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Chapter 4 — Microaray analysis of pene expression in ABA induced susceptibility

Chapter 4: Microarray analysis of gene expression in Arabidopsis
during induced susceptibility to an avirulent strain of Pseudomonas
syringae pv. tomato

Chapter Summary

In chapter 3, a regulatory role for ABA in the outcome of interactions of
Arabidopsis with Pseudomonas syringae pathovar (pv.) tomato was described in
detail. Root uptake of 100 UM ABA resulted in susceptibility of leaves to an
avirulent strain of P. syringae pv. tomato and two mechanisms for ABA induced
susceptibility were characterized: 1) negative regulation of the phenylpropanoid
pathway (especially lignin accumnulation) and 2) SA-dependent defence. This chapter
further investigates the same interactions using microarray gene expression analysis
to gain a near genome wide overview of defence mcchanisms regulated by ABA.
ABA is shown to down regulate nine genes involved in lignin biosynthesis and is
also shown to negatively regulate other defence components such as disease
rcsistance-like (eight) and antimicrobial protein (seven) encoding genes, genes of the
tryptophan pathway (six) and those related to oxidative burst / stress (15) and to cell
wall modification (26). The microarray analysis also highlighted ABA negative
regulation of 107 genes that encode signalling and regulatory factors as well as 27
genes that encode hormone biosynthetic enzymes or genes that are responsive to

hormones.

166



Chapter 4 — Microarray analysis of pene expression in ABA induced susceptibility

4.1 Introduction

The transcription of genomic DNA to produce mRNA is the first step in
protein synthesis and rapidly changes in response to environmental stimuli or even
duting normal cellular events (Cho et al, 1998; Reymond et al, 2000). To
understand the function of genes, knowing when, where and to what extent a gene is
expressed is central to understanding the activity and biological roles of its encoded
protein. In addition, changes in the multi-gene patterns of expression can provide
clues about regulatory mechanisms and broader cellular functions and biochemical
pathways (L.ockhart and Winzeler, 2000).

Many techniques cxist to measure the mRNA abundance (expression) of
genes, for example: northern blotting (Xie er al., 1998) and reverse transcription-
polymerase chain rcaction (RT-PCR) (Marone et al., 2001), but these techniques
only monitor the expression of a small number of genes. The sequencing of complete
genomes of many organisms (http://www.tigr.org) coupled with the development of
microarray technology (Schena et al., 1995) has opened the possibility for
monitoring thc mRNA abundance of many hundreds or thousands of genes (Wisman
and Ohlrogge, 2000). Microarrays are thercfore a more powerful substitute for
conventional methods of evaluating mRNA abundance, with the major advantage of
a broader, more complete and less biased view of a cellular response (Lockhart and
Winzeler, 2000).

The two most common forms of microarrays are DNA and oligonucleotide
microarrays (Wu et al,, 2001). DNA microarrays are constructed by fixing DNA
fragments, such as PCR products, to a suitable surface, usually glass, with high-

speed robotic devices (Cheung et al., 1999). Oligonucleotide arrays (also known as
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GeneChips) are constructed by the in situ synthesis of multiple single stranded
oligonucleotides for each gene, corresponding to known coding sequences (Lipshutz
et al., 1999). The key principle behind microarray technology is the large-scale
hybridisation of fluorescently labelled nucleic acid molecules (prepared from RNA
samples) to complementary single stranded nucleotide sequences of the microarrays
(Kazan et al., 2001). The intensity of the signal from each bound labelled target,
reflects the relative mRNA abundance for each gene represented on the array
(Wisman and Qhlrogge, 2000).

Although DNA and oligonucleotide arrays are well-proven technologies that
provide reliable data on expression patterns of thousands of genes, each type of array
has distinct advantages (Lockhart and Winzeler, 2000). Advantages of DNA arrays
include the ability to co-hybridise probes from two or more mRNA samples
simultaneously on the same array (Wisman and Ohirogge, 2000). Oligonucleotide
arrays are commercially manufactured using photolithography technology (McGall
et al,, 1997), therefore, the time-consuming and labour-intensive array fabrication
process and human errors that ofien occur during the clone tracking process are
eliminated (Zhu and Wang, 2000).

DNA microarrays have been used to study many plant processes, including
flavour development in strawberry (Fragaria vesca (L.)) (Aharoni et al., 2000), salt
stress in rice (Oryza sativa (L.)) (Kawasaki er al., 2001) and several studies in
Arabidopsis, involving cold and drought stress (Seki er ., 2001) and plant /
pathogen interactions (Reymond er al., 2000; Scheideler er al., 2002; De Totres et
al., 2003). The completed sequence of the Arabidopsis genome (The Arabidopsis
Genome Iniative, 2000) prompted design of the first plant oligonucleotide

microarray, the Affymetrix (Affymetrix, Inc., California, USA) Arabidopsis
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AtGenomel GeneChip (Zhu et al., 2001). The AtGenomel GeneChip contained
8,300 genes, approximately one-third of the Arabidopsis genome and has been used
in the study of circadian clocks (Harmer et al., 2000), gene mapping (Spiegelman ef
al., 2000), and to suggest biological roles for transcription factors (Chen et al., 2002).
Importantly for the current study, AtGenomel GeneChips have previously
been used to reveal gene expression differences in Arabidopsis responses to
inoculation with avirulent and virulent strains of Pseudomonas syringae (Tao et al.,
2003). AtGenomel GeneChips have also been used to examine the role of the
hormones salicylic acid (SA), jasmonic acid (JA) and ethylene (Et) in the signal
transduction network controlling Arabidopsis responses following inoculation with
P. syringae (Glazcbrook et al, 2003). The newly released ATHI Arabidopsis
Affymetrix GeneChip has 22,626 known or predicted genes, covering almost the
entire  Arabidopsis genome  (http:/www.affymetrix,com/products/arrays/spec-
ific/arab.affx). The ATH1 GeneChip has recently revealed that over 1,000 genes
rapidly responded to nitratc in Arabidopsis roots and shoots, including genes that
encoded novel metabolic and potential regulatory proteins (Wang et al., 2003),
Previously a regulatory role for the hormone, abscisic acid (ABA), has been
identified in the signal transduction network controlling Arabidopsis resistance
(conferred by the disease resistance gene, RPS2) to the avirulent strain of
Pseudomonas syringae pathovar (pv.) tomato denoted 1065 (Pst1065 hereafter)
expressing the avirulence pgene, 4vwRpr2 (chapter 3). In chapter 3, increased
concentrations of ABA were shown to rcverse the phenotype of the interaction
between Arabidopsis and Pst1065 from resistant to susceptible. The technique of
RT-PCR showed that as concentrations of ABA increased the gene expression of

phenylalanine ammonia-lyase (PALI) and pathogenesis-related gene (PR-7)
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decreased. The down regulation of PAL/ and PR-] suggested that increased ABA in
the interaction also decreased products of the phenylpropanoid pathway and the SA-
dependent defence pathway, respectively. Further investipation showed that
increased concentrations of ABA inversely effected the accumulation of the
phenylpropanoid-derived compound, lignin and the accumulation of SA in the
interaction (chapter 3). Monitoring changes in gene expression therefore identified
two mechanisms of ABA regulation of Arabidopsis responses to inoculation with
Pst1065.

A technique that monitored the changes in gene expression of thousands of
genes could therefore reveal many other mechanisms for ABA regulation of the
interaction, as well as better define the two mechanisms previously identified. ATH1
GeneChips were used in the current study to examine near genome-wide, gene
expression changes during an early stage (1 d after infiltration) of the resistance of
Arabidopsis to Psr1065 and the induced susceptibility caused by ABA treatment. The
microarray approach further revealed genes and possible mechanisms that

concentrations of ABA regulated during plant / pathogen interactions,
4.2 Materials and methods

4.2.1 Germination and growth of Arabidopsis plant material

Seeds of Arabidopsis ecotype, Landsberg erecta (Ler, Lehle seeds, Texas,
USA), were surface sterilised, placed on Murasighe and Skoog (MS) plates and
vernalised as described in section 2.2.2 of chapter 2. The plates were placed in a
controlled environment cabinet (Conviron Controlled Environments Ltd., Manitoba,
Canada) at 21°C under a 10 / 14 h light / dark cycle, to promote germination and
growth, After 2 wk, three scedlings were transferred from MS medium to soil

(terracotta and tub mixture, Debeo Pty. Ltd., Victoria, Australia) for each 50 mm
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diameter pot. The pots were covered with clear plastic (to prevent seedlings from
wilting) and placed in plastic trays containing dHzO. The trays were placed in a
controlled environment room at 21°C under a 12/ 12 h light / dark cycle. After 1 d in
the controlled environment room the clear plastic was removed. The plants were
watered via dH,0 poured into the bottom of cach tray every 3 d.
4.2.2 Treatment of plants with ABA

For treatment of plants with ABA, a solution of + cis-trans ABA (ICN
Biomedicals Inc., USA} in 1% (v/v) methanol was prepared. The final concentration
used (100 uM) was calculated for the active, + isomer. A solution of 1% (v/v)
methanol served as the control treatment solution, ABA was applied to ten 7 wk old
plants via root uptake (that caused a 60 fold increase in leaf endogenous ABA
concentrations) as described in section 3.2.2 of chapter 3. The plants were then
returned to the controlled environment room. After 20 h, the plants were removed
from the treatment solutions. In preparation for infiltration, the roots of the treated
plants were covered with filter paper (No.1, Whatman International Ltd., Maidstone,
England) moistened with dH,O, within a sealed transparent plastic container, The
bascs of rosette leaves to be inoculated were then marked with a 2 mm line from a
blunt-ended, permanent marker (Katagir et al., 2002).
4.2.3 Procedure for infiltration of Arabidopsis leaves with P. syringae pv. tomato

For P. syringae pv. tomato strain 1065 (Whalen et al., 1991) at a density of
10° colony forming units (cfu) mi” in 10 mM MgCl, was prepared as described in
section 3.2.7 of chapter 3. The Pst1065 (10° cfu ml'") inoculum or 10 mM MgCl,
(that served as the control) was hand infiltrated by a needleless 1 ml syringe to the
abaxial surface of each lcaf, both sides of the midrib (Katagiri et al., 2002). Four

leaves were infiltrated on each plant before the sealed plastic containers (that
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contained the plants) were incubated at 25°C under a 12 / 12 h light / dark cycle

(Thermoline L&M, New South Wales, Australia). Images of infiltrated leaves and
plants were captured using a digital still camera (MVC-FD81, Sony Corp., Tokyo,
Japan). For each microarray treatment 10 leaves were excised from five plants 1 d
after infiltration and immediately frozen in liquid nitrogen and stored at -70°C
(Thermo Electron Corp., Massachusetts, USA). Treatments from two independent
experiments were prepared 1 wk apart, but under the same conditions, All treatments
(Figure 4.1) were then transported to the Victorian Microarray Technology
Consortium (VMTC, La Trobe University, Victoria, Australia) on dry ice.
4.2.5 Collection of genome-wide gene expression data from leaves by microarray
VMTC staff conducted the isolation of lotal RNA, ¢DNA synthesis, cRNA
synthesis, cRNA hybridisation to ATHI GeneChips and the scanning of ATHI
GeneChips. Each treatment was ground with a mortar and pestle under liquid
nitrogen. The powdered lcaf tissue was divided into two equal amounts and total
RNA extracted using RNeasy columns (Qiagen, California, USA) according to the
manufacturer’s protocol. The isolated total RNA for each treatment was then pooled.
Ten micrograms of totat RNA was used to prepare ¢cDNA and cRNA as
recommended by Affymetrix (Affymetrix GeneChip Expression Analysis Technical
Manual, Affymetrix, Inc., California, USA). In brief, single stranded, then double
stranded ¢cDNA was synthesised from the poly (A+) mRNA present in the isolated
total RNA using a SuperScript Double Stranded ¢cDNA Synthesis Kit (Invitrogen
Corp., California, USA) and poly (T)-nucleotide primers that contained a sequence
recognised by T; RNA polymerase. A portion of the resulting double stranded cDNA
was used as a template to generate biotin-tagged ¢cRNA from an in vitro transcription

rcaction (IVT), using the BioArray High-Yield RNA Transcript Labelling Kit (Ty;
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Figure 4.1 Scheme for microarray analysis of gene expression in Arabidopsis
following infiltration with an avirulent strain of P. syringae pv. tomate and the
application of ABA.

(a) and (b) Flowcharts of the six treatments prepared from two independent
experiments for microarray analysis. The two independent experiments were run 1

wk apart, but under the same conditions.
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Enzo Diagnostics, Inc., New York, USA). All of the resulting biotin-tagged cRNA
was fragmented to strands of 35 to 200 bases in length following prescribed
protocols (Affymetrix GeneChip Expression Analysis Technical Manual). Ten
micrograms of the fragmented target cRNA was hybridised at 45°C with rotation for
16 h {(Affymetrix GeneChip Hybridisation Oven 320) to probe sets present on an
ATH1 GeneChip. The GeneChip was washed and then stained (streptavidin-
phycoerythrin) on an Affymetrix Fluidics Station 400, followed by scanning on a
Hewlett-Packard GeneArray scanner (Hewlett-Packard, California, USA).

4.2.6 Data analysis

The signal (expression) values obtained from the scanning of each ATHI
GeneChip was normalised globally to the avcrage value of 50 using the Affymetrix
MicroArray Suite (MAS) version 5.0 sofiware (Affymetrix, Inc.). To determine
which genes showed a reliable level of expression, the MAS was used to analyse the
signals for cach probe set. When a transcript was reliably detected, it was given a call
of ‘P’ (present), and when it was not dctected, it was given a detection call of ‘A’
(absent). Next, changes in expression levels between treatments within an
experiment were assessed by MAS using Wilcoxon’s signed rank tests (Affymetrix
Statistical Algorithms Reference Guide, Affymetrix, Inc.). When the increase in
expression was significant, a call of ‘I’ (increase) was given. When a decrease in
signal was significant, a call of ‘I}’ (decrcase) was given.

From the MAS generated scatter plots of the Wilcoxon's signed rank tests,
expression values above 25 that had also increased or decreased greater than 2 fold
were the ascertained limits of reliable data detection for the two independent
experiments (Zhu et al., 2001; Wang et al., 2003). Therefore the data calculated by

MAS was then exported into Microsoft EXCEL (Microsoft Corp., Washington,
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USA). Within each experiment, only the probe sets that were P in at least one
treatment being compared and had shown greater than a two fold increase or
decrease were selected using EXCEL. In this ratio calculation, probe sets were also
only selected if the larger value of the two expression values was >25. Only probe
sets that fitted these criteria during the same comparison between independent
experiments were selected. The putative function of significantly expressed genes
was determined and grouped from either annotation provided with the ATHI
GeneChip, The Institute for Genomic Research (TIGR) or Munich Information
centre for Protein Sequences (MIPS) that had been collated by Dr. Jen Sheen’s
Laboratory: Affymetrix GeneChip ATH1 Genome Array annotation database
(http://genetics.mgh.harvard.edu/sheen-web/new_annotation_ATH1.html). Putative
functions were also identified with AraCyc (a biochemical pathway database for
Arabidopsis) at The Arabidopsis Information Resource (TAIR) web site
(http://www.arabidopsis.org/tools/aracyc).

4.3 Results

4.3.1 Micrearray treatments prepared from Arabidopsis leaf interactions with
an avirulent strain of P, syringae pv. tomato

Three types of Ler (wt) leaf treatments were prepared for ATH1 GeneChip
microarray analysis (Table 4.1). The first treatment consisted of leaves that were
treated via root uptake with 1% (v/v) methanol (control) and subsequently infiltrated
with 10 mM MgCl, (control). The second treatment consisted of leaves that were
also treated with 1% (v/v) methanol via root uptake but infiltrated with an avirulent
strain of P. syringae pv, tomato (Fst1065). The third treatment consisted of leaves
that were treated with 100 uM ABA via root uptake and subsequently infiltrated with

the same avirulent strain of P. syringae pv. tomato. The leaf treatments were
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collected for microarray analysis 1 d after infiltration, when no disease symptoms

were visible (Figure 4.2a-¢).

Three days after infiltration with 10 mM MgCl; (control), symptoms of
disease were still absent from 1% (v/v) methanol treated leaves (Figure 4.2d).
Treatment one leaves therefore represented a control interaction following control
treatment (Table 4.1). Three days after infiltration with an avirulent strain of P.
syringae pv. tomato, 1% (v/v) mcthanol treated leaves developed necrosis localised
at sites of infiltration (Figure 4.2¢). Treatment two leaves therefore represented a
resistant interaction following control treatment that had been collected prior to the
development of resistant symptoms (Table 4.1). In contrast, 3 d after infiltration with
an avirulent strain of P. springae pv. tomato, 100 pM ABA treated leaves developed
necrosis that spread from sites of infiltration, the necrosis was also surrounded by
chlorosis (Figure 4.2f). Treatment three leaves thercfore represented a susceptible
interaction that had been induced by ABA trcatment but was collected prior to the
development of susceptible symptoms (Table 4.1). The final treatments are therfore
referred to as having induced susceptiblity.

43.2 Comparison of microarray data obtained from Arabidopsis leaf
interactions with an avirulent strain of £. syringae pv. tomato

Two comparisons were conducted on ATH] GeneChip microarray data that
was obtained from the three types of leaf treatments described in section 4.3,1 (Table
4.2). Comparison A involved the plotting of signal levels for genes in trcatment two
(y-axis) over the signal levels for the same genes in trcatment one (x-axis) (Figure
4.3a). Comparison A therefore identified increased, decreased or unchanged gene
expression induced by resistance to an avirulent strain of P. syringae pv. tomato in

comparison with control infiltration. Comparison B involved the plotting of signal
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Figure 4.2 Disease symptoms on ABA treated Ler (wt) leaves, following
infiltration with an avirulent strain of P. syringae pv. tomato.

(a) to (¢} No visible disease symptoms on treated Ler (wt) leaves, 1 d after
infiltration. Tmages are representative of lcaves excised for microarray analysis in
two independent experiments. (a) Leaves treated with 1% (v/v) methanol (control)
prior to infiltration with 10 mM MgCl, (control). (b) Leaves treated with 1% (v/v)
methanol prior to infiltration with Psz1065. (¢) Leaves treated with 100 uM ABA
prior to infiltration with Psr1063.

(d) to (f) Disease symptoms on treated Ler (wt) leaves, 3 d after infiltration. Images
are representative of leaves infiltrated at the same time as microarray treatments, but
allowed to develop disease symptoms in two independent experiments. (d) No
disease symptoms on 1% (v/v) methanol treated leaves following infiltration with 10
mM MgCls. (e) Necrosis contained to sites of infiltration (white arrows) on 1% (v/v)
methanol treated leaves, following infiltration with Pst1065. (f) Necrosis spread from
sites of infiltration (white arrows) surrounded by chlorosis (black arrows) on 100 uM
ABA ftreatcd leaves following infiltration with Pst1065.

Bar is equivalent to 5 mm.
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Table 4.1 Description of Arabidopsis leaf treatments prepared for
microarray analysis.

Treatment" Root uptake” Arabidopsis® Infiltration® Interaction®

1 1% (v/v) methanol Ler (wt) 10mM MgCl, Control
2 1% (v/v) methanol Ler (wt) Pst1065 Resistant
3 100 uM ABA Ler (wt) Pst1065 Susceptible

* Ten leaves were excised from five Arabidopsis plants 1 d after infiltration
for each treatment. ® Root uptake solution for 20 h prior to infiltration. ©
Arabidopsis ecotype. ¢ Syringe infiltration. ¢ Phenotype of interactions 3 d

after infiltration.

Ccomsn s

10 mM MgCl, Infiltration
1 2 3 Treatment

1 d after infiltration

e o

10 mM MgCl, Infiltration

3 d after infiltration




Figure 4.3 Scatter plots of microarray treatment data comparisons within each
independent experiment.

(a) and (b) Scatter plots of gene expression (signal) levels following comparisons
between microarray treatment data, within each independent experiment.

(a) Comparison A: signal levels of a resistant interaction (y-axis) [treatment 2; 1%
(v/v) methanol (control) treated Ler (wt) leaves, 1 d after infiltration with an
avirulent strain of P. syringae pv. tomato (Pst1065)] over signal levels of a control
interaction (x-aixis) [treatment 1: (1% (v/v) methanol treated Ler (wt) leaves, 1d after
infiltration with 10 mM MgCl» (control)].

(b) Comparison B. signal lcvels of an induced susceptible interaction (y-axis)
[treatment 3: 100 uM ABA treated Ler (wt) leaves, 1 d after infiltration with an
avirulent strain of P. syringae pv. tomato] over signal levels of a resistant interaction
(x-axis}) [treatment 2].

Signal levels for each gene were measured by the average difference of hybridisation
signal intensity between perfect match and mismatch probes on ATH1 GeneChips by
MAS for each treatment. An increase (blue), decrease (grey) or no change (red)
were calculated by Wilcoxon's signed rank tests also by MAS. Green guide lines
indicate fold increases (2, 3, 10 and 30) and decreases (-2, -3, -10, -30) within each

comparison (signals < a 2 fold increase or < a 2 fold decrease were not subjected to

further analysis). Black guide lines indicate signal levels values of 25 (signals € 25

were not subjected to further analysis).
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Table 4.2 Description of microarray treatment data comparisons
within each independent experiment.

Comparison® Treatments® Interaction®
A 2vs1 Resistant vs Control
B 3vs2 Induced susceptible vs Resistant

® Comparison type. ° Microarray treatments compared.

¢ Interactions compared.
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levels for genes in treatment three (y-axis) over the signal levels for the same genes
in treatment two (x-axis) (Figure 4.3b). Comparison B therefore identified increased,
decreased or unchanged gene expression that occurred in the development of induced
susceptibility instead of resistance to an avirulent strain of P. syringae pv. tomato.
4.3.3 Significant changes in gene expression in resistance and induced
susceptibility to an avirulent strain of P. syringae pv. tomato

The two comparisons described in section 4.3.2 were conducted on the three
leat treatments within each of the two independent experiments. The genes that had a
significant increase or decrcase in expression (described in section 4.2.6) in both
independent experiments were calculated. A total of 1,658 genes or 7.5% of the
22,626 genes represented on the ATH1 GeneChip, had significantly changed
expression during resistance (comparison A) and / or the change to induced
susceptibility (comparison B) following infiltration with an avirulent strain of P.
syringae pv. tomato (Figure 4.4 and Table 4.3). A change in the expression of 846
gencs was unique to a resistant interaction (Figure 4.4) and of those genes an
increased expression level had occurred in 20,7% (177) (Table 4.3). A further 643
genes had changed gene expression unique to the induced susceptible interaction, but
those with an increased expression were only 2.6% (17) of the total (Figure 4.4 and
Tablc 4.3). In contrast, 169 genes had changed gene expression in resistance and that
were further changed following induction of susceptibility with ABA (Figure 4.4).
Of those genes, 30 had increcased expression in a resistant interaction but were
decreased in induced susceptibility (Table 4.3). However, 139 gencs had decreased
expression in a resistant interaction and were further decreased in induced

susceptibility (Table 4.3).
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Figure 4.4 Significant changes in Arabidopsis gene expression during resistant
and induced susceptible interactions, 1 d after infiltration with an avirulent
strain of P. syringae pv. tomato.

Venn diagram showing the number of overlapping and non-overlapping genes in
comparison A and B that were significantly changed in expression (see Materials and

Methods) in both independent experiments.

180



Comparison A Comparison B
{Resistant vs Control) (Induced susceptible vs
Resistant)

846

Table 4.3 Significant increased and / or decreased gene
expression within comparison A and / or B from two
independent experiments.

(Gzene expression change Number of genes

Aincreaseonly 177

A decrease only 669

B increase only b7

B decrease only 626

A increase and B increase 0

A increase and B decrease 30

A decrease and B increase 0

A decrease and B decrease 139

Total number of genesexprewed 1,658

Total number of genes on ATHI GeneChip 22,626
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4.3.4 Defence-related gene expression changes in Arabidopsis during resistant
and induced susceptible interactions with an avirulent strain of P, syringae pv.
tomato

When the resistant interaction was compared with a control infiltration
(comparison A), 33 genes involved in defence were increased in expression and 62
decreased (Table 4.4). When the induced susceptible interaction was compared with
a rtesistant interaction (comparison B), only two genes involved in defence
mechanisms werc increased in expression and 74 decreased. Five of the 53 genes that
increased in expression during a resistant interaction were decrcased in a susceptible
interaction. These five genes encoded two antimicrobial chitinases (Atl1g02360 and
At4g01700), two peroxidases involved in the oxidative burst / stress (At5g19890 and
At5g64100) and a cell wall modification like protein pEARLI 1 (At4g12500).

The expression of three genes that encoded disease resistance like proteins
increased only during resistance, two contained a TIR (similarity to the N terminus
of the Toll and Interleukin 1 Receptor) motif (Atdgl1170 and Atlg72890) and
another without such a motif (Atlg57650) (Table 4.4). Treatment with ABA
decreased the cxpression of genes that encoded two disease resistance like proteins
that contained a TIR motif (At3g04210 and Atlg72930), five that contained a CC
(Coiled-Coil sequence) motif (At5g66900, Atlg59124, At3g50950, Atdg33300 and
Atg46450) and another without cither motif (At1g57650).

In the resistant interaction there was increased expression of eight genes that
encoded protcins with antimicrobial activity (Table 4.4). The genes included a
defence-related protein with similarity to cjsl (Atlg66690), a pathogenesis-related
(PR} protein (PR-1) (At2gl4610), four chitinases (At2g43570, At3gl2500,

Atdg19810, At3g47540), a germin-like protein and an osmotin precursor. Treatment
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Table 4.4 Genes involved in defence mechanisms.

2 Probe set identificr from ATH1 GeneChip. ® Arabidopsis Gene Index identifier. °
Comparison A: resistant vs control interaction. Comparison B: induced susceptible
vs resistant interaction. Positive (red box) or negative (green box) fold changes in
gene expression averaged from two independent experiments. Yellow text indicates a
fold change calculated from a signal that was absent (determined by MAS) in at least
one sample, Orange box: no significant change in gene expression in comparison B
for a gene that had a significant positive or negative change in gene expression in
comparison A (determined by Wilcoxon’s signed rank tests). Annotation listed
derived from * ATHI1 Genechip, + TIGR (The Institute for Genomic Research), #

MIPS (Munich Information Center for Protein Sequences) or  Raes et al. (2003).
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Table 4.4 Genes involved in defence mechanisms

Comparison®

Putative Function Probe Set" AGI’ A B
Disease resistance
disease resistance like protein (CC-NBS-LRR class)+ 247065_s at At5g66900
disease resistance like protein (CC-NBS-LRR class)+ 245219 at  Atlg59124
disease resistance like protein (CC-NBS-LRR class)+ 252126 _at  At3g50950
disease resistance like protein (CC-NBS-LRR class)+ 253377 _at  Atdg33300
disease resistance like protein (TIR-NBS-LRR class)+ 248873 _at  At5g46450
disease resistance like protein (TIR-NBS-LRR class)+ 254905 at  Atdgll170
disease resistance like protein (TIR-NBS class)+ 258537 at  At3g04210
disease resistance like protein (TIR-NBS class)+ 262366 at  Atlg72890
disease resistance like protein (TIR class)+ 262374 s at Atlg72930
disease resistance like protein (contains LRR)+ 263330 _at  At2gl5320
disease resistance like protein (contains LRR)+ 267596 s at At2g33050
disease resistance like protein (contains LRR)+ 257974 at  At3g20820
disease resistance like protein (NBS-LRR class)+ 246406_at  Atlg57650
Antimicrobial
defense-related protein cjsl (Brassica carinata )+ 256376_s_at Atlg66690
pathogenesis-related protein PR-1+ 266385 at  At2gl4610
pathogenesis-related protein (Pisum sativum )+ 264773_at  Atlg22900
plant defensin protein (PDF1.2b)+ 257365_x_at At2g26020
plant defensin protein (PDF1.4b)+ 261135 at  Atlgl9610
pathogenesis-related protein Bet v I family+ 263836_at  At2g40330
b-1,3-glucanase (Camellia sinensis )+ 247563 at  At5g61130
b-1,3-glucanase (Oryza sativa )+ 249235 at  At5g42100
b-1,3-glucanase (Camellia sinensis )+ 255779 _at  Atlgl8650
chitinase (Petroselinum crispum )+ 259443 at  Atlg02360
chitinase type Il (Arachis hypogaea )+ 255595 at  Atdg01700
chitinase class IV (Brassica napus )+ 260568 at  At2g43570
chitinase chiB+ 256243 at  At3g12500
chitinase (Nicotiana tabacum )+ 254543 at  Atdgl9810
endochitinase (Brassica napus }+ 252421 at  At3gd7540
endochitinase (Brassica napus }+ 260556 _at  At2g43620
germin-like protein+ 259892 at  Atlg72610
germin-like protein 9% 245567 at  Atdgl4630
osmotin precursor® 254889 at  Atdgl1650
Lignin biosynthesis (phenylpropanoid pathway)
phenylalanine ammonia-lyase (PAL1)" 263845 at  At2g37040
4-coumarate:CoA ligase (4CL1)" 256186_at  Atlg51680
4-coumarate:CoA ligase (4CL4)" 258037 at  At3g21230
4-coumarate:CoA ligase (4CL-like8)" 247380 _at  At5g63380
hydroxycinnamoyl-CoA:hydroxycinnamoyltransferase (HCT)" 248639 at  At5g48930
p -coumarate 3-hydroxylase (C3HI1)" 245101 _at  At2g40890
ferulate 5-hydroxylase (F5SH1)"* 253088_at  Atd4g36220
caffeic acid O-methyltransferase (COMT)" 248200 _at  At5g54160
cinnamyl alcohol dehydrogenase (CAD2)" 258023 at  At3g19450
caffeoyl-CoA 3-O-methyltransferase (CCoAOMT6)” 260015 at  Atlg67980
cinnamoyl-CoA reductase (CCR-like2)" 266202_at  At2g02400
Other phenylpropanoid pathway
laccase# 259036_at  At3g09220
anthocyanidin synthase# 267147 at  At2g38240
flavonol synthase 1+ 256647 at  At3gl3610
cytochrome P450# 267559 at  At2g45570
cytochrome P450 like protein# 267565 _at  At2g30750
cytochrome P450 monooxygenasef 257624 at  At3g26220
cytochrome P450 like protein# 253046_at  Atd4g37370
flavanone 3-hydroxylase (FH3)# 252123 at  At3g51240
isoflavone reductase-related+ 250006_at  At5g18660
flavonol 3-o-glucosyltransferaset 261048 at  Atlg01420
beta-glucosidase like protein# 261016 at  Atlg26560
UDP-gulcoronosyl and UDP-glucosyl transferase# 261804 at  Atlg30530
cytochrome P450# 256870 _at  At3g26300
cytochrome P450 monooxygenase# 254687 at  Atdgl3770

