a trial to test the best concentration and time points for observing 

differences in response to auxin between wt and the conditional abp1 mutant, prior to 

conducting a similar experiment with the candidate mutants included.  However, this 

experiment was not conducted and could be pursued in future research.  Nevertheless, the 

results obtained from the trial experiment did show some interesting differences between wt 

and the conditional abp1 mutant, which will be described in this section.    

Table 4-2.  Presence of AuxREs in the 2 kb region upstream of the four candidate signalling genes.  The table 
shows the number of AuxRE elements in the region 2 kb upstream of each gene. 

AGI code Name 
AuxREs   

0-1 kb upstream 1-2 kb upstream 

AT1G25320   2 0 

AT4G25390 
 

0 2 

AT2G41100 TCH3 1 0 

AT3G17790 PAP17 0 3 

 

    Seedlings of wt and the conditional abp1 mutant were grown in 20 mL MS½ medium in 

100-mL flasks (Chapter 2, Section 2.2.3), with nine flasks for each line.  At 5 DAG, seedlings 

were treated with ethanol (Chapter 2, Section 2.2.6).  At 6 DAG, seedlings were harvested 

after treatment with 1 or 10 µM IAA for 15, 30, 60 or 180 min, plus a 0 h control, and 

processed for RNA and cDNA (Chapter 2, Section 2.3.5).  The expression of six AUX/IAA 

and two GH3 genes was analysed as well as the candidate genes, to ensure that the plants 

were responding to the added auxin.  The expression of these genes was analysed via real-

time RT-PCR and the data was normalised relative to ACT2-8 coamplified (Chapter 2, 
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Section 2.3.7).  SCFV was induced in all of the conditional abp1 mutant samples as expected 

(Figure 4-13).   

    The relative expression at 0 min of IAA treatment was set at 1 for both wt and the 

conditional abp1 mutant, to compare the auxin transcriptional response for the genes (Figure 

4-13).  There were two peaks of IAA response, one in the first hour and one from 1-3 h.  

However, IAA14 and GH3.11 did not show a significant response to IAA.  ABP1 did not 

show a strong response to IAA, although it was down-regulated in all samples at 1 and 3 h.   

    With respect to the rapid response to IAA (before 1 h), the genes IAA1, IAA2, IAA11, 

PAP17 and to a lesser extent IAA7, IAA17 and TCH3 were up-regulated by IAA in both wt 

and the conditional abp1 mutant.  Therefore, the rapid response displayed by these genes 

appears to be controlled via the TIR1/AFB pathway (independently of ABP1).  However, for 

IAA1 and TCH3 there were differences in up-regulation between wt and the conditional abp1 

mutant.  These differences suggest that the ABP1 pathway affects and interacts with the 

TIR1/AFB pathway in some way to regulate these genes.  AT4G25390 showed some up-

regulation by IAA in wt but not in the conditional abp1 mutant, suggesting that an 

independent pathway involving ABP1 is regulating the auxin response of this gene.   

    With respect to the longer term response (from 1-3 h), IAA7, IAA11, IAA17, TCH3 and 

PAP17 were up-regulated in wt (with 1 µM IAA) relative to the conditional abp1 mutant, 

which indicates that ABP1 is required for this response.  AT1G25320 was up-regulated in a 

similar pattern in wt and the conditional abp1 mutant, which suggests that this response to 

auxin is independent of ABP1. 
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Figure 4-13.  Relative expression of auxin response genes and the candidate signalling genes in response to 
auxin treatment for wt and the conditional abp1 mutant.  Ethanol induction was performed on 5 DAG 
seedlings, for wt and the conditional abp1 mutant, and auxin treatment at 6 DAG.  These graphs show 
relative expression levels of SCFV, auxin response genes (IAA1, IAA2, IAA7, IAA11, IAA14, IAA17, GH3.11 and 
GH3.14), the candidate signalling genes (AT1G25320, AT4G25390, TCH3 and PAP17) and ABP1 versus time of 
IAA treatment (min).  Error bars = SEM; n = 2 (technical replicates). 
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4.6. Epistatic analysis of the candidate gene mutants with the conditional 

abp1 mutant 

A method of testing whether two genes are in the same or different pathways, is by crossing 

the different mutants to identify epistatic effects in the phenotype of the double mutant, 

compared to the single mutants.   

4.6.1. Construction of double mutants and confirmation of knocked-out expression 

The conditional abp1 mutant was crossed with the candidate gene mutants at1g25320, 

at4g25390, tch3 and pap17 (Chapter 2, Section 2.2.8).  In addition, at1g25320 was crossed 

with at4g25390; at1g25320 was crossed with tch3; and at4g25390 was crossed with tch3.  

The F1 plants were confirmed to be crosses via PCR (Chapter 2, Sections 2.3.3-2.3.4) (data 

not shown).  The F1 plants were allowed to self-fertilise and the F2 plants were screened via 

PCR for homozygous double mutants (data not shown).  RNA was extracted and processed 

for RT-PCR (Chapter 2, Sections 2.3.5 and 2.3.7) which showed that SCFV was expressed 

correctly for at least one line of each cross with abp1, except for abp1 pap17 where the SCFV 

was not expressed and must have been silenced (Figure 4.14).  This silencing was unexpected 

and it was also observed for one of the two abp1 at1g25320 candidates, three of the four 

abp1 at4g25390 candidates and a second abp1 pap17 candidate.  The at1g25320 and 

at4g25390 mutant crosses were also confirmed to be knocked-out for the respective gene 

(Figure 4.15A).  As described in Section 4.4, the tch3 mutant exhibited down-regulation of 

TCH3 when tested with primers which amplify the 3‟ end (used in Section 4.4).  To 

characterise expression of the TCH3 gene in more detail, the tch3 mutant crosses were tested 

for expression in the 5‟ region of the gene as well as the 3‟ region (Figure 4.15B).  In the 3‟ 

region, the tch3 mutant crosses were confirmed to show down-regulation of TCH3 (Figure 

4.15C).  However, the abp1 tch3 line exhibited almost no expression of this region, indicating 

that ABP1 inactivation combined with the T-DNA in TCH3 effectively resulted in the 

generation of a TCH3 knock-out.  In contrast, the 5‟ end of the gene was expressed similarly 

in most of the crosses relative to wt, but down-regulated in the abp1 tch3 line.  Amplification 

using primers which flank the T-DNA insertion site, which results in a ~600 bp band for wt, 

confirmed that all of the tch3 mutants were homozygous for the T-DNA. 
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Figure 4-14.  Gel electrophoresis of RT-PCR products from 7 DAG seedlings of the putative homozygous 
crosses with the conditional abp1 mutant, to confirm expression of SCFV.  A = Gel electrophoresis of RT-PCR 
products using ACT2-8 coamplified primers.  B = Gel electrophoresis of RT-PCR products using SCFV_F1 + R1 
primers. 
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Figure 4-15.  Gel electrophoresis of RT-PCR products from 7 DAG seedlings of the putative homozygous 
crosses with the conditional abp1 mutant and each other, to confirm expression of the respective gene.  A = 
Gel electrophoresis of RT-PCR products using AT1G25320_F1 + R1 or AT4G25390_F1 + R1 primers.  B = 
Location of primers and T-DNA for TCH3 (black arrow).  C = Gel electrophoresis of RT-PCR products using 
combinations of TCH3_F1a, R1a, F1b and R1b primers. 
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(Chapter 2, Sections 2.2.4 and 2.2.6).  Photos of the plants were taken at 7 DAG (Figure 4-

16).  The abp1 at1g25320 and abp1 at4g25390 mutants displayed similar growth to wt, 

although the abp1 at4g25390 mutant had slightly reduced root growth compared to wt.  This 

suppression of the abp1 mutant phenotype indicated that these genes act as repressors of 

ABP1 signalling; therefore, knocking them out resulted in constitutive ABP1 signalling.  In 

contrast, the abp1 tch3 mutant exhibited an additive phenotype, with reduced shoot and root 

growth relative to the conditional abp1 mutant.  This result could mean that ABP1 and TCH3 

are in separate pathways; or that since the combination of ABP1 inactivation and tch3 

mutation resulted in a greater reduction in TCH3 expression (Figure 4-15C), the abp1 tch3 

mutant might be a full TCH3 knock-out resulting in a stronger growth phenotype.  

Nevertheless, it is clear that TCH3 has a role in growth.  The at1g25320 at4g25390, 

at1g25320 tch3 and at4g25390 tch3 mutants exhibited similar growth to wt, which was 

unsurprising since all of the single mutants were similar to wt as well. 

 

Figure 4-16.  Seedling growth of the crosses between the conditional abp1 mutant and the candidate genes, 
compared to wt, the conditional abp1 mutant and the candidate gene single mutants.  Ethanol induction 
commenced at 3 DAG and photos were taken at 7 DAG.  Scale bar = 10 mm. 
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4.6.3. Leaf pavement cell expansion of the ABP1-inactivated candidate gene mutants  

ABP1 inactivation during leaf growth is known to result in reduced pavement leaf cell 

expansion on both the adaxial and abaxial surfaces, with a stronger phenotype on the abaxial 

side (epinasty) which results in curved leaves (Braun et al., 2008).  Therefore, the candidate 

signalling gene mutants and crosses with the conditional abp1 mutant were analysed for leaf 

cell size using VPSEM, to see if any of the candidate genes are involved in regulation of leaf 

cell expansion.  The plants were grown on rockwool, ethanol induction was started at 12 

DAG (Chapter 2, Sections 2.2.5-2.2.6) as in Braun et al. (2008).  At 19 DAG, the conditional 

abp1 mutant and abp1 tch3 mutant plants had leaves that were curled and smaller relative to 

wt (Figure 4-17).  In addition, the abp1 tch3 plants were even smaller than the conditional 

abp1 mutant plants and this more severe phenotype is similar to what was observed for 

seedling growth (Section 4.6.2).  At 19 DAG, the abp1 at1g25320 mutant looked similar to 

wt, whereas the abp1 at4g25390 mutant had slightly curled and smaller leaves versus wt 

(Figure 4-17).  These results fit with what was observed at the seedling stage for these 

mutants and further suggests that these mutations act as suppressors of the abp1 mutant 

phenotype.  The slightly reduced growth of the abp1 at4g25390 mutant suggests that 

at4g25390 is not a full suppressor, in contrast to at1g25320.   

 

Figure 4-17.  Leaf growth of ethanol-treated conditional abp1 mutant crosses with the candidate genes, 
compared to wt and the conditional abp1 mutant.  Ethanol induction commenced at 12 DAG and photos 
were taken at 19 DAG.  Scale bar = 5 mm. 

 

    Leaf 5 was harvested from the 19 DAG plants and the pavement cells of the fresh tissue 

were analysed via VPSEM (Figure 4-18).  The central area of leaf 5 was assessed for leaf size 

on the adaxial and abaxial surfaces (Figure 4-19A).  As expected, the conditional abp1 

mutant had reduced cell size relative to wt on the adaxial and especially abaxial surface.  

Most of the candidate gene single mutants exhibited similar adaxial and abaxial leaf cell size 

compared to wt; however, the at1g25320 mutant had significantly larger cells on the abaxial 

side than wt.  In addition, abp1 at1g25320 had larger cells on the abaxial side, which 
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suggests that AT1G25320 represses cell expansion and this result fits with this gene being a 

repressor of ABP1 signalling.  However, at4g25390 did not show this phenotype and the 

abp1 at4g25390 mutant had slightly smaller cells on the adaxial and abaxial leaf surfaces 

versus wt, which fits with the slightly reduced leaf growth phenotype.  The conditional abp1 

mutant and abp1 tch3 mutant had similar number of cells on adaxial side, but abp1 tch3 had 

even smaller cells than the conditional abp1 mutant on the abaxial side, a more severe 

phenotype as was observed for the seedling root and shoot phenotypes of this mutant.  

    ABP1 is required for pavement cell lobe formation and an abp1 mutant has reduced 

concentration of lobes (Xu et al., 2010); therefore, the number of lobes was assessed for the 

samples (Figure 4-19B).  As expected, the conditional abp1 mutant had a reduced 

concentration of lobes.  The abp1 at4g25390 and abp1 tch3 mutants also had reduced lobe 

concentration, which indicates that at4g25390 mutation cannot suppress the reduced lobe 

phenotype of the abp1 mutant.  In contrast, the abp1 at1g25320 mutant had similar lobe 

concentration compared to wt, indicating that at1g25320 appears to be a full suppressor of 

the abp1 mutant phenotype. 

 



Chapter 4.  Signalling Candidate Gene Mutant Analysis 

126 
 

 

Figure 4-18.  Adaxial and abaxial surfaces of leaf 5 from candidate gene mutants compared to wt and the 
conditional abp1 mutant.  Ethanol induction commenced at 12 DAG and leaf 5 was harvested at 19 DAG.  
VPSEM was used to take pictures of the adaxial and abaxial surfaces.  Scale bar = 100 μm. 
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Figure 4-19.  Average cell size and number of lobes for the surfaces of leaf 5 from candidate gene mutants 
and abp1-candidate gene double mutants compared to wt and the conditional abp1 mutant.  Ethanol 
induction commenced at 12 DAG and leaf 5 was harvested at 19 DAG.  Cell size was determined from VPSEM 
images.  A = Graph showing average cell size (μm

2
) on the abaxial and adaxial sides.  Error bars = SEM; n = 

105 to 362 (cells).  B = Graph showing lobe number/μm
2
x1000 on the adaxial side.  Error bars = SEM; n = 40 

(cells).  Significant difference relative to wt is shown with * P-value < 0.05, ** P-value < 0.005 and *** P-value 
< 0.0005. 

 

4.6.4. IAA dose response of the candidate signalling gene double mutants 

The candidate signalling gene single mutants were resistant to IAA (Section 4.5.3) and so is 
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the single mutants could confirm whether the genes are in the same or different pathways.  

For example, IBR5 and TIR1 are thought to be in different pathways because an ibr5 tir1-1 

double mutant exhibited additive resistance to IBA compared to the single mutants (Strader et 

al., 2008).  Therefore, the candidate gene double mutants (crosses of at1g25320, at4g25390 

and tch3 mutants with the conditional abp1 mutant and each other) were tested for their dose 

response to IAA versus wt, the conditional abp1 mutant and the candidate gene single 

mutants.  All of the mutants were significantly resistant (P-value < 0.05) to IAA versus wt for 

at least one IAA concentration and in most cases at three or four of the concentrations (Figure 

4-20).  However, there were no significant differences in auxin resistance between the double 

and single mutants, which suggests that the three genes could be functioning in the ABP1 

pathway.    

 

Figure 4-20.  Root auxin dose response of the candidate gene single and double mutants compared to wt 
and the conditional abp1 mutant.  Ethanol treatment commenced for wt, the conditional abp1 mutant and 
abp1-candidate gene double mutants at 4 DAG.  At 5 DAG the seedlings were transferred to plates with 
different concentrations of auxins and root growth after 3 days was measured.  The graph shows the auxin 
dose response of root growth (% of untreated) at various concentrations (μM) of IAA.  Error bars = SEM; n = 
8 to 22 (biological replicates). 
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4.6.5. Response of the conditional abp1 mutant and tch3 mutants to high and low Ca
2+

 

As mentioned previously, Ca
2+

 signalling is linked to auxin response and regulation of auxin 

transport (Chapter 1, Section 1.1).  One of the candidate genes, TCH3, is regulated by Ca
2+

 

and the cross of the tch3 mutant with the conditional abp1 mutant had an additive growth 

phenotype (Sections 4.6.2-4.6.3).  However, it was unclear whether TCH3 was in an 

independent pathway because ABP1 inactivation in abp1 tch3 resulted in almost no TCH3 

expression, as opposed to down-regulation in the single tch3 mutant.  Therefore, to further 

investigate the possible role of Ca
2+

 signalling in the ABP1 pathway, the conditional abp1 

mutant, tch3 mutant and abp1 tch3 mutant were grown on media with different levels of 

available Ca
2+

, with wt as a control.  Seedlings were grown on plates with no added CaCl2 

(1.5 mM Ca(NO3)2.4H2O from MS½ medium), 0.5 mM EGTA which chelates Ca
2+

, or 10 

mM added CaCl2 (to give 11.5 mM Ca
2+

 final concentration) (Chapter 2, Section 2.2.4).  At 3 

DAG, ethanol induction was commenced (Chapter 2, Section 2.2.6) and at 5 DAG root length 

and cotyledon diameter were measured.  Root growth was repressed by Ca
2+

 to a similar 

degree for wt and the conditional abp1 mutant; however, the conditional abp1 mutant had 

EGTA-resistant root growth (P-value 0.001) (Figure 4-21A).  In contrast, tch3 and abp1 tch3 

root growth was resistant to Ca
2+

 relative to wt (P-value 8.3 x 10
-8

 and 0.051, respectively) 

but not EGTA, which supports TCH3‟s role in Ca
2+

 signalling, although the P-value was not 

quite significant (< 0.05) for abp1 tch3.  Interestingly, the cotyledon growth (Figure 4-21B) 

was resistant to Ca
2+

 for the conditional abp1 mutant, tch3 mutant and abp1 tch3 mutant 

relative to wt (P-value 1.4 x 10
-5

, 1.5 x 10
-12

 and 0.089) which indicates that ABP1 and TCH3 

are both linked to Ca
2+

-regulated growth in the shoot.  However, the P-value for abp1 tch3 

was again not significant because this mutant exhibited very limited growth and high 

variation in growth between seedlings. 



Chapter 4.  Signalling Candidate Gene Mutant Analysis 

130 
 

 

Figure 4-21.  Growth of wt, the conditional abp1 mutant, the tch3 mutant and the abp1 tch3 mutant on 
media with different Ca

2+
 availability for cotyledon and root growth.  A = Root length (mm) and B = 

cotyledon diameter (mm) of 5 DAG seedlings treated with 0.5 mM EGTA or 10 mM added CaCl2.  Error bars = 
SEM; n = 15 (biological replicates).  Asterisks identify resistance to EGTA or Ca

2+
 versus wt, with a significant 

(** < 0.05) or near-significant (* < 0.1) P-value. 

 

4.7. Discussion 

ABP1 is known to be crucial for auxin-regulated plant development and the challenge has 

been identifying the proteins downstream in this pathway.  This chapter analysed four 

candidate genes: two RLK genes (AT1G25320 and AT4G25390), a calmodulin-like gene 

(TCH3) and a purple acid phosphatase gene (PAP17).  This analysis indicated that the two 

RLK genes and TCH3 could encode components of the ABP1 pathway.  Therefore, this 

research has contributed to knowledge of this important pathway. 

4.7.1. Resistance of the conditional abp1 mutant to IAA and 2,4-D but not 1-NAA 

The conditional abp1 mutant was previously reported to be resistant to IAA with respect to 

root growth (Tromas et al., 2009).  However, the effect of different synthetic auxin analogues 

on root growth had not been assessed.  The conditional abp1 mutant and the four selected 

candidate gene mutants were resistant to IAA and 2,4-D but not 1-NAA, suggesting that the 

conditional abp1 mutant has a defect in auxin influx (Section 4.5.4).  However, this result 

contradicts the results of the C. Perrot-Rechenmann group (ISV, CNRS, Université Paris-

Sud, France), because they found that the conditional abp1 mutant was resistant to IAA and 

1-NAA but not 2,4-D.  This difference in result could be due to the timing of ethanol 

induction, since in their study they started ethanol induction at germination, whereas in this 

study ethanol induction started at 4 DAG.  At the time of induction the seedlings would be at 
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different growth stages and perhaps ABP1 regulates different auxin transporters depending 

on the growth stage, explaining the difference in sensitivity to the auxin analogues.  The 

difference in method was realised only after these results were completed, so the experiment 

that starts ethanol induction just after germination is yet to be attempted in our laboratory. 

    Auxin influx mutants aux1 and axr4 are resistant to IAA and 2,4-D but not 1-NAA 

(Chapter 1, Section 1.1), indicating that the conditional abp1 mutant could have defective 

AUX1-mediated influx.  An experiment investigating the effect of auxin influx inhibitors 1-

NOA and 2-NOA showed that the conditional abp1 mutant was resistant to the auxin influx 

inhibitor 2-NOA.  However, the axr4-2 and aux1-7 axr4-2 mutants were not significantly 

resistant to 2-NOA.  1-NOA appears to affect auxin influx by inhibiting AUX1; however, it 

also inhibits auxin efflux (Laňková et al., 2010).  2-NOA inhibits auxin influx preferentially 

but also has auxin activity (Katekar, 1979; Laňková et al., 2010), so both 1-NOA and 2-NOA 

do not simply block AUX1-mediated influx.  Therefore, this experiment failed to show 

whether the conditional abp1 mutant has changes in AUX1-mediated influx and a different 

strategy would be required. 

4.7.2. Selection of signalling candidate genes 

The candidate signalling genes were selected based on being co-expressed with ABP1 (up-

regulated upon ABP1 inactivation), and/or linked to cell expansion/division, and/or linked to 

auxin response.  The 17 selected genes (out of a total of 181 signalling genes affected in the 

microarray) were not all the possible genes that fit the categories, so there could be important 

genes that were missed.  In addition, other criteria could have been used for gene selection.  

For example, instead of selecting mainly up-regulated genes which were co-regulated with 

ABP1, down-regulated genes could have been selected with the reasoning that their 

expression could be maintained via the ABP1 pathway.  However, the criteria we have 

chosen led to significant discoveries regarding the ABP1 pathway.   

    T-DNA mutants were obtained and initial screening of IAA resistance and confirmation of 

expression meant that mutants which showed IAA resistance and did not express the gene 

were selected for further investigation (at1g25320, at4g25390, tch3 and pap17).  Some of the 

other candidate genes are still interesting and it is possible that mutants that were not IAA-

resistant could still be candidates for the ABP1 pathway.  The RLK gene AT2G36570 is in 

the same RLK sub-family (LRR III) as AT1G25320, so it could have a similar function, and 

AT2G36570 is linked to cell expansion because a transposon-tagged mutant had slight 
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expansion defects (Kim et al., 2008).  In fact, in light of the recent literature that has been 

published, all of the RLK genes with up- or down-regulated expression should be 

investigated further in the future.  TCH2 could be an interesting gene since it is related to 

TCH3, although the putative tch2 mutant still expressed the gene so a different mutant would 

need to be obtained to investigate this gene. 

4.7.3. Effect of ABP1 inactivation on the expression of the candidate genes in the shoot 

and root 

It was discovered that ABP1 inactivation affects expression of AUX/IAA genes differently in 

the shoot versus the root, which indicates that ABP1 could be involved in the differential 

response of these organs to auxin (Braun et al., 2008; Tromas et al., 2009).  In addition, 

inactivating ABP1 in roots does not affect final root cell length (Tromas et al., 2009) whereas 

in shoots/leaves ABP1 inactivation does affect cell size (Jones et al., 1998; Braun et al., 

2008), which is consistent with the difference in auxin response of these tissues (root 

elongation is inhibited by auxin at concentrations that are stimulatory in the shoot).  A 

differential response to ABP1 inactivation in the shoot and root was observed for all of the 

candidate signalling genes and in most cases (excluding MKK9) the response was much 

weaker in the root (Section 4.3).  Therefore, these candidate genes could be involved in the 

differential response to auxin in these organs due to the difference in expression between 

shoot and root. 

4.7.4. The RLK genes AT1G25320 and AT4G25390 

ABP1 regulates a ROP GTPase signalling pathway involved in growth and RLKs are likely 

to be components of this pathway (Xu et al., 2010; Lin et al., 2012).  This research identified 

two RLK candidates for the ABP1 pathway, AT1G25320 and AT4G25390.  The T-DNA 

mutants in these genes often showed similar phenotypes and both of these mutations were 

identified as suppressors of the abp1 mutant phenotype; therefore, the proteins would be 

repressors of ABP1 signalling.  Although these genes exhibited similarities, they also showed 

some important differences.  There is very little known about these genes in the current 

literature, so characterisation of these mutants generated new data which provides insight on 

how these genes might function.  The results lead to the hypothesis that both genes are 

repressors of the ROP pathway and ABP1, probably after auxin-binding, represses these 

repressors.  An additional hypothesis is that ABP1 does not act on only one RLK and there 
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might be some that positively regulate the ROP pathway.  It is possible that the RLKs may 

interact and form heterodimers like in BR signal transduction (Li et al., 2002). 

    In the ABP1-regulated ROP GTPase signalling pathway, an RLK is predicted to signal 

from extracellular ABP1 to the intracellular ROP GTPase.  The RLK would be expected at 

the plasma membrane with an extracellular domain which could interact with ABP1 and an 

intracellular domain to interact with ROP.  AT1G25320 is in the RLK LRR III family, which 

means that it has an extracellular LRR domain and it is located at the plasma membrane 

(Nühse et al., 2003).  AT4G25390 is a member of the RLK family RLCK XI, which means 

that it has no predicted extracellular domain, although the protein is located at the plasma 

membrane (Benschop et al., 2007).  This localisation was supported by analysis of the SUBA 

localisation for both of these RLKs (Section 4.5.2).  In ROP GTPase signalling, ROP 

GTPases interact with and are activated by proteins in a guanine exchange factor (GEF) 

family called ROPGEFs.  These proteins vary in their N- and C-termini, but they share a 

conserved nucleotide exchange activity domain which activates ROP GTPases (Berken et al., 

2005; Gu et al., 2006).  Some RLKs are known to be upstream of ROP GTPases to regulate 

specific developmental processes.  For example, pollen-specific PRK2a (in the LRR III 

family, same as AT1G25320) interacts with ROPGEFs to regulate pollen tube growth (Zhang 

and McCormick, 2007) and FER (in the CrRLK1L-1 family) regulates root hair development 

(Duan et al., 2010).  Therefore, AT1G25320 is an excellent candidate for acting in between 

ABP1 and ROP GTPases/ROPGEFs.  A major recent finding in our group revealed that the 

extracellular domain of AT1G25320 can interact with ABP1 in the presence of auxin, in a 

yeast-two-hybrid assay (J. Lai, this laboratory).  Since AT4G25390 is an RLCK, it is 

predicted to lack an extracellular domain, so it is unlikely that this protein would function 

between ABP1 and ROP on its own.  Two RLCKs in the RLCK VI family, called ROP-

BINDING PROTEIN KINASES 1 and 2 (RBK1 and 2), interact with ROP GTPases and 

appear to be activated by ROP GTPases so they are downstream; RBK1 is involved in 

pathogen response and RBK2 is expressed in pollen (Molendijk et al., 2008).  In contrast, 

some RLCKs are activated by other RLKs, such as BR-SIGNALLING KINASES (BSK1, 

BSK2 and BSK3) which are activated by the LRR RLK BRI1 in BR signal transduction 

(Tang et al., 2008).  Therefore, AT4G25390 could function in a ROP GTPase pathway but it 

could be upstream or downstream of ROP GTPase.  The difference in structure strongly 

suggests that AT4G25390 and AT1G25320 would not be in the same place in a signalling 
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pathway and if they are in the same pathway, AT4G25390 would be downstream of 

AT1G25320. 

    This research demonstrated that these two RLK genes are linked to auxin response.  The 

at1g25320 and at4g25390 mutants were identified as IAA-resistant, and also 2,4-D-resistant 

in the auxin dose response experiments, just like the conditional abp1 mutant (Section 4.5.4), 

which is consistent with these genes being in the ABP1 pathway.  Ten Hove et al. (2011) 

screened various LRR RLK gene mutants for phenotypes on different media and the same 

at1g25320 mutant analysed in this study was not identified as resistant to IAA.  The 

discrepancy in results is likely to be because the Ten Hove et al. (2011) study only 

investigated one IAA concentration (0.2 μM) so they could have easily missed the resistance.  

AT1G25320 was identified as IAA-induced in the re-analysed data from Delker et al. (2010), 

but only weakly up-regulated after 3 h (Section 4.2).  Analysis of IAA response in wt 

confirmed up-regulation at 3 h, and also identified up-regulation at 30 min (Section 4.5.4).  

Induction of this gene by IAA was independent of ABP1, since it was up-regulated by IAA 

treatment even with ABP1 inactivation, which suggests that up-regulation of this gene by 

IAA is regulated by the TIR1/AFB pathway.  Therefore, the TIR1/AFB pathway could affect 

the ABP1 pathway by activating expression of AT1G25320.  AT4G25390 is induced rapidly 

by IAA, at 30 min, 1 h and 3 h (Section 4.2).  Up-regulation required ABP1 since this 

response was absent with ABP1 inactivation (Section 4.5.4).  Therefore, the genes differ in 

how they are regulated by auxin. 

    Genes in the same pathway often show co-expression, so assessment of expression patterns 

can suggest that genes are in the same pathway.  Although the two RLK genes were both up-

regulated with a similar fold change upon ABP1 inactivation, these genes had quite different 

expression profiles in different tissues across development.  Interestingly, AT1G25320 

exhibited very similar expression patterns over development compared to ABP1 and both 

were consistently expressed at a low level across tissues (Section 4.5.2).  In addition, both 

ABP1 and AT1G25320 were up-regulated upon ABP1 inactivation in the seedling shoot but 

not the root (Section 4.3).  Therefore, the expression patterns of AT1G25320 are consistent 

with this gene being an important component of the ABP1 pathway.  AT4G25390 was also 

expressed at a low level across development like ABP1; however, it had a different pattern of 

expression across organs (Section 4.5.2).  In addition, this gene was up-regulated upon ABP1 

inactivation in both shoots and roots, although up-regulation was threefold higher in shoots 
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versus roots (Section 4.3).  Nevertheless, AT4G25390 could still be an important component 

of ABP1 signalling.  

    The at1g25320 and at4g25390 mutants had no obvious growth phenotypes across 

development; however, analysis of pavement cell size in leaf 5 indicated that the at1g25320 

mutant had larger cells than wt on the abaxial surface (Section 4.6.3).  Interestingly, tobacco 

plants which over-express ABP1 show larger leaf cells (Jones et al., 1998), so this phenotype 

could be due to loss of the AT1G25320 repressor, leading to constitutive activation of the 

ABP1 pathway, resulting in larger cells.  The at4g25390 mutant had a similar pavement cell 

phenotype to wt, which indicates that although these genes both appear to repress ABP1 

signalling, loss of at4g25390 does not give any phenotype, so perhaps this gene is not the 

only RLCK in the pathway and others can partially compensate for loss of this gene. 

    The AT1G25320 and AT4G25390 genes were identified as repressors of ABP1 signalling 

based on the phenotypes of the abp1 at1g25320 and abp1 at4g25390 double mutants (Section 

4.6).  The abp1 at1g25320 mutant grew like wt upon ABP1 inactivation and was confirmed 

to express SCFV via RT-PCR, which suggests that at1g25320 mutation is a full suppressor of 

the ABP1-inactivation phenotype.  In addition, this double mutant had the same larger 

abaxial pavement cell phenotype and auxin resistance as the at1g25320 single mutant, which 

suggests that this mutant has constitutive ABP1 pathway signalling which is independent of 

whether ABP1 is active or not.  In contrast, the abp1 at4g25390 mutant had slightly stunted 

growth upon ABP1 inactivation and SCFV was confirmed to be expressed via RT-PCR, so 

this mutation partially suppressed the abp1 mutant phenotype.  In addition, the abp1 

at4g25390 mutant had reduced pavement cell lobes just like the conditional abp1 mutant, 

indicating that AT4G25390 does not regulate lobe formation.  Double mutants between 

conditional abp1 mutant, at1g25320 and at4g25390 did not show additive IAA resistance, 

which suggests that these genes could all be part of the same pathway. 

4.7.5. The calmodulin-like gene TCH3 

Auxin is known to regulate Ca
2+

 influx, so it is likely that Ca
2+

 signalling is involved in auxin 

response.  For example, auxin induces influx of Ca
2+

 in maize protoplasts, in response to the 

active 1-NAA but not inactive 2-NAA, detected using Ca
2+

 fluorescent dye (Shishova et al., 

2007).  However, it is unknown how auxin regulates this process.  Ca
2+

 influx regulates auxin 

transport at least partly via PID binding proteins TCH3 and PBP1 (Benjamins et al., 2003) 

and TCH3 was found to be highly down-regulated by ABP1 inactivation (Chapter 3, Section 
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3.8.3), so TCH3 could be the link between auxin, ABP1 and Ca
2+

 signalling.  In this research, 

a tch3 mutant was found to give a more severe growth phenotype when combined with ABP1 

inactivation, which indicated that TCH3 might be in a different pathway to ABP1.  However, 

other evidence suggested that these genes were in the same pathway, so it remains unclear 

where TCH3 fits in auxin signalling, although it seems likely that ABP1 and TCH3 are linked 

in some way.   

    TCH3 is known to bind Ca
2+

 and is linked to regulation of auxin transport at the plasma 

membrane, since it interacts with the AGC kinase PID to regulate apical-basal PIN 

distribution (Benjamins et al., 2003; Friml et al., 2004).  PID phosphorylates PIN proteins 

and this phosphorylation is thought to result in basal-to-apical targeting of PIN proteins in 

cells (Kleine-Vehn et al., 2009).  Therefore, TCH3 was interesting because ABP1 also 

regulates auxin transport and it was proposed that PID could be a component of this ABP1 

pathway, since it affects PIN1 distribution in pavement cells just like ABP1 (Li et al., 2011).  

Auxin activation of the ABP1-ROP2 pathway promotes localisation of PIN1 in lobe regions 

(expanding areas of the cells) and inhibits internalisation of PIN1, and inhibiting ABP1 

results in reduced interdigitation/depth of lobes (Xu et al., 2010; Nagawa et al., 2012).  In 

contrast, PID over-expression in pavement cells results in movement of PIN1 from lobes to 

indentations, resulting in reduced interdigitation (Li et al., 2011).  TCH3 appears to 

negatively regulate PID in response to Ca
2+

 influx, since Ca
2+

 is required for interaction and 

calmodulin inhibitor enhances PID activity (Benjamins et al., 2003), and is expressed in 

regions of cell expansion (Antosiewicz et al., 1995; Braam et al., 1997), so it could be an 

important component of the ABP1 pathway, promoting expansion in response to auxin by 

inhibiting PID.  TCH3 was predicted with low confidence to be intracellular in the cytoplasm, 

nucleus and vacuole (Section 4.5.2) and immunolocalisation studies indicate that the protein 

accumulates in cells undergoing cell expansion (Antosiewicz et al., 1995), a process which is 

regulated by ABP1 (Chapter 1, Section 1.4.3), so this gene could be involved in ABP1-

regulated cell expansion.  The phenotype of the tch3 mutant was a slight reduction in dark 

hypocotyl elongation and rosette diameter, which further supports a role in growth for TCH3 

(Section 4.5.3). 

    TCH3 appears to be involved in auxin response.  The tch3 mutant was resistant to IAA and 

2,4-D just like conditional abp1 mutant (Section 4.5.4), which suggests that TCH3 could be 

in the ABP1 pathway.  In addition, TCH3 is induced by IAA, as shown by Antosiewicz et al. 

(1995) and confirmed in the re-analysed data from Delker et al. (2010) at 30 min, 1 and 3 h of 
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IAA treatment.  The transcriptional response of TCH3 to auxin treatment was lost in the 

conditional abp1 mutant (Section 4.5.5), indicating that ABP1 is required for the auxin 

response of this gene.   

    TCH3 is a highly expressed gene (Benjamins et al., 2003) and investigation of expression 

using the eFP browser showed that it was most highly expressed in leaves, with a quite 

different pattern of expression compared to ABP1 (Section 4.5.2).  In addition, this gene was 

down-regulated upon ABP1 inactivation more strongly in shoots versus roots (Section 4.3), 

indicating that TCH3 could be involved in ABP1-regulated cell expansion in green tissues. 

    The abp1 tch3 mutant exhibited reduced shoot and root growth upon ABP1 inactivation 

compared to the conditional abp1 mutant (Section 4.6.2).  However, the phenotype was 

technically not additive because the tch3 mutant did not have a seedling growth phenotype.  

TCH3 was only down-regulated in the tch3 mutant (Section 4.4), which was previously 

reported in a study which analysed touch responses in this mutant (Gleeson et al., 2012).  It is 

possible that the tch3 mutant still expressed the gene to produce a functional protein, whereas 

when combined with ABP1 inactivation, TCH3 expression was almost absent, resulting in a 

more severe phenotype.  The abp1 tch3 mutant also exhibited smaller leaves and greatly 

reduced pavement cell size versus wt at 19 DAG after a week of ethanol induction and even 

smaller pavement cells than the conditional abp1 mutant on the abaxial side (Section 4.6.3). 

    Since TCH3 is regulated by Ca
2+

 influx, the tch3 mutant was predicted to be less 

responsive to Ca
2+

.  The tch3 mutant was resistant to growth inhibition by high Ca
2+

 in both 

the cotyledons and root, which showed that this mutant is not responding to Ca
2+

 properly 

(Section 4.6.5).  Interestingly, the conditional abp1 mutant was also resistant to Ca
2+

 for 

cotyledon growth; however, root growth was resistant to EGTA unlike the tch3 mutant.  

Perhaps ABP1 regulates TCH3 in shoots but not roots.  Auxin and ABP1 are known to have a 

differential effect on root growth versus shoot growth (Tromas et al., 2009), so ABP1 

regulation of Ca
2+

 signalling and TCH3 could be a mechanism for this differential response.  

Since the roots of the conditional abp1 mutant were resistant to EGTA, ABP1 could also 

regulate Ca
2+

 signalling in the root.  Ca
2+

 signalling is involved in auxin-regulated root 

growth, since auxin induces Ca
2+

 influx and a pH change in root tips (Monshausen et al., 

2011).  This response was found to be independent of the TIR1/AFB family receptors, since 

tir1-1 and tir1-1 afb2-3 afb3-4 mutants still showed this response.  Interestingly, the other 

PID-binding protein PBP1 generally displays low expression versus TCH3 (Benjamins et al., 
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2003) but it is highly expressed in roots (Arabidopsis eFP browser) where TCH3 is expressed 

at a lower level, and PBP1 appears to activate PID in contrast to TCH3 which is inhibitory.  

Therefore, PBP1 may be important for Ca
2+

 signalling in roots, which could mean that ABP1 

regulation of Ca
2+

 signalling may have a different outcome in the root compared to the shoot.   

    Interestingly, the auxin resistance phenotype was not additive for the tch3 mutant crossed 

with the abp1, at1g25320 or at4g25320 mutants (Section 4.6.4).  It is possible that all of 

these genes are in the same pathway, which indicates that ABP1 signalling is complex and 

involves a range of signalling proteins.  There are two ways that ABP1 could be linked to 

TCH3:  ABP1 signalling at the plasma membrane may regulate auxin-induced Ca
2+

 influx, 

resulting in repression of PID by TCH3; and/or ABP1 signalling to the nucleus may regulate 

transcription of TCH3 to affect TCH3 protein concentration, since ABP1 inactivation resulted 

in a many-fold down-regulation of TCH3 and the transcriptional response of this gene to 

auxin treatment was dependent on ABP1. 

4.7.6. The phosphatase gene PAP17 

The fourth selected candidate gene was PAP17.  The PAP gene family consists of two groups 

based on protein size, small (~35 kDa) and large (~55 kDa).  The small group has five 

members which are similar to mammalian PAP genes (Olczak et al., 2003).  PAP17 encodes 

a small PAP which has typical features of this family such as a metal ligand binding site and 

both phosphatase and peroxidase activity.  This gene is up-regulated with phosphate 

starvation and responds to ABA, salt stress, and oxidative stress induced by H2O2 (Del Pozo 

et al., 1999).  The protein was predicted with low confidence to be localised at the cell wall, 

vacuole and peroxisome (Section 4.5.2).  This gene was selected as a candidate because it 

was the most highly up-regulated signalling gene upon ABP1 inactivation (Chapter 3, Section 

3.5).  In addition, it was IAA-induced in the re-analysed data from Delker et al. (2010), which 

indicated that it could be involved in auxin response.  PAP17 showed two responses to IAA, 

a 15 min up-regulation which occurred in wt and the conditional abp1 mutant, and a 1 to 3 h 

up-regulation which only occurred in wt with 1 μM IAA (Section 4.5.5).  This result suggests 

that this gene is regulated by both the TIR1/AFB pathway and the ABP1 pathway in response 

to IAA.  The T-DNA mutant had no obvious growth phenotypes (Section 4.5.3) but it was 

found to be resistant to IAA and 2,4-D but not 1-NAA, like the conditional abp1 mutant and 

the other candidate gene mutants (Section 4.5.4), so this gene could be involved in ABP1 

signalling.   
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    The expression pattern of PAP17 across development indicated that this gene was not a 

strong candidate for the ABP1 pathway, since it had quite variable expression across 

development (~300-fold) and was expressed quite differently to ABP1, with PAP17 being 

comparatively highly expressed in senescing leaves and mature pollen where ABP1 had low 

expression (Section 4.5.2).  PAP17 was up-regulated in the seedling shoot and root, but up-

regulation was much greater in the shoot (Section 4.3). 

    This gene was the least promising of the four candidates, so crosses with other candidate 

genes were not performed.  However, generation of an abp1 pap17 mutant was attempted, 

but SCFV was silenced in the putative mutant.  Strangely, it was difficult to obtain 

homozygous pap17 mutants, since when the initial genotyping was conducted only two out of 

22 plants were homozygous mutants and for the crosses at the stage where plants were 

heterozygous for abp1 and pap17, only three out of 40 progeny of these plants were 

homozygous mutants.  It is unknown why there were so few homozygous mutants, since 

there should be 25%, especially because the mutant showed no growth phenotype.  Therefore, 

this gene was not investigated in as much detail as the other three candidate genes, although it 

is interesting that this gene was regulated by IAA and the mutant was IAA-resistant, so this 

gene is still worth investigating in the future. 

4.7.7. An updated ABP1 pathway 

Based on the knowledge obtained in this research about AT1G25320, AT4G25390 and 

TCH3, an updated ABP1 pathway was designed (Figure 4-22).  It is unclear where exactly 

AT4G25390 may function in the pathway and it is still unknown how the signal reaches the 

nucleus.  It is also unclear whether ABP1 regulates TCH3 only transcriptionally, or if ABP1 

also affects Ca
2+

 influx.  However, this research did fill in some of the gaps in the ABP1 

pathway. 
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Figure 4-22.  Proposed model of ABP1 signalling, including the potential roles of RLKs AT1G25320 and 
AT4G25390, and TCH3.  Auxin binds ABP1 at the plasma membrane to repress AT1G25320, resulting in 
activation of ROP signalling and changes in auxin transport.  AT4G25390 would be downstream of 
AT1G25320 but its actual position in the pathway is unclear.  ABP1 signalling also results in gene expression 
changes, which are linked to cell-wall expansion.  ABP1 regulates TCH3 expression which would also affect 
auxin transport. 

 

4.8. Conclusion 

The auxin receptor ABP1 is crucial for plant growth and development, so it is very important 

to develop an understanding of ABP1 signalling.  This chapter identified three signalling 

genes linked to ABP1: the RLK genes AT1G25320 and AT4G25390, which could be 

components of the ABP1-regulated ROP pathway, and the calmodulin-like gene TCH3 which 

links ABP1 to Ca
2+

 signalling.  Further investigation of these genes is required to clarify their 

potential roles in ABP1 signalling, and to identify more components of the ABP1 pathway. 
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Chapter 5. Cell-Wall Histochemistry and Proteome of ABP1-

Inactivated Stems2 

5.1. Introduction 

The plant cell wall is essential for plant growth and is deposited in two stages.  The primary 

cell wall is deposited during growth and in some cell types a secondary wall is deposited as 

well, once growth has ceased (Cosgrove, 2005).  Auxin-induced loosening of the primary cell 

wall is essential for plant cell expansion and requires the activity of cell-wall modifying 

proteins such as expansins, XTHs and endo-1,4-β-glucanases (Chapter 1, Section 1.5).  

Primary and secondary walls often differ in composition and secondary walls usually contain 

lignin, which provides extra strength and rigidity.  Lignin is a complex phenolic polymer and 

its subunits are generated via the phenylpropanoid pathway (reviewed by Boerjan et al., 

2003).  Lignification occurs in the walls of xylem tracheary elements and of interfascicular 

fibres of the Arabidopsis stem (Turner and Somerville, 1997). 

    Preliminary histochemical observations using lignin colour reagents indicated that ABP1 is 

required for secondary cell-wall lignification (C. Perrot-Rechenmann pers. comm.).  In 

addition, the phenylpropanoid pathway is transcriptionally down-regulated in ABP1-

inactivated seedlings, indicating that ABP1 regulates this pathway (Chapter 3, Section 3.10).  

Therefore, in this chapter, cell-wall lignification and the cell-wall proteome of the conditional 

abp1 mutant was analysed during stem growth.  The aim was to determine how ABP1 affects 

lignification, by using histochemical colour reagents and FTIR microspectroscopy, and by 

analysing the expression of genes which control this process.  FTIR microspectroscopy is a 

technique that can be used to characterise cell-wall components which is quick, identifies 

functional groups (including those in lignin) and allows the analysis of walls of different cell 

types in an organ (Alonso-Simón et al., 2011).  In addition, ABP1 inactivation resulted in 

stunted stem growth (Section 5.2), so the cell-wall proteome of ABP1-inactivated stems was 

investigated using iTRAQ, to identify cell-wall proteins that could be important for the 

differences in lignification and growth.   

 

                                                           
2
 A modification of this chapter has been drafted for publication. 
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5.2. Growth and cell-wall lignification of ABP1-inactivated stems 

ABP1 regulates cell division and cell expansion in multiple organs including leaves and roots 

(Braun et al., 2008; Tromas et al., 2009).  Therefore, it is possible that ABP1 is required for 

stem growth as well.  For analysis of stem growth, plants were grown on soil or rockwool and 

ethanol induction was initiated when stems emerged (< 1 cm long) (Chapter 2, Sections 

2.2.5-2.2.6).  Ethanol induction was conducted for 1 week, with the ethanol topped up every 

2 days.  ABP1 inactivation resulted in stunted shoots relative to wt, indicating that ABP1 

regulates stem growth (Figure 5-1). 

 

Figure 5-1.  ABP1 inactivation during stem growth.  The wt and conditional abp1 mutant plants (34 DAG) 
were treated with ethanol when stems started to emerge, for 7 days. 

 

    It was mentioned at the beginning of this chapter that preliminary observations indicated 

that ABP1-inactivation results in reduced stem lignification, so to confirm this phenotype, 

ABP1-inactivated stems were investigated using a stain and lignin colour reagents.  Wt and 

conditional abp1 mutant plants were grown on rockwool and ethanol induction commenced 

when the stems started to emerge (< 1 cm long) (Chapter 2, Sections 2.2.5-2.2.6).  After a 

week, duplicate samples of wt and conditional abp1 mutant stem were harvested for 

embedding and sectioning (Chapter 2, Section 2.6.1).  Stem pieces (~0.5 cm long) from the 

basal (~1.5 cm up from base), middle (halfway up the stem) and top (~2 cm from tip of the 

abp1wt
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stem) regions were harvested, taking internodal regions, and avoiding the nodes.  Stem pieces 

were paraffin-embedded and cut to generate 10 µm-thick transverse sections, which were 

processed to remove the wax.  In addition, one wt stem sample and duplicate abp1 mutant 

stem samples were harvested, RNA was extracted and the RNA was processed to cDNA 

(Chapter 2, Section 2.3.5).  The transcription of SCFV and ACT2-8 coamplified as a control 

was determined via RT-PCR (Chapter 2, Section 2.3.7).  The duplicate conditional abp1 

mutant samples expressed SCFV (Figure 5-2), which showed that the ethanol induction was 

successful. 

 

Figure 5-2.  Gel electrophoresis of RT-PCR products from stems of wt and the conditional abp1 mutant, to 
confirm expression of SCFV.  Ethanol induction commenced at 34 DAG and samples were harvested for RNA 
after 7 days and processed to cDNA.  ACT2-8 coamplified primers were used to confirm the presence of 
cDNA and SCFV primers were used to test SCFV expression. -RT = minus-reverse transcriptase. 

  

     To examine the lignification of cell walls in the ABP1-inactivated stems, the stem 

transverse sections were treated with the colour reagent phloroglucinol-HCl and the stain 

toluidine blue-O (Chapter 2, Section 2.6.2).  The phloroglucinol-HCl reaction results in a red 

colour where lignin is present, whereas toluidine blue-O is a metachromatic dye which stains 

lignified cell walls blue-green and non-lignified cell walls purple.  The sections were viewed 

using a bright-field light microscope.  The conditional abp1 mutant exhibited reduced 

intensity of the phloroglucinol-HCl colour reaction (red) and toluidine blue-O staining (blue) 

in the interfascicular fibre region of the stem, which showed that lignification was reduced 
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(Figure 5-3).  This pattern was observed in the basal, middle and top regions of the stem.  In 

addition, xylarly fibres exhibited reduced lignification; however, xylem vessel lignification 

was similar for wt and the conditional abp1 mutant.  Therefore, ABP1 is required for 

lignification of fibres but not of the xylem vessels.  The interfascicular fibre region still 

developed in the conditional abp1 mutant; the difference to wt was specifically in the 

concentration of lignification.  The wt and conditional abp1 mutant stems did not differ 

significantly in average stem or cell diameter (data not shown). 

 

Figure 5-3.  Transverse sections of the basal, middle and top areas of wt and the conditional abp1 mutant 
stems treated with phloroglucinol-HCl or toluidine blue-O.  Plants of wt and the conditional abp1 mutant (34 
DAG) were treated with ethanol during stem growth and after 7 days, sections were cut ~1.5 cm from the 
basal, middle and top regions and treated with phloroglucinol-HCl (A) or toluidine blue-O (B).  Scale bar = 
100 μm.  if = interfascicular fibres.  x = xylem vessels.  xf = xylarly fibres. 

 

    To further investigate the reduced lignification phenotype of the conditional abp1 mutant, 

stem sections were treated with the Mäule colour reagent, which specifically reacts with 

syringyl units of lignin to give a red colour.  This experiment was conducted using sections 

from the base of the stem Section 5.5.  The conditional abp1 mutant had reduced syringyl 

lignin concentration in the walls of the interfascicular fibres versus wt, the same result as 

what was observed with phloroglucinol-HCl and toluidine blue-O (Figure 5-4).  This result 

suggests that the phenotype is due to a difference in overall lignification and may not involve 

major changes to the lignin composition. 
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Figure 5-4. Transverse sections of the basal area of wt and the conditional abp1 mutant stems treated with 
the Mäule reagent.  Plants of wt and the conditional abp1 mutant (34 DAG) were treated with ethanol 
during stem growth and after 7 days, sections were cut ~1.5 cm from the base of the stem.  Scale bar = 100 
µm.  if = interfascicular fibres.  x = xylem vessels. 

 

    Although the stems did not differ in diameter in transverse sections upon ABP1 

inactivation, the shoots were stunted and it is possible that the conditional abp1 mutant could 

have shorter epidermal cells, since ABP1 is involved in cell expansion.  Therefore, VPSEM 

of ABP1-inactivated stems versus wt was conducted on the area ~1.5 cm from the base of   

~8 cm stems for both wt and the abp1 mutant.  The stem surface had a very similar 

morphology with ABP1 inactivation compared with wt (Figure 5-5).  ABP1 inactivation did 

not significantly affect the epidermal cell length and cell width (data not shown).  Therefore, 

the stunted shoot phenotype caused by ABP1 inactivation was not due to a change in cell 

morphology and could possibly be due to a slower rate of cell expansion and/or cell division. 

 

Figure 5-5.  Stem surfaces showing the epidermal cells of wt and the conditional abp1 mutant.  Ethanol 
induction commenced at 34 DAG and quadruplicate samples of wt and the conditional abp1 mutant stems 
(~1.5 cm up from base) were harvested after 3-5 days when stems were ~8 cm.  Micrographs of the stem 
surface were taken using VPSEM.  A = wt.  B = abp1.  Scale bar = 100 μm. 
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5.3. Cell-wall histochemistry of tir1-1 and candidate signalling gene mutant 

stems 

The other auxin signalling pathway (TIR1/AFB pathway) is important for auxin-regulated 

gene expression, so it would be interesting to know if ABP1 controls fibre cell-wall 

lignification independently of this pathway.  To test whether the TIR1 receptor is involved, 

the tir1-1 mutant was compared with wt with respect to stem lignification.  Stem sections 

were treated with phloroglucinol-HCl and toluidine blue-O (Figure 5-6).  The walls of the 

tir1-1 mutant stained similar to wt and the only phenotype was a reduced stem diameter.   

 

Figure 5-6.  Transverse sections of the basal area of wt and the tir1-1 mutant stems treated with 
phloroglucinol-HCl or toluidine blue-O.  Stems of wt and the tir1-1 mutant (42 DAG) were harvested and 
processed, and sections were cut ~1.5 cm from the base of the stem and treated with phloroglucinol-HCl (A) 
or toluidine blue-O (B).  Scale bar = 100 μm.  if = interfascicular fibres.  x = xylem vessels. 

 

    In Chapter 4, four candidate gene mutants were investigated (at1g25320, at4g25390, tch3 

and pap17) and it was found that AT1G25320 and AT4G25390 could encode negative 

regulators of ABP1 signalling and that TCH3 could link ABP1 to Ca
2+

 signalling.  In Chapter 

4, it was found that these mutants exhibited very similar stem growth to wt (Chapter 4, 

Section 4.5.3), but stem cell-wall histochemistry was not investigated.  Therefore, since 

ABP1 is involved in fibre cell-wall lignification, it was decided to assess stem cell-wall 

lignification of these four mutants compared with wt.  Stem sections were treated with 

phloroglucinol-HCl and toluidine blue-O (Figure 5-7).  It was found that all of the mutants 
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had cell-wall staining similar to those of wt, which suggests that these genes are not involved 

in the control of lignification by ABP1.  However, since AT1G25320 and AT4G25390 appear 

to encode negative regulators of ABP1 signalling, it would perhaps not be expected to see 

any phenotype when they are knocked out and it would be more interesting to investigate the 

double mutants with the conditional abp1 mutant to see if these genes are involved. 

 

Figure 5-7.  Transverse sections of the basal area of stems of wt and the four candidate gene mutants 
(selected in Chapter 4) treated with phloroglucinol-HCl or toluidine blue-O.  Plants were grown to 35 DAG, 
sections were cut ~1.5 cm from the base of the stem and treated with phloroglucinol-HCl (A) or toluidine 
blue-O (B).  Scale bar = 100 μm.  if = interfascicular fibres.  x = xylem vessels. 
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5.4. FTIR microspectroscopy of ABP1-inactivated stems 

The histochemical study in Section 5.2 showed that ABP1 inactivation resulted in reduced 

lignification of the interfascicular fibre cell walls.  To examine this phenotype in more detail, 

FTIR microspectroscopy was used, since this method can identify functional groups in 

various cell-wall polymers including lignin and can be used to examine walls of specific cell 

types (Alonso-Simón et al., 2011).  Wt and the conditional abp1 mutant were grown in soil 

and ethanol induction was commenced as soon as stems emerged (< 1 cm) (Chapter 2, 

Sections 2.2.5-2.2.6).  After a week of ethanol induction, triplicate biological replicates of wt 

and the conditional abp1 mutant stems were harvested and sections (60 µm thick) were cut 

from the fresh tissue ~1.5 cm up from the base of the stem, using a vibratome.  The cell walls 

of the sections were analysed using FTIR microspectroscopy (Chapter 2, Section 2.6.6).  

Each section was analysed in three cell-wall regions: the interfascicular fibres, the pith 

parenchyma and the metaxylem vessels.  Three stem sections from the three biological 

replicates were scanned using the FTIR.  Each stem section was analysed in three places each 

for fibres, parenchyma and vessels.  Therefore, a total of 27 spectra were obtained for wt and 

the conditional abp1 mutant in each cell-wall region (fibres, parenchyma and vessels).  The 

averaged FTIR profiles of wt and the conditional abp1 mutant were compared and t values 

across the spectra were determined (Figure 5-8).  Peaks which differed by a t value ≥ 2 or     

≤ -2 were considered to be significantly different.   

    The fibre cell walls had the most highly significant differences between the conditional 

abp1 mutant and wt, in three regions of the spectrum.  There was a smaller peak for the 

conditional abp1 mutant at ~1510-1530 cm
-1

, which results from lignin (Carpita et al., 2001).  

Therefore, the FTIR analysis confirmed that ABP1 inactivation during stem growth resulted 

in reduced lignification of fibre cell walls, as was observed by bright-field microscopy of 

sections treated with lignin colour reagents (Section 5.2).  The larger peak in the conditional 

abp1 mutant compared with wt at 1720-1750 cm
-1

 was likely to be due to increased 

concentration of esterified pectin (methyl- and acetyl-esterification of carboxylic acid 

residues) (McCann et al., 1992).  The third difference was a higher signal with ABP1 

inactivation on the side of the large peak at 970-1000 cm
-1

.  It was difficult to interpret the 

cause of differences in this region of the FTIR spectrum, since cellulose and many other 

polysaccharides signal in this region. 
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    The spectrum of the parenchyma cell walls was significantly different in five areas.  The 

region corresponding to esterified pectin at 1720-1750 cm
-1

 was increased slightly in the 

conditional abp1 mutant, but not as much as in the spectrum of the fibre cell walls.  The 

conditional abp1 mutant exhibited a smaller peak compared with wt at 1620-1650 cm
-1

.  This 

peak is associated with the carboxylic acid groups of non-esterified pectin (Mouille et al., 

2003), indicating a decrease in non-esterified but increase in esterified pectin in this mutant.  

In addition, peaks at ~1105 cm
-1

 and ~1250 cm
-1

 could result from hexuronic acid and C-O 

vibrations of pectic polysaccharides (Coimbra et al., 1999; Kacuráková et al., 2000; 

Kačuráková et al., 2002), indicating higher pectin content in the conditional abp1 mutant.  A 

small peak at ~1550 cm
-1

 was reduced in the conditional abp1 mutant; this peak appears to 

represent amide 1 bonds of cell-wall proteins (Sene et al., 1994).  Therefore, the conditional 

abp1 mutant parenchyma cell walls may have reduced protein content. 

    The only difference in the spectrum of the vessel cell walls was that the side of the large 

peak at 970-1000 cm
-1

 gave a higher signal for the conditional abp1 mutant, which was also 

observed in the spectrum of the fibre cell walls.  However, as mentioned above, it is uncertain 

what the cause of this difference might be. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5. Cell-Wall Histochemistry and Proteome of ABP1-Inactivated Stems 

150 
 

 

 

 

Figure 5-8.  FTIR spectra of the walls of different cell types of wt and the conditional abp1 mutant stems 
after ethanol treatment during growth.  Plants of wt and the conditional abp1 mutant (34 DAG) were 
treated with ethanol for 7 days.  Stem transverse sections of wt (blue) and the conditional abp1 mutant 
(red) were generated and analysed using FTIR microspectroscopy.   A = Fibres.  B = Parenchyma.  C = Xylem 
vessels. 
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5.5. Expression of genes in the lignification pathway during ABP1-

inactivated stem growth 

Lignification of the fibre and xylem vessel cell walls in the stem is controlled by TF 

cascades, with NAC TFs being the master regulators (Chapter 1, Section 1.5).  Therefore, it is 

possible that ABP1 affects fibre cell-wall lignification by affecting expression of TFs which 

control the lignification of these walls.  To investigate this possibility, the expression of key 

TF genes was determined during stem development with ABP1 inactivation over 5 days.   