(Table continues on following page.)
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Comparison®
Putative Function Probe Set" AGI" A B

chalcone synthase (naringenin-chalcone synthase)# 250207 _at  At5g13930
flavonone-3-hydroxylase (F3H) (Marthiola incana )+ 256892 at  At3g19000
cytochrome P450 monooxygenase# 262826 _at  Atlgl3080
flavonoid 3',5'-hydroxylase like protein# 254835 _s at Atdgl2310
flavonol sulfotransferase like protein# 260385 at  Atlg74090
Tryptophan pathway

pinoresinol-lariciresinol reductase+ 254726 _at  Atdgl3660
nitrilase 4# 249942 at  At5g22300
phosphoribosylanthranilate transferase# 255630 _at  Atdg00700
mucin like protein# 252068 at  At3g51440
strictosidine synthase like protein# 260386_at  Atlg74010
mucin like protein# 252092 at  At3g51420
strictosidine synthase# 266391 _at  At2g41290
myrosinase TGG2# 246880 s at At5g25980
3-phosphoshikimate 1-carboxyvinyltransferase+ 246627 s _at Atlgd8860
anthranilate synthase* 245745 at  Atlg51115
anthranilate N-benzoyltransferase like protein# 251144 at  At5g01210
N-hydroxycinnamoyl/benzoyltransferase like protein# 249188 at  At5g42830
anthranilate phosphoribosyltransferase#f 260511_at  Atlg51570
tyrosine decarboxylase like protein# 265305_at  At2g20340
Oxidative burst/stress

putative peroxidase ATP2a# 265471 _at  At2g37130
peroxidasett 250798 at  At5g05340
peroxidase# 252291 s at At3g49120
peroxidasef 247327 at  At5g64120
peroxidase ATP N# 246149 at  At5g19890
peroxidase ATP3a# 247297 at  At5g64100
peroxidase C2 precursor like protein# 255110 _at  Atd4g08770
glutathione peroxidase like protein# 253496 at  Atd4g31870
stromal ascorbate peroxidase# 255142 at  Atd4g08390
ascorbate peroxidase# 255078 _at  Atd4g09010
ascorbate oxidase like protein# 246021 _at  At5g21100
thylakoid-bound ascorbate peroxidase# 259707 _at  Atlg77490
feebly like protein# 258957 at  At3g01420
flavin-containing monooxygenase FMO3# 261913 _at  Atlg65860
flavin-containing monooxygenase (FMO) family-+ 256012 _at  Atlgl9250
Hydroxylase/Oxygenase (CTF2B)# 266615 s at At2g29720
FRO2-like protein; NADPH oxidase-like# 248566_s_at At5g49730
glutathione S-transferase like protein# 260225 at  Atlg74590
glutathione S-transferase (GST30b)# 264436 _at  Atlgl0370
glutathione transferase# 259040 _at  At3g09270
glutathione S-transferase like protein* 266270 at  At2g29470
glutathione transferase like protein* 260405 _at  Atlg69930
glutathione transferase like protein* 260745 _at  Atlg78370
copper amine oxidase like protein (fragment2)# 254833 s at Atdgl2280
Cuw/Zn superoxide dismutase like protein# 250016 _at  At5gl8100
copper/zinc superoxide dismutase# 266165 _at  At2g28190
Cu/Zn superoxide dismutase copper chaperone# 259511 _at  Atlgl2520
glycolate oxidase like protein# 258359 s at At3gl4415
ferredoxin# 245347 at  At4g14890
ferredoxin# 256468 at  Atlg32550
ferredoxin—-NADP reductase precursor# 261218 at  Atlg20020
2Fe-2S iron-sulfur cluster protein# 258055 at  At3gl16250
ferredoxin-NADP+ reductase# 247131_at  At5g66190
ferredoxin-related# 253391 _at  Atd4g32590
phytocyanin, blue copper-binding protein I1# 266884 at  At2g44790
Cell wall modification

endo-1,4-beta-glucanase (Lycopersicon esculentum )+ 264685 at  Atlg65610
xyloglucan fucosyltransferase# 263565 _at  At2gl15390
glucosyltransferase like protein# 259211 at  At3g09020
glucosyltransferase like protein# 252487 at  At3g46660 |

(Table continues on following page.)
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Putative Function

Comparison”
Probe Set" AGI" A B

glucosyltransferase#

UDP-glucose glucosyltransferase#
glucosyltransferase like protein#
sucrose-phosphate synthase like protein#
soluble starch synthase#

sucrose-phosphate synthase like protein#
beta-1,4-N-acetylglucosaminyltransferase#
glycosyltransferase family#

UTP-glucose glucosyltransferase like protein#
glucosyltransferase#

glucosyltransferase#

glycogen synthasef

glycogen synthase#

trehalose-6-phosphate synthase like protein#
granule-bound starch synthase like protein#
cellulose synthase catalytic subunit#
cellulose synthase catalytic subunit (Ath-A)#
cellulose synthase catalytic subunit (RSW1)#
callose synthase catalytic subunit like protein#
glucan synthase#

ribophorin I#

xyloglucan endo-transglycosylase#
endo-xyloglucan transferase like protein#
pectin methylesterase like protein#
pectinesterase like protein#

pectinesterase like protein#

pectinesterase#

pectinesterase family+

pectinesterase family+

nonspecific lipid-transfer protein#
pectinesterase#

pectinesterase-related+

pectinesterase (pectin methylesterasc)+
pectate-lyase+

carboxylesteraseff

cell death associated protein+

esterase®

esterase®

pectinacetylesterase protein#
1,4-alpha-glucan branching enzyme#
beta-amylase#

beta-amylase like protein#
glucose-1-phosphate adenylyltransferase#
pEARLI 1#

pEARLI 1 like protein#

pEARLI 1 like protein#

extensin

extensin like protein#

extensin 3 (AtExt3)#

glycine-rich protein+

glycine-rich protein+

glycine-rich protein+

glycine-rich protein+

protease inhibitor/seed storage/lipid transfer+
protease inhibitor/seed storage/lipid transfer+
proline-rich protein family+

proline-rich protein family-+

proline-rich protein family+

Berberine biosynthesis

FAD-linked oxidoreductase family+
FAD-linked oxidoreductase family+

260567 at  At2g43820
261934 at  Atl1g22400
245326 _at  Atdgl4100
246076_at  At5g20280
249785 at  At5g24300
255016_at  Atdgl0120
262768 at  Atlgl2990
260666 _at  Atlgl9300
252183 at  At3g50740
263477 at  At2g31790
267299 at  At2g30150
259277 at  At3g01180
262809 at  Atlgl1720
245348 at  Atdgl7770
261191_at  Atlg32900
250505 _at  At5g09870
252886 at  At4g39350
253428 at  At4g32410
250272 _at  At5g13000
263183 at  Atlg05570
259883 at  Atlg76400
262842 at  Atlgl4720
253040 at  At4g37800
250490 at  At5g09760
253372 at  At4g33220
245148 at  At2g45220
245052 at  A12g26440
262225 at  Atlg53840
245151 _at  At2g47550
247717 at  At5g59320
247450 at  At5g62350
254810_at  Atdgl2390
261728 at  Atlg76160
251810 _at  At3g55250
262229 at  Atlg68620
246485 at  At5g16080
265699 at  At2g03550
261607 at  Atlgd9660
254578 at  Atdgl9410
250906 _at  At5g03650
245346 _at  Atdgl7090
266357 at  At2g32290
249927 at  At5g19220
254805 at  Atdgl2480
254819 at  Atdgl2500
254832 at  At4g12490
264960 _at  Atlg76930
254314 at  At4g22470
259553 x_at Atlg21310
258792 at  At3g04640
256383 _at  Atlg66820
253407 _at  At4g32920
254372 at  At4g21620
266123 at  At2g45180
256825 at  At3g22120
258535 at  At3g06750
255572 at  Atdg01050
250668 at  At5g07020

261020 _at  Atlg26390
261021 at  Atlg26380 _
(Table continues on following page.)
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Putative Function Probe Set” AGI° A B
FAD-linked oxidoreductase family+ 261005 at  Atlg26420
FAD-linked oxidoreductase family+ 263228 at  Atlg30700

FAD-linked oxidoreductase family+ 261006_at  Atlg26410




Chapter 4 — Microarray analysis of

with ABA decreased genc cxpression of a PR protein (Atlg22900), two plant
defensins (PDF1.2b and PDF1.4b) (At2g26020 and At1g19610), a Bet vI family PR
protein (At2g40330), and an cndochitinase (At2g43620).

The expression of several genes that encoded enzymes of the
phenylpropanoid pathway increased in a resistant interaction and included a lignin
specific enzyme, caffeoyl-CoA 3-O-methyltranferase (CCoAOMT6) (Atlg67980), a
laccase (Atlg67980), an anthocyamdin synthase (At2g38240), a flavonol synthase
(At3g13610) and four cytochrome P450 proteins (Table 4.4). Treatment with ABA
decreased the expression of genes that encoded nine enzymes involved in the
production of monolignols that included the key entry enzyme for the
phenylpropanoid pathway, PAL1 (At2g37040) (Table 4.4 and Figure 4.5), Treatment
with ABA also decreased the expression of a cytochrome P450 monooxygenase
(Atlg13080), flavonoid 3°,5’-hydroxylase (At4gl2310) and a flavonol
sulfotransferase (Atlg74090) (Table 4.4).

Expression of five genes that encoded enzymes of the tryptophan pathway
increased in a resistant interaction and six decreased in susceptibility induced by
treatment with ABA (Tahle 4.4), Nine genes associated with an oxidative burst /
stress had incrcascd expression in a resistant interaction, for example, a peroxidase
(At5g05340). The expression of 10 genes involved in cell wall modification also
increased in a resistant interaction, for example, an extensin (At4g22470), The
expression of 13 genes involved in an oxidative burst / stress and 25 genes associated
with cell wall modification decreased in susceptibility induced by treatment with
ABA, for example, a pcroxidase (At5g64120) and an extensin (At1g21310)
respectively. Five genes involved in berberine biosynthesis were also induced in a

resistant interaction.
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Figure 4.5 Effect of ABA treatment on the expression of genes encoding
enzymes of the monolignol biosynthetic pathway in Ler (wt) leaves, 1 d after
infiltration with an avirulent strain of P, syringae pv. tomato.

Gene expression changes observed in comparison A: a resistant interaction
(treatment 2) compared to a control interaction (treatment 1); orange text, increased
or blue text, decreased gcne expression. Gene expression changes observed in
comparison B: an induced susceptible interaction (treatment 3) compared to a
resistant interaction (treatment 2); green text, decreased gene expression. Black text,
gene expression unchanged. All the enzymatic reactions presented in the pathway
have been demonstrated at least in vitro (Raes ef al., 2003). Because of the varicty in
isoenzymes and kinetic properties, alternative routes through the metabolic pathway
may exist. For reactions with a single question mark, direct conversion has been
detected, but the respective enzyme is unknown, whereas for those with a double
question mark, no direct conversion has been detected. Abbreviations [enzyme (gene
affected, AGD}: 4CL, 4-coumarate:CoA ligase (4CLI, Atlg51680, 4CL4,
At3g21230, 4CL-like8, At5g63380); C3H, p-coumarate 3-hydroxylase (C3HI,
At240890); C4H, trans-cinnamate 4-hydroxylase; CAD, cinnamyl alcohol
dehydrogenase  (CAD2, At3gl9450); CCoAOMT, caffeoyl-CoA  3-O-
methyltransferase (CCodOMT6, Atlg67980); CCR, cinnamoyl-CoA reductase
(CCR-like2, At2g02400); COMT, cafteic acid O-methyltransferase (COMT,
At5g54160); F5H, ferrulate 5S-hydroxylase (F5HI, At4g36220);, HCT,
hydroxycinnamoyl-CoA:shikimate/quinate  hydroxycinnamoyltransferase  (HCT,
At5p48930); PAL, phenylalanine ammonia-lyase (PALI, At2g37040); X, p-

coumaroyl shikimic/quinic acid; Y, caffeoyl shikimic/quinic acid.
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Chapter 4 — Microarray analysis of gene expression in ABA induced susceptibility

4.3.5 Expression of genes involved in signalling and regulation in Arabidopsis
resistance and induced susceptibility

The expression of 46 genes increased and 86 genes decreased that were
associated with signalling and regulation in a resistant interaction compared to a
control infiltration (Table 4.5). Of the 46 genes with increased expression 12 were
receptor-like kinases, six non-receptor kinascs, ning calcium binding proteins (eg.
Mlo protein (Atlg61560)), two AP2/EREB-type transcription factors, one ATPase,
one GTP pyrophosphokinase, five WRKY-type transcription factors, one myb-type
transcription factor, seven =zinc finger-type transcription factors, one bZIP
transcription factor and a NAM (no apical meristem)-like protein. In contrast, the
expression of only a rcceptor like-kinase (At2g24130) and a myb-related
transcription factor (At3g06490) increased and 107 genes decreased in an induced
susceptible interaction, for example, the phosphatase SGT1a (At4g23570) and AIG1
(Atlg33960) with ATP binding activity. The gene expression of five receptor-like
kinases (At1g51850, AtlgS1800, Atl1g51800, At2g19190 and Atlg51790) increased
in a resistant interaction but decreased following treatment with ABA. Similarly, the
expression of four CHP-rich zinc finger proteins (At5g40590, At2g44370,
At2g44380 and At2gl7740) that had also increased in a resistant interaction,
decreased following treatment with ABA.
4.3.6 Expression of genes involved in hormonal responses in Arabidopsis during
resistance or induced susceptibility

In a resistant interaction the expression of 16 genes was increased and 32
genes decreased that encoded biosynthetic or responsive proteins for Arabidopsis
hormones (Table 4.6). The 16 genes that increased were involved in the biosynthesis

or response to hormones, ABA, auxin, cytokinins, Et, gibberellin, JA and SA. In

185



Table 4.5 Genes involved in signalling and regulation.
® Probe set identifier from ATH! GeneChip. ® Arabidopsis Gene Index identifier, ©

Comparison A: resistant vs control interaction. Comparison B: induced susceptible
vs resistant interaction. Positive (red box) or negative (green box) fold changes in
gene expression averaged from two independent cxperiments. Yellow text indicates a
fold change calculated from a signal that was absent (determined by MAS) in at lcast
one sample. Orange box: no significant change in genc expression 1n comparison B
for a gene that had a significant positive or negative change in gene expression in
comparison A (determined by Wilcoxon’s signed rank tests). Annotation listed
derived from * ATH! Genechip, + TIGR (The Institute for Genomic Research) or #

MIPS (Munich Information Center for Protein Sequences).
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Table 4.5 Genes involved in signalling and regulation

Putative Function

Comparison®
Probe Set" AGI’ A B

Phosphatase

protein phosphatase 2C (PP2C)#

protein phosphatase type 2C#

phosphoprotein phosphatase 1#

protein phosphatase type 1 (AtPP1bg)+
PRLI-interacting factor L#

SGTla#

Receptor-like kinase

leucine-rich repeat protein kinase+
leucine-rich repeat protein kinase+
leucine-rich repeat protein kinase+

light repressible receptor protein kinase+
protein kinase#

leucine-rich repeat protein kinase+
serine/threonine kinase like protein#

somatic embryogenesis receptor-related kinase+
leucine-rich repeat protein kinase+
serine/threonine protein kinase#

leucine-rich repeat transmembrane protein kinase+
leucine-rich repeat transmembrane protein kinase+
leucine-rich repeat transmembrane protein kinase+
receptor like protein kinase#

receptor like protein kinase#

receptor like serine/threonine kinase#
serine/threonine-specific kinase (lecRK 1-like)#
receptor like protein kinase#

receptor like protein kinase#

receptor like protein CLAVATA2 (CLV2)#
receptor serine/threonine kinase PRSK#
protein kinase like protein#

protein kinase#

protein kinase#

protein kinaseff

receptor protein kinase#

serine/threonine kinase like protein#
serine/threonine kinase like protein#
serine/threonine kinase like protein#
serine/threonine kinase like protein#
serine/threonine kinase like protein#

S-like receptor protein kinase#

S-like receptor protein kinase#

S-like receptor protein kinase#

receptor protein kinase+

wall-associated kinase#

wall-associated kinase 2+

Non-receptor kinases

adenylate kinase#

adenylate kinase like proteins#

calcium dependent protein kinase#

protein kinase like#

protein kinase family+

protein kinase C inhibitor like protein (Zinc-binding protein)#
serine/threonine-specific protein kinase ATPK64#
protein kinase 1 like protein#

CBL-interacting protein kinase 20 (CIPK20)#
protein kinase#

protein kinase#

mitogen-activated protein kinase (MAPK)+
protein kinase like protein#
serine/threonine-specific protein kinase+
protein kinase family+

253335 at  At4g33500
259506 at  At1g43900
262343 at  Atlg64040
254923 at  Atdgl1240
259499 at  Atlgl5730
254211 _at  At4g23570

246368 at  Atlg51890
246366 at  Atlg51850
256169 at  Atlg51800
267436_at  At2g19190
256177 at  Atlg51620
256170 at  Atlg51790
250480 at  At5g10290
262563 at  Atlg34210
248046 at  At5g56040
264930 at  Atlg60800
245130 at  At2g45340
247153 at  At5g65700
265992 at  At2g24130
246858 at  At5g25930
262082 s at Atlg56120
256547 at  At3gl4840
251479 at  At3g59700
251096 at  At5g01550
267165 at  A2g37710
264183 at  At1g65380
245760 s at At1g66920
249480 s at At5g38990
261339 at  At1g35710
259860 at  At1g80640
245074 at  At2g23200
253911 _at  At4g27300
254249 at  At4g23280
254409 at  At4g21400
254410 at  At4g21410
254250 at  At4g23290
254251 at  At4g23300
264767 at  Atlg61380
264756 at  Atlg61370
264757 at  Atlg61360
254247 at  At4g23260
262705 at  Atlgl6260
261394 at  At1g79680

247382 at  At5g63400
246651 at  At5g35170
255292 s at Atdg04710
250942 _at  At5g03350
251068 at  At5g01920
263701 _at  Atlg31160
248034 _at  At5g55910
260774 _at  Atlg78290
248910 _at  At5g45820
259671 at  Atlg52290
262228 at  Atlg68690
259428 at  Atlg01560
247026 _at  At5g67080
252511 at  At3g46280
247532 at  At5g61560 _

(Table continues on following page.)




Table 4.5 (Continued from previous page.)

Comparison*

Putative Function Probe Set" AGI" A B
protein kinase family+ 267422 at  At2g35050
Pto kinase interactor# 245845 at  Atlg26150
Pto kinase interactor 1# 260728 at  Atl1g48210
Pto kinase interactor 1+ 260924 at  At1g21590
MAP3K-like protein kinase+ 247036 at  At5g67130
mitogen activated protein kinase kinase# 257801 _at  At3gl8750
protein kinase-related+ 259541 at  Atlg20650
pyruvate kinase, plastid isozyme# 260653 _at  Atlg32440
CBS domain containing protein+ 260413 at  Atlg69800
Calcium-binding
calcium-binding protein+ 248164 at  At5g54490
calcium-binding protein+ 260881 at  Atlg21550
calmodulin like protein# 259879 at  Atlg76650
calmodulin-related protein+ 258947 at  At3g01830
calmodulin-related protein+ 249197 at  At5g42380
calmodulin# 256755 at  At3g25600
caltractin like protein# 246197 at  Atd4g37010
calmodulin-binding like protein# 246821 at  At5g26920
Milo protein* 265008 at  Atlg61560
EF-hands protein* 246708 at  At5g28150
calcium-binding protein, calreticulin# 264260 at  Atlg09210
calcium-binding EF-hand family protein+ 248191 at  At5g54130
calcium-binding EF-hand family protein+ 267366 _at  At2g44310
calcium binding protein (CaBP-22)# 267076 _at  At2g41090
spot 3 protein and vacuolar sorting receptor AtELP6+ 265161 _at  Atlg30900
spot 3 protein and vacuolar sorting receptor AtELP6+ 267106_s at At2g14740
AP2/EREB-type transcription factors
EREBP-2 like protein+ 245252 at  Atdgl7500
EREBP-3-like protein® 257919 at  At3g23250
AP2 domain transcription factor+ 252214 at  At3g50260
AP2 domain transcription factor like protein# 260498 at  At2g41710
AP2 transcription factor like protein# 264057 at  At2g28550
AP2 domain transcription factor+ 266820 at  At2g44940
AP2 domain transcription factor+ 258074 _at  At3g25890
transcription factor like protein# 250582 at  At5g07580
ATP-binding and ATPase
ATPase I1# 256756 at  At3g25610
ATPase-related# 260089 at Atlg73170
ATPase I subunit* 245025 at  AtCg00130
ATP synthase gamma chain 1+ 255290 at  At4g04640
H-+-transporting ATP synthase like protein# 255046_at  Atd4g09650
AAA-type ATPase family+ 256596 at  At3g28540
ATPase# 259148 at  At3gl0350
plasma membrane proton ATPase-like# 247439 at  At5g62670
AIG1# 260116 _at  Atlg33960
GTP-binding and GTPase
GTP-binding protein related+ 256207 _at  Atlg50920
GTP binding protein+ 256112 at  Atlgl6920
RAS-related GTP-binding proteind 258314 at  At3gl6100
salt stress inducible small GTP binding protein Ranl homolog# 248107 _at  At5g55190
extra-large GTP-binding protein (XLG1)# 267136 _at  At2g23460
GTP-binding protein# 250813 at  At5g05000
GTP-binding protein LepA homolog# 250531 _at  At5g08650
GTP-binding protein typA# 250256 _at  At5gl13650
GTP-binding like protein# 247098 at  At5g66470
GTPase -related+ 256274 at  At3gl2080
GTPasef 262189 at  Atlg78010
GTPase activator protein of Rab-like# 248222 at  At5g53570
GTP cyclohydrolase 1I like protein# 247694 at  At5g59750
GTP pyrophosphokinaseff 258207 at  At3gl14050
membrane-bound small GTP-binding like protein# 254673 _at  Atdgl8430

(Table continues on following page.)




Table 4.5 (Continued from previous page.)

Comparison*

Putative Function Probe Set" AGI" A B
GTP-binding protein# 250383 at  At5g11480
GTP-binding protein -related+ 264121 _at  Atlg02280
Phosphatidylinositol signalling
myo-inositol-1-phosphate synthase# 252863 at  At4g39800
myo-inositol 1-phosphate synthase# 263433 _at  At2g22240
WRKY-type transcription factors
WRKY family transcription factor+ 255568 at  Atdg01250
WRKY family transcription factor+ 257382 at  At2g40750
WRKY transcription factor 31 (WRKY31)# 254347 at  Atdg22070
WRKY transcription factor 61 (WRKY61)# 261429 at  Atlgl8860
WRKY like protein# 245976 _at  At5gl3080
WRKY family transcription factor+ 254652 at  Atdgl8170
WRKY family transcription factor+ 248896 at  At5g46350
MY B-type transcription factors
DNA binding protein MybSt1-related+ 264692 at  Atlg70000
MYB27 like protein# 247696 _at  At5g59780
MYB96 transcription factor like protein# 247455 at  At5g62470
myb-related like protein# 260664 at  Atlgl9510
myb-related protein M4# 254413 at  Atd4g21440
myb-related protein# 258516 _at  At3g06490
Myb-related transcription factor# 260140 at  Atlg66390
myb related transcription factor+ 245628 at  Atlg56650
transcription factor MYB28# 247549 at  At5g61420
myb-family transcription factor-related+ 256255 at  At3gl1280
Zinc finger-type transcription factors
zinc finger like protein# 251950 at  At3g53600
zinc finger protein# 246069 at  At5g20220
zinc finger protein 1 (zfnl)# 258621 at  At3g02830
zinc finger protein Zat12# 247655 at  At5g59820
zinc finger protein ZFP8# 267535 at  At2g41940
C2H2-type zinc finger protein family+ 250119 at  At5gl16470
salt-tolerance protein# 260956 _at  Atlg06040
B-box zinc finger protein (STH)# 263252 at  At2g31380
constans B-box zinc finger family# 263739 at  At2g21320
constans B-box zinc finger family# 246977 at  At5g24930
GATA zinc finger protein+ 247980 at  At5g56860
C3HC4-type zinc finger protein+ 248759 at  At5gd7610
RING-H2 finger protein RHB 1a# 255670 at  At4g00335
RING-H2 zinc finger like protein# 246439 at  At5gl17600
RING-H2 zinc finger protein# 265472 at  Ar2gl5580
RING zinc finger protein# 257081 at  At3g30460
C3HC4 type Zinc RING finger like protein# 251084 at  At5g01520
zinc finger (RING finger) protein family+ 251330 at  At3g61550
zine finger-related protein TIM13+ 265006 _at  Atlg61570
zinc-binding like protein# 248187 at  At5g53940
zinc-finger like protein+ 253854 at  At4g27900
CHP-rich zinc finger protein+ 265939 at  At2g19650
CHP-rich zinc finger protein+ 249364 at  At5g40590
CHP-rich zinc finger protein+ 267384 at  At2g44370
CHP-rich zinc finger protein+ 267385 at  At2g44380
CHP-rich zinc finger protein+ 264616 _at  At2gl7740
RING-H2 zinc finger like protein# 246777 _at  At5g27420
RING-H2 finger protein RHA3a+ 251066_at  At5g01880
RING zinc finger protein# 265853 at  At2g42360
Basic Helix-Loop-Helix transcription factors
bHLH transcription factor (bHLHO16)# 255694 at  At4g00050 i
bHLH transcription factor (b HLH093)# 247151 at  At5g65640
bHLH transcription factor (bHLH033)# 261196 _at  Atlgl2860 3.5
bZIP transcription factors
bZip protein AtbZIP1# 248606 at  At5g49450

(Table continues on following page.)




Table 4.5 (Continued from previous page.)

Comparison®
Putative Function Probe Set" AGI" A B

G-box binding bZip transcription factor GBF1 / AtbZip41# 246211 at  At4g36730
G-box binding bZIP transcription factor GBF5 / AtbZip2# 263064 at  At2gl18160
bZIP like protein# 251413 at  At3g60320
bZIP family transcription factor* 258349 at  At3gl7610
RWP-RK domain containing protein+ 259540 _at  Atlg20640
Homeobox transcription factors

HD-Zip transcription factor+ 247589 at  At5g60690
Homeodomain like protein# 253247 at  Atd4g34610
BEL 1-like homeodomain protein family+ 261139 _at  Atlgl9700
L1 specific homeobox gene ATML1# 254370 _at  Atdg21750
Other-type transcription factors

transcriptional factor B3 family+ 262400 _at  Atlgd49480
transcription factor like protein# 264650_at  Atlg08970
transcription factor# 261803_at  Atlg30500
TATA binding protein-associated factor - like# 263001 _at  Atlg54360
NAM (no apical meristem)-like protein+ 264148 at  Atlg02220
NAM (no apical meristem)-like protein# 249944 at  At5g22290
scarecrow-like transcription factor 3 (SCL3)+ 261866 _at  Atlg50420
scarecrow transcription factor (SCR)+ 251890 at  At3g54220
Lil3 protein (Lil3:1)# 245354 at  At4gl7600
heat shock factor protein hsf8-related+ 261206_at  Atlgl2800
CCT Transcription Factor* 247946 _at  At5g57180
transcriptional regulator-related-+ 261891 at  Atlg80790
transcription factor-related+ 255902 at  Atlgl7880
transcription factor IIA small subunit# 254162_at  Atd4g24440
transcription termination factor nusB+ 254011 _at  At4g26370
PHD finger transcription factor+ 246654 s at At5g35210
transcription factor BTF3# 260095_at  Atlg73230
transcription factor activity* 249810 _at  At5g23920
ring-box like protein# 246089 at  At5g20570
transcription factor like protein# 250031 _at  At5gl18240
TCP family transcription factor+ 266481 at  At2g31070
TCP family transcription factor+ 254670_at  At4gl8390
Other DNA/RNA binding activity

nucleoid DNA-binding like protein# 251899 at  At3g54400
DNA gyrase subunit B# 259138 s at At3gl0270
DNA binding activity* 252909 at  At4g39630
HMG-box containing protein* 261782 at  Atlg76110
G2p (AG2)# 246307 at  At3g51800
RNA-binding protein+ 257037 _at  At3gl19130
nuclear RNA binding protein A like protein# 245387 at  Atdgl7520
RNA binding like protein# 250845 at  At5g04600
31 kDa RNA binding protein (rbp31)# 254126_at  Atd4g24770
RNA-binding protein cp29 protein# 251956_at  At3g53460
RNA-binding protein cp33 precursor# 256678 at  At3g52380
mRNA binding protein precursor# 251157 at  At3g63140
pre-mRNA splicing factor PRP19# 263666 _at  Atlg04510
RNA-binding protein# 263676 _at  Atlg09340
RNA-binding protein# 265966 _at  At2g37220
33 kDa ribonucleoprotein (RNA-binding protein cp29)+ 261577 at  Atlg01080
29 kDa ribonucleoprotein (RNA-binding protein cp29)+ 263736 _at  Atlg60000
RNA recognition motif (RRM) - containing protein+ 252032 at  At3g52150
RNA recognition motif (RRM) - containing protein+ 250314 at  At5g12190




Table 4.6 Genes related to hormonal responses.

" Probe set identifier from ATH1 GeneChip. ° Arabidopsis Gene Index identifier. ©
Comparison A: resistant vs control interaction. Comparison B: induced susceptible
vs resistant interaction. Positive (red box) or negative (green box) fold changes in
gene expression averaged from two independent experiments. Yellow text indicates a
fold change calculated from a signal that was absent (determined by MAS) in at least
one sample. Orange box: no significant change in gene expression in comparison B
for a gene that had a significant positive or negative change in gene expression in
comparison A (determined by Wilcoxon’s signed rank tests). Annotation listed
derived from * ATH1 Genechip, + TIGR (The Institute for Genomic Research) or #

MIPS (Munich Information Center for Protein Sequenccs).
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Table 4.6 Genes related to hormonal responses

Putative Function

Compariso”
Probe Set” AGI" A B

Abscisic acid

1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR)#
1-D-deoxyxylulose 5-phosphate synthase#
glyceraldehyde 3-phosphate dehydrogenase A#
glyceraldehyde-3-phosphate dehydrogenased
NADP-dependent glyceraldehyde-3-phosphate dehydrogenaseff
2C-methyl-D-erythritol 2.4-cyclodiphosphate synthase#
prephytoene pyrophosphatase dehydrogenasef
geranylgeranyl pyrophosphate synthase#

phytoene synthase#

geranylgeranyl reductase#

carotenoid isomerase+

carotenoid isomerase+

beta-carotene hydroxylase#

violaxanthin de-epoxidase precursor (U44133)#
9-cis-epoxycarotenoid dioxygenase#

AtHVA22a induced by abscisic acid (ABA)+

PRLI protein#

calcium dependent protein kinase (ATCDPKI1)#

Auxin

auxin-responsive like protein#

auxin-responsive like protein#

IAA adenylase*

auxin-induced (indole-3-acetic acid induced) protein family+
auxin efflux carrier protein family+

auxin-regulated protein+

auxin regulated protein (IAA13)#

auxin-regulated protein (IAA8)#

auxin-induced protein#

auxin-induced protein#

GH3 auxin-inducible like protein+

auxin transport like protein#

auxin-induced (indole-3-acetic acid induced) protein family+
auxin-regulated protein+

auxin-regulated protein+

auxin-induced (indole-3-acetic acid induced) protein-related-+
auxin-regulated protein*

auxin-regulated protein+

auxin-regulated protein*

auxin-induced protein (IAA9)#

auxin-inducible gene (IAA2)#

auxin-induced protein - like#

WD-40 repeat auxin-dependent protein ARCA+
auxin-induced protein (AIR12)+

auxin-regulated protein#

auxin-regulated protein+

Brassinosteriods

cell elongation protein, Dwarf1#

BR6ox1*

24-sterol C-methyltransferase#

BZR1 is a positive regulator of the BR signaling pathway*
Cytokinins

cytokinin-specific binding protein (Vigna radiata )+
glycosyltransferase family#

Ethylene

1-aminocyclopropane-1-carboxylate synthase (ACC2)#
ACC synthase (AtACS-6)#

s-adenosylmethionine synthetase#

s-adenosylmethionine synthetase like protein#
ethylene-forming-enzyme-like dioxygenase-like protein#
acetone-cyanohydrin lyase#

247401 at  At5g62790
245281 at  Atdgl5560
261197 at  At1g12900
259625 at  At1g42970
265998 at  At2g24270
260324 at  At1g63970
262526 at  Atlgl7050
246198 at  Atdg36810
250095 at  At5g17230
260236 at  Atlg74470
246411 at  Atlg57770
260821 at  At1g06820
254020 at  At4g25700
264799 at  Atlg08550
257280 at  At3gl4440
260238 at  Atlg74520
245358 at  Atdgl15900
261378 at  Atlgl18890

250286 at  At5g13320
248163 at  At5g54510
245076_at  At2g23170
248528 at  At5g50760
263073 at  At2g17500
264201 at  At1g22630
255788 at  At2g33310
265319 at  At2g22670
264605 at  Atlg04550
263664 at  Atlg04250
255403 at  At4g03400
262263 at  Atlg70940
262092 at  Atlg56150
248235 at  At5g53860
250867 at  At5g03880
260427 at  At1g72430
263946 at  At2g36000
259889 at  Atlg76405
266322 at  At2g46690
247148 at  At5g65670
257766 at  At3g23030
252972 at  At4g38840
256072 at  Atlgl8080
259018 at  At3g07390
264014 at  At2g21210
245198 at  Atlg67700

257938 at  At3g19820
256598 at  At3g30180
250254 at  At5gl13710
259955 s at Atlg75080

250777 _at  At5g05440
256252 at  At3gl1340

-

259439 at  Atlg01480
254926 at  Atdgl1280
260913 at  At1202500
258415 at  At3gl7390
246098 at  At5g20400
267126 _s_at At2g23590
(Table continues on following page.)




Table 4.6 (Continued from previous page.)