    Wt and conditional abp1 mutant plants were grown on rockwool and ethanol induction was 

started when the stems had just emerged (< 1 cm long).  Duplicate samples of wt and 

conditional abp1 mutant stem were harvested at 0, 12, 24, 48 and 120 h for embedding 

(excluding the 12 h samples) and RNA extraction (all samples) (Chapter 2, Sections 2.3.5 and 

2.6.1).  Firstly, the stem samples were histochemically stained for lignification using 

phloroglucinol-HCl and toluidine blue-O, as described in Section 5.2.  Stem pieces from the 

basal (~1.5 cm up from base) region were examined.  Consistent with the results in Section 

5.2, the conditional abp1 mutant had less interfascicular fibre cell-wall lignification 

compared with wt, as indicated by the decreased concentration of phloroglucinol-HCl 

reaction (red) and toluidine blue-O staining (blue-green).  The time course gave insight into 

the differences in progression of the lignification of the fibre walls during stem growth.  It 

was found that the walls of the interfascicular fibres started to lignify in both wt and the 

conditional abp1 mutant 24 h after ethanol induction, with slight phloroglucinol-HCl reaction 

(light pink) and toluidine blue-O staining (blue-purple) (Figure 5-9).  Wt showed obvious 

lignification of the fibre walls at 48 h, with strong phloroglucinol-HCl reaction (red) and 

toluidine blue-O staining (blue) and the lignified walls became thicker at 120 h.  In contrast, 

the conditional abp1 mutant had only very weak fibre wall lignification at 48 and 120 h, 

similar to that observed at 24 h. 
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Figure 5-9.  Transverse sections of the basal area of wt and the conditional abp1 mutant stems treated with 
phloroglucinol-HCl or toluidine blue-O.  Plants of wt and the conditional abp1 mutant (34 DAG) were treated 
with ethanol during stem growth and tissue was harvested at 0, 12, 24, 48 and 120 h.  Sections were cut ~1.5 
cm from the base of the stem and treated with phloroglucinol-HCl (A) or toluidine blue-O (B).  Scale bar = 
100 μm.  if = interfascicular fibres.  x = xylem vessels. 

 

    Histochemical and FTIR analysis confirmed that ABP1 inactivation was affecting 

interfascicular fibre cell-wall lignification, so the next step was to examine expression of 

genes involved in wall lignification using real-time RT-PCR, to see if they were affected by 

ABP1 inactivation.  Primers for the important TF genes which control the fibre wall 

lignification pathway were designed, in particular for genes involved in the TF cascade 

controlling fibre wall lignification.  These included genes encoding the fibre master TFs 

SND1 and NST1, as well as some downstream MYBs including the second level master 

regulator MYB46, the lignin-specific MYB58 and MYB63 and the downstream TF MYB20.  

The metaxylem vessel master regulator VND6 was also included as a comparison (Chapter 1, 

Section 1.5).  In addition, the HD-ZIP TF gene REV and the tonoplastic protein-encoding 

WAT1 were chosen, since mutants in these genes have reduced lignification of fibre walls 

(Zhong et al., 1997; Ranocha et al., 2010). 
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    Prior to assessing expression of these genes in the samples, it was necessary to test the 

efficiency of the primers.  The efficiency was determined as described in Chapter 3, Section 

3.2; however, just one control primer pair was used (ACT2-8 coamplified) and the reason for 

using these primers was explained in Chapter 4, Section 4.3.  Most of the primer pairs had 

acceptable efficiency versus ACT2-8 coamplified primers, because they had slopes which 

were between 0.1 and -0.1 (Livak, 1997) (Figure 5-10).  The primers for MYB63 gave a slope 

of -0.15 which was slightly out of the desired range, but it was decided to use these primers 

anyway, since the difference in efficiency would only have a small effect on the results.  

However, the primers for MYB58 and MYB20 gave slopes very far from the desired range and 

could not be used.  It was decided to drop these two genes from the analysis, since the other 

seven genes still gave a good coverage of the TF pathway. 

 

Figure 5-10.  Primer efficiency for genes involved in the control of lignification relative to the control primers 
ACT2-8 coamplified.  cDNA from ethanol-induced conditional abp1 mutant was prepared as a dilution series 
and primer efficiencies were assessed by comparing ΔCT values across the dilution; a slope between 0.1 and 
-0.1 indicates that the primers have similar efficiency.  The graphs show ΔCT value relative to log10(relative 
target concentration), for genes of interest versus ACT2-8 coamplified. 
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    The transcription of SCFV and the seven selected genes involved in lignification was 

determined via real-time RT-PCR (Chapter 2, Section 2.3.7).  The conditional abp1 mutant 

samples expressed SCFV after ethanol treatment (Figure 5-11), which showed that the 

ethanol induction was successful.  Lignification of the fibre walls in wt stems was first 

observed at 48 h (Figure 5-9) and this time matched that when TFs involved in the fibre 

lignification pathway were up-regulated (Figure 5-11).  The relative expression of these 

genes in wt was even higher at 120 h.  In contrast, the conditional abp1 mutant exhibited 

weaker expression of the SND1 pathway genes (SND1, NST1, MYB46 and MYB63) relative to 

wt.  The fibre lignification master switch SND1 displayed the greatest fold change difference 

upon ABP1 inactivation, with 8.4-fold and 3.8-fold lower expression in the conditional abp1 

mutant at 48 and 120 h, respectively (Figure 5-11).  In addition, WAT1 was down-regulated 

upon ABP1 inactivation compared with wt.  However, REV expression was not significantly 

affected by ABP1 inactivation.  Although the cell walls of xylem vessels of both wt and the 

conditional abp1 mutant were lignified (Figure 5-9), the metaxylem vessel master switch 

VND6 was more weakly expressed (twofold down-regulated) upon ABP1 inactivation (Figure 

5-11).  Perhaps since lignification in this tissue was observed at 0 h, the expression of VND6 

at 0 h was already sufficient to promote lignification of the walls of metaxylem vessels, 

whereas in the fibres up-regulation was necessary to induce cell-wall lignification. 
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Figure 5-11.  Relative expression of SCFV and genes involved in lignification of interfascicular fibres and 
xylem vessels in wt and conditional abp1 mutant stems.  Ethanol induction was performed on 34 DAG plants 
for wt and the conditional abp1 mutant, and tissue was harvested at 0, 12, 24, 48 and 120 h.  These graphs 
show relative expression levels of SCFV and lignification-related genes versus time of ethanol induction (h).  
Error bars = SEM; n = 4 (two biological and two technical replicates). 

 

5.6. Cell-wall proteome 

As described at the beginning of this chapter, primary cell walls are important for plant 

growth.  ABP1 regulates cell expansion and cell-wall loosening, but it is unknown how this 

regulation occurs.  The microarray analysis in Chapter 3 showed that with ABP1 inactivation, 

many cell-wall genes were transcriptionally affected (mostly down-regulated), but it was 

unknown whether these expression differences would affect the concentrations of the proteins 

in the cell wall.  Therefore, the aim of the proteome analysis was to examine the effect of 

ABP1 inactivation on the expression of cell-wall proteins, using iTRAQ.  A number of 

previous cell-wall proteomics studies have identified a total of 404 cell-wall proteins in 
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Arabidopsis; the largest category is proteins that act on polysaccharides (e.g. expansins and 

XTHs), whereas other identified proteins include oxido-reductases, proteases, proteins with 

interacting domains (e.g. lectins, protease inhibitors), proteins involved in signalling (e.g. 

AGPs), proteins involved in lipid metabolism and structural proteins (reviewed by Jamet et 

al., 2008).  The transcription of many genes in these categories was affected by ABP1 

inactivation in seedlings (Chapter 3, Section 3.10), so the iTRAQ analysis should identify 

proteins which are relevant to cell-wall growth.  

    Stem tissue was chosen for this analysis because ABP1 inactivation caused stunted stems 

as well as reduced lignification of fibre cell walls, and seedlings would be too difficult to use 

because they have many small cells (particularly in the meristems) which are challenging to 

break, whereas stems have larger cells.  Stems were harvested when they were still growing 

in the apical area but when lignification of the walls of the interfascicular fibres should have 

occurred at the basal area of the stem in wt, so that the observed differences could be 

identified for both of these factors.   

5.6.1. Cell-wall protein extraction 

Feiz et al. (2006) developed a method for cell-wall protein extraction from Arabidopsis 

etiolated hypocotyls, which involved cell breakage using a blender followed by many washes 

with low ionic strength buffer and sucrose gradient centrifugations to remove intracellular 

contents.  An alternative method, designed for Medicago sativa stems, used a mortar and 

pestle to break cells and vacuum filtration to remove washes (Watson et al., 2004; Watson 

and Sumner, 2007).  A protocol was developed by combining features of both protocols plus 

using a Tenbroeck glass grinder to further break cells (Chapter 2, Section 2.5.3).  The cell 

wall isolation protocol was tested using 2 g of wt stems; however, in this trial the sucrose 

density gradient centrifugations were not conducted.  Protein was extracted from the cell 

walls using LiCl and CaCl2 solutions and concentration was assessed (Chapter 2, Sections 

2.5.4 and 2.5.6).  The trial sample was handed to M. Middleditch (Proteomics Facility, Centre 

for Genomics and Proteomics, SBS, University of Auckland) for alkylation, tryptic digestion 

and LC-MS/MS.  This analysis identified 92 proteins.  The protein genInfo Identifiers were 

searched for Arabidopsis Genome Initiative (AGI) locus identifiers using the „Batch Entrez‟ 

tool on the National Centre for Biotechnology Information (NCBI) website and 60 proteins 

were identified.  These proteins were analysed using the TAIR website „bulk protein search‟ 

tool which has predicted cellular localisations.  The proteins were identified as 52% secreted, 
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22% chloroplastic, 10% cytoplasmic, 8% nuclear, 7% plasmodesmatal and 2% mitochondrial 

(Figure 5-12).  Therefore, the protein was just over half secreted/cell-wall protein which was 

a lower proportion than in the Feiz et al. (2006) study (73% secreted) but higher than the 

Watson et al. (2004) study (~45%).  This result might be due to using green tissues so that it 

was difficult to remove chloroplastic contamination, whereas Feiz et al. (2006) used etiolated 

hypocotyls; and/or because sucrose gradient centrifugations were not conducted, which might 

be crucial for removing intracellular contaminants.  It was decided to proceed with preparing 

samples for microarrays, with addition of the sucrose density gradient. 

 

Figure 5-12.  The localisation of proteins identified from a trial cell-wall protein stem sample.  Plants were 
grown to 39 DAG and stems were harvested and processed to extract cell-wall protein.  The protein was 
analysed using LC-MS/MS.  The graph shows the number of proteins with each localisation. 

 

    The nuclear proteome iTRAQ experiment in Chapter 3, Section 3.11 only had duplicate 

samples for each time point and genotype, and the duplicates did not provide good statistical 

analysis for identifying differential expression.  Therefore, in the cell-wall proteome 

experiment all samples were harvested at the same time, so that there was four replicates each 

for wt and the conditional abp1 mutant (two biological and two technical replicates).  Plants 

of wt and the conditional abp1 mutant were grown on rockwool to 34 DAG (when stems 

were just emerging, < 1 cm) and ethanol induction was conducted for 5 days (Chapter 2, 

Sections 2.2.5-2.2.6).  The stems of 12 wt and 12 conditional abp1 mutant plants were 

harvested and divided into duplicate samples (0.75 g each) to give two wt and two 

conditional abp1 mutant samples for cell-wall extraction (Chapter 2, Section 2.5.3), followed 
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by protein extraction (Chapter 2, Sections 2.5.4 and 2.5.6). The total amount of protein for 

each sample was assessed using the Bradford method and all samples consisted of ~90 µg 

protein.  Tissue was also harvested at 0 and 4 days of ethanol treatment to confirm SCFV 

induction.  RNA was extracted and processed, converted to cDNA and expression of SCFV 

was assessed in the ethanol-induced conditional abp1 mutant via RT-PCR (Chapter 2, 

Sections 2.3.5 and 2.3.7), confirming that the ethanol induction was successful (Figure 5-13).  

 

Figure 5-13.  Gel electrophoresis of RT-PCR products from stems of wt and the conditional abp1 mutant, to 
confirm expression of SCFV prior to conducting the iTRAQ experiment.  Ethanol induction commenced at 34 
DAG for 5 days and samples were harvested for RNA at 0 and 4 days of ethanol treatment and processed to 
cDNA.  A = ACT2-8 coamplified_F1 + R1 to confirm the presence of cDNA.  B = SCFV_F1 + R1 to confirm 
expression of SCFV in the ethanol-induced conditional abp1 mutant. 

 

    To test the quality and purity of the extracted protein prior to iTRAQ, a small sample (a 

combined 25 µg of protein collected from all 4 samples) was handed to M. Middleditch 

(Proteomics Facility, Centre for Genomics and Proteomics, SBS, University of Auckland) for 

alkylation, tryptic digestion, labelling with one of the iTRAQ labels and LC-MS/MS.  This 

analysis identified 50 proteins.  The protein GI numbers matched 37 AGIs on NCBI and 

localisation from TAIR identified the proteins as 65% secreted, 22% cytosolic, 8% 

chloroplastic and 5% unknown (Figure 5-14).  Therefore, the proteins were mostly secreted, 

which was close to the results from the Feiz et al. (2006) study (73% secreted) and an 

improvement compared with the trial sample (52% secreted).  Therefore, the sucrose density 

centrifugations were important for reducing intracellular contamination. 
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Figure 5-14.  The localisation of proteins identified from a representative cell-wall protein stem sample from 
the final extracts.  Plants were grown to 38 DAG and stems were harvested and processed to extract cell-
wall protein.  The protein was analysed using LC-MS/MS.  The graph shows the number of proteins with 
each localisation. 

 

5.6.2. Cell-wall proteome iTRAQ results 

To identify cell-wall proteins which could be important for ABP1-regulated lignification and 

growth of Arabidopsis stems, the cell-wall proteome of ABP1-inactivated stems was 

compared with wt.  The four protein samples (two wt and two conditional abp1 mutant 

samples) were processed by M. Middleditch (Proteomics Facility, Centre for Genomics and 

Proteomics, SBS, University of Auckland), which involved alkylation, digestion with trypsin 

and sample labelling (Chapter 2, Section 2.5.9).  The four samples were divided into 

technical duplicates prior to labelling, to give eight samples for iTRAQ. 

    A total of 483 proteins were identified in the iTRAQ analysis.  The protein localisation was 

analysed using the TAIR website (http://www.arabidopsis.org/tools/bulk/protein/index.jsp), 

PSORT (http://psort.nibb.ac.jp/), SignalP (http://www.cbs.dtu.dk/services/TargetP/) 

(Emanuelsson et al., 2000) and Arememnon (http://aramemnon.botanik.uni-koeln.de/) 

(Schwacke et al., 2003).  In addition, 20 proteins predicted to be secreted via non-classical 

secretion by SecretomeP (http://www.cbs.dtu.dk/services/SecretomeP-1.0/) (Dyrløv Bendtsen 

et al., 2004) were included.  The largest category was secreted proteins (34.2%) (Table 5-1).  

The proportion of contamination was significantly higher compared to the trial run (65.8% 

compared to 35%), probably because the iTRAQ process is very sensitive, so traces of 
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contaminants were detected.  Nevertheless, the identification of 165 secreted proteins is a 

higher number than in previous studies such as Irshad et al. (2008) (137 secreted proteins), so 

the iTRAQ method was successful for identification of cell-wall proteins in the samples.  

Interestingly, the ABP1-inactivated stems had a higher concentration of ribosomal protein 

contaminants, which is consistant with the observed up-regulation of protein synthesis in the 

microarray and nuclear proteome (Chapter 3, Section 3.12.1). 

Table 5-1.  The localisation of proteins identified from the cell-wall proteome iTRAQ analysis.  Plants were 
grown to 38 DAG and stems were harvested and processed to extract cell-wall protein.  The protein was 
analysed using LC-MS/MS. 

Category No. of proteins % of total (483 proteins) 

Secreted 165 34.2 

Plasmodesma/PM/ER 84 17.4 

Intracellular (undefined) 41 8.5 

Cytosol 23 4.8 

Nucleus 38 7.9 

Chloroplast 108 22.4 

Mitochondrion 20 4.1 

Unknown 4 0.8 

 

    Cell-wall proteins were considered to be significantly differentially expressed between wt 

and the conditional abp1 mutant if they had a P-value < 0.05, following the method of Jüllig 

et al. (2007).  This analysis identified 75 cell-wall proteins which were differentially 

expressed in ABP1-inactivated stems and the majority of these proteins were down-regulated 

(79%) (Figure 5-15).  A list of these genes is provided in Appendix A.6, Table A-4. 

    The cell-wall proteins were classified into the nine groups outlined by Jamet et al. (2008).  

Seven categories had proteins that were mostly down-regulated: proteins acting on 

carbohydrates (15 down); proteases (11 down); structural proteins (two down); proteins with 

interacting domains (6 down, one up); signalling and response proteins (five down, two up), 

miscellaneous proteins (eight down, five up); and proteins of unknown function (four down, 

two up).  The other two categories had a similar number of genes down- and up-regulated: 

oxido-reductases (four down, three up); and proteins related to lipid metabolism (four down, 

three up). 
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Figure 5-15.  Cell-wall proteins which were differentially expressed in ABP1-inactivated stems.  Green and red boxes signify genes that were down-regulated and up-
regulated upon ABP1 inactivation, respectively.   
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    To investigate whether the protein expression corresponds to transcriptional expression, 

the iTRAQ results were compared to the microarray results from Chapter 3 (Table 5-2).  

Overall, there was no obvious correlation between the proteome and transcriptome data, 

because most differentially expressed proteins were unchanged in the microarray data and 

many had the opposite change.  These experiments were conducted on different plant 

material (stems versus whole seedlings), so it is likely that the proteins identified in the stem 

would be different to those found in seedlings.  In addition, a previous study (Jamet et al., 

2009) compared the transcript and protein expression and found that highly expressed 

transcripts often do not correspond to highly expressed proteins in the cell wall.  However, 

proteins which exhibited down-regulation in both the stem proteome and seedling 

transcriptome are of particular interest, since this result suggests that the protein is important 

for ABP1-regulated cell expansion in multiple organs. 

Table 5-2.  Proteins/genes affected by ABP1 inactivation in both the stem proteome and seedling 
transcriptome.  This table shows the % proteins affected in the microarray data out of all proteins identified 
in the proteome study. 

iTRAQ % of proteins affected in microarray data 

Up abp1 (16 proteins) Up abp1 6.3 (1/16) 

  Down abp1 25.0 (4/16) 

Down abp1 (59 proteins) Up abp1 11.9 (7/59) 

 
Down abp1 30.5 (18/59) 

Unchanged abp1 (90 proteins) Up abp1 7.8 (7/90) 

  Down abp1 23.3 (21/90) 

 

    Eighteen proteins were down-regulated in both the proteome and the transcriptome (Table 

5-3), which suggests that these proteins are important for ABP1-regulated cell expansion.  

Seven of these proteins act on carbohydrates.  In this category, expansins and XTHs in 

particular are thought to be important for cell expansion (Chapter 1, Section 1.5).  Expansins 

probably function by disrupting hydrogen-bonds between polysaccharides; EXPA6 was the 

only expansin identified in the stem proteome, suggesting that this expansin could be the 

major one acting in this organ.  XTHs regulate xyloglucan transglycosylation (Rose et al., 

2002; Fuchs et al., 2006).  XTH4 and XTH24 were the only XTHs identified in the stem 

proteome.  Irshad et al. (2008) found that XTH4 was at a higher concentration in 5 DAG 

etiolated hypocotyls cell walls (active growth) versus 11 DAG (after growth arrest).  

Therefore, this protein appears to be important for growth in multiple organs.  Two β-

galactosidases (BGAL5 and BGAL10) were down-regulated in the proteome and BGAL10 
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was also down-regulated in the transcriptome.  BGAL10 was recently proposed to be the 

major xyloglucan β-galactosidase in Arabidopsis, with a bgal10 insertional mutant having 

accumulation of unusual xyloglucan subunits and shorter siliques and sepals.  In addition, 

promoter expression correlated with regions of cell expansion or remodelling, including 

young stems (Sampedro et al., 2012).  PMEs catalyse homogalacturonan 

demethylesterification.  They have roles in both cell elongation and elongation arrest: during 

cell elongation, they are thought to act randomly on homogalacturonan which encourages 

endo-polygalacturonase activity, resulting in fragments of pectin; and during elongation 

arrest they act linearly along pectin to form block-like un-esterified regions, which are 

thought to promote Ca
2+

-binding to form a rigid gel (Moustacas et al., 1991; Micheli, 2001; 

Willats et al., 2001).  The activity of PMEs (acting randomly or linearly) can change 

depending on the pH and the initial pattern of esterification of pectins (Catoire et al., 1998; 

Denès et al., 2000).  One PME was down-regulated in both the proteome and transcriptome.  

In addition, two PME inhibitors were down-regulated in ABP1-inactivated stems and one 

was also down-regulated in the microarray, so this change could affect the activity of PMEs.  

PAEs catalyse homogalacturonan deacetylation and three PAEs were down-regulated in 

ABP1-inactivated stems (Appendix A.6, Table A-4), one of which (AT5G45280) was also 

down-regulated in the transcriptome; therefore, PAEs might be important for ABP1-regulated 

cell expansion.  One glycoside hydrolase family 3 protein (AT5G20950) was down-regulated 

in the proteome and transcriptome but the substrate of this protein is unknown. 

    There were other proteins acting on carbohydrates which were down-regulated in ABP1-

inactivated stems, including one polygalacturonase (AT3G62110).  As mentioned in Chapter 

3, Section 3.10, polygalacturonases hydrolyse homogalacturonans and could be important for 

cell expansion.  In addition, three pectate lyase-like proteins were down-regulated (PLL1, 

PLL8 and PLL18) and like polygalacturonases, these proteins depolymerise 

homogalacturonans (Sun and Van Nocker, 2010).  Therefore, these proteins could play a role 

in ABP1-regulated cell expansion in the stem.   

    Peroxidases have two roles in the cell wall: they can either promote cell expansion during 

the hydrolytic cycle by generating ROS which break cell-wall polysaccharides; or they can 

promote polymerisation of cell-wall components when they are in the peroxidative cycle, 

which occurs during lignin formation (Passardi et al., 2004).  Four peroxidases were down-

regulated and two were up-regulated in the proteome, but none of them were also affected in 

the microarray.  PEROXIDASE 64 (PRX64) is expressed in the interfascicular region 
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(Valério et al., 2004) and this protein was down-regulated with ABP1-inactivation, which fits 

with reduced interfascicular lignification in ABP1-inactivated stems.  One of the up-regulated 

peroxidases, PRX37, is mostly expressed in vascular bundles and regions of growth arrest 

and is proposed to be involved in the formation of lignin, since over-expression results in 

dwarf plants (Pedreira et al., 2011).   

    Eleven proteases were down-regulated in ABP1-inactivated stems and two aspartyl 

proteases were also down-regulated in the transcriptome.  Irshad et al. (2008) found that 

proteases were more abundant in expanding versus non-expanding hypocotyls, indicating that 

they may be involved in cell elongation.  The subtilase ARA12 was down-regulated and this 

protein is required for swelling of the mucilage during seed hydration and an ara12 mutant 

has altered activity of PMEs (Rautengarten et al., 2008).  Therefore, it is possible that this 

protein is involved in cell expansion in the stem.  Two cysteine proteases, XYLEM 

CYSTEINE PROTEASE 1 and 2 (XCP1 and 2) were down-regulated and are involved in 

xylem formation (Funk et al., 2002; Avci et al., 2008). 

    Only two structural proteins were identified in the proteome and were down-regulated and 

the gene encoding proline-rich protein AT5G14320 was also down-regulated in the 

microarray.  Structural proteins are very difficult to extract from cell walls due to cross-

linkages and post-translational modifications (Irshad et al., 2008), so the low number is not 

surprising.    

    As mentioned in Chapter 3, Section 3.10, the GPI-anchored protein SKU5 is linked to 

directional cell expansion and SKU5 may interact with ABP1.  SKU5 and the related protein 

SKS6 were down-regulated in both the proteome and transcriptome with ABP1 inactivation 

and SKU5 was the most highly down-regulated protein, which supports its role in the ABP1 

pathway.   

    It was mentioned in Chapter 3, Section 3.10 that a large number of AGP genes were 

transcriptionally down-regulated with ABP1 inactivation and AGPs are linked to cell 

expansion (Willats and Knox, 1996).  Three were identified in the cell-wall proteome but 

only FASCICLIN-LIKE ARABINOGALACTAN 1 (FLA1) was down-regulated.  

Interestingly, FLA1 was transcriptionally up-regulated in ABP1-inactivated seedlings 

(Appendix A.5, Table A-3). 
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    Some cell-wall proteins involved in lipid metabolism were affected by ABP1 inactivation, 

including the GDSL lipase EPITHIOSPECIFIER MODIFIER 1 (ESM1) (down-regulated in 

both the proteome and transcriptome) and six LTPs (three down-regulated and three up-

regulated, LTP7 down-regulated both proteome and transcriptome), but their function is 

unclear.  It has been proposed that they could function in cuticle formation (Suh et al., 2005; 

Irshad et al., 2008). 

Table 5-3.  Cell-wall proteins down-regulated in ABP1-inactivated stems, measured using iTRAQ, and 
transcriptionally down-regulated in ABP1-inactivated seedlings in the microarray experiment (Chapter 3).  
For the iTRAQ data, coloured boxes show down-regulated genes with FC ≥ 1.3 (green) or FC < 1.3 but ≥ 1 
(pale green) (P-value < 0.05*, < 0.01**, < 0.005***).  For the microarray data, coloured boxes show down-
regulated genes with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green) (P-value < 0.005*). 

Family AGI code Name 

FC     

iTRAQ Microarray 

  12 h 24 h 

Expansin AT2G28950 EXPA6 1.1* 2.4* 4.7* 

Glycoside hydrolase family 3 AT5G20950 
 

1.2*** 1.1 1.7* 

Glycoside hydrolase family 16 
(XTH) 

AT2G06850 XTH4/EXGT-A1 1.1* 2.1* 2.5* 

AT4G30270 XTH24/MERI5B 1.3* 4.4* 4.1* 
Glycoside hydrolase family 35 
(β-galactosidase) 

AT5G63810 BGAL10 1.1*** 2.6* 1.5 

PME AT2G45220 
 

1.4* 1.4 1.9* 

PAE AT5G45280   1.2*** 1.3 2.0* 

Aspartyl protease 
AT1G09750   1.2*** 1.5* 3.1* 

AT3G54400   1.2*** 3.4* 9.1* 

Proline-rich protein AT5G14920   1.2** 2.9* 4.3* 

LRR AT1G33600   1.2*** 2.3* 2.8* 

PME inhibitor AT3G62820   1.1* 1.3 2.0* 

SKU5 family 
AT4G12420 SKU5 1.5* 1.9* 1.9* 

AT1G41830 SKS6 1.2* 1.7* 3.1* 

GDSL lipase AT3G14210 ESM1 1.5* 1.3 1.8* 

LTP AT2G15050 LTP7 1.4*** 1.6 3.2* 

Cysteine-rich secretory protein AT5G48540 
 

1.5*** 1.5 3.3* 

MLP-related AT4G23670   1.1** 3.0* 6.6* 

 

5.7. Discussion 

This chapter showed that ABP1 has two major roles during stem development: it is necessary 

for growth of the stem, but it also controls the lignification pathway in interfascicular fibre 

cell walls once cell expansion has ceased.  Analysis of the cell-wall proteome provided 
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insight on the proteins which may be required for ABP1‟s regulation of both lignification and 

cell expansion. 

5.7.1. Control of fibre cell-wall lignification by ABP1 

The conditional abp1 mutant had reduced interfascicular fibre lignification, but xylem vessel 

lignification was similar to wt, as shown by reduced intensity of the phloroglucinol-HCl 

reaction and toluidine blue-O staining (Section 5.2).  However, the interfascicular fibre 

region did form in ABP1-inactivated stems, so the difference to wt was in the reduced 

concentration of lignins.  FTIR analysis of the basal region of the stem, where expansion had 

ceased, identified important differences in the features of the cell walls upon ABP1 

inactivation (Section 5.4). In the fibre regions, the FTIR spectrum showed a smaller peak 

diagnostic of lignin (~1510-1530 cm
-1

) in ABP1-inactivated stems.  This difference was not 

observed in the xylem vessels, so these results were consistent with the histochemical data. 

This lignification appears to be independent of TIR1/AFB signalling, since the tir1-1 mutant 

had similar fibre wall lignification versus wt; however, it is possible that the related AFB 

receptors could be involved. 