Comparison®

Putative Function Probe Set" AGI® A B
acetone-cyanohydrin lyase# 267127 at  At2g23610
Gibberellin
gibberellin beta-hydroxylase# 265208 at  At2g36690
gibberellin-regulated like protein# 264195 at  Atlg22690
Potato PHORI like transcription activator* 263935 at  At2g35930
Potato PHOR1 like transcription activator* 252045 at  At3g52450
Potato PHOR!1 like transcription activator* 246988 at  At5g67340
Jasmonic acid
lipoxygenase (LOX1)+ 256321 at  Atlg55020
lipoxygenase (AtLox2)# 252618 at  At3gd5140
jasmonate inducible protein# 263174 at  Atlg54040
coronatine-induced protein 1# 255786 _at  Atlgl9670
jasmonic acid regulatory protein# 258395 at  At3gl5500
hydroperoxide lyase (HPL1)# 245253 at  Atdgl5440

Salicylic acid
glucosyltransferase 1S10a (Nicotiana tabacum )+ 251970 at  At3g53150




contrast, a decrease in the expression of 27 genes associated with hormone
biosynthesis or response followed treatment with ABA. In particular, the expression
of three genes, an auxin-induced protein (At3g07390), a gibberellin beta-hydroxylase
(A12g36690) and a PHORI like transeription activator (At3g52450) also responsive
to gibberellin were increased in a resistant interaction but were reduced following
treatment with ABA.
4.3.7 Expression of genes related to cell maintenance / development or other
function in Arabidopsis during resistance or induced susceptibility

The expression of 51 genes increased and 411 genes decreased that were
associated with cell maintenance / development or other function in a resistant
interaction (Table 4.7). Ten genes increased and 429 genes decreased associated with
cell / development or other function in a susceptible interaction induced by treatment
with ABA. Of the 31 genes that increased in a resistant interaction eight were
subsequently decreased after treatment with ABA. These 8 genes included, a
chloroplast function gene: exocyst subunit EXQ70 family protein (At3g55150), two
endomembrane system proteins: a dermal glycoprotein precursor (At5g48430) and a
GDSL-motif lipase/hydrolase protein (At5g03610), a glycoside hydrolase family
protein: fructosidase like protein (At5g40390), an ion transport/chanmel protein:
CaM-regulated potassium ion channel (At1g01340), and three other proteins: similar
to CGI-131 protein (Atdg21830), nodulin protein (At5g25260) and S-linalool
synthase (Atlg61120) (data not shown).
4.3.8 Expression of unclassified genes in Arabidopsis during resistance or
induced susceptibility

A total of 389 genes that have yet to be classified had a significant change in

expression (Figure 4.6). In a resistant interaction, 33 unclassified genes had increased
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Table 4.7 Summary of genes related to cell maintenance / development and

other functions

Comparison A" Comparison B*
Increase Decrease Increase Decrease

Putative function

Amino Acid/ Auxin Permease transporter family
ABC transporter family

Acyl lipid metabolism families

Carbonic anhydrases

Chloroplast function

Cis-trans isomerases

Cyclins

Cysteine synthases

Cytochromes

Cytoskeletons

Dnal protein family

Drug/metabolite transporters

Elongation / translation factors
Endomembrane system proteins

Glutamate receptors

Glycine hydroxymethyltransferases
Glycoside hydrolase families

GPI-anchored proteins

Heat shock response

Histone and other nuclear proteins

Integral membrane proteins

Ion transport / channel proteins
Isopropylmalates

Mitochondrial function

Multi Antibacterial Extrusion efflux protein family
Oxidoreductases

Pentatricopeptide repeat-containing protein
Polymerase subunit proteins

Ribosomes

Senescence-associated proteins

Serine carboxypeptidases

Short-chain dehydrogenase/reductase family proteins
Subtilisin like serine proteins

Transporter proteins

Tetratricopeptide repeat-containing proteins
tRNA-synthases

Ubiquitins

Other proteins

Totals

* Comparison A: resistant vs control interaction. Comparison B: induced susceptible
vs resistant interaction. Positive (red box) or negative (green box) change in gene
expression. The numbers in each box are the numbers of putative genes with that

function, that changed. A complete list of the genes is provided in Appendix 2.
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Figure 4.6 Changes in expression of 389 genes with unclassified function in
resistant and induced susceptible interactions of Ler (wt) leaves 1 d after
infiltration with an avirulent strain of P. syringae pv. tomato.

The expression changes of the unclassified genes unique to comparison A: a resistant
interaction (treatment 2) compared to a control interaction (treatment 1), or
comparison B: an induced susceptible interaction (treatment 3) compared to a
resistant interaction (treatment 2) or changes in both comparison A and B.

A complete list of the genes are provided in Appendix 3.
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Chapter 4 — Microarray analysis of gene expression in ABA induced susceptibility

expression and 3 genes had increascd ¢xpression following ABA treatment, A further
4 unclassified genes increased in a resistant interaction but were decreased following
treatment with ABA. A decrease in unclassified gene expression occurred in 195

genes in a resistant interaction and 111 genes following treatment with ABA.
4.4 Discussion

ABA regulates many developmental and physiological processes in plants
such as seed development and drought stress (Finkelstcin and Rock, 2002).
Traditionally the role of ABA in these processes was studied at the physiological
lcvel, for example, during drought stress by stomatal movements (Schroeder ef a/.,,
2001). The recent development of genome-wide gene expression technology has
meant that many studies are now being conducted at the molecular level, For
example, in a study by Hoth et al. (2002) 1354 genes were identified that were either
up or down regulated following the treatment of Arabidopsis seedlings with ABA. It
has also been estimated that at least 2000 ABA-responsive genes exist in the
Arabidopsis genome (Finkelstein ef al., 2002),

In this chapter, the regulatory role of ABA in Arabidopsis resistance to an
avirulent strain of P. syringae pv. tomato, was investigated for the first time with
microarray technology. Firstly, genome wide changes in Arabidopsis gene
expression were measured in a resistant interaction with an avirulent strain of P.
syringae pv. tomato. In particular, the current study focussed on changes in the
expression of gencs attributed to defence, signalling, regulation and hormone action
in the resistant interaction. The gene expression profile of the resistant interaction
was then compared to the profile of a susceptible interaction with the same avirulent
strain of /. syringae pv. tomato. The susceptible interaction was induced by treating

the same ecotype of Arabidopsis plants with ABA, prior to P. syringae pv. tomato
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Chapter 4 — Microatray analysiz of gene expression in ABA induced susceptibility

infiltration. The investigation revealed increased cxpression of many defence,
signalling, regulation and hormone action genes in resistant interactions that were
decreased by treatment with ABA. Treatment with ABA also decreased the
expression of defence, signalling, regulation and hormone action genes that were
unchanged in a resistant interaction. The current study therefore identified potential
sites of ABA suppression of defence mechanisms and the signal transduction
networks controlling resistance to an avirulent strain of P, syringae pv. fomato.

In chapter 3, accumulation of the phenylpropanoid derived, cell wall
strengthening compound, lignin, in Arabidopsis resistance to an avirulent strain of P,
syringae pv. tomato was reduced by treatment with ABA. A possible mechanism for
the reduction in ligmin accumulation was identified when expression of the
phenylpropanoid pathway, rate-limiting enzyme, PAL, was also reduced following
treatment with ABA (Chapter 3). In the present study, a total of nine gencs that
encoded enzymes involved in the biosynthesis of monolignols required for lignin
accumulation had reduced expression following treatment with ABA. The genome
wide changes in gene expression measured by ATH1 GeneChips therefore confirmed
the findings of biochemical, histological and genetic analysis conducted in chapter 3.

The transcriptional regulation of genes by ABA has previously been shown to
involve cis-acting regulatory regions (ABA-response elements, ABRE) (Rock 2000)
and the transcription factors that specifically recognise these DNA sequences (ABRE
binding factors) (Choi e al., 2000). For cxample, the promoters of genes encoding
high-pl o-amylases in barley contain a negative-acting TAACAAA regulatory region
important for down-regulation of endosperm expression by ABA (Gubler and

Jacobsen, 1992). In the current study, a reduced expression of lignin biosynthesis
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genes may therefore have resulted from the presence of an ABRE within the
promoter sequence of these genes.

The possibility of identifying multiple Arabidopsis defence mechanisms
regulated by ABA in a single study was anothcr major advantage of utilising a
microarray technique that monitored changes in gene expression of nearly the entire
Arabidopsis genome. Indeed, not only were many genes of the phenylpropanoid
pathway suppresscd by trcatment with ABA but also genes that encoded disease
resistance like proteins, antimicrobial proteins, tryptophan pathway enzymes,
oxidative burst / siress proteins and cell wall modification proteins. The gene
expression analysis conducted in the current study therefore rapidly broadened the
possible mechanisms for susceptibility induced by ABA treatment of a normally
resistant interaction between Arabidopsis and an avirulent strain of P. syringae pv.
tomato,

Arabidopsis genec-for-gene recognition and subsequent pathogen-specific
resistance to strains of P. syringae pv. tomato expressing the AvrRpt2 gene, is
conferred by a protein encoded by the disease resistance gene RPS2 (Kunkel et al.,
1993). The discase resistance protein RPS2 contains an N-terminal domain with a
CC motif, a nucleotide binding site (NBS) and a region of leucine-rich repeats (LRR)
and therefore has a CC-NBS-LRR structure (Mindrinos et al., 1994), The structure of
Arabidopsis disease resistance proteins are predominantly either CC-NBS-LRR or
have TIR-NBS-LRR (Martin et al., 2003). In the current study, a reduction in the
expression of genes that encoded disease resistance like proteins of both CC-NBS-
LRR and TIR-NBS-LRR structure following ABA treatment could be another
possible mechanism that resulted in susceptibility to an avirulent strain of P. syringae

pv. tomato. However, these results should be analysed with caution, as ABA
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treatment did not alter the expression of RPS2. The genes that encoded disease
resistance like proteins in the present study also have not been functionally
charactcrised and are instead classed on predicted protein structure (Meyers et al.,
2003).

The expression of many genes that encoded antimicrobial proteins or that
have similarity to antimicrobial proteins were suppressed by ABA treatment. For
example, the expression of two genes that encode proteins with similarity to
chitinases were induced in resistant interactions, but reduced by treatment with ABA.
Chitinases are pathogenesis-related proteins that are dramatically induced when
plants respond to fungal, bacterial and viral pathogens (Datta and Muthukrishnan,
1999). Chitinases can act either directly by degrading pathogen cell walls (Lawrence
et al., 1996) or indirectly by releasing oligosaccharides that can act as elicitors to
activate other plant defence responses (Shibuya and Minami, 2001). The expression
of other genes that encoded pathogenesis-related proteins were also repressed by
treatment with ABA and included two Arabidopsis plant defensins, PDF/.2b and
PDF1.4b. Both defensins belong to the same family of Arabidopsis defensins that
inhibit the growth of a broad range of fungi (Thomma et al., 2002; Tierens et al.,
2002). The suppression of a range of antimicrobial proteins could also be another
possible mechanism by which ABA treatment rendered the normally resistant
interaction with an avirulent strain of P. syringae pv. tomato incomplete and allowed
spread of the normally contained pathogen.

Following genc-for-gene recognition of an avirulent strain of P. syringae pv.
tomato, a series of signalling pathways are activated in Arabidopsis that lead to gene
expression changes associated with various defence responses (Katagiri et al., 2002;

Tao et al., 2003). The near genome wide breadth of the microarray analysis
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conducted in the present study, allowed the identification of many signalling and

regulatory proteins induced in a resistant interaction, as well as those suppressed in a
susceptible interaction following treatment with ABA. For example, several receptor-
like kinases were induced in a resistant interaction but suppressed by treatment with
ABA. Many receptor-like kinases have previously been identified in Arabidopsis
signal cascades following pathogen attack (Czemic et al., 1999; Du and Chen, 2000).
Treatment with ABA also reduced the expression of the A/G1a that encodes a protein
with ATP-binding activity previously identified in RPS2 mediated resistance (Reuber
and Ausubel, 1996). ABA treatment also reduced the expression of the SGTla gene
that has a homolog, SGTIb (Azevedo et al., 2002). Arabidopsis mutation analysis
has previously identified SGT1b as a critical regulatory ligase that targets regulatory
proteins for degradation in Arabidopsis pathogen-specific resistance to Peronospora
parasitica (Pers. ex Fr.) Fr. (Austin et al., 2002, Tor et al., 2002). Microarray
analysis has therefore not only identified possible defence mechanisms negatively
regulated by ABA in Arabidopsis but also possible sites of negative regulation of
signalling and regulatory factors important for resistance.

The co-ordination of Arabidopsis responses to pathogens have previously
been shown to involve hormones, such as SA, JA and Et (Thomma et al., 1998; Ton
et al,, 2002), In recent studies, it has become apparent that SA, JA and Et-controlled
pathways are not totally independent but rather are linked together in a complex web
of interactions (Devadas et al., 2002; Overmyer et al., 2003). It was therefore not
surprising to find in the current study that ABA influenced the expression of
biosynthetic genes and genes regulated by JA and Et. A negative influence of ABA
on JA-induced defence responses has previously been obscrved in the resistance of

faba beans (Vicia faba (1)) to Fusarium oxysporum Schlacht. Ex Fr. f.sp. fabae
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(Ahmed et al., 2002). Once again a further potential mechanism in which treatment

with ABA induces susceptibility of Arabidopsis to an avirulent strain of P. syringae
pv. tomato was revealed by microarray analysis.

The negative regulation by ABA of SA and expression of PR-1 was identified
in chapter thrce as a mechanism that assistcd in the development of susceptibility in
Arabidopsis to an avirulent strain of P. syringae pv. tomato, following treatment with
ABA. However, in the present study the expression of PR-I and another SA-induced
gene IS10a (Horvath and Chua, 1996) increased in a resistant interaction and were
unchanged following ABA treatment. The discrepancy between the current study and
chapter 3 is likely to be based on temporal differcnces between the two studies. In
chapter 3, a lower accumulation of SA and PR-1 in Arabidopsis leaves treated with
ABA compared with the normal resistant interaction, were not distinguishable until 3
d after infiltration with an avirulent strain of P. syringae pv. tomato. As the current
microarray analysis was conducted 1 d after infiltration, changes in gene expression
related to SA accumnulation may not have had time to occur. In a DNA microarray
study similar to that conducted in the present work during resistance of Arabidopsis
to an avirulent strain of P. syringae pv. tomato, the expression of many defence
related penes showed dramatic temporal variation (Scheideler er al, 2002). A
microarray experiment that analysed gene expression changes at many stages during
the progression of Arabidopsis resistance or ABA-induced susceptibility to an
avirulent strain of P, syringae pv. tomato may reveal more insights into the possible
mechanisms of ABA action during the defence response and its regulation.

When interpreting the microarray data collected in the current study, several
factors must be considered. Firstly, almost a quarter of the genes with significant

expression level changes have yet to be classified. Knowledge of what proteins these
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genes cncode may provide more clues to the negative regulation by ABA of
Arabidopsis resistance to an avirulent strain of P. syringae pv. tomato. Secondly, the
expression of many important genes may have incrcascd or decreased only
marginally but still played a biologically important role in the outcome of the
interactions. However, with the stringent quality control critcria applied in the
current study to minimise false positive results with GeneChips (Zhu and Wang,
2000), these marginal genes were not analysed. Thirdly, the functional annotation for
many genes in the Arabidopsis genome are expected to change as further
experimental information becomes available (Kreps et al., 2002). For example, many
genes from the cell maintenance / development and other functional groups may be
more important in defence responses than is currently believed., Finally, gene
expression data are immensely informative about most genes, however, cellular
responses are not always manifested through changes in transcriptional activity. For
example, changes in gene expression do not always reflect changes in protein
concentration within the cell, as with the defence-related transcription factor NPR1
(non-expressor of pathogenesis-related proteins) (Cao er al., 1998). These factors
must be considered when interpreting microarray data and with appropriate caution
several mechanisms by which ABA may negatively regulate defence and signalling
in Arabidopsis have been identified in the present study.

In chapters 2 to 4 of this thesis, regulatory roles for ABA have been identified
for the first time in interactions of Arabidopsis with two biotrophic pathogens, P.
parasitica and P, syringae pv. tomato. In contrast, a rcgulatory role for ABA has
previously been identified in interactions of soybean with the hemibiotrophic
pathogen Phytophthora sojae Kauf. and Gerd. (McDonald and Cahill, 1999; Mohr

and Cahill, 2001). In the following chapter (Chapter 5), a comprchensive
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investigation of the influence of ABA on soybean / P. sojae resistant and susceptible
interactions was undertaken using approaches similar to those detailed in chapters 2
and 3. The major focus of chapter 5 was to identify similarities and differences in
ABA regulation of soybean and Arabidopsis dcfence components when challenged
by pathogens with different lifestyles. In particular, the influence of ABA on lignin

biosynthesis that was identified in chapters 2 to 4 was investigated,
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Chapter 5: The influence of abscisic acid on interactions of soybean
with the hemibiotrophic pathogen Phytophthora sojae

Chapter summary

The previous chapters of this thesis have identified for the first time that
abscisic acid (ABA) regulates the interaction of Arabidopsis with two biotrophic
pathogens, Peronospora parasitica and Pseudomonas syringae pathovar fomato,
Previously resistant and susceptible interactions of soybeans with the hemibiotrophic
pathogen Phytophthora sojae were shown to be influenced by ABA. The focus of
this chapter is the identification of defence-related components in soybean that are
regulated by ABA. Thus exogenous ABA treatment of soybean plants caused a shift
toward susceptibility following inoculation with an avirulent race of P. sojae.
Elevated ABA concentrations caused a 42% and 61% reduction in the accumnulation
of the phenylpropanoid derivatives glyceollin and salicylic acid (SA) respectively
and reduced the expression of the key phenylpropanoid gene, phenylalanine
ammonia-lyase by 29%. Treatment of plants with ABA biosynthesis inhibitors
caused a shift toward resistance following inoculation with a virulent race of P.
sojae. The lower ABA concentrations caused necrosis similar to a hypersensitive

response and respective 33% and 160% increases in glyceollin and 8A accumulation,

Rescarch that formed a basis for this chapter has been published. The primary author
contributed 100% of the research.

Mohr PG, Cahill DM (2001) Relative roles of glyceollin, lignin and the
hypersensitive response and the influence of ABA in compatible and incompatible
interactions of soybcans with Phytophthora sojae. Physiological and Molecular

Plant Pathology 58, 31-41.
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5.1 Introduction

Phytophthora sojae Kauf. and Gerd. is a hemibiotrophic pathogen that causes
root and stem rot of soybeans (Glycine max (L..) Merr,) (Erwin and Ribeiro, 1996), P.
sojae disease outbreaks occur after heavy rainfall and cause large annual economic
losses to soybean growers (Wrather et al., 1997). Motile F. sojae zoospores spread
during periods of high soil water with chemotropic attraction to soybean root
exudatcs (Morris and Ward, 1992). When in contact with soybean roots P, sojae
zoospores differentiate into adhesive cysts and germinate via hyphac (Carlile 1983).
After P, sojae hyphae penetrate soybean root tissue the differences between resistant
and susceptible intcractions become apparent (Ward et al., 1989b).

During susceptible interactions P. sojae hyphae spread intercellularly and
obtain nutrients via haustoria (Ward et al., 1989b). Ten hours (h) after penctration P.
sojae hyphae grow intracellularly, feeding necrotrophically on soybean cells (Enkerli
et al., 1997). A P. sojae protein PsojNIP (P._sojae necrosis-inducing protein) has
been identified that induces necrosis and is expressed after the transition from
biotrophy to necrotrophy (Quiob et al.,, 2002). In contrast, during a resistant
interaction cellular necrosis develops 2 - 4 h after P. sojae penetration in a rapid
hypersensitive response (HR) (Ward ef al., 1989b). P. sojae hyphae become
surrounded by necrotic HR cells and begins to degrade (Enkerli ef al., 1997).

Soybean resistance 18 conferred by single dominant resistance (Rps) genes
that recognise specific P. sojae races (Heritage ef al., 1993). Fourteen soybean Rps
genes have been described that confer recognition to specific P. sojee Avr gene
proteins and trigger resistance (Anderson and Buzzell, 1992b). As yet no soybean
Rps genes have been cloned, however P. sojae Avrlb has been cloned and its protein

characterised (Tyler 2002), Avrlb i1s specifically expressed by P. sojae during
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infection of soybeans and triggers resistancc in soybcans containing Rps/b (Tyler
2002).

A near uvniversal R gene triggered plant defence component is the cellular
necrosis of th¢ HR (Hecath 2000). The importance of necrosis early in resistant
interactions of soybean with P. sojac has been highlighted in soybean rn (root
pecrosis) mutants. When rn mutants develop necrosis in root cells they have
increased tolerance to a normally virulent race of P. sojae (Kosslak et a/., 1996). The
generation of the reactive oxygen species, super oxide (O;') and hydrogen peroxide
(H>0»), have been identified as integral components of HR in soybeans (Shirasu et
al., 1997; McDonald et al., 2002).

Resistance of soybean to P. sojfee also involves many distinct
phenylpropanoid derivatives that accumulate in cells surrounding the HR (Graham
1994, Landini et al., 2003). Pre-formed conjugates of the isoflavoncs daidzein and
genistein are rapidly hydrolysed during resistance (Graham et al., 1990), Genistein is
directly toxic to P. sojae (Rivera-Vargas et al., 1993) and daidzein is a precursor for
the phytoalexin glyceollin that is also toxic to P. sojae (Ebel 1986). Glyceollin
accumulates as a result of both the release of daidzein and the induction of enzymes
in phenylpropanoid metabolism, such as phenylalanine ammonia-lyase (PAL)
(Habereder er al., 1989; Graham et al., 1990). The rapid deposition of phenolic
polymers (eg. lignin) in soybean cell walls may also provide a barrier against P.
sojae infection (Graham and Graham, 1991; Mohr and Cahill, 2001),

Another phenylpropanoid defence-related component is the hormone,
salicylic acid (SA), that plays a central role in both R gene mediated resistance and
systemic acquired resistance (SAR) in plants such as Arabidopsis (Delaney er al.,

1994; McDowell et al., 2000; Rairdan and Delancy, 2002), In soybeans a role for SA
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in regulating H>O, accumulation and the HR during R gene mediated resistance has
been identified (Shirasu et al.,, 1997; Tenhaken ef af., 2001). Howcver, SA was
unable to induce SAR (Park ¢t al., 2002). In Arabidopsis R gene mediated resistance
and SAR to some pathogens occurs independently of SA but is associated with other
phytohormones such as the jasmonates (jasmonic acid (JA) and methyl JA) and
ethylene (Et) (Thomma et al., 2001b; Ton et al., 2002). In soybeans, jasmonates and
Et are both capable of inducing SAR in rcsponse to P. sojae infection (Park et al,
2002). The role of jasmonates in soybean Rps gene mediated resistance to P. sojae
remains unclear but has been suggested to condition or cnhance cell defence
responses (Graham and Graham, 1996). The role of Et in soybean Rps gene mediated
resistance also is unclear with soybean Et-insensitive (Et-response, etr) mutants
becoming susceptible to some but not all avirulent races of P. sojae (Hoffman et al.,
1999).

In soybeans, abscisic acid (ABA) concentrations rapidly decrease at the site
of inoculation and in surrounding soybean hypocotyl tissue during Rpsla and Rpslk
mediated resistance to P. sojae (Cahill and Ward, 1989b; Mohr and Cahill, 2001).
Significant decreases in ABA during susceptible interactions with P, sojae take much
longer to develop than during resistant interactions (Cahill and Ward, 1989b; Mohr
and Cahill, 2001). Treatment of soybean hypocotyls with metalaxyl (an acylalanine
fungicide) induced a reduction in ABA concentration and a resistant phenotype in a
normally susceptible interaction (Cahill et al., 1993). These studies indicate that a
rapid reduction in ABA concentration within soybean tissues is directly correlated
with resistance to £. sgjae. The mechanisms by which ABA influence resistance is

not known.
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Exogenous ABA treatment of soybean hypocotyls increased endogenous
ABA concentrations and compromised both Rps/a and Rpslk mediated resistance to
P, sojae (Ward et al., 1989a; Mohr and Cahill, 2001). In soybean leaves exogenous
ABA treatment also compromised Rps/a mediated resistance to P, sojae (McDonald
and Cahill, 1999). In contrast, norflurazon (an inhibitor of phytoene desaturase, and
therefore an inhibitor of ABA biosynthesis) treatment of soybean hypocotyls or
leaves decreased endogenous ABA concentrations and reduced susceptibility to P.
sojae (McDonald and Cahill, 1999; Mohr and Cahill, 2001). Therefore manipulation
of endogenous ABA concentrations dramatically influences soybean interactions
with P. sojae.

Following ABA trcatment of normally resistant soybean hypocotyl
intcractions increased lesion sizes have been correlated with reductions in PAL
mRNA transcripts, PAL activity and glyceollin accumulation (Ward et al., 1989a),
However, phenolic polymer deposition and the HR that is normally associated with
resistance were both still present (Mohr and Cahill, 2001). In a study of soybean
leaves rather than hypocotyls the effect of exogenous ABA treatment was correlated
with decreased PAL enzyme activity (McDonald and Cahill, 1999). Conversely,
norflurazon treatment of soybean hypocotyls prior to inoculation with a virulent race
of P. sojac was correlated with reduced lesion sizes, increased glyceollin
accumulation (Mohr and Cahill, 2001) and PAL enzyme activity in leaves
(McDonald and Cahill, 1999).

ABA treatment of soybean cotyledons inoculated with an undefined wall
glucan elicitor preparation from P. sojac caused suppression of glyceollin
accumulation and its pre-cursors (Graham and Graham, 1996). Based on thesc

observations Graham and Graham (1996) suggested that ABA inhibited all induced
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phenylpropanoid rcsponses in soybeans. Unfortunately the response to ABA
trecatment of important phenylpropanoid derivatives such as SA and lignin were not
examined. Indeed much remains unknown concerning the dramatic effect of ABA on
resistance or susceptibility of soybeans to P. sojae.

As P. sojae naturally infects soybean roots and stems most research has been
conducted on root and hypocotyl tissue (eg. Ward et al., 1989b; Enkerli et al., 1997).
In addition, the interactions have also been followed in cell suspension cultures,
detachcd cotyledons and in leaves (eg. Graham et al., 1990; Mithofer et al., 1997,
McDonald and Cahill, 1999). McDonald and Cahill (1999) and Mohr and Cahill
(2001) described detached leaf assays that were directly comparable to those
interactions observed on both roots and hypocotyls. In the previous chapters of this
thesis the influence of ABA on Arabidopsis interactions with leaf pathogens was
examined. To be able to make comparisons between findings of this chapter and
those of previous chapters, the influences of ABA on detached soybean leaf
interactions with P. sojae were investigated.

In this chapter the effects of changes in ABA concentration on soybean
defence components were further investigated. ABA concentrations were
manipulated in the resistant and susceptible interactions between soybean cultivar
(cv.) Harol272 with P. sojae race 1 (resistance conferred by Rpsla) and cv. Harosoy

with P, sojae race 4 (Heritage et al., 1993) respectively.
5.2 Materials and methods
5.2.1 Plant growth
Soybean seeds of 1sogenic cultivars Harol272 and Harosoy (Buzzell et al.,
1987) were obtained from Dr. Malcolm Ryley (Department of Primary Industries,

Queensland, Australia), Ten to 15 seeds from each cultivar were sown in soil
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(terracota and tub mixture, Debco Pty. Ltd., Victoria, Australia), within 15 cm
diameter pots. On the day that seeds were sown the soil was soaked with tap water
(H20). Each day after sowing, tap HoO was added to the base of the pot. Soybean
seeds were germinated and grown under a 25°C / 14 h light and 16°C / 10 h dark
cycle within a controlled environment growth cabinet (Thermoline L and M, New
South Wales, Australia). Light was provided by five 600 W high-pressure sodium
lights (GE Lighting Australia, New South Wales, Australia) at a height of 1.25 m
above the plants, Experiments were conducted on fully expanded trifoliate leaves
from 4-5 wk old soybean plants.
5.2.2 ABA and ABA biosynthesis inhibitor treatment of soybean plants

ABA, norflurazon and fluridone [also a phytoene desaturasc inhibitor and
therefore an inhibitor of ABA biosynthesis but with a different structure (Bartels and
Watson, 1978)] treatment solutions were prepared to a concentration of 100 UM as
described in section 2.2.3 of chapter 2. A concentration of 100 uM ABA or
norflurazon had previously caused shifts in soybean / P, sojae interaction phenotypes
(McDonald and Cahill, 1999). ABA, norflurazon and fluridone treatment solutions
and their respective controls (1% (v/v) methanol, dH:O or 0.4% DMSO) were
applied to plants via root uptake. The roots of each soybean plant were carefully
separated. Any remaining soil on the roots was gently rinsed off with distilled H,O
(dH»O). The roots were then immersed in 100 ml of the appropriate treatment
solution within a 250 ml glass beaker. The top of each beaker was sealed from the
rim to the base of the soybean stems with clear plastic to prevent treatment solution
cvaporation. The soybcans were then placed back in the controlled environment

growth cabinet for a further 20 h.
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5.2.3 ABA extraction and quantification from soybean leaves

ABA was extracted from 40 leaf discs (excised using a 6 mm diameter cork
borer, from at least five leaves) as described in section 2.2.4 of chapter 2. Due to the
higher ABA content in soybean leaves than Arabidopsis plants (Chapter 2) the
extracted ABA was re-suspended in 1 ml 10% (v/v) methanol instead of 0.2 ml.
ABA was then quantified by an indirect enzyme-linked immunosorbent assay as
described in section 2.2.4 of chapter 2. The concentration of ABA was expressed as
ng g’ fresh weight (f. wt.).
5.2.4 Sub-culture and growth of P, sojae

P. sojae race 1 (PsR1) and 4 (PsR4) (Heritage et al., 1993) were also
obtained from Dr. Malcolm Ryley. Each race was maintained on 10% (v/v) V8 agar
medium (Appendix 1) within 9 em diameter Petri plates incubated at 25°C in a dark
growth cabinet (Labec Pty. Ltd., New South Wales, Australia). The two P. sojae
races were sub-cultured every 7 d. Sub-culturing involved cutting a plug (1 x 1 cm)
from a culture grown on 10% (v/v) V8 agar medium and placing it in the centre of a
fresh 10% (v/v) V8 agar platc.
5.2.5 Effect of ABA or an ABA biosynthesis inhibitor on the growth rate of P.
sojae in culture

The effect of ABA, norflurazon and fluridone on the growth rate of P. sojae
was determined by sub-culturing the relevant race on medium supplemented with
one of the compounds or their respective controls. ABA, norflurazon and fluridone
were prepared as described in section 2.2.3 of chapter 2 within the 10% (v/v) V8 agar
medium, For each treatment, P. sojae plugs were sub-cultured to the centre of three

plates. Each day from the time of sub-culture to 4 d after sub-culture, the radius of
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the culturc was measured at four places. The growth rate for P. sgjae was then
expressed as mm d.
5.2.6 Zoospore inoculum production

P. sajae zoospore inoculurn was prepared using 5-7 d old cultures of P. sojae
(Bhattacharyya and Ward, 1987a), Cultures on 10% (v/v) V8 agar were washed three
times with dH»O every 30 min, Between each series of washes the cultures were
covered with 4-5 mm of dH»O and left on a bench at room temperature (RT), After
washing for 6-8 h zoosporangia had developed and the culture was incubated under
4-5 mm of dH»O at 18°C in the dark, overnight in a growth cabinet (8.E.M. (SA)
Pty. Ltd., South Australia, Australia), to stimulate zoospore release. The P. sojac
inoculum was adjusted to 10° zoospores ml". The control treatment was prepared
from a 10% (v/v) V8 agar medium plate without P, sojae that was washed and
incubated in parallel with the zoospore production plates.
5.2.7 Inoculation of soybean leaves with P, sojae

Fully expanded trifoliate leaves from 4-5 wk soybcans were excised at the
base of the petiole. Each leaf was then placed adaxial side down on moistened
(dH;0) paper towel within a sealed transparent container. Each leaf was inoculated
with 6-8 20 pL drops by micropipette of PsR1, PsR4 or control liquid. The
containers were then sealed and incubated at 25°C in the dark for 3 h for zoospore
encystment and germination. The plates were then exposed to 25°C witha 12/ 12 h
light / dark cycle in an incubation cabinet (S.E.M. (8A) Pty. Ltd.). Light was
provided by four 8 W fluorescent lights (Osram Australia Pty. Ltd., New South
Wales, Australia) that were at a height of (.3 m above the leaves, Three days post

inoculation (dpi) the diameter (mm) of 40 lesions on at least five leaves for each race
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was measured. Images of leaves were captured using a digital still camera (MVC-
FDg1, Sony Corp., Tokyo, Japan).
5.2.8 Histochemical staining and detection of HyO; in leaf tissue inoculated with
P. sojae

For cach histochemical stain used and the detection of H;03, five leaf squares
(15 mm x 15 mm) were excised from soybean lcaves at sites of inoculation with P.
sojae zoospores. Leaf squares were cleared of photosynthetic pigments as described
in section 2.2.7 of chapter 2, in preparation for cach of the histochemical staining and
the detection of H:O, procedures (a-f) described below. All stained tissue was
viewed under white light illumination using a compound research microscope
{Axioskop 20, Carl Zeiss Pty. Ltd., New South Walcs, Australia), and aniline blue
staining for callose was viewed under ultraviolet (UV) light (using a UV [excitation
wavelength 365nm, emission 420nm)] filter set). Images of stained tissues were
captured and stored as described in section 2.2.7 of chapter 2.
a) Lactophenol-trypan blue (LTB) staining was conducted as described in section
2.2.7a of chapter 2. P. sojae hyphac and oospores stained dark blue, necrotic leaf
cells stained dark blue / brown and healthy leaf cells stained light blue. The clearing
of photosynthetic pigments from leaf squares alone also enabled differentiation of
necrotic (brown) and healthy cells (white / light grey).
b) A 3,3’-diaminobenzidine (DAB) polymerisation reaction for HQ; detection was
conducted as described in section 3.2.9b of chapter 3. Prior to the clearing of
photosynthetic pigments, leaf squares were incubated in 5 ml of DAB within wells of
a 6 well cell culture plate (Crown Scientific Pty. Ltd., New South Wales, Australia)

under the same conditions as inoculated leaves. After 2 h of treatment with DARB the
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presence of H;O, within soybean leaf cells was visualiscd as a reddish / brown
precipitate.
c) Phloroglucinol / hydrochloric acid (Phl / HCI) staiming for lignin was conducted as
described in scction 2.2.7¢c of chapter 2. The presence of lignin within leaf tissue was
indicated by the red / purple stain of cells and cell walls.
d) Toluidine bluec 0 (TBO) staining for phenolics was conducted as described in
section 2.2.7d of chapter 2, The presence of phenolic polymers within soybean leaf
tissue was shown by light blue / grecn staining in cells and along cell walls.
) Sudan black B (SBB) staining for suberin was conducted as described in section
2.2.7e of chapter 2. The presence of suberin within leaf tissue was indicated by the
blue / black staining of cell walls.
f) Aniline bluc (AB) staining was conducted as described in section 2.2.7f of chapter
2. The presence of callose was visible (under UV light) as the bright yellow / green
fluorescence produced within cells.
5.2.9 Extraction and quantification of wall bound phenolics, SA, glyceollin and
total RNA from leaves

Following inoculation, 40 leaf discs per sample were excised from soybean
leaves at sites of inoculation in preparation for extraction and quantification in the
procedures (a-d) described below.
a) Wall bound phenolics of soybean leaves were extracted and quantified following
preparation of thioglycolic acid (TGA) derivatives as described in section 2.2.8 of
chapter 2. Concentrations of wall bound TGA derivatives were expressed as A3zismum

mg"' dry weight (d. wt.).
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b) Free and conjugated SA were extracted and quantified by reverse-phasc high
performance liquid chromatography (HPLC) as described in section 2.2.9 of chapter
2. The concentrations of SA were expressed as 1g g' f wt.

¢) Glyceollin was extracted and quantificd by thin layer chromatography (TLC)
(Bhattacharyya and Ward, 1988; Mohr and Cahill, 2001). The leaf discs for each
sample were added to 1 ml 95% (v/v) ethanol and boiled for 5 min. The ethanol was
decanted and combined in a fresh 2 ml tube with two (0.5 ml absolute ethanol rinses
of the boiled leaf discs. The leaf discs were dried in an oven (Memmert, Schwabach,
Germany) for 1 d at 37°C before the d. wt. of the tissue was recorded. The ethanolic
extract was then reduced to dryness (Speedvac concentrator, Savant Instruments Inc.,
New York, USA). The residue was extracted three times with 0.5 ml ethyl acetate.
Each extraction involved mixing with a vortex (Ratek Instruments Pty. Ltd., Victoria,
Australia) and a 2 min centrifugation at 10,000 g (microcentrifuge, Denver
Instruments, Colorado, USA). The ethyl acetate soluble fractions were combined and
reduced to dryness. The residue was resuspended in 100 pl ethyl acetate. The
glyceollin containing ethyl acetate was applied with a micropipette to a plastic TLC
sheet (pre-coated with silica gel 60 (Fas4), 0.2 mm thick, 20 cm x 20 cm, Merck Pty,
Ltd., Victoria, Australia). The ethyl acetate spots were dried at RT and the TLC sheet
then run in a toluene: methanol (95:8) solvent mixture for 2 h. Glyceollin was
detected by fluorescence quenching under UV light (Eagle Eye™ II, Stratagene,
California, USA). The silica band (Rf = 0.22) containing glyceollin was cut with a
scalpel from the plastic sheet. The silica containing glyceollin was scraped with a
spatula into a 1.5 ml Eppendorf tube that contained 1 ml absolute ethanol. The
suspension was mixed on a vortex before being centrifuged at 14,000 g for 5 min to

pellet the silica. The Ajgsnm of the glyceollin (a mixture of three isomers) sample was

210



Chapter 5 — Influence of ABA on sovbean and Phytophthora soige interactions

then determined using a spectrophotometer (Cary 300 BIO, Varian Australia Pty.
Ltd., Victoria, Australia) and the concentration calculated based on an extinction
coefficient £ = 10,800 and a MW of 310.3. The final concentration of glyceollin was
then expressed as pg g d. wt..
d) Total RNA was extracted from leaf tissue using a TRIzol method as described in
section 3.2.10c of chapter 3. The total RNA from each sample was treated with
DNase 1 (DNA-free, Ambion Inc., Texas, USA) to eliminate any DNA prior to
quantification according to its Aagenm (RNeasy Mini Handbook, Qiagen, California,
USA).
5.2.10 Abundance of soybean P4L! mRNA transcripts

The abundance of soybean PALI (GmPALI) mRNA transcripts in total RNA
was determined by the fluorescence density of reverse transcription-polymerase
chain reaction (RT-PCR) products separated on a 1% (w/v) agarose gel [in 0.5X tris-
borate-EDTA (TBE)] and stained with ethidium bromide (EtBr), as described in
section 2,2.11 of chapter 2. The nucleotide sequence of GmPAL/ was obtained from
the National Centre for Biotechnology Information (NCBI,
http://www.nebi.nlm.nih.gov/). Primers for GmPALI (5°-
TGAGCCAAGTTTCCAAAAGG-3’ and 5’ -CCCAAGGCACTCCATAAGAG-3’)
were designed using primer design software (Primer3 software, Whitehead Institute
for Biomedical Research, Massachusetts, USA) to produce a 500 base pair (bp)
product, Geneworks (South Australia, Australia) constructed the GmPALI primers.
The abundance of GmPAL/ mRNA transcript densities were equalised based on
differences between the abundance of 188 transcript densities (the internal standard
that indicated the discrepancies in the amount of total RNA between RT-PCR

samples). The difference between equalised GmPAL/! transcripts of the various
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samples being compared were expressed as a percentage relative to the sample with
the largest GmPAL! transcript density (taken as 100%).
5.2.11 Statistical analysis

The mean and standard error of the mean (s.e.m.) were calculated and the
significance of differences between means of two independent values analysed by an
unpaired parametric t-test (GraphPad Prism version 3.00, GraphPad Software,

Califormia, USA).

5.3 Results

5.3.1 Resistant and susceptible interactions between soybean leaves and P. sojae
The inoculation of soybean lcaves with 10% V8 agar plate wash (control) did
not produce visible necrotic cells (data not shown). In a phenotypically resistant
interaction, small, distinct HR lesions developed on soybean (Haro1272) leaves 3 dp
with an avirulent strain of P. sojae (PsR1) (Figure 5.la and b). Microscopic
examination of HR lesions revealed clusters of necrotic cells surrounded by healthy
cells and no P. sojae hyphae (Figure 5.1c and d). In a phenotypically susceptible
interaction, large lesions with ill-defined margins developed on soybean (Harosoy)
leaves 3 dpi with a virulent strain of P, sojae (PsR4) (Figure 5.1¢ and f). Microscopic
examination of susceptible lesions revealed files of necrotic cells associated with
spreading P. sojae hyphae amongst healthy cells 1 dpi (Figure 5.1g). The region of
necrotic cells had increased 3 dpi and P. sojae oospores were present (Figure 5.1h).
The diameter of lesions on leaves 3 dpi in a susceptible interaction (Harosoy /
PsR4) were significantly (p<0.05) larger than those in the resistant interaction
(Haro1272 / PsR1) (Figure 5.1i). The diameter of lesions on Haro1272 leaves 3 dpi

with a virulent race of P. sofae (PsR4) or Harosoy leaves 3 dpi with a virulent race of
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Figure 5.1 Resistant and susceptible interactions between soybean leaves and P.
sejae,

(c, d, g, h) Leaves stained with LTB.

(a) to (d) Resistant interactions between lcaves of Haro1272 and an avirulent race of
P. sojae (PsR1). (a) A small, light brown lesion (whitc arrow) 1 dpi. (b) A small,
dark brown / black HR lesion (white arrow) 3 dpi. () A cluster of HR cells (white
arrow) surrounded by healthy cells 1 and (d) 3 dpi. Note: vascular tissue (white
arrowhead).

(e) to (h) Susceptible interactions between leaves of Harosoy and a virulent race of
P. sojae (PsR4). (e¢) A small light brown lesion (white arrow) 1 dpi. (f) A large
spreading lesion (white arrow) 3 dpi. (g) Files of necrotic cells (white arrow)
amongst healthy cells and (g inset) P. sojac hyphae (small white arrow) associated
with necrotic cells 1 dpi. (h) Scattered necrotic cells (white arrow) amongst healthy
cells and (h inset) P, sojae oospores (small white arrow) amongst necrotic cells 3
dpi. Note: vascular tissue (white arrowhead). Bar 1s equivalent to (a, b, ¢, f) 10 mm,
(¢, d, g, h) 400 um and (g inset, h inset) 100 pm. Representative images from two
independent cxperiments.

() The diameter of lesions on leaves 3 dpi in rcsistant (Harol1272 / PsR1) and
susceptible (Harosoy / PsR4) interactions. Each column represents the mean + s.e.m.

from three independent experiments.
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P. sojae (PsR1) were not as large as Harosoy / PsR4 lesions and were not studied
turther (data not shown).

5.3.2 Effect of root uptake of ABA by soybean plants on leaf interactions with
an avirulent race of P. sojae

In leaves treated with 1% (v/v) methanol (control) resistant interactions with
PsR1 were characterised by small HR Icsions that consisted of clusters of HR. cells
developed 3 dpi of Harol272 (Figure 5.2a-c). In contrast, treatment of plants with
100 uM ABA prior to inoculation with PsR1 changed the resistant interaction
phenotype into an intermediate phenotype that displayed characteristics of both
resistant and susceptible interactions. For example, the HR-like lesions that
developed on leaves 3 dpi were greater in diameter than controls (Figure 5.2d).
Furthermore, necrotic cells were no longer clustered at 3 dpi but were scattered in a
distribution that resembled a susceptible interaction (Figure 5.2e) and PsR1 hyphae
and oospores were clearly visible (Figurc 5.2f and g), The diameter of lesions on
leaves treated with 100 pM ABA 3 dpi were significantly (p<0.05) greater than the
control (Figure 5.2h).

Uptake by the roots of 1% (v/v) methanol caused no significant change
(p>0.05) in ABA concentrations within Harol272 leaves (Figure 5.3a). However
uptake by the roots of 100 pyM ABA caused a significant (p<0.05) 17.3 fold increase
above controls in ABA concentrations in leaves of Haro1272. The growth rate of
PsR] after sub-culture on medium containing either 1% (v/v) methanol or 100 pM

ABA was not significantly different (p>0.05) (Figure 5.3b).
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Figure 5.2 Effect of ABA treatment on resistant interactions between soybean
leaves and an avirulent race of P. sojae.

All images taken 3 dpi. (b, ¢, e-g) Leaves stained with LTB.

(a) to (c) Resistant interactions between leaves of Haro1272 and an avirulent race of
P. sojae (PsR1) following treatment of leaves with 1% (v/v) methanol (control). (a)
A small HR lesion (whitc arrow). (b, ¢) Small clusters of HR cells (white arrow)
surrounded by healthy cells. Note: vascular tissue (white arrowhead).

(d) to (g) Intermediate interactions between leaves of Harol272 and an avirulent race
of P. sojae (PsR1) following treatment with 100 pM ABA. (d) A large HR-like
lesion (white arrow). (e) Scattered necrotic cells (white arrow) amongst healthy cells.
() P. sojae hyphae (white arrow) and (g} oospores (small white arrow) amongst
scattered necrotic cells (white arrow). Note: vascular tissue (white arrowhead). Bar is
equivalent to (a, d) 10 mm, (b, ¢) 400 pum and (c, f, g) 200 um. Representative
images from three independent experiments,

(h) The diameter of lesions on lcaves 3 dpi in resistant (Harol1272 / PsR1)
interactions treated with 1% (v/v) methanol or 100 pM ABA. Fach column

represents the mean + s.e.m. from three independent experiments.
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Figure 5.3 Effect of root uptake of ABA on ABA concentrations in soybean
leaves and the cffect of ABA added to the culture medium on the growth rate of
P. sojae,

() Endogenous ABA concentrations in leaves of Haro1272 prior to (O h) and 20 h
after root uptake of 1% (v/v) methanol (control) or 100 pM ABA.

(b) The growth rate of PsR1 on 10% (v/v) V8 agar medium containing ([_]) 1% (v/v)
methanol or (§) 100 uM ABA. Each column represents the mean + s.e.m. from (a)

two and (b) three independent experiments.
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Chapter 5 — Influence of ABA on sovbean and Phyeophihara sojae interactions

5.3.3 Effect of root uptake of ABA biosynthesis inhibitors by soybean plants on
leaf interactions with a virulent race of P. sojae

Uptake by the roots of 0.4% (v/v) dimethylsulfoxide (DMSO) (control) did not alter
the interaction of Harosoy leaves with PsR4. Large spreading lesions developed 3
dpi and were composed of scattered necrotic cells and contained PsR4 oospores
(Figure 5.4a-c). Treatment of plants with 100 uM norflurazon or 100 uM fluridone
followed by inoculation with PsR4 caused the normally susceptible interaction
phenotype to change to one that was intermediatc. The lesions that developed on
leaves 3 dpi following treatments with both inhibitors were reduced in size compared
with the control (Figure 5.4d, g). However, the necrotic cells within lesions were still
scattered and PsR4 oospores were also present (Figure 5.4e, f, h and i). The
diameters of necrotic lesions in inhibitor treated intermediate interactions 3 dpi had
decreased significantly (p<0.05) (2.2 and 2.0 fold respectively) compared with the
control (Figure 5.4j).

Uptake by the roots of 0.4% (v/v) DMSO caused no significant change
(p=0.05) in ABA concentrations in Harosoy leaves (Figure 5.5a) but uptakc of
norflurazon or fluridone caused a significant (p<0.05) (1.6 and 1.4 fold respectively)
decrcasc in ABA concentrations. The growth rates of PsR4 after culturc on medium
containing dH,O (control) or norflurazon (Figure 5.5b) or fluridone (data not shown)
were not significantly different (p>0.05). Root uptake of dH;0 or norflurazon
(Figure 5.5¢ and d) or fluridone (data not shown) had no effcet on the health of
cxpanding Harosoy leaves 3 d after treatment, Duc to the similarity in the effects of
the structurally different ABA biosynthesis inhibitors, onlty norflurazon was used in

further experiments.
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Figure 5.4 Effect of ABA biosynthesis inhibitor treatment on susceptible
interactions between soybean leaves and a virulent race of P, sojae.

All images taken 3 dpi. (b, ¢, ¢, f, h, i} Leaves stained with LTB.

{(a) to (¢) Susceptible interactions between leaves of Harosoy and a virulent race of P,
sojae (PsR4) following treatment with 0.4% (v/v) DMSO (control). (a) A large
spreading necrotic lesion (white arrow). (b) Scattered necrotic cells (white arrow)
amongst healthy cells. (¢) P. sojae hyphae (black arrow) and oospores (small white
arrow) amongst scattered necrotic cells (white arrow). Note: vascular tissue (white
arrowhead).

(d) to (f) Intermediate interactions between leaves of Harosoy and a virulent race of
P. sojae (PsR4) following treatment with 100 uM norflurazon. (d) A small necrotic
lesion (white arrow). (e) Scattered necrotic cells (white arrow) amongst healthy cells,
(f) P. sojae oospores (small white arrow) amongst scattered necrotic cells (white
arrow). Note: vascular tissue (white arrowhead),

(g) to (i) Intermediate interactions between leaves of Harosoy and a virulent race of
P. sojae (PsR4) following treatment with 100 uM fluridone. (g) A small necrotic
lesion (white arrow), (h) Scattered necrotic cells (white arrow) amongst healthy cells.
(i) P. sojae oospores (small white arrow) amongst scattered necrotic leaf cells (white
arrow). Note: vascular tissue (white arrowhead). Bar is equivalent to (a, d, g} 5 mm
(b, €, h) 400 um and (e, f, i) 100 pm. Representative images from three independent
experiments.

(i) The diameter of lesions on leaves 3 dpi in susceptible (Harosoy / PsR4)
interactions treated with 0.4% (v/v) DMSO, 100 pM norflurazon or 100 uM
fluridone. Each column represents the mean + s.e.m. from three independent

experiments.
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Figure 5.5 Effect of root uptake of ABA biosynthesis inhibitors on ABA
concentrations in soybean leaves and the cffect of an ABA biosynthesis inhibitor
added to the culture medium on the growth rate of P. sojae.

(a) Endogenous ABA concentrations in leaves of Harosoy prior to (0 h) and 20 h
after root uptake of 0.4% (v/v) DMSO (control), 100 uM norflurazon or 100 pM
fluridone. (b) The growth rate of PsR4 on 10% (v/v) V& agar medium containing (L_])
dH,O (control) or and (i) 100 pM norflurazon. Each column represents the mean =+
s.e.m. from (a) two and (b) three independent experiments. (¢) Healthy expanding
Jcaves of Harosoy, 3 d after root uptake of dH,O or (d) 100 uM norflurazon, Bar is

equivalent to 20 mm. Representative images from two independent experiments.
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Chapter 5 — Influgnoe of ABA on soybean and Phytophthora sofae interactions

5.3.4 Comparison of morphological, anatomical and biochemical components in
resistant and susceptible interactions betwcen soybean leaves and P. sojae
following root uptake of ABA or an ABA biosynthesis inhibitor

5.3.4.1 Early detection of necrotic cell development in leaves inoculated with P.
sojae

In the early h post inoculation (hpi), the clearing of photosynthetic pigments
from leaves allowed diffcrentiation between necrotic and healthy cells more clearly
than LTB stain (data not shown). Small clusters of necrotic cells first became evident
6 hpi in resistant interactions (Figure 5.6a). The necrotic cells were typical of cells
that had undergone a HR and at 12 hpi and 1 dpi a large cluster of HR cells were
visible (Figure 5.6b and c). In contrast, necrosis of cells in files became evident only
12 hpi in susceptible interactions and had expanded 1 dpi (Figure 5.6d-f).

Following 1% (v/v) methanol (control) or ABA treatment of a resistant
interaction, small clusters of HR cells developed 6 hpi (Figure5.7a and d). However,
ABA treatment induced HR-like cells that were more scattered in distribution 12 hpi
and 1 dpi, compared to the clusters of HR cells following 1% (v/v) methanol
treatment (Figure 5.7c, d, ¢ and f). Following dH,O (control) treatment of a
susceptible interaction, files of necrotic cells were detected 12 hpi that had expanded
1 dpi (Figure 5.7g-i). In contrast, following norflurazon treatment of susceptible
interactions small clusters of HR-like cells developed 6 hp (Figure 5.7j). The HR-
like cells developed into larger clusters 12 hpi and 1 dpi (Figure 5.7k and I).
5.3.4.2 H,0; production in leaves inoculated with P. sojae

After DAB treatment and prior to inoculation, HO; was only detected in the
vascular tissue of soybean leaves (data not shown). Six hours post inoculation H,0;

was detected at the site of inoculation in control and ABA treated resistant
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Figure 5.6 Early detection of necrotic cell development in resistant and
susceptible interactions between soybean leaves and P. sajae.

Leaves cleared of photosynthetic pigments.

(a) to (¢) Resistant interactions between leaves of Haro1272 and an avirulent race of
P. sojae (PsR1). (a) Small clusters of HR cells (white arrow) 6 hpi. (b) A large
cluster of HR cells (white arrow) 12 hpi and (¢) 1 dpi. Note: vascular tissue (white
arrowhead).

(d) to (f) Susceptible interactions betwecn leaves of Harosoy and a virulent race of P.
sojae (PsR4). (d) No necrotic cells 6 hpi. (¢) Files of necrotic cells (white arrow) 12
and (f) 1 dpi. Note: vascular tissue (white arrowhead). Bar is equivalent to 450 pm.

Representative images from two independent experiments.
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Figure 5.7 Early detection of necrotic cell development in resistant and
susceptible interactions between soybean leaves and P. sojae following uptake by
the roots of ABA or an ABA biosynthesis inhibitor.

Leaves cleared of photosynthetic pigments.

(a) to (¢) Resistant interactions between leaves of Haro1272 and an avirulent race of
P. sojae (PsR1) following treatment with 1% (v/v) methanol (control). (a) Small
clusters of HR cells (white arrow) 6 hpi. (b) A large cluster of HR cells (white arrow)
12 hpi and (c) 1 dpi. Note: vascular tissue (white arrowhead).

(d) to (f) Intermediate interaction between leaves of Haro1272 and an avirulent race
of P. sojae (PsR1) following treatment with 100 uM ABA. (d) Small clustcrs of HR-
like cells (white arrow) 6 hpi. () Scattered HR-like cells (white arrow) 12 hpi and
(h) 1 dpi. Note: vascular tissue (white arrowhead).

(g) to (i) Susceptible interactions between leaves of Harosoy and a virulent race of P,
sojae (PsR4) following treatment with dH,O. (g) No necrotic cells 6 hpi. (h) Files of
necrotic cells (whitc arrow) 12 hpi and (i) 1 dpi. Note: vascular tissue (white
arrowhead).

(j) to () Intermediate interactions between leaves of Harosoy and a virulent race of
P. sojae (PsR4) following treatment with 100 uM norflurazon. (j) Small clusters of
HR-like cells (white arrow) 6 hpi. (k) A large cluster of HR-like cells (white arrow)
12 hpi and (1) 1 dpi. Note vascular tissue (white arrowhead). Bar is equivalent to 450

um. Representative images from two independent experiments.
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Chapter 5 — Influence of ABA on soybgan and Phytophthora sojae intgractions

interactions as well as control and norflurazon treated susceptible interactions
(Figure 5.8a-d).
5.3.4.3 Accumulation of phenolic compounds in leaves inoculated with 2. sojae

The TBO stain of soybean leaves prior to inoculation detected a phenolic
compound within vascular tissue that was identified as lignin by Phl / HCI stain (data
not shown). Six hours post inoculation the accumulation of a phenolic compound in
cells and cell walls at the site of inoculation was detected in both resistant and
susceptible interactions (Figurc 5.9a and d). In resistant interactions, the phenolic
compound accumulated throughout the clusters of HR cells 12 hpi and 3 dpi (Figure
59b and ¢). In susceptible interactions, the phenolic compound accumulated
throughout scattercd neerotic cells 12 hpi and 3 dpi (Figure 5.9¢ and f). In resistant
and susceptible interactions, the phenolic compound in association with HR or
necrotic cells respectively was not detected as lignin by Phl / HCI stain or suberin by
SBB stain (data not shown). Treatment of resistant interactions with 1% (v/v)
methanol or 100 UM ABA or susceptible interactions with dH;O or 100 uM
norflurazon did not alter the accumulation of the phenolic compound 3 dpi (Figure
5.10a-d).

The wall bound TGA derivatives of leaves in resistant and susceptible
interactions were significantly (p<0.05) greater (6.2 and 8.1 fold respectively) 3 dpi
than leaves treated with 10% V8 agar plate wash (control) (Figure 5.11a), The TGA
derivatives extracted from leaves following control or ABA treatment of resistant
interactions were not significantly different (p>0.05) 3 dpi (Figure 5.11b). In
similarity, TGA derivatives extracted from leaves following control or norflurazon

treatment of susceptible interactions were not significantly different (p>0.05) 3 dpi

(Figure 5.11c).
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Figure 58 DAB detection of H;O: production in resistant and susceptible
interactions between soybean leaves and P. sojae following uptake by the roots
of ABA or an ABA biosynthesis inhibitor.

(a) to (d) Leaf tissue cleared of photosynthetic pigments after DAB treatment.

(a) to (b) DAB detection of H,0z production in cells (white arrow) at the site of
inoculation 6 hpi in developing resistant or intermediate intcractions between leaves
of Haro1272 and an avirulent race of P, sojae (PsR1), following treatment with (a)
1% (v/v) methanol (control) or (b) 100 uM ABA respectively. Note: vascular tissue
(white arrowhead).

(¢) to (d) DAB detection of H20, production in cells (white arrow) at the site of
inoculation 6 hpi in developing susceptible or intermediate intcractions between
leaves of Harosoy and a virulent race of P. sojae (PsR4) following treatment with (¢)
dH,0 (control) or (d) 100 pM norflurazon respectively. Note: vascular tissue (whitc
arrowhead). Bar is equivalent to 400 um. Representative images from two

independent experiments.
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Figure 5.9 Dctection of phenolic deposition in resistant and susceptible
interactions between soybean leaves and P. sojae.

Leaves stained with TBO.

(a) to (¢) Resistant interactions between leaves of Haro1272 and an avirulent race of
P. sojae (PsR1). (a) Phenolic deposition (white arrow) in cells and cell walls at the
site of inoculation 6 hpi. (b) Phenolic deposition (whitc arrow) throughout clusters of
HR cells 12 hpi and () 3 dpi. Note: vascular tissue (white arrowhead).

(d) to (f) Susceptible interactions between leaves of Harosoy and a virulent race of P.
sojae (PsR4). (d) Phenolic deposition (white arrow) in cells and cell walls at the site
of inoculation 6 hpi. (¢) Phenolic deposition (white arrow) throughout scattered
necrotic cells 12 hpi and (j) 3 dpi. Note: vascular tissue (white arrowhead). Bar is
cquivalent to (a, b, d, €) 200 pm and (e, f) 400 pum. Representative images from two

independent cxperiments.

225






Figure 5.10 Detection of phenolic deposition in resistant and susceptible
interactions between soybean leaves and P. sojae following uptake by the roots
of ABA or an ABA biosynthesis inhibitor,

Leaves stained with TBO 3 dpi.

(a) to (b) Detection of phenolic deposition in cells (white arrow) in resistant or
intermediate interactions between leaves of Harol272 and an avirulent race of P.
sojae (PsR1), following treatment with (a) 1% (v/v) methanol (control) or (b) 100
UM ABA respectively. Note: vascular tissue (white arrowhead).

(c) to (d) Detection of phenolic deposition in cells (white arrow) in susceptible or
intermediate interactions between leaves of Harosoy and a virulent race of P. sojae
(PsR4), following treatment with (a) dH,O (control) or (b) 100 uM norflurazon
respectively. Note: vascular tissue {(white arrowhead). Bar is equivalent to 400 pum.

Representative photos from two independent experiments.
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Figure 5.11 Wall bound TGA derivatives 3 dpi in resistant and susceptible
interactions between soybean leaf tissue and P. sojae, following uptake by the
roots of ABA and an ABA biosynthesis inhibitor.

(a) Wall bound TGA derivatives in leaves of Haro1272 treated with 10% V8 agar
plate wash (control), resistant interactions between leaves of Harol272 and an
avirulent race of P. sojae (PsR1) and susceptible interactions betwcen leaves of
Harosoy and a virulent race of P. sojae (PsR4).

(b) Wall bound TGA derivatives n resistant or intermediate interactions between
leaves of Haro1272 and an avirulent race of P. sojae (PsR1) following treatment
with 1% (v/v) methanol (control) or 100 uM ABA respectively.

(¢) Wall bound TGA derivatives in susceptible or intermediate interactions between
leaves and Harosoy and a virulent race of P. sojac (PsR4) following treatment with
dH,0 (control) or 100 UM norflurazon respectively. Each column represents the

mean + s.e.m. from four independent experiments.
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Chapter 5 — Influence of ABA on soybean and Phvrophthara sojae interactions

5.3.4.4 Callose deposition in leaves following ineculation with P, sojae

Prior to inoculation of soybean lecaves, callose was detected by AB stain
within the vascular tissuc and leaf hairs by AB stain (data not shown). In resistant
and susceptible interactions 3 hpi, callose was detected in leaves as appositions at the
site of . sojae penetration (data not shown). Three days post inoculation callose was
deposited in occasional cells at the site of inoculation in resistant interactions treated
with the control (Figure 5.12a). Following treatment with ABA callose was also
detected in P. sojae hyphae (Figure 5.12b). Callosc was also detected 3 dpi in
occasional cells at the site of inoculation and in P. sojae hyphae following treatment
of susceptible interactions with either control or norflurazon (Figure 5.12¢ and d).
5.3.4.5 Abundance of GmPALI mRNA transcripts in leaves following
inoculation with P. sojae

GmPAL] mRNA transcripts accumulated in the leaves of a resistant
interaction to a level 18% greater than in susceptible interactions or leaves of
Haro1272 treated with agar plate wash (control) 6 hpi (Figure 5.13a). The treatment
of resistant interactions with ABA decreased the accumulation of GmPALI!
transcripts in leaves by 29% 6 hpi compared to the control (Figure 5.13b). The
treatment of susceptible interactions with norflurazon decreased the accumulation of
GmPAL] transcripts in leaves by 24% 6 hpi compared to controls (Figure 5.13c¢).
5.3.4.6 Accumulation of SA in leaves following inoculation with P. sojae

Free and conjugated SA accumulated to similar concentrations 1 dpi in leaves
following 1% (v/v) methanol and ABA treatment of resistant interactions or dH,O
and norflurazon treatment of susceptible interactions (Figure 5.14a-d). However, 3
dpi free and conjugated SA were 2.5 fold less in concentration in leaves following

treatment of resistant interactions with ABA compared with the control (Figure 5.14a
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Figure 5.12 Callose deposition in resistant and susceptible interactions between
soybean leaf tissuc and P. sojae, following uptake by the roots of ABA and an
ABA bijosynthesis inhibitor.

Leaves stained with AB 3 dpi.

(2) and (b) Resistant or intermediate interactions between leaves of Haro1272 and P.
sojae (PsR1) following treatment with 1% (v/v) methanol (control) or 100 uM ABA
respectively. (a) Callose deposition in occasional cells (white arrow) at the site of
inoculation, (b) Callose deposition in occasional cells (white arrow) at the site of
inoculation and P. sojae hyphae (small white arrow). Note: base of leaf hairs {black
AITOW).

(¢) and (d) Susceptible or intermediate interactions between leaves of Harosoy and P.
sojae (PsR4) following treatment with dH,O (control) or 100 uM norflurazon
respectively. Callose deposition in occasional cells (white arrow) at the site of
inoculation and P. sojae hyphae (small white arrow). Note: base of leaf hairs (black
arrow). Bar is equivalent to 200 pum. Representative images from two independent

experiments.
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Figure 5.13 Abundance of GmPALI mRNA transeripts in resistant and
susceptible interactions between soybean Jeaves and P. sojae following uptake by
the roots of ABA and an ABA biosynthesis inhibitor.

(a) to (¢) Negative images of EtBr stained 1% (w/v) agarose gels containing the
products from simultaneous GmPALI (20 cycles) and 188 (26 cycles) RT-PCR
reactions. Accompanied by a figure that shows the equalised, relative abundance of
AtPALI from each gel. Each RT-PCR was conducted on total RNA extracted from
soybean leaves 6 hpi.

(a) GmPAL]J transcripts in leaves of Haro1272 treated with 10% V8 agar plate wash
(control), leaves of a resistant interaction between Haro1272 and an avirulent race of
P. sojae (PsR1) and lcaves of a susceptible interaction between Harosoy and a
virulent race of P. sojae (PsR4).

(b) Resistant or intermediate interactions betwcen leaves of Harol272 and an
avirulent race of P. sojae (PsR1) following treatment with 1% (v/v) methanol
(control) and 100 uM ABA, respectively.

(c) Susceptible or intermediate interactions between leaves of Harosoy and a virulent

race of P. sojae (PsR4) following treatment with dH,O (control) and 100 pM

norflurazon, respectively. Representative image from two independent experiments.
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Figure 5.14 SA accumulation in resistant and susceptible interactions between
soybean leaf tissue and P. sojae, following uptake by the roots of ABA and an
ABA biosynthesis inhibitor.

(a) and (b) SA accumulation in () 1% (v/v) methanol (control) and (i) 100 pM
ABA treated resistant interactions (Haro1272 / PsR1) 1 and 3 dpi.

(a) Free SA.