    The lignification of both fibre and xylem vessel cell walls is controlled by TF cascades and 

investigation of these TF genes showed that ABP1 controls expression of the fibre 

lignification pathway (Section 5.5).  A time course experiment of lignification demonstrated 

that in wt, the fibre master TF genes SND1 and NST1, as well as downstream MYBs, 

including the second level master regulator MYB46 and the lignin-specific MYB63, were up-

regulated in wt but not in the conditional abp1 mutant at 48 h.  This time was also when 

lignification of fibre walls was observed.  SND1 was highly down-regulated in ABP1-

inactivated stems (8.4-fold and 3.8-fold at 48 and 120 h, respectively).  WAT1 was down-

regulated in ABP1-inactivated stems (Section 5.5) and encodes a tonoplastic protein of the 

plant-drug/metabolite exporter family (Ranocha et al., 2010).  The function of this protein is 

unknown and it is unclear how this protein could fit between ABP1 and SND1/NST1.  

Therefore, this data provided good evidence that ABP1 controls this pathway, but the steps in 

between the plasma membrane and nucleus remain unclear (Figure 5-16).  Therefore, further 

research is required to determine how ABP1 regulates this TF pathway.  Another gene which 

could be involved in this pathway is the FRA3 gene, which encodes a type II inositol 

polyphosphate 5-phosphatase.  A mutant in this gene has greatly reduced secondary cell wall 

thickness in fibres and altered F-actin organisation (Zhong et al., 2004).  Ranocha et al. 
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(2010) found that that GUS under control of the FRA3 promoter was expressed similarly in 

wt and the wat1-1 mutant, indicating that FRA3 is upstream of WAT1.  Therefore, it is 

possible that ABP1 could regulate FRA3 activity, since ABP1-ROP signalling is known to 

regulate actin organisation during pavement cell lobe formation (Xu et al., 2010). 

 

Figure 5-16.  Model of the cell-wall lignification pathway in interfascicular fibre cells.  ABP1 signals to the 
nucleus to activate expression of TFs involved in activating expression of genes involved in lignin 
biosynthesis and cell-wall lignification. 

 

5.7.2. Stem growth and the cell-wall proteome  of ABP1-inactivated plants 

Cells of the stem show a many-fold increase in length during stem growth, so the stem is an 

excellent system for investigating cell-wall expansion (Erickson and Sax, 1956; Hall and 

Ellis, 2012).  ABP1-inactivated stems were stunted versus wt, indicating that ABP1 is 

required for stem growth.  However, VPSEM analysis showed that the epidermal cells near 

the base of the stem were similar in size between wt and the conditional abp1 mutant (Section 

5.2).  Therefore, the stunted stem phenotype could be due to slower cell expansion.  This 

research established a method of analysing differential expression of plant cell-wall proteins 

which involved cell-wall protein extraction followed by iTRAQ analysis.  Analysis of the 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

MYB46

MYB63MYB58

MYB83

SND1 NST1

Downstream 

transcription 

factors

Lignification

Lignin-

specific 

MYBs

Secondary wall NAC 

master switches

Secondary wall MYB 

master switches

WAT1

REV

Auxin

transport

ABP1

SKU5?

Auxin

?

?

Plasma 

membrane

Vacuole

Nucleus

Cytosol

Cell wall

Gene 

expression



Chapter 5. Cell-Wall Histochemistry and Proteome of ABP1-Inactivated Stems 

168 
 

cell-wall proteome of ABP1-inactivated stems versus wt provided evidence that ABP1 

inactivation down-regulated expression of proteins involved in cell expansion (Section 5.6.2).  

Cell walls were isolated from whole stems for the cell-wall proteome experiment, so that 

proteins involved in fibre lignification in the basal region of the stem where growth has 

ceased could also be identified. 

    The conditional abp1 mutant had mostly down-regulation of cell-wall proteins (59 

proteins, 79% of total), consistent with the microarray data (176 genes, 75% of total) 

(Chapter 3, Section 3.10) and ABP1‟s role in cell expansion.  However, the proteome and 

microarray data had quite a different set of genes affected (Section 5.6.2), perhaps because it 

is a comparison of the stem and whole seedlings, which are likely to have quite different 

genes and proteins expressed.  Many cell-wall protein families contain a large number of 

genes in Arabidopsis, such as expansins (36 genes) (Lee et al., 2001), XTHs (33 genes) and 

PMEs (67 genes) (Kaul et al., 2000; Micheli, 2001), and these gene family members differ in 

their expression patterns (Cho and Cosgrove, 2000; Becnel et al., 2006; Louvet et al., 2006).  

In addition, some proteins are difficult to extract from cell walls such as structural proteins 

which form cross-linkages and have post-translational modifications and AGPs which also 

have post-translational modifications (Irshad et al., 2008).   

    The most highly down-regulated protein in the stem cell-wall proteome was the GPI-

anchored SKU5, which could be involved in cell expansion and ABP1 signalling (Chapter 1, 

Section 1.4.5), and SKU5 was down-regulated in seedlings with ABP1 inactivation (Chapter 

3, Section 3.10).  SKU5 is in a multicopper oxidase family, but its actual function is unknown 

(Shimomura, 2006). 

    ABP1-inactivated stems had down-regulation of proteins which modify cell-wall 

polysaccharides and promote cell expansion, including an expansin (EXPA6) and two XTHs 

(XTH4 and XTH24) (Section 5.6.2).  XTH4 exhibits higher expression in growing 

hypocotyls versus growth arrest (Irshad et al., 2008) and XTH24 was identified as an auxin-

induced gene in the re-analysed data from Delker et al. (2010) (Appendix A.4, Table A-2), so 

there is strong evidence that these proteins are involved in auxin-regulated cell expansion. 

    Less clear is the role of the identified PMEs and PAEs in cell expansion, because their 

activity can promote either growth arrest or expansion.  These enzymes remove methyl- and 

acetyl-ester groups attached to α-D-galacturonic acid residues of homogalacturonan in pectin 

(Williamson, 1991; Willats et al., 2001).  The pattern of esterification can vary, which could 
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affect the action of PMEs and PAEs (Perrone et al., 2002).  PMEs have been linked to cell 

elongation in the stem, as shown by increased stem elongation with constitutive expression of 

a PME gene from Petunia inflata in potato (Pilling et al., 2000).  One PME and three PAEs 

were down-regulated in ABP1-inactivated stems (Section 5.6.2).  Analysis of gene expression 

using the Arabidopsis eFP browser, which has data for expression at the top and base of the 

stem from Suh et al. (2005), indicated that the PME gene AT2G45220 is expressed in both the 

top and base, but has higher expression at the base where cell expansion has ceased.  This 

gene is down-regulated by auxin treatment (Goda et al., 2004) and up-regulated during load-

induced secondary growth and in intermediate versus young stems (Ko et al., 2004), so this 

protein might function in growth arrest rather than cell expansion.  In addition, two PME 

inhibitors were down-regulated and expression analysis using the Arabidopsis eFP browser 

showed that AT5G62350 was expressed higher at the top of the stem versus the base, so 

inhibition of PME activity may be important for cell expansion.  In contrast to the PME, 

expression analysis using the Arabidopsis eFP browser showed that two of the PAEs were 

more highly expressed at the top of the stem versus the base (AT4G19410 and AT5G45280).  

AT5G45280 was also found to be up-regulated by auxin treatment in the re-analysed data 

from Delker et al. (2010) (Appendix A.4, Table A-2), indicating that PAEs could be 

important for auxin-controlled cell expansion in the stem.  However, a recent study found that 

over-expression of a Populus trichocarpa PAE in tobacco (N. tabacum) resulted in reduced 

cell elongation in floral styles and filaments as well as pollen tubes, indicating that PAEs 

inhibit cell expansion (Gou et al., 2012).  It is possible that over-expression of a PAE may 

result in overactive de-esterification activity and formation of a rigid pectin gel, whereas 

endogenous PAEs might be expressed at the optimal level for removal of acetyl-esters to 

promote pectin break down by polygalacturonases and pectate lyases during cell expansion.  

In addition, different PAEs could have different roles in development, as is the case for 

PMEs. 

    The FTIR results indicated that ABP1-inactivated stems had an increased concentration of 

esterified pectin in the parenchyma and fibre cell walls (Section 5.4), which correlates with 

the down-regulation of PMEs and PAEs in the conditional abp1 mutant (Section 5.6.2).  The 

FTIR analysis also indicated that the parenchyma cell walls had a reduction in the 

concentration of non-esterified pectin but an increase in total pectin concentration.  In 

addition, the fibre and xylem cell walls of the conditional abp1 mutant also had near-

significant reduced concentration of non-esterified pectin.  Although the FTIR was conducted 
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on basal region of stem where expansion would have ceased, these results indicate that since 

pectin inserted into walls is highly esterified (Zhang and Staehelin, 1992), reduction in PME 

and/or PAE activity means that a lower proportion of pectin was de-esterified during growth 

of ABP1-inactivated stems; therefore, a higher proportion of esterified pectin remained.  

PME and PAE activity is required before polygalacturonases and pectate lyases can break 

down pectin during cell expansion, so reduced pectin break down in ABP1-inactivated stems 

could be contributing to the reduced stem growth.  Consistent with this idea, there was down-

regulation of one polygalacturonase and three pectate lyase proteins in ABP1-inactivated 

stems (Section 5.6.2).  It would be interesting to conduct an in-depth analysis of the 

polysaccharide composition of ABP1-inactivated stems, to confirm the differences indicated 

in the FTIR spectra.   

    The role of peroxidases is complex, because they can either promote cell expansion or 

growth cessation (Passardi et al., 2004).  During cell-wall lignification, peroxidases can 

polymerise the lignin monomers delivered to the cell wall (Lewis and Yamamoto, 1990; 

Passardi et al., 2004).  The cell-wall proteome of ABP1-inactivated stems identified six 

differentially expressed peroxidases (Section 5.6.2).  Of particular interest is PRX64, because 

it was down-regulated in ABP1-inactivated stems and is known to be expressed specifically 

in the interfascicular region of the stem (Valério et al., 2004), so it could be important for 

ABP1-regulated fibre cell-wall lignification.   In addition, assessment of transcription using 

the Arabidopsis eFP browser indicated that the gene encoding AT4G37520 is more highly 

expressed in the base versus the top of the stem.  This protein was down-regulated in ABP1-

inactivated stems, so this protein could be involved in growth cessation.  In contrast, 

assessment of expression on the Arabidopsis eFP browser identified one peroxidase, PRX12, 

which is highly expressed at the top of the stem in the epidermis.  This protein was down-

regulated by ABP1 inactivation in the stem, so it could be involved in ABP1-regulated cell 

expansion.  

    Many proteases were down-regulated in ABP1-inactivated stems (Section 5.6.2) and they 

are known to be generally more abundant in expanding cell walls, so they could be involved 

in cell expansion (Irshad et al., 2008).  In support of this role, investigation of transcriptional 

expression patterns on the Arabidopsis eFP browser shows that most of the proteases are 

more highly expressed in the top of the stem versus the base.  The exceptions are the xylem-

localised XCP1 and XCP2, which are highly expressed at both the top and the base of the 

stem and are involved in xylem formation.  These proteins were down-regulated in ABP1-
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inactivated stems, although ABP1-inactivation did not result in any obvious phenotypic 

xylem defects (Section 5.2).   

    Lipid metabolism-related proteins were both up- and down-regulated (Section 5.6.2).  Six 

LTPs were differentially expressed and these proteins could be involved in cell expansion 

(Nieuwland et al., 2005) and cuticle formation (Suh et al., 2005).  Investigation of 

transcriptional expression patterns on the Arabidopsis eFP browser shows that three (LTP3, 

LTP4 and LTP7) are highly expressed in the epidermis, so they could be involved in cuticle 

formation.  LTP3 and LTP4 were up-regulated in the cell-wall proteome of ABP1-inactivated 

stems and on the Arabidopsis eFP browser are shown to be expressed at both the top and base 

of the stem.  In contrast, LTP7 was down-regulated with ABP1 inactivation in the proteome 

and transcriptome, expressed higher at the top versus base of the stem, and up-regulated by 

auxin treatment in the re-analysed data from Delker et al. (2010) (Appendix A.4, Table A-2).  

Therefore, LTP7 could also be involved in auxin-regulated cell expansion.  AT3G18280 and 

AT5G05960 were down-regulated in the proteome and are highly expressed in the base of the 

stem but not in the epidermis, so their expression is not consistent with a role in promotion of 

expansion or cuticle formation, but is consistent with a role in the interfascicular fibre region. 

 

5.8. Conclusion 

The results show that ABP1 is required for stem growth and once growth has ceased it is 

important for fibre cell-wall lignification.  ABP1 was found to regulate the nuclear TF 

cascade which controls fibre lignification, but it is unknown how the signal is transmitted 

from ABP1 to the nucleus.  Analysis of the cell-wall proteome indicated that ABP1-

inactivation resulted in down-regulation of cell-wall proteins likely to be involved in 

lignification and growth cessation in fibre cell walls, such as peroxidases and pectinesterases.  

In addition, the proteome analysis indicated that ABP1-controlled expansion in the stem 

involves the expression of cell-wall proteins which disrupt polysaccharide associations 

(expansin); promote the transglycosylation of xyloglucan (XTH), de-esterification and 

depolymerisation of pectin (PAE, polygalacturonase and pectate lyase) and hydrolysis of 

proteins (proteases); and induce ROS-mediated break down of various cell-wall components 

(peroxidase).  Therefore, this chapter provided new information on how ABP1 regulates both 

cell-wall lignification and expansion.   
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Chapter 6. Analysis of ABP1 Localisation Using Tagged ABP1  

 

6.1. Introduction 

This chapter aimed to generate plants expressing tagged ABP1 which could complement the 

abp1 mutant, since none were reported, so that these lines could be used to analyse ABP1 

distribution as well as cellular dynamics.  The localisation of ABP1 in cells has been well 

documented.  The ABP1 protein contains a KDEL signal which targets it to the ER, and 

immunofluorescence labelling of the protein in intact cells has shown that it is mostly 

localised in this compartment, although a small proportion is located at the plasma membrane 

(Jones and Herman, 1993; Diekmann et al., 1995; Henderson et al., 1997). A study that was 

published when this research was already well underway expressed EGFP-tagged ABP1 in 

Arabidopsis, under the control of a 35S promoter, and confirmed localisation in the ER 

(Klode et al., 2011); however, they did not show complementation of the abp1 mutant.  Since 

this has not been achieved, it is questionable whether the tagged ABP1 is functional, so there 

is still a need to obtain complemented plants expressing tagged ABP1.   

     Labelling a protein of interest with a fluorescent tag is a useful tool for investigating the 

cellular distribution and dynamics of a protein.  The tag is often placed at either the N- or C-

terminus of the protein to reduce the chance of affecting protein function; however, the ABP1 

protein has a KDEL ER retention motif at the C-terminus and in dicots such as Arabidopsis 

there is a conserved N-glycosylation site at the N-terminus (Massotte et al., 1995; Napier et 

al., 2002).  There is also a potential disulfide bridge involving C2 (Feckler et al., 2001; Woo 

et al., 2002).  Klode et al. (2011) placed the tag at the C-terminus of ABP1, just downstream 

of the C-terminal KDEL signalling peptide region, which may have disrupted ABP1 function.  

Discussion with structural biologists highlighted that the best location for the tag was in the 

middle of the protein sequence where there is a sequence that loops out of the 3D protein 

structure (K. David, this laboratory), because a tag in this region should not affect the protein 

function.  This study aimed to achieve complementation of the abp1 T-DNA mutant by using 

a smaller tag, TC, which is less likely to interfere with ABP1 function.  Plants expressing a 

TC-tagged protein can be treated with the non-fluorescent FlAsHs-EDT2 reagent to form a 

strongly fluorescent TC-FlAsHs-EDT2 complex (Estévez and Somerville, 2006).  In addition, 

1600 bp of the sequence upstream of ABP1 (ABP1 promoter) was used instead of 35S since 

the native promoter might produce better expression and reflect more endogenous conditions.   
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  As there was no data available on the ABP1 promoter when this work started, fusions to the 

reporter GUS were also generated.  GUS is a well-established reporter gene for looking at 

promoter expression.  By the time this research was underway, a study was published that 

investigated ABP1 promoter expression; they found that the ~1600 bp upstream sequence of 

ABP1 gave GUS expression in young seedling shoots and roots (2-5 DAG), but expression 

was not observed in leaves of older plants.  In contrast, a promoter construct including the 

first three exons and two introns of ABP1 in addition to the ~1600 bp upstream region gave 

stronger expression and expression in young leaves of older plants (Klode et al., 2011).  The 

ABP1 mRNA is known to be expressed in many organs and tissues (Napier et al., 2002).  The 

aim was to assess expression of the ABP1 promoter using two different sizes, ~1600 bp 

(ABP1pro1) and ~700 bp (ABP1pro2) upstream of ABP1, and cloning the promoter upstream 

of the reporter gene GUS, to find out how much of the upstream sequence is required to drive 

expression.  Since this research started before the work by Klode et al. (2011) was published, 

the exons and introns of ABP1 were not included in the promoter. 

 

6.2. Cloning of the ABP1 promoter and tagged ABP1 constructs 

The aim of the cloning was to generate constructs with a promoter and ABP1 cDNA with the 

EYFP or TC sequence in the internal loop.  Two bacterial strains were used for cloning.  The 

E. coli strain DH5α was used for routine cloning of plasmids.  The other strain was A. 

tumefaciens GV3101.  A. tumefaciens can transfer genes to Arabidopsis, because it has a 

natural capability to insert DNA into plants.  The GV3101 strain has a plasmid with genes for 

transferring DNA to plants (helper plasmid) and can be transformed with a binary vector 

containing the gene of interest between left border (LB) and right border (RB) sequences, 

since this is the region which will be transferred to the plant.  The helper plasmid contains a 

gene encoding GmR and is retained in GV3101 by growing this strain with gentamicin in the 

medium.  

6.2.1. Validation of ABP1 fusion protein fluorescence 

The initial idea for cloning the tagged ABP1 was to express the gene under control of the 35S 

promoter.  Previous work in our lab involved construction of both ABP1_TC and 

ABP1_EYFP in pART7, a vector allowing the addition of 35S in front of a gene of interest 

(Gleave, 1992).  35S_ABP1_ EYFP was further cloned in the binary vector pART27, but not 
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35S_ABP1_ TC (J. Keeling, this laboratory).  The 35S constructs were used as a positive 

control to assess if the fusion proteins were produced and fluorescing. 

    The procedure was continued by transferring the 35S_ABP1_TC construct (Figure 6-1A) 

from pART7 to pART27.  This process was done using a traditional cloning strategy, as 

Gateway
 TM

 cloning was introduced to our group later on.  pART27 and ABP1_TC were cut 

with the RE NotI, ligated and transformed into DH5α (Chapter 2, Sections 2.4.5-2.4.7).  

pART27 has a gene encoding spectinomycin resistance (SpR) and a lacZ' gene flanking the 

insertion site, so the DH5α were selected for SpR and white colonies (non-functional lacZ’) 

were selected from a blue/white colony screen with X-gal and IPTG.  Clones were tested for 

the presence of ABP1_TC using PCR (ABP1NterXhoI_F and ABP1CterXbaI_R primers) 

(Chapter 2, Sections 2.3.3-2.3.4) (Figure 6-1B).  The presence of a 35S_ABP1_TC insert in 

pART27 was further tested by RE digest and a separate reaction was conducted to assess the 

orientation of the insert (Figure 6-1C).  Plasmids with the desired orientation (~1200 bp 

fragment) were purified from the DH5α clones (Chapter 2, Section 2.4.8).  GV3101 was 

transformed with the plasmid, with selection for SpR to select bacteria with 

pART27_35S_ABP1_TC and selection for GmR to ensure that they retained the helper 

plasmid.  Clones were tested for presence of 35S_ABP1_TC via PCR using 35S_F and 

TCEcoRI_R primers (Figure 6-1D).  



Chapter 6.  Analysis of ABP1 Localisation Using Tagged ABP1 

175 
 

 

Figure 6-1.  Gel electrophoresis of PCR products or RE digests of plasmids to check the success of cloning TC-
tagged ABP1 into the pART27 plasmid.  A = The 35S_ABP1_TC construct, showing primer-binding sites and 
RE sites of interest for the two possible orientations in pART27.  B = PCR products using ABP1_Nter_F and 
Cter_R primers to test presence of ABP1_TC using DNA from putative DH5α clones with 
pART27_35S_ABP1_TC.  C = RE digest of purified pART27_35S_ABP1_TC to test presence of insert with NotI 
and orientation of insert with BamHI and XbaI.  D = PCR products using 35S_F and TCEcoRI_R primers to test 
presence of 35S_ABP1_TC using DNA from putative GV3101 clones with pART27_35S_ABP1_TC. 

 

    Transient assays using tobacco are a quick way to assess whether a construct is working, 

prior to going forward with stable transformation.  GV3101 with the plasmid of interest was 

injected into young leaves of mature tobacco plants and expression was assessed after 2 days 

(Chapter 2, Section 2.4.14).  The GV3101 pART27_35S_ABP1_eYFP and 

pART27_35S_ABP1_TC strains were used to transiently express the tagged ABP1 in 
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tobacco.  In addition, a control of pART27_35S_GFP was included to show that the protocol 

was working.  Hand-cut sections of the leaf tissue were prepared and the tissue was visualised 

using a compound fluorescence microscope.  The construct expressing ABP1_TC gave 

fluorescence in spots which may correspond to lobe indentation regions, whereas 

ABP1_eYFP displayed weak fluorescence but the fluorescence was above the background 

level (negative control) (Figure 6-2).  Therefore, both constructs appeared to express the 

protein and addition of the TC or eYFP motif leads to fluorescence. 

 

Figure 6-2.  Transient assay to test the 35S_ABP1_eYFP and 35S_ABP1_TC constructs.  Young leaves of 
mature tobacco plants were infiltrated with GV3101 containing pART27_35S_GFP (positive control), 
pART27_35S_ABP1_eYFP or pART27_35S_ABP1_TC and visualised after 2 days using fluorescence 
microscopy.  A = 35S_GFP.  B = 35S_ABP1_eYFP.  C = 35S_ABP1_TC.  D = eYFP negative control (wt leaf).  D = 
TC negative control (wt leaf treated with TC reagent).  Scale bar = 100 μm. 

 

6.2.2. Assessment of the function of ABP1 fusion proteins 

The aim was to transform the abp1 T-DNA mutant with either ABP1 fusion proteins 

controlled by 35S or under its own promoter, to test if they are fully functional and can 

complement the mutant.  The use of the ABP1 promoter can also reflect more endogenous 

conditions and this promoter might be more successful than 35S for expressing ABP1 at the 

optimal concentration during the developmental processes that ABP1 regulates.   
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6.2.2.1. Cloning 

Unfortunately, the 35S constructs generated before this project started (see Section 6.2.1) 

confer KanR, the same as the T-DNA, so had to be re-cloned. It was decided to try a 

Gateway
TM

 cloning strategy, since it is a faster method that does not require the use of REs.  

The intention was to generate four different constructs combining either 35S or the ABP1 

promoter with ABP1_eYFP or ABP1_TC.  The chosen binary vector was pBGW (Karimi et 

al., 2002), which has a BAR gene instead of KanR for selection of transformed plants. 

    The ABP1 promoter (ABP1pro), which consisted of the ~1600 bp region upstream of ABP1 

(AT4G02980), was cloned into pART27_35S_ABP1_eYFP and pART27_35S_ABP1_TC so 

that it was located directly upstream of ABP1 (Figure 6-3A).  The ~2000 bp region upstream 

of ABP1 was amplified from wt gDNA using a high fidelity polymerase to minimise 

sequence errors (Chapter 2, Section 2.3.3) (Figure 6-3B).  The PCR product was purified 

(Chapter 2, Section 2.4.9) and ligated into the pGEM®-T Easy vector, which is used for 

cloning of PCR products and has a gene encoding ampicillin resistance (AmpR) for selection 

(Chapter 2, Section 2.4.6).  pGEM®-T_ABP1pro was transformed into DH5α and bacteria 

with the plasmid were selected for AmpR, as well as a blue/white screen to select for white 

colonies with the insert (Chapter 2, Section 2.4.7).  The plasmid was purified (Chapter 2, 

Section 2.4.8) and the insert was sequenced (Chapter 2, Section 2.4.11) (Appendix A.7).  The 

sequence had one error (a T instead of an A); however, it was decided that this error was 

unlikely to be a problem, since there were no promoter-related sequences in this region 

predicted by Plantpromoterdb2.1 (http://ppdb.agr.gifu-u.ac.jp/ppdb/cgi-bin/index.cgi) 

(Yamamoto and Obokata, 2008).  An XhoI RE digest of pGEM®-T_ABP1pro was conducted 

and run on a gel.  The ~1600 bp product was cut from the gel and purified (Chapter 2, 

Sections 2.4.5 and 2.4.10).  The pART7_35S_ABP1_eYFP and pART7_35S_ABP1_TC 

plasmids were also cut with XhoI and treated with SAP, so that they could not re-circularise 

(Chapter 2, Section 2.4.5).  These plasmids were ligated with the ABP1pro fragment and 

transformed into DH5α with selection of AmpR transformants.  Clones containing ABP1pro 

were identified via PCR (Chapter 2, Sections 2.3.3-2.3.4) (Figure 6-3C and D) and they were 

tested for orientation of ABP1pro using a PCR so that only plasmids with the correct 

orientation gave a product (Figure 6-3E). 

http://ppdb.agr.gifu-u.ac.jp/ppdb/cgi-bin/index.cgi
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Figure 6-3.  Gel electrophoresis of PCR products to check the success of cloning ABP1pro in front of eYFP- 
and TC-tagged ABP1 in the pART7 plasmid.  A = The ABP1pro_ABP1_eYFP and ABP1pro_ABP1_TC constructs, 
showing primer-binding sites and RE sites of interest.  B = PCR products using ABP1pro_F and 
ABP1proXhoI_R primers to amplify ABP1pro from wt gDNA.  C = PCR products using ABP1proKpnI_F and 
ABP1proXhoI_R primers to test the presence of ABP1pro using DNA from putative DH5α clones with 
pART7_ABP1pro_eYFP.  D = PCR products using ABP1proKpnI_F and ABP1proXhoI_R primers to test the 
presence of ABP1pro using DNA from putative DH5α clones with pART7_ABP1pro_TC.  E = PCR products 
using ABP1proKpnI_F and ABP1proXhoI_R primers to test the orientation of ABP1pro using DNA from 
putative DH5α clones with pART7_ABP1pro_eYFP or pART7_ABP1pro_TC. 

 

    The next step was to transfer the tagged ABP1 constructs into a Gateway
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 entry vector.  

Gateway
TM

 cloning uses site-specific recombination to transfer a gene of interest from an 

entry vector to a destination vector for expression, without the use of REs.  There are several 
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already been prepared in the pART7 vector, RE cloning was used to transfer the construct 

into the entry vector.  The Gateway
TM

 entry vector pENTR
TM

1A was chosen for cloning the 

promoter-ABP1 constructs; this plasmid contains a gene encoding KanR for bacterial 

selection.  Firstly, the plasmids were digested with the appropriate REs (either NotI, or KpnI 

and NotI) (Chapter 2, Section 2.4.5) and the constructs were run on a gel (Chapter 2, Section 

2.3.4) (Figure 6-4A and B). The EYFP construct fragments were larger than the pART7 

backbone so could be purified from the gel; however, the TC constructs were a similar size to 

the pART7 backbone so a mixture of TC and pART7 fragments was extracted (Chapter 2, 

Section 2.4.10).  The pART7_ABP1pro digests had a third smaller fragment which was the 

35S promoter.  pENTR
TM

1A was also cut with either NotI or KpnI and NotI, the digest was 

run on a gel and the ~2300 bp backbone fragment was extracted and purified from the gel.  

The four promoter-ABP1 constructs were ligated with the pENTR
M

1A backbone fragment, 

transformed into DH5α and selected for KanR (Chapter 2, Sections 2.4.6-2.4.7).  Clones were 

tested for the presence of ABP1 via PCR (data not shown).  Plasmids were purified (Chapter 

2, Section 2.4.8) and digested with BamHI and NotI to confirm the correct fragments.  BamHI 

was used instead of KpnI, because it could be used in the same reaction with NotI.  This 

digest generated a pENTR
TM

1A fragment and a larger fragment which was the correct size 

for the four promoter-ABP1 constructs (Figure 6-4C).  For the TC transformations, to ensure 

that the clones did not have pART7 inserted, clones sensitive to ampicillin were selected.  

The plasmids were purified and the ends of the inserts were sequenced (Chapter 2, Section 

2.4.11), which confirmed that they were correct for the four plasmids (Appendix A8).  

pENTR
TM

1A_35S_ABP1_TC had the insert in the opposite orientation compared to the other 

three plasmids, but the orientation was not important in this case. 

    The Gateway
TM

 enzyme LR clonase
TM

 II was used to transfer the four promoter-ABP1 

constructs from pENTR
TM

1A to the destination/binary vector pBGW (Chapter 2, Section 

2.4.14).  The recombined plasmids were transformed into DH5α and selected for SpR, to 

select for pBGW.  The presence of the constructs in pBGW was confirmed via PCR (data not 

shown).  To confirm that the constructs were inserted correctly, an RE digest was performed 

using XbaI, which cuts once in the ABP1 construct and at each end of pBGW.  The digest 

products included a fragment of most of the pBGW backbone; a fragment containing the 

promoter and ABP1; and a small fragment containing the ocs region (Figure 6-4D).  

pENTR
TM

1A_35S_ABP1_TC had a slightly larger ocs fragment than the other three digests 

and a smaller promoter-ABP1 fragment, because the insert was in the opposite orientation 
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compared to the other three plasmids.  The pENTR
TM

1A_35S_ABP1_TC digest had a   

~6000 bp fragment and it is unknown what this fragment was; however, it was decided to 

continue with this plasmid anyway, because the other fragments were the correct size.  The 

four plasmids were transformed into GV3101 and the presence of the promoter-ABP1 

constructs was confirmed via PCR (data not shown). 