(b) Conjugated SA.

This experiment was repeated with similar results and the results from one
cxperiment are shown.

(¢) and (d) SA accumulation in (J) dH,O (control) and () 100 pM norflurazon
treated susceptible interactions (Harosoy / PsR4) 1 and 3 dpi.

(¢) Free SA,

(d) Conjugated SA.

This experiment was repeated with similar results and the results from one

cxperiment are shown.

231



3 dpi

& i
= -
[oF] o0
=Y a
h=] =
I E T T I I T T r T T | | 1 T T
W O~ BT MmN - O L D oWt N - QO
2 (g B BT) yg aaug = g B 8T) g parzBnfucy
&
b=
o
<1
i ﬁ
I F 1 1 T I 1 ¥ I i ) T T I I T
aa P~ o g N - o Ko W o~ O W N - O
tam ;B 6] yg poreBnfucy

(w3 B E™) g ey

1 dpi



Chapter 5 - Influence of ABA on soybean and Phvtophthora seine interactions

and b). Three days post inoculation concentrations of free and conjugated SA were
2.4 fold greater in leaves following treatment of susceptible interactions with
norflurazon compared with controls (Figure 5.14¢ and d).
5.3.4.7 Accumulation of glyceollin in leaves following inoculation with P. sejae
The accumulation of glyceollin in leaves 3 dpi of resistant interactions was
significantly (p<0.05) greater than that of susceptible interactions (Figure 5.15a).
Following treatment of resistant intcractions with ABA, there was. a significant
reduction in glyceollin accumulation 3 dpi compared to controls (Figure 5.15b).
Treatment of susceptible intcractions with norflurazon resulted in a significant

increase in the concentration of glyceollin 3 dpi compared to controls (Figure 5.15c).
5.4 Discussion

This investigation has documented the influence of raised or lowered ABA
concentrations in soybean leaves on resistant or susceptible interactions with P. sojae
(Table 5.1). Elevation of ABA concentrations in soybean leaves that were
subsequently inoculated with an avirulent racc of P. sojae induced a shift towards
susccptibility. In contrast, lowered ABA concentrations in soybean leaves after the
application of ABA biosynthesis inhibitors induced a shift towards resistance
following inoculation with a virulent race of P. sojae. Both findings support the
research of McDonald and Cahill (1999), who conducted the only previous study that
used a detached leaf system to document the influence of ABA on interactions with
P. sojae. However in that study, norflurazon was the only ABA biosynthesis
inhibitor assayed and PAL activity was the only defence-related component
investigated. In this chapter, norflurazon and fluridone that differ substantially in
structure (Bartels and Watson, 1978) were both shown to inhibit ABA biosynthesis

and to induce shifts towards resistance of normally susceptible interactions.
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Figure 5.15 Glyccollin accumulation in resistant and susccptible interactions
between soybean leaves and P. sojae, following uptake by the roots of ABA and
an ABA biosynthesis inhibitor.

(a) Glyceollin accumulation 3 dpi in the resistant interaction between leaves of
Haro1272 and an avirulent race of P. sojae (PsR1) and the susceptible interaction
between leaves of Harosoy and a virulent race of P. sojae (PsR4).

(b) Glyceollin accumulation 3 dpi 1n resistant or intermediate interactions between
leaves of Harol1272 and an avirulent race of P. sojae (PsR1) following treatment
with 1% (v/v) methanol (control) and 100 WM ABA, respectivcly.

(¢) Glyceollin accumulation 3 dpi in susceptible or intermediate interactions between
leaves of Harosoy and a virulent race of P. sojae (PsR4) following treatment with

dH,0 (control) and 100 WM norflurazon, respectively.

Each column represents the mean =+ s.e.m. from four indcpendent experiments.
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Chanter 5 - Influence of ABA on soybean and Phytuphthora sojae ipteractions

The major focus of the analysis conducted in this chapter was to identify
defence-related components in soybean that were regulated by changes in ABA
concentration (Table 5.2). A defining characteristic of pathogen-specific resistance in
plants following perception of avirulent pathogens is the development of a rapid HR
(Heath 2000). In the present study, the low concentrations of ABA in soybean leaves
that had been treated with norflurazon was correlated with necrosis that was similar
in development to a HR, following inoculation with a virulent race of P. sojae. In
chapter 2, low concentrations of ABA in the leaves of the ABA deficient mutant of
Arabidopsis abal-I, also induced the development of HR-like necrosis following
inoculation with a virulent isolate of Peronospora parasitica (Pers. ex Fr.) Fr.. The
development of a rapid HR-like necrosis in both studies was likely to have been a
contributing factor that limited the spread of the pathogens. A lowered concentration
of ABA has been shown to be correlated with resistance of soybean hypocotyls to P.
sojae (Cahill and Ward, 1989b; Mohr and Cahill, 2001). Taken together these
findings indicate that a rcduced ABA concentration may have activated an as yet
unidentified pathway that induces HR-like necrosis following inoculation with
virulent Oomycete pathogens.

The generation of HyO, has previously been identified as an intcgral
component of soybean HR development in interactions with Pseudomonas syringac
pv. glycinea Cuppels (Shirasu et al., 1997). In the present study, production of H,Os
in soybean leaves following inoculation with P. sojae was not affected by changes in
endogenous ABA concentrations. However, the accumulation of SA has also been
identified as a crucial component for the onset of an effective HR in soybean cell
cultures infected with P. syringae pv. glycinea (Shirasu et al., 1997; Tenhaken and

Rubel, 1997). In the current study, artificially reduced ABA concentrations in leaves
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Chapter 5 - Influcnce of ABA on sovbean and Phytophthora sgjae interactions

produced by norflurazon treatment, stimulated an increase in SA accumulation
following inoculation with a virulent isolate of P. sojae. It is therefore tempting to
suggest that the HR-like necrosis induced by norflurazon treatment may have been
stimulated by increased SA accumulation via stimulation of PAL activity duc to
release of the suppressive effect of ABA. It should be noted however, that SA
concentrations were not increased in the ABA deficient mutant of Arabidopsis aba/-
1, following inoculation with a virulent isolate of P. parasitica that also developed
HR-like necrosis (Chapter 2).

Elevated concentrations of ABA in soybean leaves did not affect the early
development of a HR following inoculation with an avirulent race of P. sojae.
Consistent with this finding, a rapid HR also devcloped in Arabidopsis leaves despite
artificially increased ABA concentrations, following inoculation with an avirulent
isolate of P. parasitica or strain of P, syringae pv. tomato (Chapter 2 and 3). In the
current study, elevated ABA in soybean leaves was associated with an increased
spread of an avirulent race of P. sojae. ABA therefore suppressed a defence
component or components that werc critical to the development of a HR for a normal
resistant interaction. Two defence-related components that may or may not be related
to HR, SA and glyceollin, were both decrcased in concentration following induction
of susceptibility by ABA.

The accumulation of SA and the expression of a SA-dependent pathogenesis
related gene (PR-/) have previously been identified as critical components of R gene
mediated resistance of Arabidopsis to P. syringae pv. tomato in plants expressing
NahG (a bacterial salicylate hydroxylase) that degraded SA (Delaney et al., 1994;
Rairdan and Delaney, 2002). In chapter 3, it was shown that following infiltration of

Arabidopsis leaves treated with ABA, resistance to an avirulent strain of P. syringae
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Chapter 5 - Influence of ABA on soybean and Phytophthora soiae interactions

pv. tomato was compromised. In that study, elevated ABA reduced the accumulation
of SA and the expression of PR-1. In the present study, a decreased accumulation of
SA in soybean leaves may have also reduced the expression of soybean SA-
dependent pathogenesis related genes or defence pathways that normally limit the
spread of an avirulent race of P. sgjae in resistant interactions.

Glyceollin is a phytoalexin that inhibits the growth of P. sojae
(Bhattacharyya and Ward, 1987b) and accumulates more rapidly and to higher levels
in soybeans following inoculation with an avirulent rather than virulent race of P.
sojae (Bhattacharyya and Ward, 1987a). In the present study, the accumulation of
glyceollin in soybean leaves following inoculation with a virulent racc of P. sojae
was increased when ABA concentrations were lowered by inhibitor treatment. When
ABA concentrations were raised by ABA addition glyceollin decreased in
concentration following inoculation with an avirulent race of P. sojae. These findings
were similar to those previously observed in soybean hypocotyls (Mohr and Cahill,
2001), and therefore identify the regulation by ABA of glyceollin accumulation as
another possible mechanism for the plant / pathogen interaction shifts observed in
this chapter.

It has previously been observed in soybean hypocotyls treated with ABA and
then inoculated with an avirulent race of P, sojae, that a reduced accumulation of
glyceollin was correlated with a reduction in PAL (the key entry point gene of the
phenylpropanoid pathway) mRNA transcripts (Ward et al., 1989a). Glyceollin and
SA are both synthesised via the phenylpropanoid pathway (Dixon and Paiva, 1995;
Dixon et al., 2002). In the current study, reduced GmPAL! mRNA transcripts in
ABA treated soybean leaves following inoculation with an avirulent race of P. sojae

may have also resulted in the reduced accumulation of glyceollin and SA. In
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Chapter 5 — Influence of ABA on soybean and Phytophthorg sojae interactions

notflurazon treated soybean leaves inoculated with a virulent race of P. sojae, SA
and glyceollin accumulation increased independently of GmPALI mRNA
transcription. However, an incrcase in PAL enzyme activity had previously been
observed in norflurazon treated soybean leaves inoculated with a virulent race of P.
sojae (McDonald and Cahill, 1999). It is therefore likcly that in the current study
GmPALI mRNA transcripts incrcased as a result of norfiurazon treatment but not at
the studied time point of 6 hpi. A more comprehensive study of GmPAL! mRNA
transeript kinetics in this interaction would clarify this issue.

Previously, an inverse relationship between ABA concentrations in leaves of
Arabidopsis and the accumulation of lignin following inoculation with P. parasitica
or P. syringae pv. tomato had been identified (Chapter 2 and 3). In the present study,
a wall bound phenolic compound that accumulated in soybean leaves following
inoculation with an avirulent or virulent race of P. sojae was unchanged by ABA
concentration manipulations, supporting previous soybean hypocotyl observations
(Mohr and Cahill, 2001). The compound was dctected as a phenolic by TBO staining
and quantified by TGA derivatives, but was negative to lignin (Phl / HCI stain) or
suberin (SBB stain) analysis. A wall bound phenolic with similar properties has
previously been shown to be deposited in the interactions of wheat (7riticum
aestivum (L.} Em. Thell.) with Puccinia recandita Rob. ex Desm. f.sp. tritici Eriks.
and Henn. and was termcd lignin (Southern and Deverall, 1990). The lignin
deposited in soybean lcaves following inoculation with P. sojae was therefore likely
to have a different composition from that deposited in Arabidopsis / pathogen
interactions (Chapter 2 and 3). The deposition of callose [an important defence-
related component in other systems (Stanghellini et al., 1993)] was unchanged by

raised or lowered ABA concentrations in soybean interactions with P. sojae.
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The role for ABA as an important regulator of defence-related components
has now been identified in a wide range of plant / pathogen interactions. For
example, in tomato (Lycopersicon esculentum Mill.) in interactions with the
necrotrophic fungus Botrytis cinerea Pers.Fr (Audenaert er al, 2002), in
Arabidopsis in interactions with the biotrophic Qomycete P. parasitica (Chapter 2)
or the biotrophic bacterium P. syringae pv. tomato (Chapter 3 and 4) and now in
soybeans in interactions with the hemibiotrophic Qomycete P. sojae. Many of the
defence-related components regulated by ABA are derived from the phenylpropanoid
pathway in plants. When the abiotic elicitor, silver nitrate (AgNO3), is applied to
plants it stimulates many defence-related components including those derived from
the phenylpropanoid pathway (Bhattacharyya and Ward, 1988; He and Li, 2001). In
chapter 6, thc influence of ABA on defence-related components induced by

application of an abiotic elicitor, AgNO; will be investigated.
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Chapter 6 -- Influence of ABA on defence induced by an abiotic elicitor

Chapter 6: The influence of abscisic acid on defence responses
induced by an abiotic elicitor

Chapter summary

The previous chapters of this thesis have clearly defined regulatory roles for
abscisic acid (ABA) in the interactions of Arabidopsis and soybean with various
pathogens. Abiotic elicitors have been found to be useful in the induction of defence-
rclated components in plants without the presence of a pathogen. This chapter
investigates ABA regulation of Arabidopsis and soybean defence components
induced by an abiotic elicitor, silver nitrate (AgNQOs). The application of ABA to
Arabidopsis and soybean plants that were treated with AgNQOs caused a reduction by
9% and 7% respectively, in the transcript accumulation of the key entry point gene of
the phenylpropanoid pathway, phenylalanine ammonia-lyase. This result indicated
that both pathogen and abiotic clicitors stimulated similar ABA regulated defence

pathways in plants.
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6.1 Introduction

Elicitors have been defined as molecules that stimulate any type of plant
defence (Ebel and Cosio, 1994) and maybe biotic or abiotic in origin. Biotic elicitors
of pathogen origin can be classified into two groups, race-specific or gencral elicitors
(Montesano et al., 2003). Race-specific elicitors are proteins encoded by avirulence
(Avr) genes of a particular pathogen (Luderer and Joosten, 2001). Avr proteins elicit
resistance only in host plants expressing a protein receptor encoded by a
corresponding resistance (R) gene (Martin et al., 2003). In contrast, general elicitors
can belong to a wide range of different classes of compounds (oligosaccharides,
peptides, proteins and lipids) and signal the presence of pathogens to both host and
non-host plants (Montesano et al, 2003). General elicitors may induce plant
resistance by binding to receptor proteins (Mithofer et al., 2000) or by interacting
with membranes and causing depolarisation (Klusener and Weiler, 1999),

Abiotic elicitors that can induce a variety of effects in plants include the air
pollutant, ozone (Sandermann ez al., 1998) and heavy metal ions, for example,
copper (Cu®"), mercury (Hg™") and silver (Ag") (Rakwal ez al., 1996; Faktor et al.,
1997; Bravo et al., 2003). Protein receptors that perceive abiotic elicitors and trigger
plant defence responses have not been identified (Sandermann ez al., 1998). Instead
the deterioration of plant membranes and associated increases in electrolyte leakage
and reactive oxygen species are considered to be possible stimuli (Schraudner ez al.,
1998; Mishra and Choudhuri, 1999). Abiotic elicitors induce plant defence responses
that are similar to those induced by biotic elicitors, for example, necrosis and defence
gene expression (Paolacci ef al, 2001, Rossetti and Bonatti, 2001). Due to
similarities in the signals triggered by both abiotic and biotic elicitation, it has been

suggcsted that plants may inadvertently respond to abiotic elicitors,
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Heavy metal elicitors stimulate defence gene expression and the
accumulation of compounds that are also induced in resistance to many pathogens
within the one plant species. For example, silver nitratc (AgNOs) treatment of
Arabidopsis has been shown to induce expression of phosphoribosylanthranilate
isomerases and accumulation of the phytoalexin, camalexin (Tsuji et al., 1992; He
and Li, 2001). Both are components of the tryptophan biosynthetic pathway that is
important in the resistance of Arabidopsis to Alternaria brassicicola (Schwein)
Wiltshire (Thomma et al, 1999b). AgNO; also induced expression of the
Arabidopsis thionin gene, Thi2. 1 (Epple ef al., 1995), the expression of which has
been corrclated with resistance to Fusarium oxysporum Schlechtend.:Fr. f. sp.
matthiolae (Epple et al., 1998).

A single heavy metal can also elicit defence responses important in resistance
to pathogens in many plant species, For example, copper sulphate (CuSO4) up-
regulated expression of the wheat (Triticum aestivum L. em. Thell) germin gene that
was also expressed in response to powdery mildew (Erysiphe graminis DC. fisp.
tritici Em. Marchal) (Berna and Bernicr, 1999). CuSO;4 also increased expression of
the rice (Qryza sativa (L.)) OsATX gene that was similarly induced by the blast
pathogen Magnaporthe grisea (Hebert) Barr (Agrawal et al., 2002).

In general the phenylpropanoid pathway 1s up regulated during biotic and
abiotic stresses, producing many products that function in plant defence. The ability
of heavy metals to induce phenylpropanoid pathway gene expression and compound
accumulation has been documented in several studies. For example, the key
phenylpropanoid gene, phenylalanine ammonia-lyase (PAL), was expressed, or its
protein enzyme activity increased, in response to AgNOs; or mercuric chloride

(HgCly) in Arabidopsis, soybean (Glycine max (L.} Merr) and barley (Hordeum
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vulgare (L.)) (Bhattacharyya and Ward, 1988; Kervinen e al., 1998; Rookes and
Cahill, 2003). AgNO; and CuSO; also induced the accumulation of phenylpropanoid
compounds, such as isoflavonoid precursors and phytoalexins in soybean and
cowpea (Vigna wunguiculata (L) Walp.) (Bhattacharyya and Ward, 1987b;
Sundaresan et al., 1993). Treatment of plants with abiotic clicitors is thus a useful
way for examining the factors that may control defence transcription and activity of
their proteins,

The signal transduction network controlling plant defence rcsponses to biotic
elicitors include pathways requiring the signalling and regulatory hormones salicylic
acid (SA), jasmonic acid (JA) and ethylene (Et) (Glazebrook et al., 2003). All three
hormones have also been implicated in the signalling and regulation of heavy metal
induced plant defence responses. Increased SA has been correlated with the
induction of QsATX gene expression following CuSQ, treatment of rice (Agrawal et
al., 2002). JA has been correlated with phytoalexin accumulation in copper chloride
(CuCly) elicited rice (Rakwal et al., 1996), Thi2.] accumulation in AgNOs treated
Arabidopsis (Bohlmann ef al., 1998) and mcthyl jasmonate in the induction of the
class I chitinase PR-4 following AgNOj treatment of maize (Zea mays L.) (Bravo et
al., 2003). Ethylene production has been observed following AgNO; treatment of
spruce (Picea glauca [Moench.] Voss) (Mcskaoui et al., 2000). However AgNOs is a
commonly used inhibitor of ethylene action (Knoester ¢f al., 2001; Wubben IT er al.,
2001) due to inactivation by Ag’ of the Et receptor, ETR1 (Rodrigucz et al., 1999).

The potential role of other hormones and peptides in signalling during abiotic
elicitor treatment has not been widely examined. In the previous chapters of this
thesis it has been demonstrated that abscisic acid (ABA) is a hormone that regulates

many responses to pathogens, but especially those involving the phenylpropanoid
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pathway that is induced by race-specific elicitors in soybean and Arabidopsis. ABA
has also previously been shown to regulate phenylpropanoid defence responses in
soybean following treatment with a general elicitor, an undefined Phytophthora sojae
Kauf, and Gerd. wall glucan (Graham and Graham, 1996). The possibility that ABA
regulates phenylpropanoid defence responses that are induced by abiotic elicitors
was examined by Goossens et al. (1987) who found that the addition of ABA to
French bean (Phaseolus vulgaris L.) that had been treated with HgCly reduced the
accumulation of phaseollin and kievitone.

In this chapter the role of ABA in Arabidopsis and soybean dcfence
(particularly the phenylpropanoid pathway) will be further investigated using a heavy
metal abiotic elicitor (AgNO) to induce typical defence components. This will
provide information on the role of ABA in defence pathways in the absence of a
pathogen and also enable direct comparison between two unrelated plant species.

6.2 Materials and methods

6.2.1 Growth of Arabidopsis and soybean plants

Seeds of Arabidopsis Columbia-0 wild type (Col-0 (wt)) were sterilised,
vernalised and germinated as described in section 2.2.2 of chapter 2, Two wecks
after germination the seedlings were planted into soil and incubated in a controlled
environment room at 21°C under a 12/ 12 h light / dark cycle as described in section
3.2.1 of chapter 3. Light was provided by two 400 W high-pressure sodium lights
(Osram Australia Pty. Ltd., New South Wales, Australia) that were at a height of 1.5
m above the plants. Experiments were conducted on fully expanded rosette leaves on
5-6 wk old Arabidopsis plants.

Soybean seeds of cultivar Harol272 were sown, germinated and incubated

within a controlled environment growth cabinet (Thermoline L and M, New South
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Wales, Australia) under a 25°C / 14 h light and 16°C/ 10 h dark cycle as described
in section 5.2.1 of chapter 5. Light was provided by five 600 W high-pressure
sodium lights (GE Lighting Australia, New South Wales, Australia) at a height of
1.25 m above the plants. Experiments were conducted on fully expanded trifoliate
leaves from 4-5 wk old soybean plants.

6.2.2 Treatment of plants with ABA

ABA was prepared to a concentration of 100 uM as described in section 2.2.3
of chapter 2. This concentration of ABA had previously been effective at increasing
the endogenous concentration of ABA in Arabidopsis and soybean leaves following
root uptake (Chapter 3 and 5). A 1% (v/v) methanol solution (used to dissolve the
ABA) was utilised as the control treatment. The treatment solutions were applied to
Arabidopsis and soybean plants via root uptake as described in section 3.2.2 of
chapter 3 and section 5.2.2 of chapter 5, respectively.

In preparation for treatment with AgNO;, Arabidopsis plants were removed
after 20 h from the ABA treatment solution and their roots covered with moistened
[distilled water (dH,O)] filter paper (No.1, Whatman, Kent, UK) within a sealed
transparent containcr, Twenty hours after treatment of soybean plants with ABA,
leaves were excised at the base of the petiole and placcd adaxial side down on
moistened (dH>O) paper towel within a sealed transparent container.

6.2.3 Treatment of leaves with silver nitrate

Leaves were treated with a 10 mM AgNO; solution that was prepared in
0.1% (v/v) Tween20 (Hammerschmidt et al., 1993), A solution of 0.1% (v/v)
Tween20 therefore served as the control. A 10 pl drop of AgNO; was delivered by a

micropipette to cach Arabidopsis leaf. Each detached soybean leaf was treated with

6-8 20 ul drops by mictopipette. Soybean leaves were able to support a greater
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volume of treatment solution and droplet number due to their much larger surface
area. The sealed transparent containers that contained the AgNO; treated leaves were
incubated at 25°C under a 12/12 h light / dark cycle in a growth cabinet (S.E.M. (SA)
Pty. Ltd., South Australia, Australia). Light was provided by four 8 W fluorescent
lights (Osram Australia Pty. Ltd.) that were at a height of 0.3 m above the leaves.
Images of treated lcaves were captured using a digital still camera (MVC-FD81,
Sony Corp., Tokyo, Japan).
6.2.4 Histochemical staining of leaves

For each histochemical stain that was used, five AgNOs treated Arabidopsis
leaves were exciscd at the base of the petiole, or five squares (15 mm x 15 mm) of
soybean leaf were excised at sites of AgNOs treatment. Leaf samples were then
cleared of photosynthetic pigments as described in section 2.2.7 of chapter 2, prior to
being subjected to each histochemical staining procedure (a-f) described below. All
stained tissue was viewed under white light illumination using a compound research
microscope (Axioskop 20, Carl Zeiss Pty. Ltd., New South Wales, Australia), and
aniline blue staining for callose was viewed under ultraviolet (UV) light (using a UV
[excitation wavelength 365nm, emission 420nm)] filter set). Images of stained tissues
were captured and stored as described in section 2.2.7 of chapter 2.
a) Lactophenol-trypan blue (LTB) staining for necrosis was conducted as described
in section 2.2.7a of chapter 2. Necrotic cells stained dark blue / brown and healthy
cells stained light blue. The clearing of photosynthetic pigments from leaves also
enabled differentiation of necrotic (brown / black) and healthy cells (white / light

grey).
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b) Phloroglucinol / hydrochloric acid (Phi / HCI) staining for lignin was conducted as
described in section 2.2.7¢ of chapter 2. The presence of lignin within leaf tissue was
indicated by the red / purple stain of cells and ccll walls.
¢) Toluidine blue 0 (TBO) staining for phenolics was conducted as described in
section 2.2.7d of chapter 2. The presence of phenolic polymers within leaf tissue was
shown by light blue / green staining in cells and ccll walls.
d) Sudan black B (SBB) staining for suberin was conducted as described in section
2.2.7e of chapter 2. The presence of suberin within leaf tissue was shown by a blue /
black staining of cells.
e} Aniline blue (AB) staining for callose was conducted as described in section 2.2.7f
of chapter 2. The presence of callose was visible (under UV light) as a bright yellow
/ green fluorescence produced within cells.
6.2.5 Extraction and quantification of wall bound phenolics, and total RNA
from leaves

Following application of AgNO;, either 10 treated Arabidopsis leaves were
excised at the base of the petiole or 40 soybean leaf discs (6 mm diameter) were
excised by a cork borer per sample from sites of application, prior to the extraction
and quantification procedures (a-b) described below.
a) Wall bound phenolics of Arabidopsis or soybean leaf samples were extracted and
quantified following preparation of thioglycolic acid (TGA) derivatives as described
in section 2.2.8 of chapter 2. Wall bound TGA denvatives were expressed as Azasnm
mg! d. wt..
b) Total RNA was extracted from leaf tissue using a TRIzol method as described in
section 3.2.10¢ of chapter 3. The total RNA from each samplc was treated with

DNase [ (DNA-free, Ambion Inc., Tcxas, USA) to eliminate any DNA prior to
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quantification according to its Asgonm (RNeasy Mini Handbook, Qiagen, California,
USA).
6.2.6 Abundance of PAL] mRNA transcripts

The abundance of Arabidopsis or soybean PAL! (AtPALl or GmPALI,
respectively) mRNA transcripts in total RNA was determined by the fluorescent
density of reverse transcription-polymerase chain reaction (RT-PCR) products,
separated on a 1% (w/v) agarose gel [in 0.5x tris-borate-EDTA (TBE)] and stained
with ethidium bromide (EtBr), as described in section 2.2.11 of chapter 2. The
abundance of PALI mRNA transcript densities were equalised based on differences
between the abundance of 18S transcript densities (the internal standard that
indicated the discrepancics in the amount of total RNA between RT-PCR samples).
The difference between equalised PALI transcripts of the various samples bcing
compared were expressed as a percentage relative to the sample with the largest
PALI transcript density (eg. 100%).
6.2.7 Statistical analysis

The mean and standard error of the mean (s.e.m.) werc calculated and the
significance of diffcrences between means of two independent values analysed by an
unpaired parametric t-test (GraphPad Prism version 3.00, GraphPad Software,
California, USA).

6.3 Results

6.3.1 Necrotic lesion development on AgNO, treated leaves, following uptake by
the roots of ABA

Lesions did not develop on leaves of Arabidopsis or soybean following
treattnent with Tween20 (control) (Figure 6.1a-e, p-t). Necrotic lesions first began to

develop below the AgNOj drop 3 h or 1 h post treatment (hpt) of Arabidopsis or
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Figure 6.1 Effect of ABA application on necrotic lesion development on leaves of
Arabidopsis and soybean, following treatment with AgNO;.

() to (e) Control (Tween20) trcated leaves of Arabidopsis (Col-0 (wt)) showing no
observable necrosis 0 hpt to 3 dpt, Prior to treatment, plants had taken up 1% (viv)
methanol (control) via root uptake.

(f) to (j) AgNOs treated leaves of Arabidopsis following uptake by the roots of 1%
(v/v) methanol. (f) No observed necrosis 0 hpt. (g) Small necrotic lesion (white
arrow) 3 hpt. (h-j) Lesions (white arrow) increased in size underneath the treatment
drop 12 hpt to 3 dpt.

(k) to (0) AgNO; treated leaves of Arabidopsis following uptake by the roots of 100
UM ABA. (k) No observed necrosis 0 hpt. (1) Small necrotic lesion (white arrow) 3
hpt. (m-o) Lesions (white arrow) increased in size underneath the treatment drop 12
hpt to 3 dpt.

(p) to (t) Control (Twecen20) treated leaves of soybean (Harol1272) showing no
observable necrosis 0 hpt to 3 dpt. Prior to treatment, plants had taken up 1% (v/v)
methanol (control) via root uptake.

(u) to (y) AgNO; treated leaves of soybean following uptake by the roots of 1% (v/v)
methanol. (u) No observed necrosis 0 hpt. (v) Small necrotic lesions (white arrow)
underneath the treatment drop 1 hpt. (w-y) Lesions (white arrow) increased in size
underneath the treatment drop 12 hpt to 3 dpt.

(2) to (d*) AgNO;s treated leaves of Arabidopsis following uptake by the roots of 100
UM ABA. (7) No observed necrosis 0 hpt. (a”) Small necrotic lesion (white arrow) 3
hpt. (b’-d”) Lesions (white arrow) increased in size underneath the treatment drop 12
hpt to 3 dpt. Bar is equivalent to 5 mm. Representative images from two independent

experiments,
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soybean leaves respectively (Figure 6.1f, g and u, v). By 12 hpt, the necrotic lesions
had increased in size and by 1 and 3 d post treatment (dpt) all cells below the AgNO;
drop were necrotic (Figure 6.1h-j, w-y). Root uptake of did not effect lesion
development on cither AgNO; treated Arabidopsis or soybean leaves (Figure 6.1k-o,
z-d"). Microscopic examination of ccll necrosis within the necrotic lesions also
confirmed that uptake by the roots of ABA did not effect the development of
necrosis (data not shown).

6.3.2 Comparison of morphological, anatomical and biochemical defence
components in AgNOQ; treated leaves following uptake by the roots of ABA
6.3.2.1 Accumulation of phenolics in leaves following treatment with AgNO;

The TBO stain of lcaves prior to treatment detected a phenolic compound
within vascular tissue that was identified as lignin by Phl / HCI stain (data not
shown). Three days post treatment with AgNO; a phenolic compound was detected
in cells and cell walls that surrounded necrotic lesions in both leaves of Arabidopsis
and soybean (Figure 6.2a and ¢). Uptake by thc roots of 100 pM ABA reduced
accumulation of the phenolic compound in Arabidopsis but not soybean lcaves
(Figure 6.2b and d). The phenolic compound was not detected as lignin by Phl / HCI
stain or suberin by SBB stain (data not shown).

Three days post treatment with AgNQO; of Arabidopsis leaves the
accurnulation of wall bound TGA derivatives was a significantly greater (p<0.05)
(2.4 fold) than the control treatment (Figure 6.3a). In contrast, 3 d post AgNO;
treatment of Arabidopsis leaves that had taken up ABA via the roots, a significant
reduction (p<0.05) (2.1 fold) in wall bound TGA derivatives had occurred compared
to control (Figure 6.3a). Wall bound TGA derivatives were also a significantly

greater (p<0.05) (15.4 fold) 3 d post AgNO; treatment, in soybean leaves compared
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Figure 6.2 Effect of ABA application on wall bound phenolic accumulation in
leaves of Arabidopsis and soybean following treatment with AgNO;.

(2) Wall bound phenolic accumulation (white arrow) in cells surrounding necrotic
lesions (small white arrow) on leaves of Arabidopsis (Col-0 (wt)) 3 dpt with AgNOs.
Plants had taken up 1% (v/v) methanol (control) prior to treatment. (b) Faint wall
bound phenolic accumulation (white arrow) in cells surrounding necrotic lesions
(small white arrow) on leaves of Arabidopsis 3 dpt with AgNO;. Plants had taken up
100 uM ABA by the roots, prior to treatment. Note: vascular tissue (white
arrowhead).

(¢) and (d) Wall bound phenolic accumulation (white arrow) in cells surrounding
necrotic lesions (small white arrow) on leaves of soybean (Haro1272) 3 dpt with
AgNOs. (¢) Plants had taken up 1% (v/v) methanol (control} or (d) 100 uM ABA by
the roots, prior to treatment, Note: vascular tissue (white arrowhead).

Bar is equivalent to 400 um. Representative images from two independent

experiments.
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Figure 6.3 Effect of ABA application on wall bound TGA derivatives in leaves of
Arabidopsis and soybean, following treatment with ApgNOQ;.

(a) Wall bound TGA derivatives in leaves of Arabidopsis (Col-0 (wt)) 3 dpt with
Tween20 (control) or AgNO;. Plants had taken up 1% (v/v) methanol (control) or
100 uM ABA by the roots, prior to treatment.

(b) Wall bound TGA derivatives in leaves of soybean (Haro1272) 3 dpt with
Tween20 (control) or AgNO,. Plants had taken up 1% (v/v) methanol (control) or
100 pM ABA by the roots, prior to treatment.

Each column represents the mean + s.e.an. from four independent experiments.
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Chapter 6 — Influence of ABA on defence induced by an abiotic eljcitor

with the control (Figure 6.3b). However, the uptake of ABA did not significantly
(p>0.05) alter the amount of wall bound TGA derivatives in soybean leaves, 3 dpt
with AgNOs.

6.3.2.2 Callose deposition in leaves following treatment with AgNO;

Prior to treatment of leaves with AgNQ; callosc was detected within vascular
tissue, the base of trichomes (Arabidopsis) and in leaf hairs (soybean). Three days
post treatment with AgNOs, callose was deposited in a similar pattern to that of the
phenolic compound, in a ring of cells that surrounded necrotic lesions in Arabidopsis
and soybean leaves (Figure 6.4a and c). However, the deposition of callose in
Arabidopsis or soybean leaves was not affected by the uptake of ABA (Figure 6.4b
and d).
6.3.2.3 Accumulation of PALI mRNA transcripts in leaves following treatment
with AgNO;

Six hours post treatment with AgNQ; the abundance of PALI transcripts
increased by 17% and 31% in Arabidopsis and soybean leaves respectively,
compared with the control treatment (Figure 6.5a and b). Six hours post {reatment
with AgNOs, uptake of ABA decreased the abundance of PAL/ transcripts by 9%
and 7% in Arabidopsis and soybean leaves respectively, compared to the control

(Figure 6.5a and b).

6.4 Discussion

The ability of heavy metal abiotic clicitors to induce the accumulation of
compounds that are also induced upon pathogen attack in plants has been well
documented. However, the mechanisms and signalling pathways involved in heavy
metal perception and the consequent induction of defence compounds in plants are

poorly understood. This chapter has demonstrated for the first time that ABA is a
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Figure 6.4 Effect of ABA application on callose deposition in leaves of
Arabidopsis and soybean, following treatment with AgNO;.

(a) and (b) Callose deposition (white arrow) in cells surrounding necrotic lesions on
leaves of Arabjdopsis (Col-0 (wt)) 3 dpt with AgNO;. (a) Plants had taken up 1%
(v/v) methanol (control) or (b) 100 UM ABA by the roots, prior to treatment. Note:
vascular tissue (white arrowhead).

(¢) and (d) Callose deposition (white arrow) in cclls surrounding necrotic lesions on
leaves of soybean (Haro1272) 3 dpt with AgNO;. (c) Plants had taken up 1% (v/v)
methanol (control) or (d) 100 pM ABA by the roots, prior to treatment. Note:
vascular tissue (white arrowhead), leaf hairs (small white arrow).

Bar is equivalent to 400 pm. Rcpresentative images from two independent

experiments.
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Figure 6.5 Effect of ABA application on PALI mRNA transeripts in leaves of
Arabidopsis and soybean following treatment with ApgNO;.

(a) A negative image of an EtBr stained 1% (w/v) agarose gel containing the
products from simultaneous AtPALI (26 cyclesy and 183 (26 cycles) RT-PCR
reactions. Accompanied by a figure that shows the equalised, relative abundance of
AtPAL] from the gel. The RT-PCR was conducted on total RNA extracted from the
lcaves of Arabidopsis (Col-0 (wt)) 6 hpt with Tween20 (control) or AgNO;. Plants
had taken up 1% (v/v) methanol (control) or 100 uM ABA by the roots, prior to
treatment.

(b) A negative image of an EtBr stained 1% (w/v) agarosc gel containing the
products from simultaneous GmPALI (23 cycles) and 185 (26 cycles) RT-PCR
reactions. Accompanicd by a figure that shows the equalised, relative abundance of
AtPALI from the gel. The RT-PCR was conducted on total RNA extracted from the
leaves of soybean (Haro1272) 6 hpt with Tween20 (control) or AgNO,. Plants had
taken up 1% (v/v) methanol (control) or 100 uM ABA by the roots, prior to
treatment.

Representative image from two independent experiments.
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Chapter 6 — Influence of ARA on defenge induced by _an abiotic elicitor

regulator of the defence responses of Arabidopsis and soybean that can be induced
by application of AgNO; (Table 6.1). In particular, Arabidopsis and soybean leaves
that had artificially raised endogenous concentrations of ABA and that were treated
with AgNO; had reduced expression of the key entry point gene to the
phenylpropanoid pathway, PAL.

The ABA induced reduction in activity of the phenylpropanoid pathway
following treatment with an abiotic elicitor in the present study, was in accordance
with the negative regulation by ABA of plant defence following pathogen elicitation,
detailed in the previous chapters of this thesis. For example, application of ABA to
Arabidopsis leaves that were then infiltrated with an avirulent strain of Pseudomonas
syringae pathovar (pv.) tomato Cuppels also decrcased AtPALI expression (Chapter
3). Soybean leaves with artificially elevated concentrations of ABA also had a
reduced expression of GmPALI following inoculation with an avirulent race of P,
sojae (Chapter 5). Together these results suggest that irrespective of the stimulus or
plant species ABA has a universal effcet on induction or suppression of the
phenylpropanoid pathway via regulation of PAL gene cxpression. This conclusion is
supported by work that has shown that the Arabidopsis defence gene Thil.l is
induced by both F. oxysporum f. sp. matthiolae and AgNOs but is dependent on an
increase in the concentration of JA (Epple ¢f al., 1998; Bohlmann et al., 1998).

AgNO; treatment of Arabidopsis leaves in the current study and infiltration
with an avirulent strain of P. syringae pv. tomato (Chapter 3) both induced
accumulation of wall bound phenolic compounds that were detected by TBO stain
and quantified by TGA derivatisation. The compound was confirmed as lignin by Phl
/ HC] stain in response to infiltration with an avirulent strain of P. syringae pv.

tomato (Chapter 3) but not AgNO; treatment in the present study. A similar wall
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Chapter 6 — Influgnce of ABA on defence induced by an abiotic elicitor

bound phenolic compound that was also unable to be confirmed as lignin by Phl /
HC stain or suberin by SBB stain, accumulated in soybean leaves after inoculation
with avirulent or virulent races of P. sojae (Chapter 5) and AgNO; treatment in this
study. This result is similar to that found by Booker and Miller (1998) where genes
of the phenylpropanoid pathway involved in lignin biosynthesis (PAL and cinnamyl
alcohol dehydrogenase) were expressed in soybean leaves following exposure to
ozone. However, the accumulation of a wall bound phenolic compound was detected
by TBO stain and quantified by TGA derivatives but was not detected by Pht / HCI
stain or Sudan IV stain (suberin). In the current study, the wall bound phenolic
compound that accumulated in Arabidopsis and soybcan leaves following AgNO;
treatment could therefore be lignin but with a composition not detected by Phl / HCI
stain. This difference in lignin composition is supported by a previous observation
that the lignin produced by cell cultures of spruce (Picea abies (L.) Karst) had a
different composition than that induced by an undefined elicitor from the sprucc
needle pathogen Rhizosphaera kalkhoffii Bubak (Lange et al., 1995).

In chapter 3, there was found to be reduced accumulation of lignin in
Arabidopsis leaves following infiltration with an avirulent strain of P. syringae pv.
tomato following application of ABA. In chapter 5, lignin accumulation in soybean
leaves following inoculation with an avirulent race of P. sojae was not affected by
ABA application. Now in the present study, AgNQs has been shown also to induce
lignin biosynthesis but that ABA may have species-specific effects. For example,
lignin accumulation in Arabidopsis leaves following treatment with AgNO; was
reduced by the application of ABA but was not in soybcan leaves. These
obscrvations further support the notion that irrespective of the stimulus ABA has a

similar regulatory role in the suppression of plant defence pathways.
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Chapter 6 - Influence of ABA on defence induced by an abioti¢ clicitor

The deposition of the cell wall reinforcing compounds lignin and callose in a
‘ring’ of healthy cells surrounding necrotic lesions on leaves following treatment
with AgNOs, may indicate that a mobile signal is produced by the dying cells that
activates such a response in healthy cells. The death of cells that have perceived an
avirulent pathogen has previously been suggested to not only starve the pathogen of
nutrients but also to send signals to surrounding cells to stimulate the accumulation
of defence compounds (Heath 2000). The accumulation of lignin and callose in
healthy cells that surround cells exposed to an abiotic elicitor suggest the presence of
common signalling molecules and pathways that are activated by both biotic and

abiotic elicitors.
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Chapter 7 — General Discussion

Chapter 7: General discussion

The existence of the plant hormone, abscisic acid (ABA), has been known for
almost half a century. In that time, extensive research has revealed that ABA is
important in a wide array of physiological and developmental processes. The
possibility that ABA plays a significant role in the determination of resistance or
susceptibility to pathogens has developed over the past two decades. However,
analysing the effect that ABA has on plant / pathogen interactions has rarely
progressed beyond the identification of changed lesion phenotypes or expression of a
single plant defence gene or biochemical response, The aim of the research presented
in this thesis was to clearly define the influence that ABA has on plant / pathogen
interactions as well as to identify the potentially wide range of plant defence
responses that may be regulated by ABA. In addition, the universality of the impact
of ABA was examined by using three different plant and pathogen combinations and
an abiotic elicitor.

Using each of the five approaches detailed in this study a number of new
discoveries were made that will change the way we think about ABA in plant and
pathogen interactions:

1) The crucial regulatory effects of ABA on Arabidopsis defence responses in
interactions between ABA dcficient mutants of Arabidopsis and Peronospora
parasitica (Pers. ex Fr.) Fr..

2) The important role for ABA in the outcome of interactions between a plant and a
bacterial pathogen, Arabidopsis and Pseudomonas syringae pathovar (pv.) fomato
Cuppcls,

3) The extensive suppressive effect of ABA on genc cxpression in an Arabidopsis

and P. syringae pv. tomato interactions, revealed by microarray analysis.
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4) The variation in ABA regulated defence responses in two unrelated plant species,
Arabidopsis and soybean (Glycine max), when challenged by pathogens with
different lifestyles, P. parasitica (biotroph) and Phytophthora sojae Kauf. and Gerd.
(hemibiotroph) respectively.

5) The universal eftect of ABA on suppression or induction of the phenylpropanoid
pathway via regulation of the key entry point gene, phenylalanine ammonia-lyase
(PAL), when stimulated by biotic or abiotic clicitors.

Together these findings warrant that ABA now be considered along with salicylic
acid (SA), jasmonic acid (JA) and ethylene (Et) as a major control hormone in plant
and pathogen interactions.

The manipulation of endogenous ABA concentrations in plants prior to their
inoculation with pathogens of differing lifestyles (and indeed from different
kingdoms) had a profound effect on the outcome of the interactions between:
Arabidopsis and P. parasitica (a biotrophic Qomycete pathogen), Arabidopsis and .
syringae pv. tomaio (a biotrophic bacterial pathogen) and soybean with P. sojae (a
hemibiotrophic Oomycete pathogen). During the course of this research a Belgium
group published a complimentary study on the effect of ABA on tomato
(Lycopersicon esculentum Mill)) interactions with a necrotrophic fungal pathogen
Rotrytis cinerea Pers..Fr. (Audenaert et al., 2002). Generally, a higher than basal
endogenous ABA concentration within plant tissues at the time of avirulent pathogen
inoculation, caused an interaction shift towards what phenotypically resembled
susceptibility. Conversely, a lower than basal endogenous ABA concentration in
plants inoculated with a virulent pathogen caused a shift towards resistance.
Although these observations were in accordance with the one or two previous studies

that had detailed the cffects of ABA on interaction phenotypes it is the first time that
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Chapter 7 - General Discussion

molecular, biochemical, anatomical and morphological approaches have been used in
combination to examine responses.

ABA was found to influence a wide variety of defence responses in the three
plant / pathogen systems that were investigated, such as: the development of the
hypersensitive response (HR), the accumulation of the reactive oxygen species,
hydrogen peroxide and the cell wall strengthening compounds lignin and callose,
production of SA and the phytoalexin, glyccollin and the transcription of PAL and
the SA-dependent pathogenesis-related gene, PR-I. The near genome-wide
microarray analysis of an ABA induced susceptible interaction also revealed an even
greater diversity of defence responses that are influenced by ABA. Eight hundred
and twelve genes were found to be cither up or down regulated by ABA treatment
and important classes of defence genes included those that encode the discase
resistance like proteins, antimicrobial proteins and phenylpropancid and tryptophan
pathway enzymes.

It is important to note that subtle differences were found in the number and
type of defence rcsponses that were regulated by ABA in each type of plant and
pathogen intcraction that was studied. For example, the deposition of callose in the
ABA deficient mutant, abal-I, of Arabidopsis following inoculation with a virulent
isolate of P. parasitica was altered by the relatively low ABA concentrations in this
mutant. In contrast, callose deposition was not affected by the low ABA
concentrations induced by treatment of soybean with norflurazon and then inoculated
with a virulent race of P. sojae. In addition, it was also shown that the effect of ABA
on the development of some defence responses was consistent in both interactions of

Arabidopsis and soybean. For example, the reduction of ABA in plants prior to

263



Chapter 7 — Geperal Discussion

inoculation with virulent pathogens stimulated the development of a HR-like
NEeCrosis.

It had previously been shown that the cffect of ABA on plant and pathogen
interactions was at least partially the result of regulation by ABA of PAL
transcription or enzyme activity (Ward et al., 1989a; McDonald and Cahill, 1999).
The effect of ABA on PAL therefore suggests a greater effect of ABA on the
accumulation of defence-related components of the phenylpropanoid pathway. In the
current study, elevated endogenous ABA concentrations in plants were also found to
reduce the expression of PAL in both Arabidopsis and soybean interactions with
avirulent pathogens and for the first time following treatment with an abiotic elicitor
silver nitrate (AgNO1). As an extension to previous studies, the effect of ABA on
PAL expression was then further investigated for its impact on the accumulation of
phenylpropanoid-derived defence components. Importantly, in many interactions it
was shown that ABA induced suppression of PAL expression was coupled with a
decrease in the accumulation of SA, lignin and glyceollin.

The accumnulation of SA has previously been demonstrated to be a necessary
component of defence for effective Arabidopsis and soybean pathogen-specific
resistance (Delaney et al., 1994; Tenhaken and Rubel, 1997). The effect of ABA on
PAL expression upstream of SA accumulation was therefore likely to have been a
major factor in the observed ABA induced interaction phenotype shifts. The findings
of Audenaert et al. (2002) prompted a similar conclusion following study of the
effect of ABA on tomato and B. cinerea intcractions. The accumulation of lignin in
Arabidopsis has also previously bcen demonstrated as a necessary component for
effective resistance (Mauch-Mani and Slusarenko, 1996). [t was shown for the first

time in the present study that ABA suppression of PAL expression and the
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subsequent reductions in lignin accumulation was also a contributing factor to ABA
induced phenotype shifts. The accumulation of glyceollin in soybean has also
previously been shown to be an important component of resistance to P. sojue (Ebel
19%86). In the current study, the accumulation of glyceollin was shown for the first
time to be reduced in soybeans leaves inoculated with P. sojae following ABA
suppression of PAL expression. A finding that complemented research conducted by
Ward et al., (1989a) who studied the effect of ABA on dark-grown and therefore,
etiolated, soybean hypocotyls. Even though ctiolated hypocotyls show typical
resistant and susceptible interactions the system is essentially artificial and needed to
be tested on light-grown organs.

Interestingly, the lignin that was deposited in Arabidopsis following
treatment with AgNQ; was similar in its histochemical staining properties to that
deposited in soybean following trcatment with AgNO; or inoculation with P. sojae.
In contrast, the lignin that was deposited in Arabidopsis following challenge with
pathogens had different histochemical staining properties. It was beyond the scope of
this study to detail the make up of the ligmin deposited in these interactions.
However, in the future it would be of interest to determine if the composition of the
various lignin deposits related to their pathogen limiting abilities.

The treatment of plants with ABA prior to inoculation with avirulent
pathogens did not affect the development of a HR in any of thc interactions studied.
Despite the development of a HR in these interactions, elevated ABA had altcred
many other defence responses and in several cases, induced susceptibility. This study
therefore has also shown that ABA has an important regulatory role in the
development of crucial, but not all, defence components. It has also reinforced the

concept that plant resistance to pathogens involves the co-ordinated activation and
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accumulation of many defence-related components and that a reduction in the
development of one or more of these components can result in susceptibility.

The role for ABA in Arabidopsis / pathogen interactions had not previously
been investigated prior to this research. There werc many advantages associated with
the use of two commonly studied Arabidopsis / pathogen interactions. Firstly, the
wide range of Arabidopsis ABA deficient and ABA insensitive mutants that could be
utilised. Secondly, the availability of established microarray technology that allowed
analysis of gene expression from almost the entire Arabidopsis genome. Another
major advantage was the already vast understanding of Arabidopsis / pathogen
interactions, from pathogen perception to the intricate signalling networks that lead
to the accumulation of the appropriate components of defence required for resistance.

Due to the wealth of knowledge regarding Arabidopsis and interactions with
pathogens it is therefore possible to suggest further the role(s) of ABA in plant /
pathogen interactions. For example, two major structural classes of resistance (R)
proteins have been identified in Arabidopsis that perceive avirulence (Avr) proteins
of pathogens and thercfore trigger pathogen-specific resistance. Both contain a
leucine-rich repeat (LRR) domain and a nucleotide binding site (NBS) but vary in the
structure of the N terminus from a coiled coil (CC) domain to a Toll and Interleukin
1 receptor protein-like (TIR) domain (Meyers et al., 2003). The CC-NBS-LRR R
proteins have been found to activate resistance through a signalling pathway
involving the NDR1 protein whercas TIR-NBS-LRR R proteins use a partially
independent EDS1 containing pathway (Aarts et al., 1998, Warren et al., 1999). In
chapter 2, elevated endogenous ABA in Arabidopsis plants did not compromise
resistance to avirulent 1solates of P. parasitica conferred by TIR-NBS-LRR R

proteins. In contrast, in chapter 3 elevated endogenous ABA in Arabidopsis plants
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induced susceptibility to an avirulent strain of . syringae pv. tomato conferred by a
CC-NBS-LRR R protein. It is therefore tempting to postulate that ABA has a
regulatory role on the NDR1 containing signalling pathway following perception of
pathogens by CC-NBS-LRR R protcins and not the EDSI containing pathway
stimulated by TIR-NBS-LRR R proteins, To confirm this hypothesis similar
experiments to those described in chapters 2 and 3 would need to be conducted. If
the hypothesis were to be supporied, Arabidopsis plants with elevated endogenous
ABA would be susceptible to avirulent isolates of P. parasitica that are perceived by
CC-NBS-LRR R proteins such as RPP7 and would remain resistant to avirulent
strains of P, syringac pv. tomato that are perceived by TIR-NBS-LRR R proteins
such as RP54.

It has also become apparent via extensive rescarch on Arabidopsis and
pathogen interactions that a complex web of signal transduction pathways contribute
to the accumulation of defence components during resistance (Genoud and Metraux,
1999). The role of plant hormones SA, JA and Et in the signal transduction of
Arabidopsis / pathogen interactions are the best characterised to date (Thomma et al.,
2001a). Often the three hormones are involved in a complex interplay with one
another as was shown by the Arabidopsis k! (HR like lesion 1) mutant (Devadas et
al., 2002). ABA regulation of SA accumulation found in this thesis and the work of
Audcnacrt er al. (2002), the cross talk between ABA and JA in faba bean (Vicia faba
(L.)) during resistance to Fusarium oxysporum Schlacht. Ex Fr. f.sp. fabae (Ahmed
et al., 2002) and the interaction of ABA with Et biosynthesis (Ghassemian et al.,
2000) in other plant developmental and physiological processes suggests that ABA

acts as a regulatory molecule in pathogen-specific resistance through an interplay

with other hormones.
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To my knowledge, this thesis describes the first investigation into the effect
of ABA on a plant and pathogen intcraction using microarray technology. The near
genome wide coverage of gene expression not only confirmed ABA suppression of
many previously identified defence-related components (eg. PAL) but also identified
others regulated at the expression level. A large variety of transcription factors and
hormone biosynthesis genes were also suppressed by ABA. The microarray analysis
was therefore an extremely powerful technique that gave an as yet unprecedented
insight into the possible mechanisms that contribute to the ABA regulation of plant /
pathogen interactions. In the future, a more comprehensive temporal analysis of the
same ABA induced susceptible interaction coupled with a greater characterisation of
Arabidopsis genes and their encoded function would no doubt allow a greater
elaboration of the role of ABA.

It had previously been shown that ABA concentrations were rapidly reduced
in the specific resistance of soybean to P. sojae (Cahill and Ward, 1989a; Mohr and
Cahill, 2001). Therefore it follows that without a pathogen the steady state levels of
ABA may suppress a range of defence responses. Following perception of the
pathogen, a rapid reduction in ABA may allow the activation of these defence
responses. In the present study simulated drought stress elevated in plant ABA
concentrations and induced susceptibility to an avirulent pathogen. This finding
suggests an increase in the basal concentration of ABA reduces the ability to activate
ABA suppressed defence responses. In the processes where plants have elevated
ABA concentrations there may be increased susceptiblity to pathogens — a finding of
significant agricultural importance. This situation however, would be subject to the
pathogen also being able to survive under the conditions that caused the elevation in

concentration of ABA. Also, phytopathogenic fungi such as B. cinerea synthesise
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ABA (Wu and Shi, 1998). Does ABA have a role in their lifecycle or is it produced
as a suppressor of plant defence to aid in their infcction of plants?

In summary this thesis has clearly identified important roles for ABA. in plant
/ pathogen interactions that were previously unknown, It has also added to the

intrigue and highlighted even further the complexity and crucial rolc of hormones in

plant / pathogen interactions.
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Appendices
Appendix 1: Media and Solutions

¢ Aniline Blue (AB) stain (10ml): 50 mg aniline blue, 0.2613 g di-potassium
hydrogen orthophosphate Ko:HPO,, 10 ml distilied water (dH,0).

e 3,3’-diaminobenzidine (DAB) (50 ml): 50 mg DAB, 50 ml dH,O (pH 3.8
adjusted with concentrated hydrochloric acid (HCI) and stirred for 1 h).

¢ Lactophenol-trypan blue (LTB) stain (30 ml): 10 m! lactic acid, 10 ml
glycerol, 10 g phenol, 10 mg tyrpan blue, 10 ml dH,0.

¢ Murashige and Skoog (MS) media (1 1);: 4.4 g Murashige and Skoog basal
media, 30 g sucrose, 8 g bacteriological agar, 1 1 dH,O (pH 5.7 adjusted up
1M potassium di-hydrogen orthophosphate KH,PO4 or down 1M KoHPOy).

¢ Phloroglucinol (Phl) stain (20 ml): 200 mg phloroglucinol, 20 ml 70% (v/v)
ethanol,

* Toluidine Blue 0 (TBO0) stain (50 ml): 50 mg toluidine blue 0, 50 ml absolute
cthanol (filtered through No.1 filter paper).

* Sudan Black B (SBB) stain (50 ml): 15 g Sudan Black B, 50 ml 70% (v/v)
ethanol,

* King’s B media (KB) (1 I): (1L) 20 g protease peptone, 2.25 g KoHPO,, 1.5g
magnesium sulphate (MgS0;.7H20), 10mL glycerol, 990mL dH,O (7 g
bacto agar).

*10% V8 media (1 1): 100 ml V8 juice, 2.25 g calcium carbonate, 11,25 g

bacteriological agar, 900 mi dH;O.
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Appendix 2: Genes related to cell maintenance / development and

other functions.

A complete list of genes that were summarised in table 4,7 of chapter 4.

* Probe set identifier from ATH1 GeneChip. ® Arabidopsis Gene Index identifier. ©
Comparison A: resistant vs control interaction. Comparison B: induced susceptible
ve resistant interaction. Positive (red box) or negative (green box) fold changes in
gene expression averaged from two independent experiments. Yellow text indicates a
fold change calculated from a signal that was absent (determined by MAS) in at least
one sample. Orange box: no significant change in gene expression in comparison B
for a gene that had a significant positive or negative change in gene expression in
comparison A (determined by Wilcoxon’s signed rank tests). Annotation listed
derived from * ATH1 Genechip, + TIGR (The Institute for Genomic Research), #

MIPS (Munich Information Center for Protein Sequences) or * Raes ef al. (2003).
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Appendix 2 Genes related to cell maintenance / development and other functions

Comparison®
—

Putative Function Probe Set" AGI® A B
AAAP (Amino Acid/Auxin Permease) transporter family
proline transporter# 263918 at  At2g36590
amino acid transporter family+ 251024 at  At5g02180
amino acid permease like protein# 253181 _at  At4g35180
amino acid permease AAP3# 246389 at  Atlg77380
amino acid transport protein AAP2# 245891 at  At5g09220
amino acid transport protein AAT1# 254453 at  At4g21120
ABC transporter family
P-glycoprotein like protein# 254710 at  At4gl8050
P-glycoprotein like protein# 251248 at  At3g62150
ABC transporter protein# 257185 at  At3gl3100
ABC transporter family protein+ 261763 _at  Atlgl5520
ABC transporter protein# 255889 at  Atlgl7840
ABC transporter family protein+ 263000 at  Atl1g54350
ABC transporter protein# 265741_at  At2g01320
ABC transporter protein# 266866 at  At2g29940
ABC transporter like protein# 251785 at  At3g55130
ABC transporter like protein# 260002 at  Atlg67940
ABC transporter like protein# 251020 at  At5g02270
ABC transporter protein# 262005 _at  Atlg64550
Acyl lipid metabolism families
chloroplast acyl carrier protein 3 (ACP)+ 264189 s at Atlg54630
lecithin:cholesterol acyltransferase precursor# 264442 at  Atl1g27480
beta-ketoacyl-CoA synthase (FIDDLEHEAD)# 267377_at  At2g26250
biotin carboxyl carrier protein# 250125 at  At5g16390
chloroplast omega-6 fatty acid desaturase (fad6)# 253547 at  Atd4g30950
lipase like protein# 260153 at  Atlg52760
lipoamide dehydrogenaseff 260730 _at  At1g48030
lipoyltransferase# 264613 _at  Atlg04640
3-hydroxyisobutyryl-coenzyme A hydrolaseff 247117 _at  At5g65940
lipid transfer protein# 252711 at  At3g43720
lipid transfer protein (glossy 1)# 247884 at  At5g57800
non-specific lipid transfer protein# 252115 at  At3g51600
non-specific lipid transfer protein precursor# 247718 at  At5g59310
cycl0propane-fauy-acyl-phospholipid synthasef 257176_s at At3g23510
acetyl-CoA carboxylase# 246613 at  At5g35360
acyl carrier like protein# 254102 at  At4g25050
acyl CoA reductase protein# 252638 at  At3g44540
alpha/beta hydrolase like protein# 257533 at  At3g10840
hydrolase alpha/beta fold family+ 250049 at  At5g17780
dihydrolipoamide S-acetyltransferase# 258086_at  At3g25860
dihydrolipoamide S-acetyltransferase# 261165 at  Atlg34430
fatty acid elongase 3-ketoacyl-CoA synthaseff 261420 at  Atlg07720
enoyl-CoA hydratase/isomerase like protein# 264920 at  Atlg60550
early-responsive to dehydration protein (ERD12)# 257641 _s_at At3g25760
sulfolipid biosynthesis protein SQD1# 253386 at  At4g33030
fatty acid elongase 3-ketoacyl-CoA synthase 1# 261570 at  Atlg01120
delta 9 desaturase+ 258250 at  At3gl15850
lipase# 263987 at  At2g42690
protease inhibitor/seed storage/lipid transfer family-+ 256145 at  At1g48750
protease inhibitor/sced storage/lipid transfer family+ 266098 at  At2g37870
protease inhibitor/seed storage/lipid transfer family+ 248062_at  At5g55450
protease inhibitor/seed storage/lipid transfer family+ 250764 at  At5g05960
phospholipid/glycerol acyltransferase family+ 253624 at  Atd4g30580
very-long-chain fatty acid condensing enzyme (CUT1)# 260267 at  Atlg68530
phosphatidylglycerophosphate synthase# 251819 at  At3g55030
phosphoethanolamine N-methyltransferase# 261309 at  Atlgd8600
phosphoesterase family+ 252343 at  At3g48610
Carbonic anhydrases
carbonic anhydrase# 259161 _at  At3g01500
carbonic anhydrase+ 264313 at  Atlg70410
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Comparison®
Putative Function Probe Set" AGI’

carbonic anhydrase 2# 246596 _at  At5gl4740
carbonic anhydrase (CAH1)# 252011 at  At3g52720
Chloroplast function

glutamate- 1 -semialdehyde aminotransferase# 252318 at  At3g48730
uroporphyrinogen decarboxylase like protein# 255826 at  At2g40490
Mg-chelatase like protein# 261695 at  Atlg08520
magnesium-protoporphyrin IX methyltransferase like protein# 254105 _at  Atd4g25080
protein ch-42 precursor, chloroplast# 254623 at  Atdgl8480
cobalamin biosynthesis protein# 250243 at  At5gl3630
chlorophyll synthetase like protein# 246308 at  At3g51820
chaperonin 60 beta - like protein# 256983 at  At3gl13470
chaperonin precursor# 245876 _at  Atlg26230
chlorophyll a/b-binding protein# 255997 _s_at Atl1g29910
chlorophyll a/b-binding protein - like# 254970 at  Atdgl0340
chloroplast Cpn21 protein# 246003 at  At5g20720
chloroplast division protein AtFtsZ2-1 (AtFtsZ2-1)# 263906_at  At2g36250
chloroplast GrpE protein# 250061 _at  At5gl7710
chloroplast protein import component Toc159-like# 255482 at  Atd4g02510
cell division protein FtsH# 249244 at  At5g42270
cell division protein FtsH protease-like# 248303 at  At5g53170
CAO chloroplast signal recognition particle chromo protein# 245123 at  At2gd7450
photosystem I reaction centre subunit psaN precursor (PSI-N)# 247320 at  At5g64040
photosystem I subunit V1 precursor# 259840 at  Atl1g52230
photosystem I1 5 kD protein precursor# 256979 at  At3g21055
photosystem II protein W - like# 253790 _at  At4g28660
photosystem II stability/assembly factor HCF136# 249875 at  At5g23120
plastid protein# 255791 at  At2g33430
photosystem I reaction center subunit II precursor# 255457 at  Atdg02770
photosystem I reaction center subunit [V# 265287 at  At2g20260
photosystem II protein family+ 264837 at  Atlg03600
photosystem II 5 KD protein+ 265149 at  Atlg51400
PSII I protein* 245023 at  AtCg00080
PSI I protein* 245017 at  AtCg00510
photosystem II G protein*® 245011 _at  AtCg00430
photosystem II 22 kDa protein# 255982 at  Atlg34000
PsbQ domain protein family extrinsic pll protein+ 262612 _at  Atlgl4150
PsbS protein (PsbS)# 245213 at  Atlgdd575
oxygen-evolving complex related protein 23 kDa polypeptide+ 250371 _at  At5gl1450
oxygen-evolving enhancer protein 3 precursor - like proteini 255248 at  Atd4g05180
photosystem II oxygen-evolving complex protein 3 - like# 254398 at  At4g21280
oxygen-evolving complex 25.6 kD protein+ 251784 at  At3g55330
oxygen-evolving complex-23 related protein+ 259981 at  Atlg76450
photosystem II oxygen-evolving complex protein+ 258956 at  At3g01440
oxygen-evolving complex 25.6 kD protein+ 266979 _at  At2g39470
thioredoxin f1# 258607 at  At3g02730
thioredoxin# 258534 at  At3g06730
thioredoxin family+ 262721 at  Atlg43560
thiol-disulfide interchange like proteinf 246226 at  Atd4g37200
CAXIP1 protein (CAXIP1)+ 251815 at  At3g54900
light-harvesting complex protein# 245806 _at  Atlgd5474
chlorophyll a/b binding protein# 265722 at  At2g40100
chlorophyll a/b-binding protein# 258993 at  At3g08940
chlorophyll A-B binding protein# 259970 _at  Atlg76570
chloroplast initiation factor 3# 266575 _at  At2g24060
chloroplast inner envelope protein# 251118 at  At3g63410
defective chloroplasts and leaves (DCL) protein® 245797 at  Atlgd5261
light-harvesting chlorophyll a/b binding protein+ 256015 at  Atlgl9150
chloroplast lumen common protein+ 251005 at  At5g02590
chloroplast lumen common protein+ 257745 at  At3g29240
chlorophyll a/b-binding protein (Lhcb6-like)+ 259491 at  Atlgl5820
haloacid dehalogenase like protein+ 252876 at  At4g39970
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Putative Function Probe Set" AGI"
rubisco subunit binding-protein alpha subunit# 264069 at  At2g28000
ribulose-5-phosphate-3-epimerase 247523 at  At5g61410
glutamate/ornithine acetyltransferase# 265965 at  At2g37500
kinesin-related protein TH65 protein+ 250429 at  At5gl0470
stearoyl-ACP desaturase#f 260570 _at  At2g43710
glycerol-3-phosphate acyltransferase# 245790 _at  Atlg32200
preprotein translocase SECY protein# 266018 at  At2gl8710
protease HhoA, chloroplast precursor+ 254669 at  Atd4gl8370
outer envelope membrane protein+ 251155 _at  At3g63160
thylakoid lumen 15.0-kDa protein+ 248287 at  At5g52970
thylakoid lumenal 29.8 kDa protein+ 264959 at  Atlg77090
thylakoid lumenal 17.9 kDa protein+ 254137 at  At4g24930
thylakoid lumenal 20 kDa protein+ 251701 _at  At3g56650
thylakoid lumen rotamase like protein# 259193 at  At3g01480
chloroplast lumen common protein family+ 251958 at  At3g53560
chloroplast lumen pentapeptide protein+ 260968 at  Atlgl2250
rRNA methylase like protein# 250137 _at  At5g15390
Rubisco subunit binding-protein beta subunit# 265076 _at  Atlg55490
dicarboxylate diiron protein (Crd1)# 251664 at  At3g56940
ferrochelatase precusor# 267471 at  At2g30390
pumilio like protein# 254045 at  At4g25880
thiamin biosynthesis protein# 266673 at  At2g29630
DNA polymerase A family protein+ 256204 at  Atlg50840
proline synthetase associated protein+ 253951 at  Atd4g26860
rubredoxin+ 262954 at  Atlg54500
VirF-interacting protein FIP1+ 267214 _at  At2g43970
trigger factor-related protein+ 248094 at  At5g55220
GCNS5-related N-acetyltransferase (GNAT) family+ 255718 at  Atlg32070
GCNS5-related N-acetyltransferase (GNAT) family+ 256336 at  At1g72030
UbiE/COQ5 methyltransferase family+ 256304 at  At1g69523
RNA recognition motif (RRM) - containing protein+ 256805 at  At3g20930
haloacid dehalogenase-like hydrolase family+ 259603 at  Atlg56500
phytochrome kinase substrate 1-+ 261480 _at  Atlgl4280
gamma-tocopherol methyltransferase+ 262875 at  Atlg64970
CAAX amino terminal protease family+ 265394 at  At2g20725
CAAX amino terminal protease family+ 261483 at  Atlgl4270
chloroplast chaperonin 10+ 266887 at  At2g44650
chloroplast chaperonin 10+ 251425 at  At3g60210
apospory-associated protein C-like# 247101 _at  At5g66530
DegP2 protease (DEGP2)# 266509 at  At2g47940
glutaredoxin protein family+ 265067 at  Atlg03850
hydrolase, alpha/beta fold family+ 262151 at  Atlg52510
hydrolase, alpha/beta fold family+ 249524 at  At5g38520
uridylate kinase# 257756 _at  At3g18680
valine-tRNA ligase-like protein# 246509 at  At5gl6715
haloacid dehalogenase-like hydrolase family+ 252366 _at  At3g48420
GCNS5-related N-acetyltransferase (GNAT) family+ 253823 at  At4g28030
GCNS5-related N-acetyltransferase (GNAT) family+ 245877 at  Atlg26220
heavy-metal-associated domain-containing protein+ 246548 at  At5g14910
DNA mismatch repair MutS family+ 261905 _at  Atlg65070
plastid-lipid associated protein PAP/fibrillin family+ 266767 _at  At2g46910
NADH dehydrogenase ND4L* 244933 at  AtCg01070
phosphoglycerate kinase like protein# 257699 at  At3gl2780
phosphoglycerate mutase like protein# 249899 at  At5g22620
phosphoglycerate mutase 1 like protein# 262195 at  Atlg78040
phosphoglycerate mutase# 247261 at  At5g64460
In2-1 protein (Zea mays )# 251820 at  At3g55040
vestitone reductase-related protein# 253197 _at  At4g35250
Rieske [2Fe-2S] domain-containing protein# 259896 _at  Atlg71500
ATP phosphoribosyl transferase+ 245867 at  Atl1g58080
metalloprotease like proteinif 257033_at  At3gl9170