 

Figure 6-4.  Gel electrophoresis of RE digests to check the success of cloning promoter-ABP1 constructs from 
pART7 into the Gateway® vector pENTR1A and into the destination vector pBGW.  A = The 35S_ABP1_eYFP, 
35S_ABP1_TC, ABP1pro_ABP1_eYFP and ABP1pro_ABP1_TC constructs, showing primer-binding sites and RE 
sites of interest.  B = RE digest of purified pART7 constructs to test the presence of insert using NotI (35S 
constructs) and KpnI and NotI (ABP1pro constructs).  C = RE digest of purified pENTR

TM
1A constructs to test 

the presence of insert using BamHI and NotI.  D = RE digest of purified pBGW constructs to test the presence 
of insert using XbaI. 
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6.2.2.2. Arabidopsis transformation and fluorescence of the tagged ABP1 constructs 

The GV3101 strains with pBGW containing tagged ABP1 were used to transform mature 

Arabidopsis using the floral dip method (Chapter 2, Section 2.4.15).  The heterozygous abp1 

T-DNA mutant (Ws background), which is homozygous-lethal (Chen et al., 2001b), was 

transformed with the aim of complementing the mutation with the tagged ABP1.  The 

transformant (T1) seed was collected from these plants and selected for presence of the BAR 

gene (which was part of the transfer DNA containing the tagged ABP1 construct) using PPT; 

and for the presence of the T-DNA in ABP1 by selection on kanamycin.   

    The T1 plants (three lines of each) were assessed for the expression of the tagged ABP1 

using fluorescence microscopy.  The plants transformed with TC constructs were treated with 

the TC-FlAsH™ II In-Cell Tetracysteine Tag Detection Kit and the negative control was a wt 

leaf treated with the reagent.  The 35S_ABP1_eYFP, 35S_ABP1_TC and ABP1pro_ABP1_TC 

constructs gave fluorescence which showed that the tagged ABP1 was being expressed 

(Figure 6-5).  However, the ABP1pro_ABP1_eYFP construct did not give any fluorescence 

and it is unclear why this one failed when the other three were successful. 

    Lines were grown for two more generations to ensure that they had a single insert and to 

obtain lines homozygous for the tagged ABP1 as well as homozygous for the T-DNA in the 

native ABP1 gene.  T1 plants (three lines of each) were grown to maturity and seed was 

collected.  The T2 plants (12 lines per T1 line) were grown on PPT and kanamycin to select 

for a 3:1 ratio of PPT resistance.  Seed was collected from three T2 lines and the T3 lines (12 

lines per T2 line) were selected for homozygous resistance to both PPT and kanamycin; 

however, no lines showed 100% KanR so the complementation was not successful. 
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Figure 6-5.  Fluorescence microscopy of leaves from 30 DAG Arabidopsis to test expression of the 
35S_ABP1_eYFP, 35S_ABP1_TC, ABP1pro_ABP1_eYFP and ABP1pro_ABP1_TC constructs.  A = 35S_ 
ABP1_eYFP.  B = 35S_ABP1_TC.  C = ABP1pro_ ABP1_eYFP.  D = ABP1pro_ABP1_TC.  E = eYFP negative 
control (wt leaf).  F = TC negative control (wt leaf treated with TC reagent).  Scale bar = 50 μm. 

 

 

A  35S_ABP1_eYFP B  35S_ABP1_TC

C ABP1pro_ABP1_eYFP D  ABP1pro_ABP1_TC

E  eYFP –ve control F  TC –ve control
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6.3. GUS reporter gene expression of the ABP1 promoter  

The aim of this research was to assess expression of the ABP1 promoter in Arabidopsis using 

two different sizes, ~1600 bp (ABP1pro1) and ~700 bp (ABP1pro2) upstream of ABP1, and 

cloning the promoter upstream of the reporter gene GUS (Figure 6-6A).  The ~700 bp size 

was selected because at this location there is the start of a gene (AT4G02990) on the 

complementary strand.  As explained in the introduction of this chapter, ABP1 promoter 

expression using a GUS reporter was investigated in a previous study, that was published 

after this work was started.  It showed that expression was in seedling shoot and root tips and 

young leaves of older plants (Klode et al., 2011).  ABP1pro_GUS plants would be useful for 

investigating ABP1 promoter expression in various stages of development such as during 

stem growth, which has not been analysed.  In addition, it would be interesting to see if the 

shorter (~700 bp) sequence can still function as a promoter or if the upstream sequence is 

necessary. 

6.3.1. Cloning of ABP1 promoter constructs 

The ABP1 promoter was cloned into the binary vector pHEX14 (obtained from G. Rae, Plant 

and Food Research), which contains an MCS upstream of GUS.  Two versions of the 

promoter (~2000 bp or ~700 bp) were amplified from wt gDNA via PCR, using a high 

fidelity polymerase (Chapter 2, Section 2.3.3) (Figure 6-6B).  The amplified promoters were 

purified (Chapter 2, Section 2.4.9) and cloned into pGEM®-T Easy (Chapter 2, Section 

2.4.6).  The plasmids were transformed into DH5α and selected for AmpR as well as a 

blue/white screen to select for the presence of an insert (Chapter 2, Section 2.4.7).  The 

plasmids were purified (Chapter 2, Section 2.4.8) and the insert was sequenced (Chapter 2, 

Section 2.4.11).  The ~2000 bp sequence had two errors and the ~700 bp sequence had no 

errors (Appendix A.9).  Both of the errors in the ~2000 bp promoter were more than 1300 bp 

upstream of the gene, so it was decided that they were unlikely to be a problem.  

    The pGEM®-T_ABP1pro1 and ABP1pro2 plasmids were cut with KpnI and the digest was 

run on a gel.  The ~1600 bp and ~700 bp products were cut from the gel and purified 

(Chapter 2, Sections 2.4.5 and 2.4.10).  pHEX14 was also cut with KpnI and was treated with 

SAP to prevent re-circularisation (Chapter 2, Section 2.4.5).  pHEX14 was ligated with the 

two promoter fragments and transformed into DH5α.  The transformants were selected for 

AmpR and clones were tested for presence of ABP1pro via PCR (Figure 6-6C).  The 

orientation of the promoter relative to GUS was tested for some of the clones via PCR so that 
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only plasmids with the correct orientation gave a PCR product (Figure 6-6D).  ABP1pro1 and 

ABP1pro2 transformants with the correct orientation were transformed into GV3101, with 

selection for SpR to select for pHEX14 and GmR to retain the helper plasmid.  The presence 

of ABP1pro was confirmed via PCR (Figure 6-6E). 

6.3.2. Arabidopsis transformation and GUS staining 

GV3101 containing ABP1pro_GUS constructs were transformed into mature wt Arabidopsis 

via the floral dip method (Chapter 2, Section 2.4.15).  The transformant (T1) seed was 

collected and selected for KanR to select for transformants.  The plants were tested for GUS 

staining at 3 and 7 DAG; however, the seedlings did not have any GUS staining (data not 

shown). 
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Figure 6-6.  Gel electrophoresis of PCR products to check the success of cloning ABP1pro in front of GUS in 
the pHEX14 plasmid.  A = The ABP1pro1_GUS and ABP1pro2_GUS constructs, showing primer-binding sites 
and RE sites of interest.  B = PCR products using ABP1pro_F or ABP1proKpnI_F and ABP1proXhoI_R primers 
to amplify ABP1pro1 or ABP1pro2, respectively, from wt gDNA.  C = PCR products using ABP1proKpnI_F and 
ABP1proKpnI_R primers to test the presence of ABP1pro1 or ABP1pro2 using DNA from putative DH5α 
clones with pHEX14_ABP1pro1 or pHEX14_ABP1pro2.  D = PCR products using ABP1proKpnI_F and GUS_R 
primers to test the orientation of ABP1pro using DNA from putative DH5α clones with pHEX14_ABP1pro1 or 
pHEX14_ABP1pro2.  E = PCR products using ABP1proKpnI_F and GUS_R primers to test the presence of 
ABP1pro using DNA from putative GV3101 clones with pHEX14_ABP1pro1 or pHEX14_ABP1pro2. 
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6.4. Discussion 

This chapter aimed to investigate ABP1 cellular dynamics and promoter expression.  The 

strategy involved expression under the control of the 35S promoter or the 1600 bp region 

upstream of ABP1 (ABP1pro), as well as using a small tag (TC) or eYFP tag, since the small 

TC tag might be less disruptive to protein function.  Most of the tagged ABP1 constructs were 

expressed; however, the construct was unable to complement the abp1 T-DNA mutant 

(Section 6.2.2.2).  The localisation pattern of the tagged ABP1 in the leaf pavement cells was 

spotted and appeared to correlate with the location of lobes (Sections 6.2.1 and 6.2.2.2).  This 

pattern of expression appears to correlate with the function of ABP1 in promoting lobe 

outgrowth (Xu et al., 2010).   

    Interestingly, the ABP1pro_ABP1_TC construct was expressed but the 

ABP1pro_ABP1_eYFP construct was not expressed.  The actual ABP1 gene sequence is 

known to be required for expression of the ABP1 promoter (Klode et al., 2011), so perhaps 

the EYFP sequence disrupted elements in the gene required for expression of ABP1, whereas 

the short TC sequence did not disrupt expression.  A previous study which was published 

when this research was already underway expressed eGFP-tagged ABP1 in Arabidopsis, 

under the control of a 35S promoter, but they did not complement the abp1 T-DNA mutant 

(Klode et al., 2011).  In fact, other groups have tried to complement the abp1 T-DNA mutant, 

but all attempts have so far been unsuccessful (C. Perrot-Rechenmann pers. comm.).  These 

results indicate that either the abp1 T-DNA mutant obtained from ABRC is not the correct 

mutant, or the label disrupts ABP1 function, or the promoter used is not expressing ABP1 at 

the correct level for it to be functional.  The complementation could be conducted using the 

conditional abp1 mutant rather than the T-DNA mutant, or a different T-DNA mutant could 

be obtained.  The ABP1 promoter used could be missing some necessary sequences either 

upstream or downstream, so that this promoter did not express ABP1 correctly.  Perhaps a 

better promoter would be similar to the one Klode et al. (2011) used to analyse ABP1 

promoter GUS expression, which was the ~1600 bp sequence upstream of ABP1 with exon 

and intron sequences as well, since this promoter might express ABP1 at the optimal level for 

its function.     

    The GUS construct was not expressed (Section 6.3.2).  The Klode et al. (2011) study 

showed that the ~1600 bp region upstream of ABP1 provides only weak GUS staining in very 

young (2-5 DAG) seedlings and that better expression is obtained if the first three exons and 
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two introns of ABP1 are included (Klode et al., 2011).  However, GUS was not found to be 

expressed at all even in 3 DAG seedlings, which showed that the experiment was 

unsuccessful.  Perhaps either the two sequence errors in the ABP1pro1 promoter were enough 

to disrupt function, or the construct was not assembled correctly, although the sequencing 

results showed that ABP1pro was in front of GUS in the correct orientation (Section 6.3.1).   

 

6.5. Conclusion 

This chapter aimed to investigate ABP1 localisation and expression; however, although the 

tagged ABP1 constructs were expressed, showing that TC-labelling was effective, 

complementation of the abp1 T-DNA mutant was not achieved.  In addition, the 

ABP1pro_GUS constructs were not expressed.  Therefore, this research is a work in progress 

and alternative strategies would be required. 
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Chapter 7. Final Discussion 

 

7.1. Introduction 

This research contributed to our knowledge of auxin signalling, by focusing on one of the 

auxin receptors, ABP1, which is involved in sensing auxin at the plasma membrane.  A great 

deal is known about the signalling pathway of the other auxin receptor, TIR1, but in recent 

years an increasing amount of attention has been focused on ABP1, since TIR1 and related 

AFB proteins cannot account for all auxin responses (Dharmasiri et al., 2005b; Badescu and 

Napier, 2006).  For example, ABP1 is now known to be involved in regulation of auxin 

transport through regulation of endocytosis of PIN transporters, and regulates expansion and 

growth of leaves and roots via ROP GTPase signalling (Robert et al., 2010; Xu et al., 2010).  

Therefore, it is essential to investigate ABP1 signalling in order to understand how auxin 

regulates the fundamental processes of plant growth and development. 

    This research has contributed to our knowledge of ABP1 signalling by identifying three 

proteins which had not been linked to ABP1 previously: two RLKs (AT1G25320 and 

AT4G25390), which could be components of a plasma membrane auxin-sensing complex 

involved in the ABP1-ROP signalling pathway; and the calmodulin-like protein TCH3, which 

forms a new link between ABP1, Ca
2+

 signalling and regulation of PID, as an additional way 

for ABP1 to regulate auxin transport.  Regulation of TCH3 by ABP1 appears to have a 

different outcome in shoots compared to roots, indicating that ABP1 is important for 

differential organ responses to auxin. 

    The microarray analysis of ABP1-inactivated seedlings emphasised that ABP1 is involved 

in regulation of gene expression changes in the nucleus; therefore, its signalling pathway does 

not just regulate plasma membrane-based auxin signalling.  Only a subset of auxin-regulated 

genes were affected, indicating that ABP1 affects transcription independently of TIR1/AFB 

signalling.  The microarray data also highlighted the importance of ABP1 to plants, since this 

mutation had a pleiotropic effect on many genes. 

    This research discovered that ABP1 is important for the transcriptional control of both cell-

wall expansion and lignification.  Cell-wall proteome analysis provided insight into how 

ABP1 regulates cell expansion, with the identification of cell-wall proteins whose protein 

concentration in the cell wall is dependent on ABP1.  Histochemical and FTIR analysis of the 
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cell wall also identified a new role for ABP1 in regulation of fibre cell-wall lignification, a 

process which is essential for the rigidity of plant stems and has significance in the broader 

context of plant biology with respect to secondary growth and wood formation. 

    Based on our knowledge of ABP1 signalling, which has been extended by this research, an 

updated summary of the ABP1 pathway was designed (Figure 7-1).   

 

Figure 7-1.  Summary of our current knowledge of the ABP1 pathway, including the plasma membrane 
auxin-sensing complex which ABP1 is a component of and the effect of ABP1 signalling on gene expression, 
auxin transport, cell-wall expansion and lignification. 

 

7.2. Summary of the major findings and future directions 

7.2.1. An auxin-sensing complex at the plasma membrane 

Auxin signalling involves two types of receptor, ABP1 at the plasma membrane and 

TIR1/AFB family receptors in the nucleus.  For many years, ABP1 was not considered to be 

a receptor because of the lack of a known signal transduction pathway (Shi and Yang, 2011), 

and up until quite recently, the major focus was on TIR1/AFB signalling (Badescu and 

Napier, 2006).  Now there have been major steps forward with the identification of a ROP 
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GTPase pathway controlled by ABP1 (Xu et al., 2010; Nagawa et al., 2012) and this research 

progressed our knowledge of ABP1 signalling even further, with the identification of two 

RLKs which repress ABP1 signalling and are part of an auxin-sensing complex located at the 

plasma membrane (Chapter 4).   

    One of the RLKs, encoded by AT1G25320, is a member of the RLK LRR III family, with a 

predicted extracellular LRR domain, transmembrane domain and plasma membrane 

localisation.  AT1G25320 was weakly auxin-induced, co-regulated with ABP1 across 

development and the at1g25320 mutant displayed resistance to IAA and 2,4-D, but not 1-

NAA, just like the conditional abp1 mutant (Chapter 4, Section 4.5.4).  In addition, the abp1 

at1g25320 mutant had similar auxin resistance to the at1g25320 mutant, indicating that they 

are in the same pathway (Chapter 4, Section 4.6.4).  The at1g25320 mutant looked like wt 

(Chapter 4, Section 4.5.3) but had larger leaf pavement cells (Chapter 4, Section 4.6.3).  The 

abp1 at1g25320 mutant also grew like wt and had larger leaf pavement cells (Chapter 4, 

Section 4.6.), indicating that AT1G25320 is a repressor of ABP1 signalling.  To confirm this 

result, our group is currently crossing another at1g25320 mutant allele with the conditional 

abp1 mutant.  Preliminary results in our group also indicated that the extracellular domain of 

AT1G25320 interacts with ABP1 in the presence of auxin, in a yeast-two-hybrid assay (J. 

Lai, this laboratory).  The next step would be to confirm the ABP1-AT1G25320 interaction in 

planta, with fluorescence-based techniques such as fluorescence resonance energy transfer or 

bimolecular fluorescence complementation (Bhat et al., 2006).  RLKs are typically upstream 

of ROP GTPases to transmit the signal from the outside to the inside of the cell.  Therefore, 

multiple lines of evidence indicate that AT1G25320 is directly downstream of ABP1 and 

upstream of ROP GTPase in the ABP1 pathway. 

    The second RLK, encoded by AT4G25390, is another likely component of the ABP1 

plasma membrane complex.  However, AT4G25390 is an RLCK, with a predicted small 

transmembrane domain but no extracellular domain, so it would be located at the intracellular 

side of the membrane.  AT4G25390 is weakly auxin-induced (Goda et al., 2004) (Chapter 4, 

Section 4.2) and the at4g25390 mutant displayed resistance to IAA and 2,4-D, but not          

1-NAA, just like the abp1 and at1g25320 mutants (Chapter 4, Section 4.5.4).  In addition, the 

abp1 at4g25390 and at1g25320 at4g25390 mutants had similar auxin resistance to the 

at4g25390 mutant, indicating that all of these genes are in the same pathway (Chapter 4, 

Section 4.6.4).  The at4g25390 mutant grew just like wt (Chapter 4, Section 4.5.3).  The abp1 

at4g25390 mutant had a growth phenotype in between wt and the conditional abp1 mutant 
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and had slightly smaller leaf pavement cells than wt and reduced lobe formation like the 

conditional abp1 mutant (Chapter 4, Section 4.6), indicating that AT4G25390 is not a full 

repressor of ABP1 signalling.  Therefore, AT4G25390 appears to be downstream of 

AT1G25320 in the pathway and is likely to be partially redundant with other RCLKs, since 

this protein was not a full repressor unlike AT1G25320. 

    To further investigate the roles of AT1G25320 and AT4G25390 in the ABP1-ROP 

pathway, a yeast-two-hybrid assay could be used to assess interactions between AT1G25320, 

AT4G25390, the ROP GTPase ROP2 and SKU5.  ROPGEFs are known to be upstream of 

ROP GTPases and some are widely expressed across tissues (ROPGEF1, ROPGEF4, 

ROPGEF5 and ROPGEF11) (Shin et al., 2009), so it would be interesting to test their 

interaction as well. 

    It was hypothesised in Chapter 4 that ABP1 acts on multiple RLKs and some may 

positively regulate the ROP pathway.  Some of the other candidate signalling genes selected 

in Chapter 4 would be good candidates for in-depth phenotyping and epistatic analysis with 

the conditional abp1 mutant.  In particular, the RLK gene AT2G36570 is interesting because 

it is in the same RLK sub-family (LRR III) as AT1G25320 and is linked to cell expansion 

(Kim et al., 2008).  Since AT4G25390 was not a full repressor of ABP1 signalling and could 

act redundantly, it would be interesting to investigate other RLCKs affected by ABP1 

inactivation in the microarray data which could have a similar function.  In fact, it would be 

interesting to investigate all of the RLKs affected by ABP1 inactivation. 

    The nuclear proteome experiment failed to identify ABP1 pathway components.  For 

future research to further investigate ABP1 pathway signal transduction, the 

phosphoproteome of ABP1-inactivated plants could be analysed.  This method involves 

purification of phosphoproteins using immobilized metal affinity chromatography followed 

by MS (De La Fuente Van Bentem and Hirt, 2007; De La Fuente Van Bentem et al., 2008).  

Analysis of the phosphoproteome from total protein samples is one option, but some proteins 

are at very high concentrations and can mask signals from less abundant proteins.  Therefore, 

an alternative strategy would be to first purify plasma membrane proteins and/or cytoplasmic 

proteins. 

    Several possible transcriptome experiments could be conducted to investigate further the 

targets of ABP1 signalling.  At the times of ethanol induction analysed in the microarray 

experiment (12 and 24 h), there was a large number of expression changes, so it would be 
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interesting to conduct microarrays or deep sequencing on ABP1 inactivation at earlier times 

(6-8 h), to identify the first genes affected ABP1 inactivation.  ABP1 inactivation is known to 

affect the transcriptional response of some genes to auxin, so another possible experiment 

would be to conduct microarrays or deep sequencing on ABP1-inactivated, IAA-treated 

plants.   

7.2.2. The role of ABP1 signalling in differential organ responses to auxin 

ABP1 has been proposed to be involved in differences in organ sensitivity to auxin, based on 

differential regulation of auxin-regulated genes in shoots and roots (Braun et al., 2008; 

Tromas et al., 2009).  In this research, ABP1 was found to have differential effects on 

signalling-related genes in the shoot and root.  Most of the signalling genes analysed 

(including AT1G25320, AT4G25390 and TCH3), as well as ABP1, were more strongly 

affected by ABP1 inactivation in the shoot versus the root (Chapter 4, Section 4.3).  

Therefore, this result is consistent with ABP1 signalling having a different outcome in the 

shoot versus the root and being important for differences in organ sensitivity to auxin. 

    The calmodulin-like gene TCH3 was shown to be important for ABP1-regulated growth, 

with different roles in the shoot and root.  TCH3 is known to repress activity of the auxin 

transport-regulator PID in response to Ca
2+

 influx (Benjamins et al., 2003).  Therefore, these 

results provide a new link between ABP1 and PID and indicate that Ca
2+

 signalling and 

changes in auxin transport are involved in differential organ responses to auxin.  It is already 

known that ABP1 regulates auxin homeostasis by controlling PIN protein-mediated auxin 

transport at the plasma membrane (Robert et al., 2010), so this research demonstrated that 

there is additional complexity in how ABP1 regulates organ-specific auxin transport.  ABP1 

was required for expression of TCH3 (Chapter 3, Section 3.8.3), but it is unknown whether 

ABP1 regulates TCH3 by affecting its transcription only, or if ABP1 also regulates Ca
2+

 

influx, which is possible since auxin is known to regulate Ca
2+

 influx independently of the 

TIR1/AFB pathway (Monshausen et al., 2011).  Three lines of evidence indicate that 

regulation of TCH3 and Ca
2+

 signalling by ABP1 has a different outcome in shoots compared 

to roots: the shoots but not roots of the conditional abp1 mutant were resistant to Ca
2+

; ABP1 

inactivation resulted in greater down-regulation of TCH3 in shoots compared to roots; and 

TCH3 is highly expressed in shoots but only has low expression in roots (Chapter 4, Sections 

4.3, 4.5.2 and 4.6.5).  The tch3 mutant grew similar to wt with only slight growth defects 

(Chapter 4, Section 4.5.3); however, the abp1 tch3 mutant had a more severe growth 
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phenotype than the conditional abp1 mutant, possibly because the tch3 mutant was not a full 

knock-out, whereas the abp1 tch3 mutant did lack TCH3 expression due to the combined 

effect of the T-DNA in TCH3 and ABP1 inactivation (Chapter 4, Section 4.6.).  Therefore, 

TCH3 could be involved in ABP1-regulated growth, and its auxin resistance phenotype 

indicated that TCH3 could be a component of the ABP1 pathway, because the tch3 mutant 

displayed resistance to IAA and 2,4-D but not 1-NAA just like the abp1, at1g25320 and 

at4g25390 mutants (Chapter 4, Section 4.5.4); and the abp1 tch3, at1g25320 tch3 and 

at4g25390 tch3 mutants had similar auxin resistance to the tch3 mutant (Chapter 4, Section 

4.6.4).       

    Since it is unknown whether ABP1 also regulates Ca
2+

 signalling by affecting Ca
2+

 ion 

influx into cells, it would be interesting to investigate the effect of ABP1 on Ca
2+

 influx.  

Leaf growth is regulated in response to light and involves ion fluxes including H
+
 and Ca

2+
 

(Elzenga et al., 1995; Stahlberg and Van Volkenburgh, 1999).  Ca
2+

 influx in leaves of 

ABP1-inactivated plants in response to auxin and light treatment could be investigated using 

expression of a Ca
2+

 sensor such as the Yellow Cameleon 3.6 indicator (Nagai et al., 2004; 

Monshausen et al., 2008).  The response to auxin of ABP1-inactivated roots expressing this 

Ca
2+

 sensor could also be assessed.  The gene encoding the other PID-binding protein, PBP1, 

is more highly expressed in roots versus TCH3.  Therefore, it would be interesting to assess if 

ABP1 inactivation affects expression of PBP1 in roots, although this gene was not affected in 

the microarray data of whole seedlings.  PID over-expression results in root auxin resistance 

(Christensen et al., 2000) and reduced pavement cell lobe formation (Li et al., 2011), so over-

expression of PID in the conditional abp1 mutant could be conducted to see if these 

phenotypes are additive or not and consequently if these genes are in the same pathway. 

7.2.3. Two auxin pathways: is there a link between ABP1 and TIR1/AFB receptors? 

Auxin binds to ABP1 at the plasma membrane and TIR1/AFB family receptors in the 

nucleus, but it is unclear whether the two pathways interact.  It has been demonstrated that 

ABP1 does in fact regulate AUX/IAAs in the TIR1/AFB pathway (Braun et al., 2008) and this 

research extended our knowledge of the TIR1/AFB pathway genes transcriptionally affected 

by ABP1 signalling.  For example, the microarray data showed that ABP1 regulates the 

AUX/IAA interactor TPL, components of the SCF
TIR1/AFB

 complex and auxin-regulated TF 

genes (Chapter 3, Section 3.6).  However, ABP1 only regulated a subset of auxin-regulated 

genes (Chapter 3, Section 3.7), which was also observed by Braun et al. (2008) and Tromas et 
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al. (2009) for AUX/IAAs, indicating that ABP1 may affect transcription independently of 

TIR1/AFB signalling.  AT1G25320 was up-regulated by auxin treatment in ABP1-inactivated 

plants (Chapter 4, Section 4.5.5), indicating that this transcriptional response is independent 

of ABP1 and would be regulated by TIR1/AFB signalling.  This result suggests that the 

ABP1 and TIR1/AFB pathways interact by transcriptionally regulating components of the 

other pathway.  It is also important to consider the role of ABP1 in the regulation of auxin 

transport and cytosolic auxin concentration, which would affect the activation of TIR1/AFB 

signalling (Scherer, 2011).  Scherer (2011) suggests that plants have two types of auxin 

receptor so that the pathway regulating plasma membrane-cytoplasmic signalling (ABP1) can 

initiate faster responses (e.g. ion fluxes), and the other nuclear proteolysis-regulated pathway 

(TIR1/AFB) can regulate transcription efficiently; however, to ensure that the system is 

carefully regulated, both should be co-ordinated for one signal, which could be why ABP1 

appears to also regulate transcription of TIR1/AFB pathway genes and vice versa. 

    There is no published transcriptome data for the tir1-1 and tir1-1 afb1-1 afb2-1 afb3-1 

mutants, and it would be useful to have microarray data for these mutants to compare to the 

conditional abp1 mutant.   

7.2.4. ABP1 and cell-wall growth and development 

Auxin regulates cell-wall expansion, but the signalling involved was unknown.  ABP1 is the 

likely receptor since ABP1 inactivation impacts on cell expansion in leaves (Braun et al., 

2008) and in this study ABP1 inactivation was found to reduce the growth of stems as well 

(Chapter 5, Section 5.2).  Auxin signals to induce H
+
 movement across the plasma membrane 

to the cell wall via plasma membrane H
+
-ATPase (Rayle and Cleland, 1980), a process which 

is thought to activate cell-wall modifying proteins such as expansins (acid growth) 

(McQueen-Mason et al., 1992; Cosgrove and Li Zhen, 1993).  ABP1 is known to activate ion 

fluxes (including H
+
 efflux) at the plasma membrane (Ephritikhine et al., 1987; Barbier-

Brygoo et al., 1989; Leblanc et al., 1999b).  However, auxin is also known to affect 

transcription of cell-wall-related genes (Català et al., 1997; Hutchison et al., 1999; Hager, 

2003), but it was uncertain whether ABP1 is involved.  This research provided evidence that 

ABP1 controls the transcriptional response for cell expansion, which affects the 

concentrations of cell-wall proteins at the cell wall.  ABP1 inactivation resulted in 

transcriptional down-regulation of cell-wall-related genes in seedlings and reduced 

concentrations of cell-wall proteins in growing stems (Chapter 3, Section 3.10 and Chapter 5, 



Chapter 7.  Final Discussion 

195 
 

Section 5.6.2).  Many of these genes and proteins are involved in cell-wall expansion, such as 

expansins, XTHs, pectinesterases, polygalacturonases, pectate lyases, proteases, peroxidases 

and AGPs, indicating that expression of cell-wall proteins is an important aspect of ABP1-

regulated cell expansion.  In addition, the GPI-anchored protein SKU5 is linked to cell 

expansion and might be the docking protein for ABP1 (Shimomura, 2006), and its expression 

was highly down-regulated in both the ABP1-inactivated seedling transcriptome and the stem 

cell-wall proteome.  Therefore, these results support SKU5 having a role in ABP1 signalling 

and being a component of the plasma membrane auxin-sensing complex.     