Comparison®

A B
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Comparison®
Putative Function Probe Set" AGI" A B

nitrogen fixation like protein# 254038 at  At4g25910
mrp protein# 257168 at  At3g24430
Lil3 protein# 248828 at  At5g47110
light induced like protein# 245306 _at  Atdgl14690
one helix protein (OHP)# 251031 at  At5g02120
HCF106# 248338 at  At5g52440
DEAD/DEAH box helicase, RNA helicase+ 263679 _at  At1g59990
RNA helicase like protein# 250529 at  At5g08610
DEAD/DEAH box helicase, p68 RNA helicase+ 255749 at  Atlg31970
helicase like protein# 258861 at  At3g02060
heme oxygenase 2 (HO2)# 245027 at  At2g26550
glutamate-ammonia ligase precursor# 249710 _at  At5g35630
early light-induced protein# 258321 at  At3g22840
DNA mismatch repair protein (MutS2-like)# 248189 at  At5g54090
carbohydrate kinase like protein# 253858 at  At4g27600
carboxyphosphonoenolpyruvate mutase like protein# 264954 at  Atlg77060
ankyrin repeat protein# 249404 at  At5gd0160
ankyrin repeat-containing protein 2# 253139 at  At4g35450
ADPG pyrophosphorylase small subunit# 248687 at  At5g48300
6,7-dimethyl-8-ribityllumazine synthase precursor# 267188 at  At2g44050
CP12 protein precursor like protein# 251218 at  At3g62410
acetolactate synthase# 252325 at  At3g48560
aspartate kinase# 258977 s _at At3g02020
aspartate kinase-homoserine dehydrogenase like protein# 254535 at  Atdgl9710
ATP sulfurylase# 255785 at  Atlgl9920
stress enhanced protein 1 (SEP1)+ 253272 at  Atd4g34190
stress enhanced protein 2 (SEP2)+ 263875 at  At2g21970
tRNA synthase like protein# 250181 at  At5g14460
nuclear-encoded chloroplast DNA repair protein# 264099 at  Atlg79050
2-cys peroxiredoxin like protein# 250733 at  At5g06290
2-cys peroxiredoxin# 259237 at  At3gl1630
peroxiredoxin# 258087 at  At3g26060
peroxiredoxin like protein# 251993 at  At3g52960
putative ATP-dependent Clp protease proteolytic subunit# 262823 at  Atlgl1750
exocyst subunit EXO70 family+ 251832 at  At3g55150
zinc metalloprotease+ 267061 at  At2g32480
zinc metalloprotease+ 264584 at  At1g05140
UV-B and ozone regulated protein 1 UOS1 (Pisum sativum )+ 256655 at  At3gl8890
carboxyvinyl-carboxyphosphonate phosphorylmutase+ 260902 at  Atlg21440
viral RNA helicase domain+ 260283 at  Atlg80480
early flowering protein 1 (Asparagus officinalis y+ 267034 at  At2g38310
peroxisomal membrane protein (Homo sapiens )+ 245937 at  At5g19750
ferroportinl (Mus musculus )+ 246847 at  At5g26820
bundle sheath defective protein 2 (Zea mays )+ 252409 at  At3g47650
Cis-trans isomerases

cyclophilin (ROC9)# 261655 at  Atlg01940
cyclophylin (ROC22)# 251177 at  At3g63400
chloroplast cyclophilin ROC8# 245985 at  At5gl3120
peptidylprolyl isomerase ROC4# 251305 _at  At3g62030
peptidyl-prolyl cis-trans isomerase like protein+ 258386 _at  At3gl5520
peptidyl-prolyl cis-trans isomerase like protein# 246040 _at  At5g19370
FKBP-type peptidyl-prolyl cis-trans isomerases# 256130 at  Atlgl8170
FKBP-type peptidyl-prolyl cis-trans isomerase+ 251414 at  At3g60370
FKBP-type peptidyl-prolyl cis-trans isomerase+ 256088 at  Atlg20810
FKBP-type peptidyl-prolyl cis-trans isomerase+ 260542 at  At2g43560
FKBP-type peptidyl-prolyl cis-trans isomerase+ 250262 at  At5gl3410
FKBP-type peptidyl-prolyl cis-trans isomerase+ 248962 at  At5g45680
FKBP-type peptidyl-prolyl cis-trans isomerase+ 252853 at  At4g39710
FKBP-type peptidyl-prolyl cis-trans isomerase+ 254545 at  Atd4gl9830
FKBP-type peptidyl-prolyl cis-trans isomerase+ 251799 at  At3g55520
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Putative Function Probe Set" AGI" A B
Cyclins
cyclin delta-3# 253283 at  Atd4g34090
cyclin G-associated kinase+ 259927 at  Atlg75100
cyclin 2 (Trypanosoma brucei)+ 251150 at  At3g63120
cyclin 2+ 256894 at  At3g21870
Cysteine synthases
cysteine synthaseff 246701 at  At5g28020 [
cysteine synthase like protein# 246700 at  At5g28030
cysteine synthase (cpACS1)# 260566 _at  At2g43750
Cytochromes
cytochrome P450# 266995 at  At2g34500
cytochrome P450 like protein# 252368 at  At3g48520
cytochrome P450# 257129 at  At3g20100
cytochrome P450# 266778 at  At2g29090
cytochrome P450# 255690 at  At4g00360
cytochrome P450+ 246268 at  Atlg31800
cytochrome c biogenesis protein precursor# 248181 at  At5g54290
cytochrome f* 245020 at  AtCg00540
cytochrome P450 like protein# 253886 at  At4g27710
ubiquinol-cytochrome-c reductase like proteinf# 262593 at  Atlgl5120
Cytoskeletons
tubulin beta-6 chain# 250317 _at  At5gl2250
myosin heavy chainy 265679 _at  At2g32240
myosin heavy chain like protein# 249271 at  At5gd41790
myosin heavy chain like protein# 258333 at  At3gl16000
DnaJ protein family
Dnal protein family+ 255088 at  At4g09350
Dnal domain-containing protein+ 265826 _at  At2g35795
Dnal like protein# 252828 at  Atd4g39960
Dnal like protein# 248739 at  At5g48030
Dnal protein family+ 250017 at  At5gl8140
Dnal protein+ 262059 at  Atlg80030
Drug/metabolite transporters
nodulin like protein# 261335 _at  Atlg44800
nodulin like protein# 261881 at  Atlg80760
phosphate/phosphoenolpyruvate translocator like protein# 259523 at  Atlgl2500
glucose 6 phosphate/phosphate translocator like protein# 246445 at  At5g17630
phosphate/phosphoenolpyruvate translocator# 259185 at  At3g01550
nodulin like protein# 262951 at  Atlg75500
Elongation/translation factors
translation initiation factor IF2# 262483 at  Atlgl7220
translation initiation factor elF-2B alpha subunit like protein# 266033 at  At2g05830
translation releasing factor RF-1 like protein# 251193 _at  At3g62910
translation releasing factor RF-2# 249691 at  At5g36170
translational activator family HsGCN1 (Homo sapiens )+ 262859 at  Atlg64790
elongation factor 1B alpha-subunit# 250304 _at  At5gl2110
elongation factor# 260786 _s_at Atlg06220
elongation factor 1B alpha-subunit# 245949 at  At5gl19510
translation elongation factor EF-Tu precursor# 254480 _at  At4g20360
ligatin (Mus musculus)+ 259948 at  Atlg71350
elongation factor 1B-gamma+ 264670 s at Atlg09640
elongation factor P (EF-P) like protein# 258674 at  At3g08740
Translation Elongation Factor Ts* 253758 at  At4g29060
Endomembrane system proteins
APG protein# 259375 at  At3gl6370
GDSL-motif lipase/hydrolase# 263482 at  At2g03980
GDSL-motif lipase/hydrolase like protein# 248118 at  At5g55050
lipase like protein# 252363 at  At3g48460
cotton fiber expressed protein 1 like protein# 248205 at  At5g54300
dehydration-induced protein RD22# 246908 at  At5g25610
myrosinase-associated protein# 257008 at  At3gl4210
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membrane related protein CP5# 262884 at  Atlg64720
ERD4 protein (ERD4)# 256310 at  Atlg30360
dermal glycoprotein precursor # 248703 at  At5g48430
putative purple acid phosphatase# 263553_at  At2gl16430
nonspecific lipid-transfer protein# 266421 at  At2g38540
serine carboxypeptidase 11# 265795 at  At2g35780
SOUL like protein# 262536 _at  Atlgl7100
heavy-metal-associated domain-containing protein+ 265796_at  At2g35730
WD-40 repeat protein family+ 244982 at  At3gl6830
myrosinase-associated protein(Brassica napus )+ 263153 s at Atlg54010
GDSL-motif lipase/hydrolase protein+ 250918 at  At5g03610
calcineurin-like phosphoesterase family+ 256100_at  Atlgl3750
storage protein (Populus deltoides )+ 254163_s_at At4g24340
ARDI(Saccharomyces cerevisiae y+ 250226 at  At5gl3780
exonuclease protein family+ 266306 _at  At2g26970
Ca2+-dependent lipid-binding protein (CLB1)+ 265388 s at At2g20990
Glutamate receptors
glutamate receptor like protein# 248700 _at  At5g48400
glutamate receptor like protein# 248701 _at  At5g48410
glutamate receptor like protein+ 250415 at  At5gl1210
glutamate receptor like protein+ 256541 at  Atlgd2540
Glycine hydroxymethyltransferases
glycine hydroxymethyltransferase like protein# 253438 at  Atdg32520
glycine hydroxymethyltransferase like protein# 254740 s at Atdgl3890
Glycoside hydrolase families
beta-amylase# 255676_at  At4g00490
beta-xylosidase like protein# 250444 at  At5gl10560
beta-galactosidase like protein# 264078 at  At2g28470
polygalacturonase like protein# 264931 at  Atlg60590
polygalacturonase PG1# 260727 at  Atlgd8100
polygalacturonase like protein# 260492 at  At2g41850
polygalacturonase like protein# 260608 at  At2g43870
beta-glucosidase (Prunus avium )+ 264280 at  Atlg61820
alpha-galactosidase like protein# 246055 at  At5g08380
beta-fructofuranosidase 1# 256787 _at  At3gl3790
beta-glucosidase like protein# 253835 at  Atd4g27820
fructosidase like protein# 250302 at  At5gl1920
raffinose synthase like protein# 249411_at  At5g40390
GPIl-anchored proteins
predicted GPI-anchored protein# 264866 _at  Atlg24140
predicted GPI-anchored protein# 256933 at  At3g22600
predicted GPI-anchored protein# 252098 at  At3g51330
GPI-anchored protein (LTPL)# 259592 at  At1g27950
arabinogalactan-protein (AGP21)# 259664 at  Atlg55330
GPI-anchored protein# 255852 at  Atlg66970
predicted GPI-anchored protein# 249037 at  At5g44130
predicted GPI-anchored protein# 265066 _at  Atlg03870
Heat shock response
heat shock like protein# 263483 _at  At2g04030
clpB heat shock protein-like# 246554 at  At5gl5450
heat shock protein# 262629 at  Atlg06460
HSP90 like protein# 254166 _at  Atd4g24190
heat shock protein hsc70-2 (hsc70.2)* 250994 at  At5g02490
101 kDa heat shock protein; HSP101-like protein# 247874 at  At5g57710
heat shock protein# 259248 at  At3g07770
heat shock protein like# 254384 _at  At4g21870
heat shock protein 70 like protein# 253013 at  At4g37910
hsp 70 like protein# 254148 at  Atd4g24280
HSP associated protein like# 254275 at  Atdg22670
calmodulin-binding heat-shock protein (Nicotiana tabacum )+ 265879 _at  At2g42450
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Histone and other nuclear proteins
histone deacetylase like protein# 250912 at  At5g03740
histone H4 like protein# 247692 s at At5g59690
putative histone H2B# 263412 at  At2g28720
nucleosome assembly protein I like protein# 253996 at  Atd4g26110
SET protein, phospatase 2A inhibitor# 260235 at  Atlg74560
putative small nuclear ribonucleoprotein D2# 266482 at  At2g47640
putative small nuclear ribonucleoprotein E# 266579 at  At2g23930
putative small nuclear ribonucleoprotein polypeptide F# 260564 at  Ar2gd3810
DEIH-box RNA/DNA helicasef 262636 _at  Atlg06670
photomorphogenesis repressor (COP1 W 267640 _at  At2g32950
Sm protein# 257001 at  At3gl14080
Integral membrane proteins
PecM protein (Vogesella indigofera y+ 258495 at  At3g02690
integral membrane protein LIH family-+ 245304 at  Atdgl5630
integral membrane protein LIH family+ 262539 at  Atlgl7200
integral membrane protein LIH family+ 245338 at  Atdgl6442
integral membrane protein+ 265823 at  At2g35760
integral membrane protein+ 267038 at  At2g38480
integral membrane protein+ 256029 at Atlg34130
Ton transport/channel proteins
Na+/H+-exchanging protein# 254215 _at  At4g23700
sodium/bile acid cotransporter (Homo sapiens )+ 257908 at  At3g25410
Sodium Bile acid symporter (SBF) like proteinf 254862 at  Atdgl2030
nitrate transporter# 258181 _at  At3g21670
zinc transporter# 266718 at  At2g46800
cation efflux family protein domain+ 266963 at  A12g39450
CLC-b chloride channel protein# 256751 at  At3g27170
chloride channel like protein# 246681 _at  At5g33280
potassium channel (AKT2)# 254305 _at  At4g22200
potassium transporter# 255304 at  At4g04850
potassium transporter# 258860 _at  At3g02050
K Efflux antiporter (KEA1)# 261536_at  Atl1g01790
phosphate transporter (AtPT2)# 266184 s at At2g38940
phosphate transporter# 257311 at  At3g26570
ammonium transport protein (AMT1)# 254723 at  Atdgl3510
sulphate transporter protein# 264901 _at  Atl1g23090
outward rectifying potassium channel KCO# 248027 at  At5g55630
potassium channel protein KAT1# 248888 at  At5g46240
putative cyclic nucleotide-regulated ion channel protein# 263777 _at  At2g46450
putative cyclic nucleotide-regulated ion channel protein# 263776 s _at At2g46440
CaM-regulated potassium ion channel (ACBK1)# 261027 at  Atlg01340
ammonium transporter+ 262883 at  Atlg64780
Isopropylmalates
2-isopropylmalate synthase like; homocitrate synthase-like# 249866 at  At5g23010
3-isopropylmalate dehydratase (small subunit)# 266395 at  At2g43100
3-isopropylmalate dehydratase like protein (small subunit)# 251524 at  At3g58990
3-isopropylmalate dehydrogenase like protein# 263706 s at Atlg31180
3-isopropylmalate dehydrogenase like protein# 260285 at  Atlg80560
Mitochondrial function
Glu-tRNA(GIn) amidotransferase subunit B+ 261307 at  Atlg48520
rhodanese-like domain+ 267635 at  At2g42220
rhodanese-like domain protein+ 258989 at  At3g08920
NAD-dependent epimerase/dehydratase family+ 249057 at  At5g44430
succinyl-CoA synthetase, alpha subunit# 249828 at  At5g23250
glycine dehydrogenase# 266892 at  At2g26080
NAD+ dependent isocitrate dehydrogenase subunit 2 (IDH2)# 263583 at  A2gl7130
proline oxidase, mitochondrial precursor like protein# 249527 at  At5g38710
pescadillo like protein# 250192 at  At5g14520
glycine decarboxylase complex H-protein# 266636 at  A12g35370
DAG protein+ 261824 at  Atlgl1430
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DAG like protein# 254493 at  At4g20020 f
decoyi# 260781 at  Atlgl4620
enhancer of rudimentary (ATER-like)# 250406_at  At5gl10810
biotin synthase (Bio B)# 260548 at  At2g43360
mitochondrial carrier like protein# 252878 at  Atd4g39460
mitochondrial carrier like protein# 249224 at  At5g42130
carnitine/acylcarnitine translocase-like protein# 248838 at  At5g46800
mitochondrial phosphate transporter# 252334 at  At3g48850
Peptide chain release factor 2 (RF-2) (Escherichia coli y+ 251670 at  At3g57190
C2 domain-containing protein+ 257734 at  At3g18370
GCNS5-related N-acetyltransferase (GNAT) family+ 254505 at  At4g19985
SH3 domain-containing protein 3+ 254711 _at  Atdgl8060
inter-alpha-inhibitor H4 heavy chain (Rattus norvegicus )+ 260455 at  Atlg72500
lateral organ boundaries (LOB) domain-containing proteins+ 256427 at  At3gl11090
oxidase like protein# 260706 _at  Atlg32350
aminotransferase# 258983 at  At3g08860
Multi Antibacterial Extrusion (MATE) efflux protein family
MATE efflux protein family+ 263401 at  At2g04070
MATE efflux protein family+ 263403 at  At2g04040
MATE efflux protein family+ 248392 at  At5g52050
MATE efflux protein family+ 256024 at  Atlg58340
MATE efflux protein family+ 263404 s at At2g04100
delta tonoplast integral protein (delta-TIP)# 258054 at  At3g16240
aquaporin (plasma membrane intrinsic protein 2C)# 265444 s at At2g37180
aquaporin (tonoplast intrinsic protein gamma)# 263867 at  At2g36830
Oxidoreductases
oxidoreductase# 262616 _at  Atlg06620
2-oxoglutarate-dependent dioxygenase (AOP3)# 255471 _at  Atdg03050
oxidoreductase, aldo/keto reductase family+ 248242 at  At5g53580
oxidoreductase, aldo/keto reductase family+ 262634 at  Atlg06690
oxidoreductase like protein (AOP1.1)# 255438 at  At4g03070
oxidoreductase, aldo/keto reductase family-+ 266207 at  At2g27680
mandelonitrile lyase like protein# 251746 at  At3g56060
dehydroquinase shikimate dehydrogenase# 258908 at  At3g06350
monodehydroascorbate reductase (NADH)# 258941 at  At3g09940
protochlorophyllide reductase like protein# 264839 at  Atlg03630
oxidoreductase, aldo/keto reductase family+ 263678 at  Atlg04420
Pentatricopeptide (PPR) repeat-containing protein
salt-inducible like protein# 260523 at  At2g41720
membrane-associated salt-inducible like protein# 250856 _at  At5g04810
maize crpl like protein# 249247 at  At5g42310
pentatricopeptide (PPR) repeat-containing protein+ 264689 at  Atlg09900
pentatricopeptide (PPR) repeat-containing protein+ 264177 at  Atlg02150
pentatricopeptide (PPR) repeat-containing protein+ 248854 _at  At5g46580
pentatricopeptide (PPR) repeat-containing protein+ 253589 at  At4g30825
pentatricopeptide (PPR) repeat-containing protein+ 258804 at  At3g04760
pentatricopeptide (PPR) repeat-containing protein+ 258696 at  At3g09650
pentatricopeptide (PPR) repeat-containing protein-+ 258149 at  At3gl8110
pentatricopeptide (PPR) repeat-containing protein+ 260595 _at  Atlg55890
pentatricopeptide (PPR) repeat-containing protein+ 250257 at  At5gl3770
pentatricopeptide (PPR) repeat-containing protein+ 246019 at  At5g10690
Polymerase subunit proteins
DNA polymerase I1I holoenzyme (Thermus thermophilus)+ 254643 at  At4gl8820
RNA polymerase beta' subunit-1* 244998 at  AtCg00180
sigma factor SigC# 251929 at  At3g53920
plastid RNA polymerase sigma-subunit (SIG2)# 262879 at  Atlg64860
DNA-directed RNA polymerase subunit# 255176 _s_at Atd4g07950
RNA polymerase sigma-70 factor# 263846 _at  At2g36990
Ribosomes
308 ribosomal protein S10# 257190 at  At3gl3120
308 ribosomal protein S17, chloroplast precursor (CS17)# 260165 at  Atlg79850
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308 ribosomal protein S20# 256855 at  At3gl5190
30S ribosomal protein S20+ 251744 at  At3g56010
308 ribosomal protein S31# 267088 at  At2g38140
308 ribosomal protein S5# 267435 _at  At2g33800
408 ribosomal protein - like# 250159 at  At5g15200
408 ribosomal protein S11# 249795 at  At5g23740
40S ribosomal protein S12+ 261789 at  Atlgl5930
408 ribosomal protein S14# 263286 _at  At2g36160
408 ribosomal protein S15A# 261416 _at  Atlg07770
408 ribosomal protein S16# 263821 s at At2g09990
408 ribosomal protein S18 (RPS18B)+ 255977 at  Atlg34030
408 ribosomal protein S18# 264203 _at  Atl1g22780
408 ribosomal protein $19 - like# 246730 _at  At5g28060
40S ribosomal protein S19# 258858 at  At3g02080
40S ribosomal protein S2# 260497 at  At2g41840
408 ribosomal protein S20 like protein# 252413 at  At3g47370
408 ribosomal protein S23# 258712 s at At3g09680
40S ribosomal protein S25# 263519 at  At2g21580
408 ribosomal protein S26 homolog# 251737 _at  At3g56340
408 ribosomal protein S26# 255819 s at At2g40590
40S ribosomal protein S28# 247267 at  At5g64140
408 ribosomal protein S3# 249700 at  At5g35530
408 ribosomal protein S5# 265963 s at At2g37270
408 ribosomal protein S8 (RPS8A)-+ 246068 at  At5g20290
408 ribosomal protein SA# 260426 _at  Atlg72370
408 ribosomal protein# 258486 at  At3g02560
408 ribsomal protein S19 - like# 247566 _at  At5g61170
408 ribsomal protein S6# 250440 _at  At5g10360
40S ribsomomal protein# 252601 s at At3g45030
508 ribosomal protein L12-C# 257225 s at At3g27850
508 ribosomal protein L15# 258076 _at  At3g25920
508 ribosomal protein L21# 262029 at  Atlg35680
508 ribosomal protein L24# 248174 at  At5g54600
508 ribosomal protein L27# 249331 at  At5g40950
508 ribosomal protein L27# 266535 s at At2gl6930
508 ribosomal protein L28# 255850 at  At2g33450
508 ribosomal protein L29# 247201 at  At5g65220
508 ribosomal protein L3# 265247 at  At2g43030
508 ribosomal protein L31# 261119 _at  Atlg75350
50S ribosomal protein L4+ 261078 at  Atlg07320
508 ribosomal protein, L6# 264575 at  Atlg05190
608 acidic ribosomal protein P2# 266258 at  At2g27720
60S acidic ribosomal protein+ 245639 at  Atlg25260
608S ribosomal protein - like# 252235 at  At3gd9910
60S ribosomal protein - like# 246758 at  At5g27850
608 ribosomal protein - like# 251018 at  At5g02450
608 ribosomal protein - like# 251997 at  At3g53020
608 ribosomal protein L10A# 249945 at  At5g22440
608 ribosomal protein 112 -like# 251938 at  At3g53430
608 ribosomal protein .13, BBCI protein# 252294 at  At3g49010
60S ribosomal protein L14# 263372 _at  At2g20450
60S ribosomal protein L17# 264438 at  At1g27400
60S ribosomal protein L17# 258569 at  At3g04400
608 ribosomal protein L17# 263665 at  Atlg04430
608 ribosomal protein L18A# 258090 at  At3gl4600
60S ribosomal protein L18A## 267007 _at  At2g34480
608 ribosomal protein L21# 264679 _s_at At1g09690
608 ribosomal protein L21+ 246379 s at Atlg57660
608 ribosomal protein L22 - like# 246745 _at  At5g27770
60S ribosomal protein L22# 259112 at  At3g05560
608 ribosomal protein L23# 255789 at  At2g33370

(Appendix continues on following page.)




Appendix 2 (Continued from previous page.)

Comparison*

Putative Function Probe Set" AGI" A B
60S ribosomal protein L23A# 266981 at  At2g39460
60S ribosomal protein L24# 265210 at  At2g36620
60S ribosomal protein L3 1# 247978 at  At5g56710
60S ribosomal protein L31# 266700 _at  At2g19740
608 ribosomal protein L34# 260369 at  Atlg69620
60s ribosomal protein L34# 263691 _at  Atlg26880
60S ribosomal protein L34# 257141 at  At3g28900
608 ribosomal protein L35# 258709 at  At3g09500
60S ribosomal protein L36# 251926 at  At3g53740
60S ribosomal protein L37# 259612 at  Atlg52300
60S ribosomal protein L37A like# 251409 _at  At3g60245
608 ribosomal protein L38# 260538 at  At2g43460
608 ribosomal protein L38-like protein# 251486 at  At3g59540
608 ribosomal protein L39# 263585 at  At2g25210
60S ribosomal protein L39+ 253482 at  At4g31985
608 ribosomal protein L6# 260383 s at Atlg74060
608 ribosomal protein L7# 265736 _at  At2g01250
60S ribosomal protein# 257599 at  At3g24830
608 ribosomal protein# 257753 _at  At3gl8740
acidic ribosomal protein p1# 255657 at  Atdg00810
ribosomal L1 like protein# 251120 _at  At3g63490
ribosomal protein CL9%# 246339 at  At3g44890
ribosomal protein L10# 261694 at  Atlg08360
ribosomal protein L10-like# 245852 at  At5gl3510
ribosomal protein L11p family+ 261190 _at  Atl1g32990
ribosomal protein L13a like protein# 254763 _at  Atdgl3170
ribosomal protein L13p family+ 263131 _at  Atlg78630
ribosomal protein L14 -like protein# 253901 _at  Atd4g27090
ribosomal protein L16* 244983 _at  AtCg00790
ribosomal protein L17 -like protein# 251883 at  At3g54210
ribosomal protein L18p family+ 262235 at  Atlg48350
ribosomal protein L19# 255520 at  Atd4g02230
ribosomal protein L19# 262117 _at  Atlg02780
ribosomal protein L19+ 248798 at  At5g47190
ribosomal protein L.19+ 245357 at  Atdgl7560
ribosomal protein L2# 267211 _at  At2g44065
ribosomal protein L20* 244970 at  AtCg00660
ribosomal protein L20+ 255767 at  Atlgl6740
ribosomal protein L.22* 244985 at  AtCg00810
ribosomal protein L27# 256794 at  At3g22230
ribosomal protein L28# 266699 at  At2gl19730
ribosomal protein L29# 258521 at  At3g06680
ribosomal protein L29%# 258532 at  At3g06700
ribosomal protein L30# 262163_at  Atlg77940
ribosomal protein L33 - like# 249975 s at At5gl8790
ribosomal protein L34 precursorff 260898 at  Atl1g29070
ribosomal protein L35 - like# 251007 _at  At5g02610
ribosomal protein L35# 266570 _at  At2g24090
ribosomal protein L39%# 259130 at  At3g02190
ribosomal protein L41# 256438 s at At3gl1120
ribosomal protein L5 - like# 249466 at  At5g39740
ribosomal protein L5# 255623 at  Atdg01310
ribosomal protein L7# 261911 _at  Atlg80750
ribosomal protein L9%# 261620 s at Atlg33140
ribosomal protein precursor - like# 250190 _at  At5g14320
ribosomal protein S1* 246673 _at  At5g29771
ribosomal protein S10# 254049 at  At4g25740
ribosomal protein S11# 252297 at  At3g48930
ribosomal protein S11* 244979 at  AtCg00750
ribosomal protein S13# 255706_at  At4g00100

ribosomal protein S13# 251341 _at  At3g60770
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ribosomal protein S15* 244938 at  AtCg01120 F
ribosomal protein S15-like# 245886 at  At5g09510
ribosomal protein S16# 253201_at  At4g34620
ribosomal protein S16* 245049 _at  AtCg00050
ribosomal protein s19 or s24# 259090 at  At3g04920
ribosomal protein S19% 244986 at  AtCg00820
ribosomal protein S21 - like# 246747 at  At5g27700
ribosomal protein S21+ 256753 _at  At3g27160
ribosomal protein S25# 252912 at  Atd4g39200
ribosomal protein S25+ 251941 at  At3g53470
ribosomal protein S27# 251357 _at  At3g61110
ribosomal protein S29 - like# 252693 s at At3g44010
ribosomal protein S3* 244984 at  AtCg00800
ribosomal protein S4 - like# 247815 at  At5g58420
ribosomal protein S4# 264849 at  At2gl17360
ribosomal protein S4# 250667_at  At5g07090
ribosomal protein S4* 245009 _at  AtCg00380
ribosomal protein S6# 261954 at  Atlg64510
ribosomal protein S7* 244992 s at AtCg01240
ribosomal protein S8* 244981 at  AtCg00770
ribosomal protein S9% 262172 at  Atlg74970
ribosomal protein YmL 14 precursor+ 253538 at  Atdg31460
ribosomal protein# 258410 at  At3gl16780
ribosomal protein# 254012 _at  Atd4g26230
ribosomal protein# 258284 at  At3gl6080
ribosomal protein# 258296 at  At3g23390
ribosomal protein# 260258 at  Atlg74270
ribosomal protein# 245311 _at  Atd4gl4320
ribosomal protein# 245342 at  Atdgl6720
ribosomal protein# 261362 s at Atlg41880
ribosomal protein# 261507 _at  Atlg71720
ribosomal protein# 261522 at  Atlg71710
ribosomal protein# 246294 at  At3g56910
ribosome recycling factor protein+ 251172_at  At3g63190
ribsomal protein - like# 250495 at  At5g09770
rps12.2* 244940 at  AtCg01230
S18.A ribosomal protein# 255000 at  At4g09800
S-phase-specific ribosomal protein# 253248 at  At4g34670