    Cell expansion is a process fundamental to all plants, so this research has relevance to 

horticulture and agriculture; for example, cell size in fruit is determined by cell expansion 

and affects texture and yield, so application of this research to fruit could allow for 

modifications of fruit texture and size.   

    Auxin regulates cell-wall lignification in the stem, but the receptor for this response was 

previously unknown.  This research revealed that ABP1 controls fibre lignification in the 

stem.  Investigation of the ABP1-inactivated seedling transcriptome indicated that ABP1 is 

required for expression of genes involved in lignin biosynthesis (Chapter 3, Section 3.10).  In 

stems, ABP1 inactivation resulted in reduced interfascicular fibre cell-wall lignification and 

reduced expression of TF genes which control the fibre lignification pathway (e.g. SND1),  as 

well as WAT1 which encodes a tonoplastic protein required for fibre lignification (Chapter 5, 

Sections 5.2, 5.4 and 5.5).  In contrast, xylem vessel lignification was not affected by ABP1 

inactivation.  In addition, investigation of the cell-wall proteome showed that ABP1-

inactivated stems had reduced expression of cell-wall proteins which could be linked to 

lignification and growth cessation in fibre cell walls (e.g. peroxidases).  The promoter 

expression of these proteins could be investigated using the GUS system to see if they are 

expressed in the interfascicular fibre region. 

    It is unknown how ABP1 signals to nuclear TFs to promote lignification; however, the 

type II inositol polyphosphate 5-phosphatase FRA3 is required for secondary cell wall 

thickening in fibres (Zhong et al., 2004) and was hypothesised to be upstream of WAT1 

(Ranocha et al., 2010).  FRA3 affects F-actin organisation in the stem (Zhong et al., 2004) 

and ABP1 is known to affect F-actin organisation in pavement cells (Xu et al., 2010), so 

ABP1 may be upstream of FRA3.  Therefore, it would be interesting to investigate FRA3 

expression and the actin network in ABP1-inactivated stems, using immunolabelling of actin 



Chapter 7.  Final Discussion 

196 
 

and confocal microscopy.  Auxin transport at the base of ABP1-inactivated stems could also 

be tested, since ABP1 is known to regulate auxin transport (Robert et al., 2010) and the wat1 

mutant has a defect in auxin transport (Ranocha et al., 2010).   

    The tir1-1 mutant had similar interfascicular fibre cell-wall lignification compared to wt, 

indicating that ABP1 affects lignification independently of the TIR1/AFB pathway.  

However, the AFB receptors could be involved, so it is necessary to assess the fibre cell-wall 

lignification in the tir1-1 afb1-1 afb2-1 afb3-1 mutant to confirm that TIR1/AFB signalling is 

not involved.  It would be interesting to analyse whether ABP1 over-expression results in 

ectopic lignification.  In addition, interfascicular fibre cell-wall lignification in the abp1 

at1g25320 and abp1 at4g25390 mutants could be determined, to see if these mutations can 

suppress the reduced fibre cell-wall lignification phenotype.   

    Lignin content is an important issue for biofuel production from cell wall biomass, so this 

research could be applied to different plant species and lead to future development of new 

strategies to modify the lignin content of biofuel crops. 

7.3.  Conclusion 

This research provided new information regarding ABP1 signalling and regulation of cell-

wall lignification and expansion, which will help to direct future research regarding ABP1.  

This research showed that two RLKs (AT1G25320 and AT4G25390) could be components of 

ABP1-ROP signalling and part of a plasma membrane auxin-sensing complex.  ABP1 

signalling showed a differential response in the shoot and root, indicating that ABP1 is 

important for differences in organ sensitivity to auxin, and the calmodulin-like gene TCH3 

was linked to ABP1-regulated growth and differential organ responses to auxin.  ABP1 was 

found to affect the transcription of many genes including those involved in auxin signalling 

and homeostasis, cell division and cell expansion.  ABP1 affected transcription of only a 

subset of auxin-regulated genes, indicating that this receptor affects transcription 

independently to TIR1/AFB signalling.  This research also showed that ABP1 regulates 

expression of lignification-related genes and controls interfascicular fibre cell-wall 

lignification in the stem.  In addition, ABP1 is required for transcription of cell-wall-related 

genes linked to auxin-regulated cell expansion and this effect on expression is also reflected 

at the protein level, with ABP1 inactivation in stems decreasing the concentrations of many 

cell-wall proteins at the cell wall. 
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Appendices 

A.1.  R script used for microarray data analysis 

The R code was a modified version of a script from R. Deed (this laboratory) for the analysis 

conducted in Chapter 3, Section 3.4.  The rows with # at the start are descriptive and are not 

part of the code. 

 
# load the R-package "affy" from Bioconductor and make a library with 18 of the arrays 
library(affyPLM)  
library(affy) 
# set working directory 
setwd("F:\\Lab work\\Results\\Microarrays\\") 
# READ IN THE CEL FILES 
rawdata<-ReadAffy("ND0025_(ATH1-121501).CEL","ND0026_(ATH1-121501).CEL","ND0027_(ATH1-
121501).CEL","ND0028_(ATH1-121501).CEL","ND0029_(ATH1-121501).CEL","ND0030_(ATH1-
121501).CEL","ND0031_(ATH1-121501).CEL","ND0032_(ATH1-121501).CEL","ND0033_(ATH1-
121501).CEL","ND0034_(ATH1-121501).CEL","ND0035_(ATH1-121501).CEL","ND0036_(ATH1-
121501).CEL","ND0037_(ATH1-121501).CEL","ND0038_(ATH1-121501).CEL","ND0039_(ATH1-
121501).CEL","ND0040_(ATH1-121501).CEL","ND0041_(ATH1-121501).CEL","ND0042_(ATH1-
121501).CEL") 
# check contents of rawdata object 
rawdata 
# check sample names of rawdata object 
sampleNames(rawdata) 
# rename the sampleNames 
new.sampleNames <- 
c('ss.t0.1','ss.t0.2','ss.t0.3','ss.t12.1','ss.t12.2','ss.t12.3','ss.t24.1','ss.t24.2','ss.t24.3','wt.t0.1','wt.t0.2',
'wt.t0.3','wt.t12.1','wt.t12.2','wt.t12.3','wt.t24.1','wt.t24.2','wt.t24.3') 
sampleNames(rawdata) <- new.sampleNames   
# MAKE AN IMAGE OF EACH OF THE ARRAYS 
# Filepath for where to save the images 
imagePath = "F:\\Lab work\\Results\\Microarrays\\array_images\\" 
for(i in 1:18){ 
 par(ask=TRUE) 
 # extract the file name, e.g. "ss.t0.1"  
 file = paste(sampleNames(rawdata)[i])  
 # make the new image file called "before_ss.t0.1.png" 
 before_ss.t0.1.png = paste(imagePath, file, ".png", sep="")  
 # make the new png outfile 
 png(before_ss.t0.1.png) 
 # make the image 
 image(rawdata[,i], col=pseudoPalette(low="lightblue", high="darkblue")) 
 # close the graphics device 
 dev.off() 
} 
par(ask=FALSE) 
# MAKE HISTOGRAMS 
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hist(log2(pm(rawdata[,1])), breaks=100, col="blue") 
hist(log2(mm(rawdata[,1])), breaks=100, col="red") 
plotpath = "F:\\Lab work\\Results\\Microarrays\\plots\\" 
# colour the words in the legend according to the colours used in the histogram 
colour = c(1:18)  
#histPlot = paste(plotpath, "after_densityPlot_raw_18.png", sep="") 
png(histPlot, width=800, height=600) 
hist(rawdata, main="Density of the Raw Log_2 Probe Hybridisation Intensities of the 18 Arrays", 
col=colour) 
hist(rawdata, main="Density of the Raw Log_2 Probe Hybridisation Intensities", col=colour) 
# set the x & y co-ordinates of the legend using the arguments x and y 
# shrink the font size of the legend using the argument cex 
legend(x=14, y=1.5, legend=sampleNames(rawdata), lty=1:18, lwd=2, col=colour, cex=1) 
# dev.off() 
# to scroll through each of the 18 histograms manually 
# for(i in 1:22){ 
# par(ask=TRUE) 
# hist(rawdata[,i]) 
# paste(sampleNames(rawdata[,i])) 
# } 
# MAKE BOX AND WHISKER PLOT 
#boxPlot = paste(plotpath, "boxplot_18.png", sep="") 
# png(boxPlot, width=1024, height=800) 
 boxplot(rawdata, main="Boxplot of Array Intensities", col=c(1:18), label.cex=0.15, las=2) 
# dev.off() 
# MAKE MvA PLOTS 
# MAplot(rawdata, pairs=TRUE, cex=1)   
maPlot = paste(plotpath, "wt.t24.png", sep="") 
png(maPlot) 
MAplot(rawdata[,1:3], pairs=TRUE, cex=1.5)   
dev.off() 
MAplot(rawdata[,4:6], pairs=TRUE, cex=1.5)   
MAplot(rawdata[,7:9], pairs=TRUE, cex=1.5) 
MAplot(rawdata[,10:12], pairs=TRUE, cex=1.5) 
MAplot(rawdata[,13:15], pairs=TRUE, cex=1.5) 
MAplot(rawdata[,16:18], pairs=TRUE, cex=1.5) 
# QUALITY CONTROL STATS                
library(simpleaffy) 
qc.data = qc(rawdata) # where rawdata is an affybatch object 
slotNames(qc.data) 
# GET THE SCALE FACTORS 
qc.data@scale.factors 
# get the list of PERCENTAGE of the probeset PRESENT on each chip 
qc.data@percent.present 
# get the average background 
qc.data@average.background 
# get the minimum background 
qc.data@minimum.background 
# get maximum background 
qc.data@maximum.background 
colnames(qc.data@spikes) 
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# get 3':5' RATIOS 
# get the SPIKE-INs (BioB, BioC, BioD, CreX) 
qc.data@spikes 
qc.data@bioBCalls 
# plot the QC stats 
plotpath = "F:\\Lab work\\Results\\Microarrays\\plots\\"  
qcPlot = paste(plotpath, "qcPlot_22.png", sep="") 
# png(qcPlot, width=1024, height=800) 
plot(qc.data) 
# dev.off() 
# RMA NORMALISATION   
# load targets file into R 
pd <- read.AnnotatedDataFrame("RNATargets.txt",header=TRUE,row.names=1,as.is=TRUE) 
rawdata <- ReadAffy(filenames=pData(pd)$FileName,phenoData=pd) 
rawdata 
# rename the sampleNames 
new.sampleNames <- 
c('ss.t0.1','ss.t0.2','ss.t0.3','ss.t12.1','ss.t12.2','ss.t12.3','ss.t24.1','ss.t24.2','ss.t24.3','wt.t0.1','wt.t0.2',
'wt.t0.3','wt.t12.1','wt.t12.2','wt.t12.3','wt.t24.1','wt.t24.2','wt.t24.3') 
sampleNames(rawdata) <- new.sampleNames   
# rma normalisation 
eset <- rma(rawdata) 
eset 
# LOOK AT DATA AFTER NORMALISATION 
# MAKE HISTOGRAM 
colour = c(1:18)  
# histPlot = paste(plotpath, "densityPlot_RMA.png") 
# png(histPlot, width=800, height=600) 
hist(eset, main="Density of the Log_2 Probe Hybridisation Intensities After RMA", col=colour) 
legend(x=14, y=0.27, legend=sampleNames(rawdata), lty=1:18, lwd=2, col=colour, cex=0.75) 
# dev.off() 
# MAKE BOX AND WHISKER PLOT  
boxPlot = paste(plotpath, "boxplot_18_RMA.png", sep="") 
# png(boxPlot, width=1024, height=800) 
boxplot(eset, main="Boxplot of Array Intensities After RMA", col=c(1:18), label.cex=0.15, las=2) 
# dev.off() 
# MAKE MvA PLOTS 
# MAplot(rawdata, pairs=TRUE, cex=1)   
maPlot = paste(plotpath, "wt.t24_RMA.png", sep="") 
png(maPlot) 
MAplot(eset[,16:18], pairs=TRUE, cex=1.5)  
dev.off() 
# MAKING CONTRASTS TO IDENTIFY DIFFERENTIAL EXPRESSION 
library(Biobase) 
library(limma) 
# set targets   
targets <- pData(eset) 
targets 
# design matrix 
design <- model.matrix(~ -1 + factor(targets$Target,levels=unique(targets$Target))) 
colnames(design) <- unique(targets$Target) 
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numParameters <- ncol(design) 
parameterNames <- colnames(design) 
design 
# fit linear model  
fit <- lmFit(eset,design=design) 
names(fit) 
# get normalised absolute expression values before contrasts 
# write.exprs(eset, file="mydata.txt") 
# normalised absolute expression values for specific genes  
#write.exprs(eset[c("geneID")], file="mydata.txt") 
# compare all of the contrasts you are interested in 
contrastNames <- c(paste(parameterNames[1],parameterNames[4],sep="-"), 
paste(parameterNames[2],parameterNames[5],sep="-"), 
paste(parameterNames[3],parameterNames[6],sep="-"), 
paste(parameterNames[3],parameterNames[2],sep="-"), 
paste(parameterNames[6],parameterNames[5],sep="-")) 
contrastsMatrix <- matrix(c(1,0,0,-1,0,0,0,1,0,0,-1,0,0,0,1,0,0,-1,0,-1,1,0,0,0,0,0,0,0,-
1,1),nrow=ncol(design)) 
rownames(contrastsMatrix) <- parameterNames 
colnames(contrastsMatrix) <- contrastNames 
contrastsMatrix 
# fit a linear model to your contrasts 
fit2  <- contrasts.fit(fit,contrasts=contrastsMatrix) 
names(fit2) 
fit2 
# empirical Bayes statistics 
fit2  <- eBayes(fit2) 
names(fit2) 
# getting rid of false positives by adjusting p-values 
#fit2$F.p.value         
# p.adjust(fit2$F.p.value,method="bonferroni")  
# setting p-value cut-off 
# F.stat <- fit2$F 
# p.value <- fit2$F.p.value 
# i <- grep("AFFX",featureNames(eset)) 
# summary(p.value[i]) 
# output 
# Min.      1st Qu.   Median    Mean      3rd Qu.   Max  
# 2.978e-23 3.841e-07 3.139e-06 6.913e-03 5.371e-05 2.128e-01  
# sigGenes <- p.adjust(fit2$F.p.value,method="bonferroni") < 0.005 
# sigGenes 
# Sig<-p.value[sigGenes] 
# Sig 
# nsiggenes<-length(Sig)  
# nsiggenes 
# results1 <- decideTests(fit, method="global") 
# modF <- fit2$F #$F is F-test 
# modFordered<-order(modF, decreasing = TRUE) 
# updown<-results1[modFordered[1:nsiggenes],] 
# updown 
# getting only significant genes   
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# sigprobes<-eset[modFordered[1:nsiggenes]] 
# sigprobes 
# finding differentially expressed genes between treatments - use topTable 
# toptable1 <- topTable(fit2,coef=1) 
# toptable2 <- topTable(fit2,coef=2) 
# toptable3 <- topTable(fit2,coef=3) 
numGenes <- nrow(eset) 
numGenes 
# gene tables 
completeTablesswtt0 <- topTable(fit2,coef=1,number=numGenes) 
write.table(completeTablesswtt0,file="sswtt0genes.xls",sep="\t",quote=FALSE,col.names=NA) 
completeTablesswtt12 <- topTable(fit2,coef=2,number=numGenes) 
write.table(completeTablesswtt12,file="sswtt12genes.xls",sep="\t",quote=FALSE,col.names=NA) 
completeTablesswtt24 <- topTable(fit2,coef=3,number=numGenes) 
write.table(completeTablesswtt24,file="sswtt24genes.xls",sep="\t",quote=FALSE,col.names=NA) 
completeTablesst24t12 <- topTable(fit2,coef=4,number=numGenes) 
write.table(completeTablesst24t12,file="sst24t12genes.xls",sep="\t",quote=FALSE,col.names=NA) 
completeTablewtt24t12 <- topTable(fit2,coef=5,number=numGenes) 
write.table(completeTablewtt24t12,file="wtt24t12genes.xls",sep="\t",quote=FALSE,col.names=NA) 
# look at one of the complete toptables (check that it has worked) 
completeTablesswtt0[1:10,] 
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A.2.  Genes transcriptionally affected by ABP1 inactivation 

A list of all the genes significantly affected by ABP1 inactivation is provided on a Microsoft 

Office spreadsheet on CD-ROM.  Significant genes were those with a Benjamini and 

Hochberg-adjusted P-value < 0.005 and a log2-fold change of ≥ 0.584963 or ≤ -0.584963.  

The tables show log2-fold change (logFC), average expression across the arrays (AveExpr),   

t value, unadjusted P-value and Benjamini and Hochberg-adjusted P-value (Adj.P-value). 
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A.3.  Auxin response, metabolism and transport genes affected by ABP1 

inactivation 

Table A-1.  Auxin response, metabolism and transport genes affected by ABP1 inactivation at 12 and/or 24 
h.  Coloured boxes show up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and 
down-regulated genes with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are 
denoted with *. 

Category AGI code Name 
FC 

12 h 24 h 

Aux/IAA 

AT3G23030 IAA2 3.8* 4.5* 

AT3G23050 IAA7 1.5 1.8* 

AT4G28640 IAA11 1.9* 2.0* 

AT1G04250 IAA17 1.2 2.4* 

AT4G29080 IAA27 1.6* 1.0 

Auxin receptor 

AT4G02980 ABP1 2.1* 2.0* 

AT4G03190 AFB1 1.1 1.8* 

AT3G26810 AFB2 1.3 1.9* 

Co-repressor AT1G15750 TPL 1.7* 2.0* 

Docking of ABP1? 

AT4G12420 SKU5 1.9* 1.9* 

AT4G22010 SKS4 2.6* 3.7* 

AT1G76160 SKS5 2.4* 4.4* 

AT1G41830 SKS6 1.7* 3.1* 

AT4G38420 SKS9 1.3 2.6* 

AT5G66920 SKS17 1.8* 1.9* 

GH3 
AT2G46370 GH3-11 2.4* 2.4* 

AT5G13360 GH3-14 1.8* 2.2* 

IAA biosynthesis 

AT1G29410 PAI3 1.6* 1.4 

AT1G70560 TAA1 1.5 2.0* 

AT4G13260 YUC2 1.1 2.1* 

AT4G28720 YUC8 1.0 3.6* 

AT5G43890 YUC5 1.5 3.4* 

IAA conjugation AT1G44350 ILL6 1.6* 1.1 

IBA metabolism 
AT5G56290 PEX5 1.5 1.9* 

AT1G03000 PEX6 1.8* 1.3 

SAUR 

AT4G38840 SAUR-14 1.7 2.2* 

AT4G00880 SAUR-31 1.3 2.2* 

AT2G45210 SAUR-36 3.0* 4.9* 

AT1G16510 SAUR-41 7.1* 3.1* 

AT5G03310 SAUR-44 1.0 2.1* 

AT4G34760 SAUR-50 1.3 2.7* 

AT1G75580 SAUR-51 1.3 1.9* 

AT3G53250 SAUR-57 1.8 2.7* 

AT3G60690 SAUR-59 2.3* 2.8* 

AT1G56150 SAUR-71 1.2 2.4* 

AT1G72430 
 

1.7* 2.1* 

AT5G50760   1.2 1.6* 

SCF 
AT5G19180 ECR1 2.9* 2.3* 

AT1G75950 SKP1 1.6* 1.5* 

Transport 

AT5G19530 ACL5 1.8* 3.3* 

AT5G55910 AGC1.1/D6PK 1.3 1.7* 

AT4G26610 AGC1.2/D6PKL1 1.5 1.5* 
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Category AGI code Name 
FC 

12 h 24 h 

Transport 

AT5G01240 LAX1 1.9* 1.9* 

AT2G42620 MAX2 1.3 2.2* 

AT5G63310 NDPK2 1.8* 1.3 

AT4G25960 PGP2/ABCB2 1.3 2.1* 

AT1G70940 PIN3 2.0* 1.0 

AT2G01420 PIN4 1.4 2.6* 

AT5G47750 PK5/D6PKL2 2.6* 1.9* 

AT3G27580 PK7/D6PKL3 4.3* 4.4* 

AT1G69960 PP2A 6.2* 5.1* 

AT5G13930 TT4 1.2 3.6* 

AT2G17500   1.7 2.6* 

TF
a
 

AT3G50060 MYB77 3.0* 2.1* 

AT3G50410 OBP1 8.1* 9.3* 
 

a
The other TF genes in this category are the ones identified as regulated by both ABP1 inactivation and auxin treatment, 

listed in Table A-2 (TF category).  
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A.4.  Genes affected by both ABP1 inactivation and auxin treatment in 

categories related to TFs, signalling and the cell wall 

Table A-2.  TF, signal transduction and cell-wall genes affected by ABP1 inactivation at 12 and/or 24 h and 
auxin treatment at 30 min, 1 and/or 3 h in the re-analysed data from Delker et al. (2010).  Coloured boxes 
show up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and down-regulated genes 
with FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are denoted with *. 

Category Family AGI code Name 
FC abp1 FC auxin 

12 h 24 h 0.5 h 1 h 3 h 

TF 

AP2-EREBP 

AT5G43170 AZF3 4.4* 3.5* 1.4 1.5* 1.2 

AT5G46690 BHLH071 1.0 1.9* 1.4 1.2 1.7* 

AT5G47220 ERF2 1.8* 1.4 2.4* 1.6* 2.5* 

AT4G17490 ERF6 11.3* 2.2 3.2* 3.0* 3.2* 

AT4G17460 HAT1 1.7 3.5* 1.6* 2.1* 1.2 

AT4G18880 HSF A4A 1.6* 1.0 1.7* 1.8* 1.8* 

AT1G27730 STZ 4.5* 1.9 2.7* 2.8* 3.0* 

AT4G31800 WRKY18 4.5* 1.4 1.8* 2.5* 1.5 

AT1G62300 WRKY6 2.2* 2.1* 1.4 2.0* 1.4 

AT5G04340 ZAT6 5.9* 3.8* 2.8* 3.0* 2.9* 

AT1G20823 
 

1.7* 1.3 1.9* 1.9* 2.1* 

AT1G21910 
 

10.4* 6.5* 2.1* 1.5* 2.4* 

AT1G77640 
 

5.8* 3.1* 2.7* 2.8* 3.0* 

AT2G45680   1.9* 1.2 1.3 1.7* 1.7* 

Aux/IAA 

AT3G23030 IAA2 3.8* 4.5* 4.8* 4.3* 3.7* 

AT3G23050 IAA7 1.5 1.8* 1.3 1.2 2.5* 

AT4G28640 IAA11 1.9* 2.0* 3.6* 2.8* 2.3* 

bHLH 

AT2G46510 AIB 1.6 1.8* 1.6* 2.0* 1.7* 

AT3G58120 BZIP61 1.0 2.3* 1.8* 1.7* 1.1 

AT2G46310 CRF5 2.3* 1.4 1.3 1.5* 1.0 

AT4G17500 ERF1 3.2* 2.3* 2.1 1.4 1.9* 

AT2G38470 WRKY33 15.8* 1.7 2.5 2.8* 2.4* 

AT3G05150   2.7* 1.8* 1.0 1.0 1.8* 

bZIP 

AT3G16720 TL2 3.2* 1.9* 1.7 1.9* 2.1* 

AT2G42360 
 

1.2 1.9* 1.4 1.5* 1.7* 

AT5G48250 
 

1.6* 1.1 1.2 1.3 1.5* 

C2C2-CO-like 

AT1G67970 HSFA8 1.8* 1.1 1.2 1.3 2.8* 

AT4G37260 MYB73 2.1* 1.5 1.4 1.2 1.7* 

AT3G01970 WRKY45 1.2 2.2* 1.2 1.1 2.1* 

AT5G47610   1.6 4.2* 2.2* 1.4 2.5* 

C2C2-Dof AT5G28770 BZO2H3 1.8* 1.2 1.8* 1.6* 2.0* 

C2C2-Gata 
AT4G32800   2.5* 1.9 1.9* 2.0* 2.1* 

AT5G66070   2.6* 1.3 1.5* 1.8* 1.6* 

C2H2 

AT5G04150 BHLH101 1.2 1.6* 1.2 1.2 1.5* 

AT1G75390 BZIP44 1.5 2.3* 1.3 1.2 1.7* 

AT3G02380 COL2 1.1 3.4* 2.1* 1.9* 5.2* 

AT1G01060 LHY 1.2 3.6* 1.4 1.3 3.3* 

AT1G32640 MYC2 1.8* 1.3 1.5 1.5* 1.7* 

AT1G80840 WRKY40 8.5* 1.7 2.6* 2.5* 3.0* 

AT3G13040 
 

1.8* 2.0* 1.6* 1.3 1.6* 

AT3G43430 
 

1.8* 1.9* 1.7* 1.4 1.3 

C3H AT1G73830 BEE3 1.3 3.0* 1.3 2.1* 1.0 
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Category Family AGI code Name 
FC abp1 FC auxin 

12 h 24 h 0.5 h 1 h 3 h 

 

C3H 

AT3G54810 BME3 2.8* 2.9* 1.7* 1.5 1.6* 

AT2G18160 CPUORF1 1.1 2.0* 1.7* 1.6* 1.6* 

AT2G40140 CZF1 2.8* 1.5 2.0* 2.3* 2.6* 

AT1G14920 GAI 1.3 3.2* 1.5* 1.7* 1.1 

AT5G47370 HAT2 2.2* 1.7 7.1* 10.1* 2.8* 

AT4G24660 HB22 5.5* 4.4* 1.3 1.0 1.9* 

AT3G55980 SZF1 6.2* 2.8* 1.9* 2.0* 2.2* 

AT2G35000   5.9* 7.0* 1.6* 1.5* 1.5* 

CAMTA AT5G63790 ANAC102 4.5* 2.0 2.2* 1.6* 1.9* 

GRAS AT5G50570   3.4* 2.1* 1.7* 1.7* 1.8* 

GRF AT3G52800 
 

2.6* 2.4* 1.6* 1.7* 1.7* 

Homeobox 

AT1G51700 ADOF1 2.7* 2.0 1.8* 1.4 1.8* 

AT2G42380 BZIP34 1.1 2.1* 1.4 1.7* 1.1 

AT1G28370 ERF11 1.8* 1.2 4.7* 3.3* 4.6* 

AT5G47230 ERF5 2.0* 1.2 2.3* 1.9* 2.3* 

AT5G59780 MYB59 1.8* 1.9* 2.7* 2.4* 3.1* 

AT1G25560 TEM1 1.5 2.2* 1.1 2.4* 1.4 

AT2G47270   2.1* 2.3* 1.0 2.1* 1.0 

HSF 
AT1G67910 

 
2.8* 3.0* 2.0* 1.2 1.0 

AT5G61600 
 

2.3* 1.2 1.1 1.4 1.7* 

MYB 

AT3G49530 ANAC062 3.0* 1.3 2.0* 2.5* 2.3* 

AT3G60390 HAT3 1.1 1.8* 1.0 2.0* 1.2 

AT1G71030 MYBL2 1.7 2.1* 1.8* 3.1* 1.3 

AT1G63840   1.7* 2.0* 1.6* 1.6* 1.6* 

MYB-related 

AT2G46830 CCA1 1.8 4.4* 1.5 1.4 3.8* 

AT5G67300 MYBR1 1.7* 2.5* 1.7* 1.5 2.2* 

AT1G09530 PIF3 2.1 2.8* 1.3 1.6* 1.1 

NAC 

AT3G15210 ERF4 1.9* 1.5 2.0* 2.1* 1.9* 

AT1G76890 GT2 2.5* 1.9 1.9* 1.5* 1.5* 

AT3G56400 WRKY70 2.1* 1.1 1.2 1.7* 1.5 

AT3G47640   1.3 1.9* 1.2 1.3 1.6* 

RAV AT1G68520 
 

2.0* 1.0 3.1* 1.8* 2.1* 

SBP AT5G49450 CPUORF4 1.6* 1.3 2.2* 2.2* 1.6* 

Sigma-like 
AT3G53920 SIGC 2.6* 1.9 1.6 1.2 1.6* 

AT5G24120 SIGE 2.2* 2.5* 1.4 1.2 1.8* 

TCP 

AT5G15850 COL1 1.2 2.2* 1.7* 1.3 1.7* 

AT1G69490 NAP 2.1* 1.3 1.5* 3.4* 1.3 

AT3G46640 PCL1 2.0 3.1* 1.0 1.2 1.7* 

AT2G30250 WRKY25 3.0* 1.6 1.1 1.1 1.6* 

Trihelix AT3G17610 HYH 2.1 4.0* 1.3 1.4 2.6* 

TUB AT1G36060   3.1* 2.1* 1.5 2.0* 1.4 

WRKY 
AT5G05410 DREB2A 2.3* 1.5 3.9* 3.3* 5.3* 

AT4G01250 WRKY22 3.5* 4.9* 1.7* 1.7* 1.3 

ZF-HD 
AT5G39660 CDF2 2.0* 1.0 1.4 1.2 1.6* 

AT5G13910 LEP 1.7* 1.1 1.1 1.0 1.7* 

Signalling 

AGC kinase 

AT5G58140 PHOT2 2.0* 1.9 1.2 1.0 1.7* 

AT3G27580 PK7/D6PKL3 4.3* 4.4* 1.0 1.1 2.1* 

AT3G08720 S6K2 2.1* 1.2 2.2* 2.3* 2.3* 

Calcium-
dependent protein 
kinase 

AT3G57530 CPK32 2.6* 1.4 1.6* 1.8* 1.7* 
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Category Family AGI code Name 
FC abp1 FC auxin 

12 h 24 h 0.5 h 1 h 3 h 

 

Calmodulin-like 

AT2G43290 CML5/MSS3 1.7 2.0* 2.1* 2.2* 2.6* 

 
AT2G41100 CML12/TCH3 23.8* 10.7* 1.9* 1.8* 2.1* 

 
AT3G25600 CML16 3.6* 2.4* 1.8* 1.9* 2.2* 

 
AT5G37770 CML24/TCH2 2.8* 2.6* 1.7* 1.9* 2.1* 

 
AT2G41410 CML35 2.3* 2.3* 1.3 1.5 1.9* 

 
AT3G10190 CML36 2.5* 2.5* 1.3 1.6* 1.7* 

 
CBL AT5G24270 CBL4/SOS3 2.5* 1.5 1.6* 1.3 1.1 

 
CBL-interacting 
protein kinase 

AT5G01810 CIPK15 1.8* 1.5 1.6* 1.3 2.0* 

 
Eukaryotic protein 
kinase 

AT1G73500 MKK9 4.1* 2.2* 1.4 1.4 1.7* 

 
Immunophilin AT4G39710 FKBP16–2 1.2 2.8* 1.4 1.2 1.6* 

 
Other kinase AT5G25440 

 
1.5* 1.3 1.4 1.2 1.8* 

 Phospholipase 
AT2G26560 PAT-PLA-IIΑ 2.1* 1.2 1.2 1.1 2.7* 

 
AT2G42690 PLA1-IIΔ 1.8* 1.7* 1.3 1.1 1.6* 

 
Protein 
phosphatase 

AT4G26080 ABI1 2.5* 2.1* 1.4 1.3 1.8* 

Signalling AT4G28400 
 

2.9* 5.3* 1.5* 1.5 1.7* 

 
Purple acid 
phosphatase 

AT3G17790 PAP17 50.8* 81.3* 1.2 1.6* 1.7* 

 

RLK 

DUF26 

AT4G23180 CRK10 3.4* 2.9* 1.9* 1.9* 1.6* 

 
AT4G23290 CRK21 1.8 7.0* 1.0 1.2 1.5* 

 
AT4G11460 CRK30 1.3 2.7* 1.3 1.2 2.9* 

 
L-lectin AT5G01560 LECRKA4.3 1.5 1.9* 1.3 1.2 1.5* 

 

LRR III   

AT5G16590 LRR1 1.6* 1.2 1.0 1.1 1.5* 

 
AT1G25320 

 
5.0* 4.6* 1.1 1.1 1.5* 

 
AT2G36570 

 
2.5* 4.5* 1.1 1.1 1.5* 

 
AT4G34220 

 
1.6 2.5* 1.3 1.1 1.8* 

 
LRR X  AT3G13380 BRL3 1.8 2.3* 2.6* 1.5 3.8* 

 LRR XI  
AT2G31880 

 
3.0* 1.3 1.8* 1.7* 2.1* 

 
AT5G25930 

 
4.0* 1.7 1.8* 1.7* 1.7* 

 LysM  
AT2G23770   1.1 1.6* 1.3 1.6* 1.1 

 
AT2G33580   1.8* 1.1 2.8* 2.7* 2.3* 

 
RKF3L  AT1G11050 

 
2.3* 1.4 1.5* 1.9* 1.5* 

 
RLCK III  AT1G67470   2.3* 1.7 1.8* 1.9* 1.7* 

 RLCK VII  
AT2G05940 

 
2.3* 2.4* 1.8* 1.9* 1.7* 

 
AT5G47070 

 
1.2 2.2* 1.7* 1.6* 2.5* 

 
RLCK XI  AT4G25390   5.3* 9.2* 1.4 1.7* 1.8* 

 
  AT2G25790   1.6* 2.5* 2.0* 1.3 1.3 

Cell wall 

AGP 

AT5G64310 AGP1 3.5* 2.7* 1.6* 1.6* 1.5* 

AT2G23130 AGP17 1.7 4.0* 1.5* 1.7* 1.0 

AT2G47930 AGP26 1.6 3.5* 1.0 1.2 1.6* 

Aspartyl protease 

AT1G09750   1.5* 3.1* 1.1 1.0 1.6* 

AT1G49050 
 

1.9* 1.1 1.2 1.3 1.6* 

AT3G59080 
 

2.4* 1.9 1.7* 2.0* 1.6* 

AT5G37540 
 

1.9 3.2* 1.8* 1.8* 2.4* 

AT5G48430   1.4 3.5* 1.4 1.2 1.8* 

Cellulose synthase 
AT2G32540 CSLB2 1.5 2.0* 1.1 1.0 1.6* 

AT3G28180 CSLC4 4.1* 3.4* 1.6* 1.6* 1.3 

COBRA-like AT5G49270 COBL9/SHV2 5.2* 12.5* 1.1 1.0 2.0* 

Cysteine protease AT3G19390 
 

2.2* 1.7 2.1* 1.7* 1.2 

Expansin AT1G69530 EXPA1 4.2* 1.1 1.5* 1.6* 1.1 
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Category Family AGI code Name 
FC abp1 FC auxin 

12 h 24 h 0.5 h 1 h 3 h 

Cell wall 

Expansin 
AT1G20190 EXPA11 2.1 1.1 1.2 1.2 1.6* 

AT3G45970 EXLA1 10.5* 3.9* 2.1* 1.9* 1.9* 

Extensin 
AT5G49280 EXT41 2.3* 1.6 1.6* 1.5* 1.4 

AT4G22470   2.8* 9.3* 1.7* 1.2 2.5* 

GDSL lipase 

AT1G28570 
 

1.2 1.7* 1.4 1.1 1.8* 

AT1G33811 
 

2.4* 4.0* 1.7* 1.8* 1.1 

AT3G05180   1.2 3.0* 1.0 1.0 1.6* 

Germin AT1G72610 GER1 1.5* 3.2* 1.0 1.2 1.9* 

Glycoside 
hydrolase family 3 

AT5G64570 XYL4 9.7* 12.4* 1.4 1.1 2.0* 

Glycoside 
hydrolase family 
16 (XTH) 

AT5G65730 XTH6 1.3 3.1* 1.2 1.2 1.6* 

AT4G14130 XTH15/XTR7 4.3* 5.7* 1.6* 1.1 1.6* 

AT4G30280 XTH18 7.6* 3.0 2.6* 1.9* 2.6* 

AT5G57560 XTH22/TCH4 4.2* 1.8 2.2* 2.2* 2.0* 

AT4G25810 XTH23/XTR6 22.5* 12.7* 1.9* 1.8* 2.1* 

AT4G30270 XTH24/MERI5B 4.4* 4.1* 1.3 1.3 1.6* 

Glycoside 
hydrolase family 
17 (glucan endo-
1,3-β-glucosidase) 

AT3G55430   2.5* 3.3* 1.5 1.5* 1.4 

Glycoside 
hydrolase family 
27 

AT5G08370 AGAL2 1.9* 1.7* 1.3 1.2 1.6* 

Glycoside 
hydrolase family 
35 (β-
galactosidase) 

AT3G52840 BGAL2 2.2* 2.1* 1.2 1.3 1.6* 

AT4G26140 BGAL12 1.4 1.8* 1.3 1.6* 1.7* 

Glycosyl 
transferase family 
8 

AT4G02130 GATL6 1.6 2.4* 1.0 1.2 1.6* 

AT3G28340 GATL10 3.6* 2.0* 2.5* 2.3* 2.8* 

AT2G47180 GOLS1 1.4 1.9* 1.1 1.3 1.9* 

AT2G35710   8.2* 2.6* 2.8* 3.8* 1.8* 

Lignin AT1G72680 CAD1 3.2* 1.1 1.3 1.1 1.7* 

LRR protein AT1G33600   2.3* 2.8* 1.7* 1.7 1.3 

LTP AT2G15050 
 

1.6 3.2* 1.7* 1.3 1.7* 

PAE AT5G45280   1.3 2.0* 2.1* 1.7* 2.5* 

Peroxidase 

AT3G28200 PER31 2.4* 3.4* 1.8* 1.5* 1.4 

AT4G30170 PER45 1.4 2.1* 1.1 1.3 3.0* 

AT5G39580 PER62 15.5* 13.9* 4.2* 3.0* 1.5* 

Phytocyanin AT5G20230 STC1 3.3* 6.1* 1.7* 1.4 2.1* 

Phytocystatin AT2G31980 CYS2 6.4* 13.9* 1.5* 1.6* 1.1 

PME 

AT2G26440   1.6 2.7* 1.8* 1.4 2.0* 

AT3G10720 
 

3.2* 2.9* 2.3* 1.7* 2.7* 

AT5G19730   1.7* 2.3* 1.2 1.0 2.3* 

PMEI AT3G62820   1.3 2.0* 1.6* 1.6* 1.2 

Polygalacturonase 
inhibiting protein 

AT5G06860 PGIP1 14.5* 8.0* 2.7* 1.5 5.6* 

AT5G06870 PGIP2 5.1* 4.0* 1.4 1.5* 2.3* 

Proline-rich protein AT1G62500 PRP14 1.3 2.1* 1.4 1.3 1.5* 

Serine-type 
carboxypeptidase 

AT2G22980 SCPL13 2.6* 2.4* 1.6* 1.2 1.8* 

SKU5-like AT4G38420 SKS9 1.3 2.6* 1.9* 2.0* 1.1 

Trypsin inhibitor AT2G43550   1.8 3.7* 1.4 1.1 1.7* 
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A.5.  Cell-wall-related genes affected by ABP1 inactivation 

Table A-3.  Cell-wall-related genes affected by ABP1 inactivation at 12 and/or 24 h.  Coloured boxes show 
up-regulated genes with fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and down-regulated genes with 
FC ≥ 2 (green) or FC < 2 but ≥ 1.5 (pale green).  Significant P-values (< 0.005) are denoted with *. 

Family AGI code Name 
FC 

 
12 h 24 h 

PATHWAYS OF SUBSTRATE GENERATION       

Nucleotide-sugar 
interconversion 

AT4G30440 GAE1 2.2* 2.6* 

AT1G02000 GAE2 14.6* 9.6* 

AT4G00110 GAE3 3.1* 2.7* 

AT1G78570 RHM1 1.7 2.1* 

AT1G12780 UGE1 1.9* 1.1 

AT2G47650 UXS4 1.8* 2.4* 

Lignin 

AT1G51680 4CL1 1.9* 4.0* 

AT3G19450 ATCAD4 1.9* 3.0* 

AT5G54160 ATOMT1 1.4 2.2* 

AT2G30490 C4H 1.1 1.9* 

AT1G72680 CAD1 3.2* 1.1 

AT4G39330 CAD9 1.1 3.6* 

AT2G40890 CYP98A3 1.2 1.5* 

AT5G48930 HCT 1.3 2.0* 

AT1G21130 2.4* 1.4 

AT1G24735 1.1 1.7* 

AT4G34050 3.3* 3.4* 

CELLULOSE SYNTHESIS 
    

Cellulose synthesis 

AT5G44030 CESA4 2.6* 2.8* 

AT5G64740 CESA6 1.3 1.6* 

AT5G05170 CEV1 1.5 1.6* 

AT5G22740 CSLA02 1.7 2.1* 

AT2G32540 CSLB04 1.5 2.0* 

AT3G28180 CSLC04 4.1* 3.4* 

AT1G55850 CSLE1 4.7* 3.2* 

GLYCOSYL TRANSFERASES 
    

Glycosyl transferase family 8 

AT1G13250 GATL3 1.4 2.8* 

AT4G02130 GATL6 1.6 2.4* 

AT3G62660 GATL7 1.9* 1.9* 

AT3G28340 GATL10 3.6* 2.0* 

AT2G47180 GOLS1 1.4 1.9* 

AT1G24170 LGT9 1.2 2.2* 

AT3G25140 QUA1 1.8* 1.8* 

AT1G74680 1.2 1.9* 

AT2G35710 8.2* 2.6* 

Glycosyl transferase family 31 
AT1G53290 1.7* 1.6* 

AT3G14960 12.8* 8.9* 

Glycosyl transferase family 34 AT1G18690 1.2 1.8* 

Glycosyl transferase family 47 AT1G71990 FUT13 1.7* 2.9* 

PROTEINS ACTING ON CARBOHYDRATES       

Expansin 

AT1G69530 EXPA1 4.2* 1.1 

AT2G28950 EXPA6 2.4* 4.7* 

AT1G26770 EXPA10 4.2* 4.3* 

AT1G20190 EXPA11 2.1* 1.1 
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Family AGI code Name 
FC 

 
12 h 24 h 

Expansin 
AT4G38210 EXPA20 57.2* 84.8* 

AT3G45970 EXLA1 10.5* 3.9* 

Glycoside hydrolase family 1 

(β-glucosidase) 

AT3G60130 BGLU16 1.9* 1.5 

AT1G26560 BGLU40 1.3 2.8* 

AT3G60140 DIN2 4.7* 3.2* 

Glycoside hydrolase family 3 

AT5G09730 BXL3 3.9* 6.3* 

AT5G64570 XYL4 9.7* 12.4* 

AT1G78060 8.7* 18.2* 

AT5G20950 1.1 1.7* 

Glycoside hydrolase family 9 
(endo-1,4-β-glucanase) 

AT1G70710 GH9B1/CEL1 1.1 1.6* 

AT1G75680 GH9B7 1.7* 2.1* 

Glycoside hydrolase family 16 
(XTH) 

AT2G06850 XTH4/EXGT-A1 2.1* 2.5* 

AT5G65730 XTH6 1.3 3.1* 

AT4G37800 XTH7 1.5 3.5* 

AT1G11545 XTH8 1.9 2.6* 

AT4G03210 XTH9 1.7* 2.2* 

AT4G14130 XTH15/XTR7 4.3* 5.7* 

AT3G23730 XTH16 2.9* 4.1* 

AT1G65310 XTH17 1.5* 1.2 

AT4G30280 XTH18 7.6* 3.0 

AT5G57560 XTH22/TCH4 4.2* 1.8 

AT4G25810 XTH23/XTR6 22.5* 12.7* 

AT4G30270 XTH24/MERI5B 4.4* 4.1* 

AT2G01850 XTH27/EXGT-A3 1.3 1.5* 

AT1G32170 XTH30/XTR4 3.1* 2.6* 

AT3G44990 XTH31/XTR8 55.5* 78.0* 

AT2G36870 XTH32 3.4* 2.0 

Glycoside hydrolase family 17 
(glucan endo-1,3-β-
glucosidase) 

AT5G42100 BG_PPAP 1.1 1.5* 

AT2G05790 1.2 2.4* 

AT3G07320 2.6* 1.9* 

AT3G13560 2.1* 1.3 

AT3G55430 2.5* 3.3* 

AT3G57790 1.5* 2.1* 

AT4G17180 1.9* 1.3 

AT4G31140 1.1 1.8* 

AT5G55180 2.3* 2.6* 

Glycoside hydrolase family 19 
AT3G54420 EP3 1.1 2.7* 

AT2G43620 1.1 5.2* 

Glycoside hydrolase family 28 
(polygalacturonase) 

AT1G80140 1.3 2.0* 

AT3G06770 1.9* 2.9* 

AT3G62110 2.0* 2.0* 

AT4G33440 1.6* 2.1* 

Glycoside hydrolase family 27 AT5G08370 AGAL2 1.9* 1.7* 

Glycoside hydrolase family 31 
AT5G63840 RSW3 2.1 2.3* 

AT5G11720 
 

1.6* 1.1 

Glycoside hydrolase family 35 
(β-galactosidase) 

AT3G13750 BGAL1 1.9* 2.1* 

AT3G52840 BGAL2 2.2* 2.1* 

AT4G36360 BGAL3 1.3 2.2* 

AT5G56870 BGAL4 2.3* 1.1 

AT5G63810 BGAL10 2.6* 1.5 

AT4G26140 BGAL12 1.4 1.8* 
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Family AGI code Name 
FC 

 
12 h 24 h 

Pectate lyase-like AT3G54920 PMR6 1.6 2.2* 

PME 

AT1G53840 PME1 1.8* 1.6* 

AT4G33220 PME44 2.0* 6.3* 

AT2G26440 1.6 2.7* 

AT2G45220 1.4 1.9* 

AT3G10720 3.2* 2.9* 

AT5G07430 16.7* 29.0* 

AT5G09760 1.7* 1.7* 

AT5G19730 1.7* 2.3* 

PAE 

AT2G46930 3.2* 2.8* 

AT4G19420 1.3 2.0* 

AT5G45280 1.3 2.0* 

Prolyl-4-hydroxylase AT4G33910 2.0* 1.2 

OXIDO-REDUCTASES     
  

Peroxidase 

AT2G34060 PRX19 1.3 2.3* 

AT3G28200 PRX31 2.4* 3.4* 

AT4G30170 PRX45 1.4 2.1* 

AT4G33420 PRX47 2.9* 5.4* 

AT5G39580 PRX62 15.5* 13.9* 

Laccase AT5G01040 LAC8 1.8* 2.1* 

PROTEASES 
    

Aspartyl protease 

AT1G01300 7.0* 6.1* 

AT1G08210 2.5* 3.0* 

AT1G09750 1.5* 3.1* 

AT1G49050 1.9* 1.1 

AT1G66180 4.1* 2.7* 

AT3G52500 1.7 3.2* 

AT3G54400 3.4* 9.1* 

AT3G59080 2.4* 1.9 

AT5G22850 1.7* 1.4 

AT5G37540 1.9 3.2* 

AT5G48430 1.4 3.5* 

Cysteine protease 

AT5G43060 RD21B 2.0* 1.8* 

AT3G19390 2.2* 1.7 

AT3G45310 1.2 1.7* 

Serine-type carboxypeptidase 

AT2G22980 SCPL13 2.6* 2.4* 

AT3G02110 SCPL25 1.2 2.2* 

AT5G23210 SCPL34 3.9* 2.6* 

AT1G28110 SCPL45 1.6* 1.2 

AT3G10410 SCPL49 1.6 2.3* 

Subtilase 

AT3G14067 SBT1.4 2.3* 1.3 

AT3G14240 SBT1.5 1.7* 1.1 

AT4G34980 SBT1.6/SLP2 2.4* 1.6 

AT5G59130 SBT4.11 1.0 1.5* 

AT1G01900 SBTI1.1 72.2* 97.6* 

STRUCTURAL PROTEINS     
  

Extensin 

AT5G49280 EXT41 2.3* 1.6 

AT3G24550 PERK1 1.3 1.9* 

AT1G70460 PERK13 1.8* 2.3* 

AT1G26250 2.9* 2.3 

AT2G16630 1.6 2.2* 
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Family AGI code Name 
FC 

 
12 h 24 h 

Extensin 

AT3G16660 1.2 2.2* 

AT4G16140 5.4* 2.0 

AT4G22470 2.8 9.3* 

AT4G28300 1.2 2.0* 

Proline-rich protein 

AT2G21140 PRP2 2.3* 6.8* 

AT4G38770 PRP4 4.6* 3.6* 

AT3G50570 PRP8 2.3* 3.8* 

AT5G15780 PRP11 2.6* 6.7* 

AT1G62500 PRP14 1.3 2.1* 

AT2G10940 PRP15 2.1* 6.9* 

AT3G22120 PRP16 6.1* 14.9* 

AT5G14920 
 

2.9* 4.3* 

Glycine-rich protein 

AT2G05520 GRP3 1.9* 3.6* 

AT1G64450 2.5* 1.5 

AT2G05540 1.2 1.8* 

PROTEINS WITH INTERACTING DOMAINS       

Lectin AT3G16530 1.7 2.0* 

LRR protein 

AT4G13340 LRX3 1.3 2.2* 

AT4G18670 LRX5 2.5* 1.2 

AT3G19020 PEX1 1.2 1.6* 

AT2G15880 PEX3 2.8* 2.7* 

AT1G33600 2.3* 2.8* 

AT1G49750 3.2* 3.9* 

Phytocystatin 

AT5G12140 CYS1 1.6* 1.5* 

AT2G31980 CYS2 6.4* 13.9* 

AT4G16500 1.7* 2.3* 

PMEI 

AT5G64620 C/VIF2 2.1* 6.2* 

AT1G14890 1.9* 4.1* 

AT3G62820 1.3 2.0* 

AT4G25260 1.4 2.7* 

Polygalacturonase inhibiting 
protein 

AT5G06860 PGIP1 14.5* 8.0* 

AT5G06870 PGIP2 5.1* 4.0* 

Trypsin inhibitor 
AT1G17860 2.3* 1.2 

AT2G43550 1.8 3.7* 

SIGNALLING AND RESPONSE MECHANISMS 
   

SKU5 family 

AT4G12420 SKU5 1.9* 1.9* 

AT4G22010 SKS4 2.6* 3.7* 

AT1G76160 SKS5 2.4* 4.4* 

AT1G41830 SKS6 1.7* 3.1* 

AT4G38420 SKS9 1.3 2.6* 

AT5G66920 SKS17 1.8* 1.9* 

AGP 

AT5G64310 AGP1 3.5* 2.7* 

AT5G65390 AGP7 1.4 1.9* 

AT2G14890 AGP9 2.2* 3.0* 

AT4G09030 AGP10 5.3* 6.8* 

AT3G13520 AGP12 1.6 2.4* 

AT5G11740 AGP15 1.2 1.5* 

AT2G46330 AGP16 3.0* 3.2* 

AGP 

AT2G23130 AGP17 1.7 4.0* 

AT4G37450 AGP18 3.6* 2.1* 

AT3G61640 AGP20 1.4 2.4* 
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Family AGI code Name 
FC 

 
12 h 24 h 

AGP 

AT1G55330 AGP21 1.3 2.0* 

AT2G47930 AGP26 1.6 3.5* 

AT3G22070 AGP56 3.2* 2.0* 

AT3G45230 AGP57 3.9* 2.2* 

AT5G55730 FLA1 2.7* 2.2* 

AT4G12730 FLA2 2.6* 4.7* 

AT2G04780 FLA7 6.9* 6.9* 

AT2G45470 FLA8 1.4 3.0* 

AT1G03870 FLA9 1.4 2.4* 

AT5G44130 FLA13 2.2* 3.6* 

AT2G35860 FLA16 1.1 1.9* 

AT3G11700 FLA18 1.8 2.3* 

GPI-anchored peptide AT5G40960 1.2 1.7* 

COBRA-like protein 
AT5G60920 COB 1.9* 1.8* 

AT5G49270 COBL9/SHV2 5.2* 12.5* 

Phytocyanin 

AT5G20230 BCB/STC1 3.3* 6.1* 

AT4G27520 ENODL2 2.0* 3.4* 

AT1G79800 ENODL7 3.0* 3.2* 

AT1G64640 ENODL8 1.2 2.0* 

AT5G15350 ENODL17 1.5 2.9* 

AT4G12880 ENODL19 1.6 2.6* 

AT2G32300 UCC1 1.8 2.1* 

AT2G44790 UCC2 2.4* 2.6* 

LIPID METABOLISM 
    

GDSL lipase 

AT3G14210 ESM1 1.3 1.8* 

AT1G33811 2.4* 4.0* 

AT1G09390 1.1 3.0* 

AT1G28570 1.2 1.7* 

AT1G28580 1.5* 1.4 

AT1G54010 2.3* 2.1 

AT3G05180 1.2 3.0* 

AT3G48460 1.2 5.9* 

AT4G18970 1.0 1.8* 

AT5G03610 1.6* 2.8* 

AT5G14450 2.2* 1.8* 

AT5G45950 1.2 3.5* 

LTP 

AT2G38540 LP1 1.7 2.7* 

AT2G38530 LTP2 1.1 3.4* 

AT3G51600 LTP5 2.0* 3.0* 

AT2G15050 LTP7 1.6 3.2* 

AT1G27950 LTPG1 1.1 2.3* 

AT3G43720 LTPG2 1.1 1.9* 

MISCELLANEOUS     
  

Germin 

AT1G72610 GER1 1.5* 3.2* 

AT5G20630 GER3 8.0* 17.7* 

AT1G09560 GLP5 1.7* 2.2* 

Gibberellin-regulated 
AT1G22690 3.3* 7.4* 

AT2G14900 1.8 2.5* 
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A.6.  Cell-wall protein expression after ABP1 inactivation during stem 

growth 

Table A-4.  Cell-wall proteins affected by ABP1 inactivation during stem growth, measured using iTRAQ. In 
addition, some of these genes were transcriptionally affected in seedlings in the microarray experiment 
(Chapter 3).  For the iTRAQ data, coloured boxes show up-regulated genes with fold change (FC) ≥ 1.3 (red) 
or FC < 1.3 but ≥ 1 (pink); and down-regulated genes with FC ≥ 1.3 (green) or FC < 1.3 but ≥ 1 (pale green) (P-
value < 0.05*, < 0.01**, < 0.005***).  For the microarray data, coloured boxes show up-regulated genes with 
fold change (FC) ≥ 2 (red) or FC < 2 but ≥ 1.5 (pink); and down-regulated genes with FC ≥ 2 (green) or FC < 2 
but ≥ 1.5 (pale green) (P-value < 0.005*). 