Senescence-associated proteins

senescence-associated protein SAG102+ 266882 at  At2g44670
senescence-associated protein SAG102+ 245993 at  At5g20700
senescence-associated protein SAG102+ 262162 at  Atlg78020 |
senescence-associated protein+ 245401 _at  Atdgl7670
senescence-associated protein (SAG29)# 245982 at  At5gl3170
harpin-induced protein hinl from tobacco# 263948 at  At2g35980
hinl (Nicotiana tabacum )+ 262930 at  Atlg65690
harpin-induced protein hinl (Nicotiana tabacum )+ 252058 at  At3g52470

Serine carboxypeptidases

serine carboxypeptidase II like protein# 258857 at  At3g02110
serine carboxypeptidase Il like protein# 253600 at  At4g30810
serine carboxypeptidase II like protein# 249216 _at  At5g42240
Short-chain dehydrogenase/reductase family proteins

short-chain alcohol dehydrogenase like protein# 250763 _at  At5g06060
short-chain alcohol dehydrogenase# 257774 at  At3g29250
tropinone reductase# 266279 at  At2g29290
tropinone reductasef 266293 at  At2g29360
short-chain type dehydrogenase/reductaseff 258814 at  At3g03930
tropinone reductase-I# 261084 at  Atlg07440
Subtilisin like serine protease

subtilisin like serine protease+ 245088 at  At2g39850
subtilisin like serine protease+ 266022 at  At2g05920
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subtilisin like serine protease+ 246990 at  At5g67360
subtilisin like serine proteaset 261242 at  Atl1g32960
subtilisin like serine protease+ 261240 at  Atlg32940
subtilisin like serine protease+ 261224 at  Atlg20160
subtilisin like protease# 248961 at  At5g45650
Transporter proteins
sugar transporter protein# 253188 at  Atdg35300
sugar transporter like protein# 249955 at  At5g18840
D-xylose-H+ symporter like protein# 247709 _at  At5g59250
permease | like protein# 247404 at  At5g62890
peptide transporters 262281 at  Atlg68570
sugar transporter protein# 252414 _at  At3g47420
isp4 like protein# 245296_at  Atdgl6370
oligopeptide transporter# 254938 at  Atdgl0770
Tetratricopeptide repeat (TPR)-containing proteins
tetratricopeptide repeat (TPR)-containing protein+ 257932 at  At3gl7040
tetratricopeptide repeat (TPR)-containing protein-+ 257003_at  At3gl4110
tetratricopeptide repeat (TPR)-containing protein+ 264199 at  Atl1g22700
tetratricopeptide repeat (TPR)-containing protein+ 264322 _at  Atlg04190
tetratricopeptide repeat (TPR)-containing protein+ 262577 at  Atlgl5290
tetratricopeptide repeat (TPR)-containing protein+ 255492 at  Atd4g02680
tRNA synthases
leucyl tRNA synthetase# 255328 at  At4g04350
leucyl-tRNA synthetase# 264705 at  Atl1g09620
tyrosyl-tRNA synthetase isolog# 263206 at  Atlgl0590
isoleucyl-tRNA synthetase# 248634 at  At5g49030
cysteinyl-tRNA synthetase# 266478 at  At2g31170
seryl-tRNA synthetase like protein# 264350 at  Atlgl1870
Ubiquitins
ubiquitin like protein# 253952 at  Atd4g26840
ubiquitin like protein (SMT3-like)# 248103 at  At5g55160
ubiquitin/ribosomal protein# 263289 at  At2g36170
ubiquitin family# 265825 at  At2g35635
ubiquitin extension protein (UBQ6)# 266768 s at At2g47110
ubiquitin conjugating enzyme# 246195 at  Atd4g36410
ubiquitin conjugating enzyme family+ 260180 at  Atlg70660
ubiquitin activating enzyme like protein# 254084 at  Atd4g24940
Other proteins
activating signal cointegrator 1 (Homo sapiens )+ 252424 at  At3g47610
adenylosuccinate synthetase# 251599 at  At3g57610
alcohol dehydrogenase# 261931 _at  Atlg22430
aldehyde dehydrogenase like protein# 253083 at  Atdg36250
alpha NAC like protein# 252277 at  At3g49470
aminoalcoholphosphotransferase like protein# 257933 _at  At3g25585
aspartate-semialdehyde dehydrogenase# 262841 at  Atlgl4810
AX110P like protein# 255047 at  At4g09670
BAG domain containing protein+ 248393 at  At5g52060
BolA like protein# 264546 _at  Atlg55805
BON -associated protein 1 (BAP1)# 251336_at  At3g61190
branched-chain amino acid aminotransferase# 257021 _at  At3gl19710
branched-chain-amino-acid transaminase like protein# 252274 at  At3g49680
(C2 domain-containing protein+ 257363 at  At2g45760
calnexin homolog+ 250625 at  At5g07340
carboxymethylenebutenolidase# 267059 at  At2g32520
carnitine racemase like protein# 245612 _at  Atdgl4440
CCR4-associated factor like protein# 249928 at  At5g22250
CDKS5 activator-binding protein (Rattus norvegicus )+ 246237 at  Atd4g36390
cell-cell signaling protein csgA like protein# 254485 at  Atd4g20760
CERI protein# 264146_at  Atlg02205
CGI-107 protein (Homo sapiens y+ 245975 at  At5gl3070
CGI-131 protein (Homo sapiens )+ 254387 at  Atd4g21850

-
-
"

;
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CGI-131 protein (Homo sapiens )+ 254385 s at Atdg21830
CGI-45 protein (Homo sapiens )+ 246097 at  At5g20270
class 1 non-symbiotic hemoglobin (AHB1)# 263096_at  At2gl6060
clathrin coat assembly protein# 252188 at  At3g50860
¢-myc binding protein MM-1-like protein# 249829 at  At5g23290
cold acclimation protein (7riticum aestivum ) 267288 at  At2g23680
Copine I (Homo sapiens )+ 247312 _at  At5g63970
copper homeostasis factor# 251733 at  At3g56240
D-ribulokinase (Klebsiella pneumoniae )+ 253612 at  At4g30310
D-glycero-D-manno-heptose 7-phosphate kinase 9+ 250182 at  At5g14470
dehydrodolichyl diphosphate like protein# 247780 _at  At5g58770
dihydroneopterin aldolase like protein# 247409 at  At5g62980
dolichyl-di-phosphooligosaccharide-protein glycotransferased 247058 at  At5g66680
drought-induced protein Dil9 like protein# 248595 at  At5g49230
exocyst subunit EXO70 family+ 258752 at  At3g09520
flavin reductase (Homo sapiens )+ 267005 _at  At2g34460
folylpolyglutamate synthetase# 258927 at  At3gl0160
formamidase like protein (Methylophilus methylotrophus )+ 253048 at  Atd4g37560
formamidase like protein# 253042 _at  Atd4g37550
fructokinase like protein# 251935 at  At3g54090
fructokinase# 260343 at  At1g69200
fructose bisphosphate aldolase like protein# 263761 at  At2g21330
fructose-bisphosphate aldolase like protein# 253971 at  At4g26530
gamma-VPE (vacuolar processing enzyme)# 253358 at  At4g32940
GH3 like protein# 253908 at  At4g27260
glucose inhibited division protein A from prokaryotes# 263053 at  At2g13440
glutamate decarboxylase (gad) (Petunia hybrida )+ 261970 _at  Atlg65960
glutamate dehydrogenase 2 (GDH2)# 250580 _at  At5g07440
glutamine synthetase# 250100 at  At5gl6570
glutaredoxin protein family+ 261443 at  Atlg28480
glycine cleavage system H protein precursor# 260704 _at  Atlg32470
heavy-metal-associated domain-containing protein+ 264543 _at  Atlg55780
histidinol-phosphate aminotransferase# 260172 s at Atlg71920
HPt phosphotransmitter (AHP5 )+ 264838 at  Atlg03430
HSPCO058 (Homo sapiens )+ 251773_at  At3g55960
hydrolase like protein# 254783 at  Atdgl2830
hydroxypyruvate reductase (HPR)# 260014 at  Atlg68010
IAA-amino acid hydrolase (ILR1)# 258610 at  At3g02875
inosine-5'-monophosphate dehydrogenase# 262754 at  Atlgl6350
Intracellular Protease (Pyrococcus horikoshii )+ 258622 at  At3g02720
ketol-acid reductoisomerase# 251536 _at  At3g58610
Ku70-binding protein (Homo sapiens)+ 259056 at  At3g03420
Late embryogenesis abundant protein 76 (LEA 76)+ 262128 at  Atlg52690
late embryogenesis abundant protein (EMB7) (Picea glauca)+ 256349 _at Atlg54890
LEA protein# 252132 at  At3g50790
lectin like protein# 251140 at  At5g01090
light-inducible protein (ATLS1) like protein# 247943 at  At5g57170
light-inducible protein (ATLS1)# 251098 at  At5g01650
MATH (meprin and TRAF homology) domain protein+ 255626 _at  Atdg00780
membrane protein (Saccharomyces cerevisiae )+ 254353 s at At4g22350
methionine synthase like protein# 259343 s at At3g03780
methylenetetrahydrofolate reductase (MTHFR2)# 267187 s _at At2g44160
microbody NAD-dependent malate dehydrogenase# 250498 at  At5g09660
monoglyceride lipase (Homo sapiens )+ 251235 at  At3g62860
MTN3 (nodule development protein) (Medicago truncatula )+ 260876 _at  Atlg21460
mutT domain protein# 263852 at  At2g04450
myrosinase-binding protein+ 265053 at  At1g52000
NADH dehydrogenase subunit* 245010 at  AtCg00420
nascent polypeptide associated complex alpha chain+ 256241 at  At3gl12390
N-glyceraldehyde-2-phosphotransferase like protein# 249658 s at At5g36700
nodulin like protein# 246927 s at At5g25260
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nodulin like protein# 266993 _at  At2g39210
non phototropic hypocotyl 1 (NPL1) like protein# 247853 at  At5g58140
nucleolin (nuM1) protein (Medicago sativa y+ 246623 at  At1g48920
nucleoside diphosphate kinase la# 247376_at  At5g63310
peptide methionine sulfoxide reductase like protein# 250633 at  At5g07460
peroxisomal membrane protein+ 263980 _at  At2g42770
phosphoenolpyrovate carboxylase# 260590 at  Atlg53310
phosphoenolpyruvate carboxylase like protein# 263491 at  At2g42600
phosphoribosylformylglycinamidine synthase# 260250 at  Atlg74260
photolyase/blue-light receptor (PHR2)# 245150 _at  At2g47590
phototropic response protein family+ 253062 at  Atd4g37590
phytosulfokine precursor like protein (AtPSKL)# 252234 at  At3g49780
phytosulfokine precursor 2* 266799 at  At2g22860
plastocyanin+ 261769 at  Atlg76100
PMP31 protein (Candida boidinii )+ 252411 at  At3g47430
prohibitin# 263375_s_at At2g20530
putative inhibitor of apoptosis# 261832 at  Atlgl0650
pyridoxamine 5-phosphate oxidase+ 248560 at  At5g49970
pyrroline-5-carboxylate reductase# 246594 at  At5g14800
RALF protein (Nicotiana tabacum )+ 258432 at  At3gl6570
Ran binding protein 1 homolog (RanBP1)# 247771_at  At5g58590
regulator of chromosome condensation (RCC1)* 259125 at  At3g02300
ribose 5-phosphate isomerase# 259098 at  At3g04790
ribose 5-phosphate isomerase+ 249002_at  At5g44520
root nodule development (Medicago truncatula )+ 257300_at  At3g28080
RRM-containing protein+ 257519 at  At3g01210
S-adenosyl-L-homocysteinas# 257173 _at  At3g23810
Sec7/gnom like protein# 249452 at  At5g39500
selenium-binding protein# 245285 _s at Atdgld040
shikimate kinase precursor (Lycopersicon esculentum )+ 266608 at  At2g35500
S-linalool synthase# 264886 _at  Atlg61120
spermidine synthase (Lycopersicon esculentum )+ 264317_at  Atlg70310
squamosa-promoter binding protein# 266763 at  At2g47070
steroid sulfotransferase like protein# 250662 at  At5g07010
symbiosis related proteins (Laccaria bicolor )* 258880 at  At3g06420
syntaxin like protein syntd# 252053 _at  At3g52400
TF-1 apoptosis related protein 194 256001_at  Atl1g29850
thymidylate kinase like protein# 247735 _at  At5g59440
transaldolase (Escherichia coli)+ 260967 at  Atlgl2230
transport inhibitor response 1 protein# 248557 at  At5g49980
trehalose-6-phosphate phosphatase* 256319 _at  Atlg35910
tyrosine aminotransferase# 263539 at  At2g24850
tyrosine phosphatase protein (Mus musculus )+ 247689 at  At5g59770
UbiA prenyltransferase family+ 258755 at  At3gl1950
UDP-galactose 4-epimerase like protein# 263221 _at  Atlg30620
uracil phosphoribosyltransferase like protein# 251920 at  At3g53900
uracil transporter like protein# 250926 at  At5g03555
uridylyltransferase (Rhizobium meliloti y+ 264956 _at  Atlg76990
wound-inducible protein (wunl) (Solanum tuberosum )+ 251072_at  At5g01740

Yippee-like protein# 251743 at  At3g55890




Appendix 3: Unclassified genes.

A complete list of genes that were summarised in figure 4.6 of chapter 4,

“ Probe set identifier from ATHI GeneChip. ® Arabidopsis Gene Index identifier, ©
Comparison A: resistant vs control interaction. Comparison B: induced susceptible
vs resistant interaction. Positive (red box) or negative (green box) fold changes in
gene expression averaged from two independent experiments. Yellow text indicates a
fold change calculated from a signal that was absent (determined by MAS) in at least
one sample. Orange box: no significant change in gene expression in comparison B
for a gene that had a significant positive or negative change in gene expression in
comparison A (determined by Wilcoxon’s signed rank tests). Annotation listed
derived from * ATH1 Genechip, + TIGR (The Institute for Genomic Research) or #

MIPS (Munich Information Center for Protein Sequences).
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unknown proteint 264580 _at  Atlg05340

unknown protein# 252908 at  At4g39670

unknown protein# 264467 at  Atlgl0140

unknown protein# 264645 _at  Atlg08940

unknown protein# 250292 at  At5gl3220

expressed protein+ 253401 at  Atd4g32870

unknown protein# 255733 _at  Atlg25400

unknown protein# 259150_at  At3gl0320

unknown protein# 249941 _at  At5g22270
hypothetical protein# 256499 at  Atlg36640

expressed protein+ 246018 at  At5gl0695

unknown protein# 247177 _at  At5g65300

unknown protein# 260276_at  Atlg80450

unknown protein# 262072 at  Atl1g59590

unknown protein# 265674 _at  At2g32190

unknown protein# 266658 _at  At2g25735

unknown protein# 258203_at  At3gl13950

unknown protein# 256159 at  Atlg30135

unknown protein# 247215 at  At5264905

unknown protein# 259479 _at  Atlgl9020

unknown protein# 260004_at  Atlg67860

unknown protein# 254524 at  At4g20000

unknown protein# 257074 at  At3gl19660

unknown protein# 259120_at  At3g02240

unknown protein# 260904_at  Atl1g02450

unknown protein# 250575_at  At5g08240

unknown protein# 256617 _at  At3g22240

unknown protein# 259410_at  Atlgl3340

unknown protein# 267178_at  At2g37750
hypothetical protein+ 257061_at  At3gl18250
hypothetical protein+ 266800 at  At2p22880
hypothetical protein+ 249004_at  At5g44570

unknown protein+ 260804 at  Atlg78410

expressed protein* 245318 at  Atd4gl16985

unknown protein# 265073_at  Atlg55480

unknown protein# 262288 at  Atlg70760 '
unknown protein# 246057 at  At5g08400 -
unknown protein# 246110 _at  At5g20140

unknown protein# 251353 at  At3g61080 \
unknown protein# 249876_at  At5g23060 :
unknown protein# 267562_at  At2g39670

unknown proteint 246792 at  At5g27290

unknown protein# 255465 at  At4g02990 '
unknown protein# 252724 at  At3g43540 '
expressed protein+ 255028_at  Atd4g09890

unknown protein# 257510 _at  Atlg55360

unknown protein# 265193_at  Atlg05070

expressed protein+ 249011 _at  At5g44670 .
expressed protein+ 249762 at  At5g24000
expressed protein+ 250305_at  At5gl12150 |
expressed protein+ 250739 at  At5g05740

unknown protein# 253020 at  At4g38020 ‘
unknown protein# 258034 at  At3g21300 6
unknown protein# 252975 s at Atdg38430 =
unknown protein# 246748 at  At5g27730 !
unknown protein# 253109 at  At4g35920 !
unknown protein# 255809 at  Atdgl0300 '
unknown protein# 247716 _at  At5g59350 i
unknown protein# 255808 at  Atdgl0280

unknown protein# 261669 at  Atlgl8490

expressed protein+ 251243 at  At3g61870 !
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unknown protein# 252122 at At3g51140
unknown protein# 246736 _at  At5g27560
unknown protein# 255041 at  At4g09620
unknown protein# 258393 at  At3gl15480
unknown protein# 248042_at  At5g55960
unknown protein# 248238 at  At5g53900
unknown protein# 248391 at  At5g52030
unknown protein# 248906 _at  At5g46420
unknown protein# 249231 at  At5g42030
unknown protein# 248065 _at  At5g55580
unknown protein# 248140 at  At5g54980
unknown protein# 247258 at  At5g64816
unknown protein# 247931 _at  At5g57040
unknown protein# 248026 _at  At5g55710
unknown protein# 248201 _at  At5g54180
unknown protein# 248285 at  At5g52960
unknown protein# 248449 at  At5g51110
unknown protein# 249519 at  At5g38660
unknown protein# 263709 at  Atlg09310
unknown protein# 259038 at  At3g09210
unknown protein# 263737 _at  Atlg60010
unknown protein# 255567 at  Atdg01150
hypothetical protein# 257260 at  At3g22104
hypothetical protein# 257451 _at  Atlg05690
unknown protein# 258736_at  At3g05900
unknown protein# 245730 _at  Atlg73470
unknown protein# 245793 at  Atlg32220
unknown protein# 256480 _at  Atlg33410
expressed protein+ 245396 at  Atdgl4870
expressed protein+ 250886 _at  At5g04440
expressed protein+ 253302 at  Atd4g33660
expressed protein+ 254117 at  At4g24750
expressed protein+ 261793 at  Atlgl6080
expressed protein+ 252419 at  At3gd47510
expressed protein+ 254794 at  Atd4gl2970
expressed protein+ 251461 _at  At3g59780
expressed protein+ 257057 _at  At3gl5310
expressed proteint+ 263834 at  At2g40316
unknown protein# 247400 _at  At5g62840
unknown protein# 248624 at  At5g48790
unknown protein# 248709 _at  At5g48470
unknown protein# 249162_at  At5g42765
unknown protein# 249190 at  At5g42750
unknown protein# 249472 at  At5g39210
unknown protein# 251727 _at  At3g56290
unknown protein# 252116_at  At3g51510
unknown protein# 252181 at  At3g50685
unknown proteinf? 252391 _at  At3g47860
unknown protein# 252441 at  At3g46780
unknown protein# 255659 at  Atdg00895
unknown protein# 255719 at  Atlg32080
unknown protein# 253688 at  Atd4g29590
unknown protein# 254298 at  At4g22890
unknown protein# 254755 at  Atdgl3220
unknown protein# 255857 at  Atlg67080
unknown protein# 257253 at  At3g24190
unknown protein# 256698 at  At3g20680
unknown protein# 256076_at  Atlgl8060
unknown protein# 257706 _at  At3gl2685
unknown protein# 257856 _at  At3gl2930
unknown protein# 257903 _at  At3g28460
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unknown protein# 257966 _at  At3gl19800
unknown protein# 258161 _at  At3gl17930
unknown protein# 259275 at  At3g01060
unknown protein# 259591 at  Atl1g28150
unknown protein# 259658 at  Atlg55370
unknown protein# 259791 at  Atl1g29700
unknown protein# 260106_at  At1g35420
unknown protein# 260155 at  Atlg52870
unknown protein# 260696_at  Atlg32520
unknown protein# 261296 _at  Atlgd8460
unknown protein# 261388 at  Atlg05385
unknown protein# 261519 at  Atlg71810
unknown protein# 262050 at  Atl1g80130
unknown protein# 262168 at  Atlg74730
unknown protein# 263048 s at At2g05310
unknown protein# 263209 at  Atlgl0522
unknown protein# 263268 at  At2g16590
unknown protein# 263410_at  At2g04039
unknown protein# 263442 at  At2g28605
unknown protein# 263471 _at  At2g31890
unknown protein# 263750_at  At2g21530
unknown protein# 263760_at  At2g21280
unknown protein# 263763 at  At2g21385
unknown protein# 263840 at  At2g36885
unknown protein# 263864 at  At2g04530
unknown protein# 264096_at  Atlg78995
unknown protein# 264909 at  At2g17300
unknown protein# 265415_at  At2g20890
unknown protein# 265628 at  At2g27290
unknown protein# 265773 _at  At2g48070
unknown protein# 266285 at  At2g29180
unknown protein# 266329 at  At2g01590
unknown protein# 266957 _at  At2g34640
unknown protein# 267430_at  At2g34860
unknown protein# 267586_at  At2g41950
unknown protein# 267000 _at  At2g34310
unknown protein# 266635 _at  At2g35470
unknown protein# 267379 _at  At2g26340
hypothetical protein# 257132 _at  At3g20230
hypothetical protein# 260872 at  Atlg21350
hypothetical protein# 266402 _at  At2g38780
hypothetical protein# 267063 _at  At2g41120
hypothetical protein# 246630 _at  Atlg50730
hypothetical protein# 256856 _at  At3gl5110
hypothetical protein# 262897 at  At1g59840
hypothetical protein# 267549 _at  At2g32640
hypothetical protein# 257044 _at  A3gl9720
hypothetical protein# 258705 at  At3g09470
hypothetical protein# 259775 _at  Atlg29530
hypothetical protein# 261132 _at  Atlgl9800
hypothetical protein# 262868 at  Atlg64980
hypothetical protein# 263674 _at  At2g04790
unknown protein# 258263 at  At3gl5780
unknown protein# 265596 _at  At2g20020
unknown protein# 261422 at  Atlgl8730
unknown protein# 261338 at  Atlg44920
expressed protein® 250485 _at  At5g09990
expressed protein* 267578 at  At2g30695
unknown protein# 248149 at  At5g54855
unknown protein# 249288 at  At5g41050
unknown protein# 253341 at  At4g33410

(Appendix continues on following page.)




Appendix 3 (Continued from previous page.)

Comparison
Putative Function Probe Set” AGI" A B
unknown protein# 258638 at  At3g07950
unknown protein# 259357 at  Atlgl3380
unknown protein# 261273 at  Atlg26650
unknown protein# 261902_at  Atl1g80860
unknown protein# 261944 at  Atlg64650
unknown protein# 263431 at  At2g22170
unknown protein# 264164 at  Atlg65295
unknown protein# 262238 at  Atlgd8300
expressed protein® 253548 at  At4g30993
expressed protein* 255104 _at  At4g08685
unknown protein# : 245843 at  Atlg26180
unknown protein# 259942 at  Atlg71260
unknown protein# 255604 at  Atdg01080
unknown protein* 256172_at  Atlg51745
hypothetical protein* 261131 _at  Atlgl9835
unknown protein# 260056_at  Atlg78140
unknown protein# 261948 at  Atlg64680
unknown protein# 263632 at  At2g04795
unknown protein# 255691 _at  Atdg00370
unknown protein# 246159 at  At5g20935
unknown protein# 250075_at  At5gl17670
unknown protein# 252823 at  At4g40045
unknown protein# 262397 at  Atlgd9380
unknown protein# 248336_at  At5g52420
unknown proteins 249120 at  At5g43750
unknown protein# 258403 at  At3g15380
unknown protein# 256680 at  At3g52230
unknown protein# 253537 at  Atdg31560
unknown protein# 267247 at  At2g30170
unknown protein# 253765 at  At4g28740
hypothetical protein+ 254612 _at  At5g26020
hypothetical protein+ 248409 at  At5g51540
hypothetical protein+ 255621 at  Atdg01390
hypothetical protein+ 263488 at  At2g31840
hypothetical protein+ 247486 at  At5g62140
hypothetical protein+ 253004 _at  At4g38330
unknown protein* 266621 at  At2g35440
hypothetical protein* 245048 at  AtCg00040
hypothetical protein*® 244961 at  AtCg01040
hypothetical protein* 244965 at  AtCg00590
hypothetical protein* 244993 s at AtCg01000
hypothetical protein® 245019 at  AtCg00530
hypothetical protein® 259633 at  Atlg56505
hypothetical protein+ 258654 at  At3g09860
unknown protein# 254503 at  At4g20010
unknown protein# 257540 at  At3g21520
unknown protein# 266462 at  At2gd7770
unknown protein# 248505 at  At5g50360
unknown protein# 247555 at  At5g61020
expressed protein* 266906 _at  At2g34585
unknown protein# 265214 at  Atlg05000
unknown protein# 263844 at  At2g36930
unknown protein# 264696 _at  Atlg70230
unknown protein# 252463 at  At3g47070
expressed protein* 253001 _at  Atdg38490
unknown protein# 262000 _at  Atlg33810
unknown protein# 264023 at  At2g21195
unknown protein# 256062 at  Atlg07090
unknown protein# 256113 at  Atlgl6810
unknown protein# 250454 at  At5g09830

expressed protein* 247800 _at  At5g58570
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hypothetical protein# 245512 at  Atdgl5770
unknown protein# 256173 at  Atlg51730
unknown protein# 257868 at  At3g25070
unknown protein# 256969 at  At3g21080
unknown protein# 267069 at  At2g41010
unknown protein# 265837 at  At2gl14560
unknown protein# 248190 at  At5g54120
unknown protein# 248387 at  At5g51960
unknown protein# 263972 at  At2g42760
unknown protein# 253917 at  Atd4g27380
unknown protein# 247355 at  At5g63670
unknown protein# 263251 _at  At2g31410
unknown protein# 259819 at  Atlg49820
unknown protein# 260877 at  Atlg21500
unknown protein# 261377 _at  Atlgl8850
unknown protein# 261456 _at  Atlg21050
unknown protein# 263947 _at  At2g35820
unknown protein# 262876 _at  Atlg64750
unknown protein# 265911 _at  At2g25670
unknown protein# 267033 _at  At2g38450
unknown protein# 265116 _at  Atlg62480
unknown protein# 264609 at  Atlg04530
unknown protein# 254721 at  Atd4gl3520
unknown protein# 264935 at  Atlg61150
unknown protein# 265698 at  At2g32160
unknown protein# 247705 _at  At5g59460
unknown protein# 262346 _at  Atlg63980
unknown protein# 257658 at  At3gl3230
hypothetical protein+ 254571 at  Atdgl9370
unknown protein* 264054 at  At2g22550
hypothetical protein+ 266075_s_at At2g40710
unknown protein# 256223 at  Atlg56200
unknown protein# 261540 _at  Atlg63610
unknown protein# 260586 _at  At2g43630
unknown protein# 267630 _at  At2g42130
unknown protein# 266587 at  At2gl4880
unknown protein# 250057_at  At5g17840
unknown protein# 250073_at  At5gl7170
unknown protein# 252048 at  At3g52500
unknown protein# 265132 at  Atlg23830
unknown protein# 265855_at  At2g42390
unknown protein# 264636_at  Atlg65490
unknown protein# 249482 at  At5g38980
unknown protein# 245776 _at  Atlg30260
unknown protein# 246982 s at At5g04860
unknown protein# 257647 at  At3g25805
unknown protein# 252034 at  At3g52040
unknown protein# 265327 at  At2gl8210
unknown protein# 266483 at  At2g47910
unknown protein# 258418 at  At3gl6660
unknown protein# 255793 at  At2g33250
unknown protein# 260409 at  Atlg69935
unknown protein# 261488 at  Atlgld345
unknown protein# 265819 at  At2gl17972
unknown protein# 263842 at  At2g36835
unknown protein# 247139 _at  At5g66090
unknown protein# 249007 _at  At5g44650
unknown protein# 253005 _at  Atd4g38100
unknown protein# 254356_at  Atd4g22190
unknown protein# 258800_at  At3g04550
unknown protein# 257172_at  At3g23700
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Comparison
Putative Function Probe Set" AGI° A B
unknown protein# 262287 at  Atlg68660
unknown protein# 263703 at  Atlg31170
unknown protein# 264811 _at  Atlg08640
unknown protein# 266521 at  At2g24020
unknown protein# 266551 at  At2g35260
unknown protein# 266889 at  At2g44640
unknown protein# 267172 _at  At2g37660
unknown protein# 261247 at  Atlg20070
unknown protein# 252922 at  Atdg39040
expressed protein+ 250562_at  At5g08040
expressed protein+ 252603 at  At3g45050
expressed protein+ 252661 at  At3g44450
hypothetical protein# 254727 at  Atdgl3670
hypothetical protein# 266247 at  At2g27660
hypothetical protein# 261500 at  Atlg28400
hypothetical protein# 259385 at  Atlgl3470
hypothetical proteini 266474 at  At2g31110
hypothetical protein# 264803 _at  Atlg08580
unknown protein# 249918 at  At5g19240
unknown protein# 248302 at  At5g53160
unknown protein# 248298 at  At5g53110
unknown protein# 261056_at  Atlg01360
expressed proteint 254153 at  Atdg24450
unknown protein# 249988 at  At5gl8310
unknown protein# 246156_at  At5g20090
expressed protein+ 247847 at  At5g58110
unknown protein# 267644 s at At2g32880
unknown protein# 260596 _at  Atlg55900
unknown protein# 252619 at  At3gd5210
unknown protein# 267367 at  At2g44210
unknown protein# 247862 at  At5g58250
unknown protein# 256530 _at  Atlg33290
unknown protein# 253336 at  At4g33250
unknown protein# 248663 at  At5g48590
unknown protein 265101_at  At1g30880
unknown protein# 245155 at  At5gl2470
hypothetical protein+ 249835 s at At5g23510
unknown protein# 256766_at  At3g22231
unknown protein# 259841 at  Atlg52200
unknown protein# 266967 at  At2g39530
unknown protein# 247205 at  At5g64890
unknown protein# 247816 at  At5g58260
expressed protein+ 246998 at  At5g67370
unknown protein# 248329 at  At5g52780
hypothetical protein# 259179 at  At3g01660
unknown protein# 247889 at  At5g57930
unknown protein# 246154 at  At5gl9940
unknown protein# 249230 at  At5g42070
unknown protein# 253233 at  Atdg34290
unknown protein# 253943 at  At4g27030
expressed protein+ 252353 at  At3g48200
unknown protein# 248028 at  At5g55620
unknown protein# 249191 at  At5g42760
expressed protein+ 250563 at  At5g08050
unknown protein# 251519 at  At3g59400
hypothetical protein# 257773 _at  At3g29185
expressed protein+ 253208 at  Atdg34820
unknown protein# 245165 at  At2g33180
unknown protein# 245388 at  Atdgl6410

unknown protein# 254198 at  At4g24090
unknown protein# 257831 at  At3g26710
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Comparison”

Putative Function Probe Set" AGI’ A B
unknown protein# 259460 at  Atlg44000
unknown protein# 265704 _at  At2g03420
unknown protein# 249900 at  At5g22640
unknown protein# 260793 at  Atlg06190
unknown protein# 261788 at  Atlgl5980
unknown protein# 262283 at  Atlg68590
unknown protein# 262693 at  Atlg62780
unknown protein# 262970 _at  Atlg75690
unknown protein# 263142 at  Atlg65230
unknown protein# 263287 at  At2g36145
unknown protein# 256796 _at  At3g22210
unknown protein# 261572 at  Atlg01170
unknown protein# 261861 at  Atlg50450
unknown protein# 267057 at  At2g32500
unknown protein# 257794 at  At3g27050
unknown protein# 248377 at  At5g51720
unknown protein# 267294 at  At2g23670
hypothetical protein# 256215 at  Atlg50900
hypothetical protein# 267553 s at At2g32650
unknown protein# 255764 at  Atlgl6720
expressed protein® 255436 _at  Atdg03150

unknown protein# 254145 at  Atdg24700
hypothetical protein+ 248064 at  At5g55570