Family AGI code Name 

FC     
iTRAQ  Microarray 

  12 h 24 h 

PROTEINS ACTING ON CARBOHYDRATES         

Expansin AT2G28950 EXPA6 1.1* 2.4* 4.7* 

Glycoside hydrolase family 1 (β-
glucosidase) 

AT3G18080  BGLU44 1.1 
  

AT5G26000  TGG1 1.0 
  

AT5G25980  TGG2 1.1 
  

Glycoside hydrolase family 3 
AT1G78060 

 
1.1 8.7* 18.2* 

AT5G20950 
 

1.2*** 1.1 1.7* 

Glycoside hydrolase family 16 (XTH) 
AT2G06850 XTH4/EXGT-A1 1.1* 2.1* 2.5* 
AT4G30270 XTH24/MERI5B 1.3* 4.4* 4.1* 

Glycoside hydrolase family 17 (glucan 
endo-1,3-β-glucosidase) 

AT3G07320 
 

1.3** 2.6* 1.9* 

Glycoside hydrolase family 20 (β-
hexosaminidase) 

AT1G65590  HEXO3 1.2 
  

Glycoside hydrolase family 27 AT3G26380 
 

1.1 
  

Glycoside hydrolase family 28 
(polygalacturonase) 

AT3G62110   1.3* 
  

Glycoside hydrolase family 31 AT1G68560 XYL1 1.1 
  

Glycoside hydrolase family 35 (β-
galactosidase) 

AT1G45130 BGAL5 1.2* 
  

AT5G63810 BGAL10 1.1*** 2.6* 1.5 
Glycoside hydrolase family 95 
(fucosidase) 

AT4G34260  AXY8/FUC95A 1.0 
  

Pectate lyase-like 

AT1G04680 PLL1 1.2*** 
  

AT3G07010 PLL8 1.4*** 
  

AT4G24780 PLL18 1.1* 
  

PME 
AT3G14310  PME3 1.0 

  
AT2G45220 

 
1.4* 1.4 1.9* 

PAE 

AT5G45280   1.2*** 1.3 2.0* 
AT4G19410 

 
1.2*** 

  
AT3G05910 

 
1.1 

  
AT1G57590   1.2* 

  
OXIDO-REDUCTASES 

     

Peroxidase 

AT1G71695 PRX12 1.2* 
  

AT3G21770 PRX30 1.3*** 
  

AT4G08770 PRX37 1.2** 
  

AT5G42180 PRX64 1.3*** 
  

AT5G58390 PRX67 1.3** 
  

AT3G49120  PRXCB 1.1 
  

AT4G21960  PRXR1 1.1 
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Family AGI code Name 

FC     
iTRAQ  Microarray 

  12 h 24 h 

Peroxidase AT4G37520   1.3* 
  

Laccase 

AT2G29130  LAC2 1.0 
  

AT2G38080  LAC4/IRX12 1.0 
  

AT5G05390  LAC12 1.1 
  

Annexin AT1G35720  ANNAT1 1.1 
  

Glyceraldehyde-3-phosphate 
dehydrogenase 

AT1G12900  GAPA-2 1.0 
  

GMC oxidoreductase AT1G12570   1.1 2.1* 4.6* 
Protein disulfide isomerase AT2G47470 UNE5 1.1* 

  
Copper/zinc superoxide dismutase AT5G18100  CSD3 1.0 

  
Basic blue protein AT2G02850  ARPN 1.1 

  
PROTEASES     

   

Aspartyl protease 

AT1G03220 EDGP 1.0 
  

AT1G09750 
 

1.2*** 1.5* 3.1* 
AT3G25700 

 
1.1 

  
AT3G52500 

 
1.1 1.7 3.2* 

AT3G54400 
 

1.2*** 3.4* 9.1* 
AT3G61820 

 
1.2 

  
AT5G07030 

 
1.2*** 

  

Cysteine protease 
AT4G35350 XCP1 1.2** 

  
AT1G20850 XCP2 1.2*** 

  
Serine-type carboxypeptidase 

AT5G23210  SCPL34 1.1 3.9* 2.6* 
AT5G42240  SCPL42 1.1 

  

Subtilase 

AT5G67360 ARA12 1.1* 
  

AT1G01900 SBT1.1 1.1* 72.2* 97.6* 
AT5G51750 SBT1.3 1.2** 

  
AT2G39850 SBT4.1 1.3* 

  
AT2G05920 

 
1.1 

  
AT4G10540 

 
1.2* 

  
AT4G21650 

 
1.1* 

  
AT4G34980   1.1 2.4* 1.6 

STRUCTURAL PROTEINS 
     

Extensin AT1G78040   1.2* 
  

Proline-rich protein AT5G14920 
 

1.2** 2.9* 4.3* 
PROTEINS WITH INTERACTING DOMAINS  

   

Lectin 

AT1G53070 
 

1.0 
  

AT1G78820 
 

1.2*** 
  

AT1G78830 
 

1.1 
  

AT2G39050 
 

1.0 
  

AT3G16530 
 

1.1 1.7 2.0* 
AT5G03350 

 
1.1 

  

LRR 

AT1G33600   1.2*** 2.3* 2.8* 
AT1G49750 

 
1.0 3.2* 3.9* 

AT3G20820 
 

1.1 
  

AT5G12940   1.1* 
  

Phytocystatin AT3G12490  CYSB 1.1 
  

PME inhibitor 
AT1G47960 C/VIF1 1.1 

  
AT3G62820 

 
1.1* 1.3 2.0* 
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Family AGI code Name 

FC     
iTRAQ  Microarray 

  12 h 24 h 

PME inhibitor 
AT5G20740 

 
1.1 

  
AT5G62350   1.2** 

  
Polygalacturonase inhibitor AT5G06870  PGIP2 1.2 5.1* 4.0* 

Trypsin inhibitor 

AT2G43520 TI2 1.1* 
  

AT2G43530 
 

1.4* 
  

AT2G43550 
 

1.1 1.8 3.7* 
AT1G17860   1.1 2.3* 1.2 

SIGNALLING AND RESPONSE MECHANISMS 
   

SKU5 family 
AT4G12420 SKU5 1.5* 1.9* 1.9* 
AT1G41830 SKS6 1.2* 1.7* 3.1* 

AGP 

AT1G28290  AGP31 1.1 
  

AT5G55730 FLA1 1.1* 2.7* 2.2* 
AT2G35860  FLA16 1.1 1.1 1.9* 

Phytocyanin 
AT2G25060  ENODL14 1.0 

  
AT4G12880  ENODL19 1.0 1.6 2.6* 

Acid phosphatase AT5G24780  VSP1 1.7*** 
  

Purple acid phosphatase 
AT2G27190  PAP12 1.2 

  
AT5G34850  PAP26 1.1 

  
LRR RLK AT5G65710  HSL2 1.1 

  

Immunophilin 
AT3G25220 FKBP15-1 1.3*** 2.2* 1.8 
AT5G48580 FKBP15-2 1.3*** 2.3* 3.5* 

Calmodulin-like AT1G12310 CML13 1.3* 1.8* 1.3 
Receptor-like AT2G42800  RLP29 1.0 

  
LIPID METABOLISM 

     

GDSL lipase 

AT3G14210 ESM1 1.5* 1.3 1.8* 
AT1G33811 

 
1.2 2.4* 4.0* 

AT5G03610   1.1 1.6* 2.8* 

LTP 

AT2G38540  LP1 1.0 1.7 2.7* 
AT5G59320 LTP3 1.4*** 

  
AT5G59310 LTP4 1.2*** 

  
AT3G51600  LTP5 1.1 2.0* 3.0* 
AT2G15050 LTP7 1.4*** 1.6 3.2* 
AT2G10940 

 
1.2* 2.1* 6.9* 

AT3G28280 
 

1.1*** 
  

AT5G05960 
 

1.2** 
  

MISCELLANEOUS     
   

Acyl-CoA thioesterase AT4G00520 
 

1.4 
  

Apospory-associated like AT4G25900   1.1 
  

Ascorbate oxidase AT5G21105 
 

1.1 1.2 2.5* 
ATP synthase AT2G07698   1.1 

  
Calmodulin-binding AT5G56360  PSL4 1.0 

  
Copper transport protein family AT5G23760   1.0 

  
Cysteine-rich secretory protein 

AT5G48540 
 

1.5*** 1.5 3.3* 
AT5G66590 

 
1.3* 

  
Dehydration-responsive AT5G25610  RD22 1.1 2.9* 1.4 
Dehydrin AT1G76180 ERD14 1.3*** 2.7* 1.7* 
Disease resistance-responsive AT1G55210   1.0 

  

http://www.arabidopsis.org/servlets/TairObject?id=136061&type=locus
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Family AGI code Name 

FC     
iTRAQ  Microarray 

  12 h 24 h 

Enolase AT2G36530 LOS2 1.1* 
  

Exordium-like AT5G09440 EXL4 1.4*** 8.6* 11.6* 
Ferredoxin-related AT1G02180 

 
1.1 

  

Germin 

AT1G72610  GER1 1.1 1.5* 3.2* 
AT5G20630  GER3 1.1 8.0* 17.7* 
AT1G02335  GL22 1.0 

  
AT3G62020 GLP10 1.1* 

  

Gibberellin-regulated 
AT5G15230 GASA4 1.1* 

  
AT2G14900 

 
1.1** 1.8 2.5* 

H+-ATPase AT3G01390 VMA10 1.3*** 
  

Histone deacetylase AT5G22650 HD2B 1.2* 
  

Hsp 70 
AT4G16660   1.1 

  
AT5G28540  BIP2 1.0 

  
Hydroxypyruvate reductase AT1G68010  HPR 1.1 1.3 1.6* 
Methyltransferase AT2G34300 PMT25 1.1 4.7* 2.9* 
MLP-related AT4G23670 

 
1.1** 3.0* 6.6* 

NADH-cytochrome b5 reductase-like AT5G20080    1.0 1.3 2.7* 
Nucleoside diphosphate kinase AT4G09320  NDPK1 1.2 2.3* 2.0* 
Pathogenesis-related protein AT4G00860 OZI1 1.3** 

  
Pathogenesis-related thaumatin family 

AT2G28790 
 

1.0 
  

AT5G40020 
 

1.2 
  

RNA recognition motif-containing 
protein 

AT3G04500   1.3* 
  

Small ubiquitin-related modifier AT5G55160  SUMO2 1.0 
  

Thaumatin-like AT1G18250  ATLP-1 1.1 
  

Translation elongation factor 2-like AT1G56070  LOS1 1.1 
  

Translation initiation factor AT5G54940  SUI1 1.0 5.7* 2.9* 
Wound-responsive protein-related AT3G07230 

 
1.0 

  
UNKNOWN     

   

  

AT2G21620  RD2 1.1 2.4* 2.4* 
AT1G09310 

 
1.3*** 3.3* 5.0* 

AT1G16520 
 

1.0 1.1 1.7* 
AT1G33590  

 
1.0 

  
AT1G42480  

 
1.1 

  
AT1G56660 

 
1.4* 

  
AT1G76010 

 
1.1 

  
AT2G25780 

 
1.1** 

  
AT2G31725 

 
1.3 1.6 3.4* 

AT3G08030 
 

1.1 
  

AT3G23450 
 

1.1 
  

AT4G28100 
 

1.4* 
  

AT4G29520  
 

1.0 
  

AT4G32460 
 

1.2*** 
  

AT5G11420 
 

1.2* 1.9* 1.4 
AT5G25460 

 
1.0 

  
AT5G38980 

 
1.2 

  
AT5G58005   1.1 
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A.7.  Sequencing of ABP1pro 

Sequencing of the ABP1pro insert in the pGEM®-T Easy vector was conducted using the 

primers T7 and SP6, which flank the insertion site of pGEM®-T Easy (Chapter 6, Section 

6.2.2.1).  The black text is the ABP1 upstream sequence/promoter, red text is RE sites and 

orange text is the pGEM®-T Easy vector.  Nucleotides in pink were amplification errors 

which should have been the nucleotide shown in brackets. 

 
ABP1pro 
GCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTAAAGCCAGAACCTGAGGACACC
CGATTACCATTTCCCTTGTTTGGTCTATCGAAAATCCACACTTGGTAAGGAAATCAATGTGCTTTAACATAGGAGACTCGCT
GAGACTAACAAACTGCGGCATTCTCTCGATCAAAGG(A)GCCAAGATCCTCTGGATTTAGATGAATGGCTGAACAAAGTAGC
TTCCTCTGTGTGTCGAGCTTAGGTTTAAGGTCGATTCCGATGATTTCAGGATACTGCGCAATTATAGAAGGAAGAGATGTTT
CTCTGACATTGAAATCTTGCAGGATTTGCACGTTTGGTTTCACCGTATCATCCAATTCAAACCCGAGTATGTGAGGCCGCTT
CTCTATCAACCTAGCTGCAGCCAGTCTCGGAATACCAAGAACCTCGAGATACTCCACGAGAGGCTTAATTATCCGAGCTAC
CCGCATTCCCAAAATCTCAGGGTACCGTGTTAAAATACCCCCAATCTCCCTCCTAGCTACACCTATACCAACCAAATAAGCG
ACTGATGTGCTCATAGTCCCTTCCTGCTTAAACCCCAAAACTTCTGGATACCTCTCAAGCACCCGAGGTACATCACTCGGTT
TAATATCCAGTCCTTGAAGATACTTAACCACCGGTGCAAGATCTATAACAACGCTAGAGTGAAGAACCTGCGGGTATCTTCT
AAGAAACTCAGTGAAAGTCGATTTCCTGACGCCTAGTTTCCCGAGATAATCAAGAACCGGAACCATGTTCTTCTTCACGCTA
CAACCAAGAACAAGAGGGTAATTGTTGATATCTTCAATGGTAAGCCCTAACTTGTGAAGAAACTCGACACGCTCTTTCATCA
CATCAGCTGTTACAGGGAGTTCAAGGCCATCAAGCTCATCAGGAACAATCCCAATCCCACGCAAGAACTCATAAACCTTAG
CACGATTAGCAGCTTTCTCCTTATTCATATCTAACAAACTAGGACGACTATACAAAGACTTAGAATCTCTTCCCTTATCCTTA
TCTCTATCCCTATCCCTTCCCGAAGAAGAAGAAGAACGAGAAGACCTTTCTCTTCTCGGTGAATCCAAAGAACGTGAAGAA
AATCTCCGATTTGCAATAGCGCATTGAACAGTTAGACCAATTCCAGTCCCAGGTCTCTTCTTGTGGTTGCATAAGTTGCCAT
AAGTGGAATCAGAGAGTGAACGAGATCTAACGGCAAAAAAAGATGGTGGCTCAAAGTGAACTAGCAAAAACCCAGGCTTT
GTGAAGCCATTACAGAACCTAATCTTCATTT(A)TTTACCTGCACAAAAACGGAACAACACTAAAATCGACGATTATCAACGA
GAAAATCATACCAATTCGGACTAACCCAGACAATTTTACAGTACAATTAGCTCAGAAAACTCCGAAAAAATACCATCATTCAT
GTTCATGTTAACATCAACGAACCAAAAAACCATAACCTAACTAGAAGCAAACCACAGAAACTATGGAATAAGGAGAATTGGA
CCAGCGTGTGATTGAAATCTCACCGGAGCTGAGGAAAGATATCGGAGAAGACGAGGGTTTTAGTGGAGCGGGTAAGGTTT
TTTCCTCATCACACAACAAAGTCACTCTCTTTCTCCATTGAAATGATTTATCCGAATTATTGACGTTCTCCCCCTTATTTCTTA
TATTTCCCATTATTGCCCTATACTATCTGAAATTATCACATTAAACCAATACGTATATGATTACTTTGGATGTGATATAAATTA
ATAAAAAAACTATATCATCAAAACTTTCTCTTAATATTTCTAAAATTAATTAATTCCCTCCTTTTATCTTCAACATTGGATTATC
GAAAATGAAAAATAGTATTTTCTGACTCTTTTTTATAGTATCGGGTTTAATTCAGAAATATATAAAGCTTCGGGGTCTGTTTC
GAAGTATCTTTACTCTTTTAACAGTTCTGAGACTTCTAAAGAGAGGAAAATTAGTTCGTCGAAGCATCGACTCGAGAATCGA
ATTCCCGCGGCCGCCA 
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A.8.  Sequencing of pENTRTM1A plasmids with tagged ABP1 constructs 

pENTR
TM

1A plasmids with either 35S_ABP1_eYFP, 35S_ABP1_TC, ABP1pro_ABP1_TC or 

35S_ABP1_TC inserts were confirmed to have the correct insert via sequencing (Chapter 6, 

Section 6.2.2.1).  The ends of the inserts were sequenced using pENTR1A_F and R primers.  

The black text is the ABP1 upstream sequence/promoter, red text is RE sites, green text is the 

pENTR
TM

1A vector, blue text is the pART7 vector and purple text is the 35S promoter. 

 
pENTR1A_F sequence obtained with ABP1pro inserts 
TAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTACA
AAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCGTGTTAAAATACCCCCAATCTCCCTCCTAGCTA
CACCTATACCAACCAAATAAGCGACTGATGTGCTCATAGTCCCTTCCTGCTTAAACCCCAAAACTTCTGGATACCTCTCAAG
CACCCGAGGTACATCACTCGGTTTAATATCCAGTCCTTGAAGATACTTAACCACCGGTGCAAGATCTATAACAACGCTAGA
GTGAAGAACCTGCGGGTATCTTCTAAGAAACTCAGTGAAAGTCGATTTCCTGACGCCTAGTTTCCCGAGATAATCAAGAAC
CGGAACCATGTTCTTCTTCACGCTACAACCAAGAACAAGAGGGTAATTGTTGATATCTTCAATGGTAAGCCCTAACTTGTGA
AGAAACTCGACACGCTCTTTCATCACATCAGCTGTTACAGGGAGTTCAAGGCCATCAAGCTCATCAGGAACAATCCCAATC
CCACGCAAGAACTCATAAACCTTAGCACGATTAGCAGCTTTCTCCTTATTCATATCTAACAAACTAGGACGACTATACAAAG
ACTTAGAATCTCTTCCCTTATCCTTATCTCTATCCCTATCCCTTCCCGAAGAAGAAGAAGAACGAGAAGACCTTTCTCTTCTC
GGTGAATCCAAAGAACGTGAAGAAAATCTCCGATTTGCAATAGCGCATTGAACAGTTAGACCAATTCCAGTCCCAGGTCTC
TTCTTGTGGTTGCATAAGTTGCCATAAGTGGAATCAGAGAGTGAACGAGATCTAACGGCAAAAAAAGATGGTGGCTCAAAG
TGAACTAGCAAAAACCCAGGCTTTGTGAAGCCATTACAGAACCTAATCTTCATT 
 

pENTR1A_R sequence obtained with ABP1pro inserts 
CTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAAGCGATAGA
TTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGG
CCTCGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGATG
ATATATTTTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACACGGGCCAGAGCTGCAGCTGGATGGCAAATAATGATTT
TATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTCTTATAATGCCAACTTTGTACAAGAAAGCT
GGGTCTAGATATCTCGAGTGCGGCCGCAGATTTAGGTGACACTATAGAATATGCATCACTAGTAAGCTAGCTTGCATGCCT
GCAGGTCCTGCTGAGCCTCGACATGTTGTCGCAAAATTCGCCCTGGACCCGCCCAACGATTTGTCGTCACTGTCAAGGTT
TGACCTGCACTTCATTTGGGGCCCACATACACCAAAAAAATGCTGCATAATTCTCGGGGCAGCAAGTCGGTTACCCGGCC
GCCGTGCTGGACCGGGTTGAATGGTGCCCGTAACTTTCGGTAGAGCGGACGGCCAATACTCAACTTCAAGGAATCTCACC
CATGCGCGCCGGCGGGGAACCGGAGTTCCCTTCAGTGAGCGTTATTAGTTCGCCGCTCGGTGTGTCGTAGATACTAGCC
CCTGGGGCACTTTTGAAATTTGAATAAGATTTATGTAATCAGTCTTTTAGGTTTGACCGGTTCTGCCGCTTTTTTTAAAATTG
GATTTGTAATAATAAAACGCAATTGTTTGTTATTGTGGCGCTCTATCATAGATGTCGCTATAAACCTATTCAGCACAATATAT
TGTTTTCATTTTA 
 

pENTR1A_F sequence obtained with 35S_ABP1_eYFP insert 
TAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTACA
AAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCGAATTCGCGGCCGCTCGACGAATTAATTCCAAT
CCCACAAAAATCTGAGCTTAACAGCACAGTTGCTCCTCTCAGAGCAGAATCGGGTATTCAACACCCTCATATCAACTACTAC
GTTGTGTATAACGGTCCACATGCCGGTATATACGATGACTGGGGTTGTACAAAGGCGGCAACAAACGGCGTTCCCGGAGT
TGCACACAAGAAATTTGCCACTATTACAGAGGCAAGAGCAGCAGCTGACGCGTACACAACAAGTCAGCAAACAGACAGGT
TGAACTTCATCCCCAAAGGAGAAGCTCAACTCAAGCCCAAGAGCTTTGCTAAGGCCCTAACAAGCCCACCAAAGCAAAAAG
CCCACTGGCTCACGCTAGGAACCAAAAGGCCCAGCAGTGATCCAGCCCCAAAAGAGATCTCCTTTGCCCCGGAGATTACA
ATGGACGATTTCCTCTATCTTTACGATCTAGGAAGGAAGTTCGAAAGGTGAAGGTGACGACACTATGTTCACCACTGATAAT
GAGAAGGTTAGCCTCTTCAATTTCAGAAAGAATGCTGACCCACAGATGGGTTAGAGAGGCCTACGCAGCAGGTCTCATCAA
GACGATCTACCCGAGTAACAATCTCCAGGAGATCAAATACCTTCCCAAGAAGGTTAAAGATGCAGTCAAAAGATTCAGGAC
TAATTGCATCAAGAACACAGAGAAAGACATATTTCTCAAGATCAGAAGTACTATTCCAGTATGGACGATTCAAGGCTTGCTT
CATAAACCAAGGCAAGTAATAGAGATTGGAGTCTCTAAAAAGGTAGTTCCTACTGAATC 
 

pENTR1A_F sequence obtained with 35S_ABP1_TC insert 
TAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTACA
AAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCGAATTCGCGGCCGCAGATTTAGGTGACACTATA
GAATATGCATCACTAGTAAGCTAGCTTGCATGCCTGCAGGTCCTGCTGAGCCTCGACATGTTGTCGCAAAATTCGCCCTGG
ACCCGCCCAACGATTTGTCGTCACTGTCAAGGTTTGACCTGCACTTCATTTGGGGCCCACATACACCAAAAAAATGCTGCA
TAATTCTCGGGGCAGCAAGTCGGTTACCCGGCCGCCGTGCTGGACCGGGTTGAATGGTGCCCGTAACTTTCGGTAGAGC
GGACGGCCAATACTCAACTTCAAGGAATCTCACCCATGCGCGCCGGCGGGGAACCGGAGTTCCCTTCAGTGAGCGTTATT
AGTTCGCCGCTCGGTGTGTCGTAGATACTAGCCCCTGGGGCACTTTTGAAATTTGAATAAGATTTATGTAATCAGTCTTTTA
GGTTTGACCGGTTCTGCCGCTTTTTTTAAAATTGGATTTGTAATAATAAAACGCAATTGTTTGTTATTGTGGCGCTCTATCAT
AGATGTCGCTATAAACCTATTCAGCACA 

 
pENTR1A_R sequence obtained with 35S_ABP1_eYFP insert 
CTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAAGCGATAGA
TTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGG
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CCTCGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGATG
ATATATTTTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACACGGGCCAGAGCTGCAGCTGGATGGCAAATAATGATTT
TATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTCTTATAATGCCAACTTTGTACAAGAAAGCT
GGGTCTAGATATCTCGAGTGCGGCCGCAGATTTAGGTGACACTATAGAATATGCATCACTAGTAAGCTAGCTTGCATGCCT
GCAGGTCCTGCTGAGCCTCGACATGTTGTCGCAAAATTCGCCCTGGACCCGCCCAACGATTTGTCGTCACTGTCAAGGTT
TGACCTGCACTTCATTTGGGGCCCACATACACCAAAAAAATGCTGCATAATTCTCGGGGCAGCAAGTCGGTTACCCGGCC
GCCGTGCTGGACCGGGTTGAATGGTGCCCGTAACTTTCGGTAGAGCGGACGGCCAATACTCAACTTCAAGGAATCTCACC
CATGCGCGCCGGCGGGGAACCGGAGTTCCCTTCAGTGAGCGTTATTAGTTCGCCGCTCGGTGTGTCGTAGATACTAGCC
CCTGGGGCACTTTTGAAATTTGAATAAGATTTATGTAATCAGTCTTTTAGGTTTGACCGGTTCTGCCGCTTTTTTTAAAATTG
GATTTGTAATAATAAAACGCAATTGTTTGTTATTGTGGCGCTCTATCATAGATGTCGCTATAAACCTATTCAGCACA 
 

pENTR1A_R sequence obtained with 35S_ABP1_TC insert 
CTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAAGCGATAGA
TTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGG
CCTCGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGATG
ATATATTTTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACACGGGCCAGAGCTGCAGCTGGATGGCAAATAATGATTT
TATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTCTTATAATGCCAACTTTGTACAAGAAAGCT
GGGTCTAGATATCTCGAGTGCGGCCGCTCGACGAATTAATTCCAATCCCACAAAAATCTGAGCTTAACAGCACAGTTGCTC
CTCTCAGAGCAGAATCGGGTATTCAACACCCTCATATCAACTACTACGTTGTGTATAACGGTCCACATGCCGGTATATACGA
TGACTGGGGTTGTACAAAGGCGGCAACAAACGGCGTTCCCGGAGTTGCACACAAGAAATTTGCCACTATTACAGAGGCAA
GAGCAGCAGCTGACGCGTACACAACAAGTCAGCAAACAGACAGGTTGAACTTCATCCCCAAAGGAGAAGCTCAACTCAAG
CCCAAGAGCTTTGCTAAGGCCCTAACAAGCCCACCAAAGCAAAAAGCCCACTGGCTCACGCTAGGAACCAAAAGGCCCAG
CAGTGATCCAGCCCCAAAAGAGATCTCCTTTGCCCCGGAGATTACAATGGACGATTTCCTCTATCTTTACGATCTAGGAAG
GAAGTTCGAAAGGTGAAGGTGACGACACTATGTTCACCACTGATAATGAGAAGGTTAGCCTCTTCAATTTCAGAAAGAATG
CTGACCCACAGATGGGTTAGAGAGGCCTACGCAGCAGGTCTCATCAAGACGATCTACCCGAGTAACAATCTCCAGGAGAT
CAAATACCTTCCCAAGAAGGTTAAAGATGCAGTCAAAAGATTCAGGACTAATTGCATCAAGAACACAGAGAAAGACATATTT
CTCAAGATCAGAAGTACTATTCCAGTATGGACGATTCAAGGCTTGCTTCATAAACCAAGGCAAGTAATAGAGATTGGAGTCT
CTAAAAAGGTAGTTCCTACTGAATC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A.9.  Sequencing of ABP1pro1 and ABP1pro2 
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A.9.  Sequencing of ABP1pro1 and ABP1pro2 

Sequencing of the ABP1pro1 and ABP1pro2 inserts in pGEM®-T Easy vectors (Chapter 6, 

Section 6.3.1).  Sequencing was conducted using the primers T7 and SP6, which flank the 

insertion site of pGEM®-T Easy.  The black text is the ABP1 upstream sequence/promoter, 

red text is RE sites and orange text is the pGEM®-T Easy vector.  Nucleotides in pink were 

amplification errors which should have been the nucleotide shown in brackets. 

 
ABP1pro1 
GCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTAAAGCCAGAACCTGAGGACACC
CGATTACCATTTCCCTTGTTTGGTCTATCGAAAATCCACACTTGGTAAGGAAATCAATGTGCTTTAACATAGGAGACTCGCT
GAGACTAACAAACTGCGGCATTCTCTCGATCAAAGAGCCAAGATCCTCTGGATTTAGATGAATGGCTGAACAAAGTAGCTT
CCTCTGTGTGTCGAGCTTAGGTTTAAGGTCGATTCCGATGATTTCAGGATACTGCGCAATTATAGAAGGAAGAGATGTTTCT
CTGACATTGAAATCTTGCAGGATTTGCACGTTTGGTTTCACCGTATCATCCAATTCAAACCCGAGTATGTGAGGCCGCTTCT
CTATCAACCTAGCTGCAGCCAGTCTCGGAATACCAAGAACCTCGAGATACTCCACGAGAGGCTTAATTATCCGAGCTACCC
GCATTCCCAAAATCTCAGGGTACCGTGTTAAAATACCCCCAATCTCCCTCCTAGCTACACCTATACCAACCAAATAAGCGAC
TGATGTGCTCATAGTCCCTC(T)CCTGCTTAAACCCCAAAACTTCTGGATACCTCTCAAGCACCCGAGGTACATCACTCGGTT
TAATATCCAGTCCTTGAAGATACTTAACCACCGGTGCAAGATCTATAACAACGCTAGAGTGAAGAACCTGCGGGTATCTTCT
AAGAAACTCAGTGAAAGTCGATTTCCTGT(A)CGCCTAGTTTCCCGAGATAATCAAGAACCGGAACCATGTTCTTCTTCACGC
TACAACCAAGAACAAGAGGGTAATTGTTGATATCTTCAATGGTAAGCCCTAACTTGTGAAGAAACTCGACACGCTCTTTCAT
CACATCAGCTGTTACAGGGAGTTCAAGGCCATCAAGCTCATCAGGAACAATCCCAATCCCACGCAAGAACTCATAAACCTT
AGCACGATTAGCAGCTTTCTCCTTATTCATATCTAACAAACTAGGACGACTATACAAAGACTTAGAATCTCTTCCCTTATCCT
TATCTCTATCCCTATCCCTTCCCGAAGAAGAAGAAGAACGAGAAGACCTTTCTCTTCTCGGTGAATCCAAAGAACGTGAAG
AAAATCTCCGATTTGCAATAGCGCATTGAACAGTTAGACCAATTCCAGTCCCAGGTCTCTTCTTGTGGTTGCATAAGTTGCC
ATAAGTGGAATCAGAGAGTGAACGAGATCTAACGGCAAAAAAAGATGGTGGCTCAAAGTGAACTAGCAAAAACCCAGGCTT
TGTGAAGCCATTACAGAACCTAATCTTCATTCTTTACCTGCACAAAAACGGAACAACACTAAAATCGACGATTATCAACGAG
AAAATCATACCAATTCGGACTAACCCAGACAATTTTACAGTACAATTAGCTCAGAAAACTCCGAAAAAATACCATCATTCATG
TTCATGTTAACATCAACGAACCAAAAAACCATAACCTAACTAGAAGCAAACCACAGAAACTATGGAATAAGGAGAATTGGAC
CAGCGTGTGATTGAAATCTCACCGGAGCTGAGGAAAGATATCGGAGAAGACGAGGGTTTTAGTGGAGCGGGTAAGGTTTT
TTCCTCATCACACAACAAAGTCACTCTCTTTCTCCATTGAAATGATTTATCCGAATTATTGACGTTCTCCCCCTTATTTCTTAT
ATTTCCCATTATTGCCCTATACTATCTGAAATTATCACATTAAACCAATACGTATATGATTACTTTGGATGTGATATAAATTAA
TAAAAAAACTATATCATCAAAACTTTCTCTTAATATTTCTAAAATTAATTAATTCCCTCCTTTTATCTTCAACATTGGATTATCG
AAAATGAAAAATAGTATTTTCTGACTCTTTTTTATAGTATCGGGTTTAATTCAGAAATATATAAAGCTTCGGGGTCTGTTTCGA
AGTATCTTTACTCTTTTAACAGTTCTGAGACTTCTAAAGAGAGGAAAATTAGTTCGTCGAAGCATCGAGGTACCAATCGAAT
TCCCGCGGCCGCCATGGCGGC 

 
ABP1pro2 
GGTACCCTGCACAAAAACGGAACAACACTAAAATCGACGATTATCAACGAGAAAATCATACCAATTCGGACTAACCCAGAC
AATTTTACAGTACAATTAGCTCAGAAAACTCCGAAAAAATACCATCATTCATGTTCATGTTAACATCAACGAACCAAAAAACC
ATAACCTAACTAGAAGCAAACCACAGAAACTATGGAATAAGGAGAATTGGACCAGCGTGTGATTGAAATCTCACCGGAGCT
GAGGAAAGATATCGGAGAAGACGAGGGTTTTAGTGGAGCGGGTAAGGTTTTTTCCTCATCACACAACAAAGTCACTCTCTT
TCTCCATTGAAATGATTTATCCGAATTATTGACGTTCTCCCCCTTATTTCTTATATTTCCCATTATTGCCCTATACTATCTGAA
ATTATCACATTAAACCAATACGTATATGATTACTTTGGATGTGATATAAATTAATAAAAAAACTATATCATCAAAACTTTCTCTT
AATATTTCTAAAATTAATTAATTCCCTCCTTTTATCTTCAACATTGGATTATCGAAAATGAAAAATAGTATTTTCTGACTCTTTT
TTATAGTATCGGGTTTAATTCAGAAATATATAAAGCTTCGGGGTCTGTTTCGAAGTATCTTTACTCTTTTAACAGTTCTGAGA
CTTCTAAAGAGAGGAAAATTAGTTCGTCGAAGCATCGAGGTACCAATCGAATTCCCGCGGCCGCCATGGCGGCCGGGAGC
ATGCGACGTCGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGA
AAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACA 
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