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The harpin protein HrpNEa induces Arabidopsis resistance to the green peach aphid by activating the ethylene signalling
pathway and by recruiting EIN2, an essential regulator of ethylene signalling, for a defence response in the plant. We
investigated 37 ethylene-inducible Arabidopsis transcription factor genes for their effects on the activation of ethylene
signalling and insect defence. Twenty-eight of the 37 genes responded to both ethylene and HrpNEa, and showed either
increased or inhibited transcription, while 18 genes showed increased transcription not only by ethylene but also by
HrpNEa. In response to HrpNEa, transcription levels of 22 genes increased, with AtMYB44 being the most inducible, six
genes had decreased transcript levels, and nine remained unchanged. When Arabidopsis mutants previously generated
by mutagenicity at the 37 genes were surveyed, 24 mutants were similar to the wild type plant while four mutants were
more resistant and nine mutants were more susceptible than wild type to aphid infestation. Aphid-susceptible mutants
showed a greater susceptibility for atmyb15, atmyb38 and atmyb44, which were generated previously by T-DNA
insertion into the exon region of AtMYB15 and the promoter regions of AtMYB38 and AtMYB44. The atmyb44 mutant
was the most susceptible to aphid infestation and most compromised in induced resistance. Resistance accompanied
the expression of PDF1.2, an ethylene signalling marker gene that requires EIN2 for transcription in wild type but
not in atmyb15, atmyb38, and atmyb44, suggesting a disruption of ethylene signalling in the mutants. However, only
atmyb44 incurred an abrogation in induced EIN2 expression, suggesting a close relationship between AtMYB44 and
EIN2.
[Liu R, Lü B, Wang X, Zhang C, Zhang S, Qian J, Chen L, Shi H and Dong H 2010 Thirty-seven transcription factor genes differentially respond to
a harpin protein and affect resistance to the green peach aphid in Arabidopsis; J. Biosci. 35 435–450] DOI 10.1007/s12038-010-0049-8

1.

Introduction

Harpins constitute a unique group of proteins that are
produced by Gram-negative plant pathogenic bacteria and
cause multiple effects in plants (Dong et al. 1999; Kim
and Beer 2000; Peng et al. 2004; Liu et al. 2006; Ren et al.
2006a, b; Wu et al. 2007; Chen et al. 2008a, b). HrpNEa, the

ﬁrst characterized harpin, is secreted by Erwinia amylovora,
the pathogen that causes ﬁre blight in rosaceous plants (Wei
et al. 1992). The application of HrpNEa to plants promotes
plant growth (Dong et al. 2004) and induces hypersensitive
cell death (Wei et al. 1992; Peng et al. 2003), systemic
acquired resistance (Dong et al. 1999; Peng et al. 2003)
and drought tolerance (Dong et al. 2004; Zhang et al. 2007;
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Ren et al. 2008). These different effects have been attributed
to the activation of distinct signalling pathways, including
those mediated by phytohormones (Dong et al. 1999; Peng
et al. 2003, 2004; Dong et al. 2004, 2005; Chen et al.
2008a).
In Arabidopsis thaliana (Arabidopsis), the use of HrpNEa
activates the ethylene signal transduction pathway and
induces insect defence (Dong et al. 2004). The ethylene
signalling pathway recruits different regulators to fulﬁl
distinct functions (Guo and Ecker 2004; Chen et al. 2009;
Camehl et al. 2010). ETHYLENE INSENSITIVE2 (EIN2),
an integral membrane protein, is an essential regulator of the
ethylene signalling pathway, and is therefore indispensable
for many processes, including defence responses (Alonso
et al. 1999; Wang et al. 2002; Dong et al. 2004; Camehl et
al. 2010). In HrpNEa-treated Arabidopsis, the EIN2 gene is
required for the development of induced resistance to the
green peach aphid (GPA, Myzus persicae L.). The extrinsic
application of HrpNEa inhibits GPA multiplication on the
plant. This effect is induced in wild type (WT) Arabidopsis
but not in the ein2-1 and etr1-1 mutants (Dong et al. 2004),
which have defects in EIN2 and in the ethylene receptor
ETR1, respectively (Schaller and Bleecker 1995; Schaller et
al. 1995; Guo and Ecker 2004). Therefore, perception of the
ethylene signal and signal transduction via EIN2 are critical
for the induction of insect defence in the plant.
Ethylene signal transduction via EIN2 leads to the
expression of speciﬁc defence response genes, such as
PDF1.2, a gene that is regarded as a molecular marker of
the ethylene signalling pathway (Moran and Thompson
2001) and requires EIN2 for transcription (Alonso et al.
1999). By regulating the transcription of defence response
genes, different types of transcription factors (TFs) play
key roles in the regulation of ethylene signalling and plant
defence responses (Gong et al. 2004; Qu and Zhu 2006).
In Arabidopsis, at least 1510 TFs have been identiﬁed as
different families and shown to be multifunctional (Qu and
Zhu 2006). TFs of the MYB superfamily, for example, are
involved in a multitude of physiological processes (Kirik et
al. 1998; Shin et al. 2007), defence responses to pathogens
(Kranz et al. 1998; Jung et al. 2010) and environmental
cues, including freezing (Agarwal et al. 2006; Serpa et al.
2007), drought and salinity stresses (Jung et al. 2008). In
these distinct processes, TFs function in association with
mediation by one or more phytohormones, such as abscisic
acid (Chen et al. 2006; Jung et al. 2008), auxin (Kranz et al.
1998; Chen et al. 2006; Shin et al. 2007), ethylene (Feng et
al. 2005; Chen et al. 2006) and jasmonate (Jung et al. 2007,
2008, 2010). However, only a few TFs have been connected
physiologically with particular hormone signalling pathways
(Agarwal et al. 2006; Serpa et al. 2007; Shin et al. 2007).
This study attempted to identify Arabidopsis TFs involved
in HrpNEa-induced resistance to GPA.
J. Biosci. 35(3), September 2010

2.
2.1

Materials and methods
Plant growth and treatment

Arabidopsis genotypes used in this study included WT of the
ecotype Col-0 and mutants with defects in the 37 TF genes
generated previously under the background of Col-0 (table 1).
Plants were grown in 9 cm pots and incubated in a chamber
at 22°C and 200 μE/m2/s illumination conditions. Plants were
grown in short day (10-h light/14-h dark cycle) for 40 days
before use. Alternatively, long day (16-h light/8-h dark cycle)
was applied to plants for observation of ﬂowering time. HrpNEa
was prepared and puriﬁed as described (Dong et al. 1999). The
protein was used in a 10 μg/ml aqueous solution and applied
by spraying plant tops with a low pressure atomizer. Similar
treatment with pure water was used as a control. The ethylene
precursor 1-aminocyclopropane-1-carboxylate (ACC) was
applied to the plant growth environment as described (Zhang
et al. 2007). Immediately before treatment, 5 plants growing
in a pot were placed in a 10 l transparent glass jar, together
with a small beaker that contained ACC dissolved in 10 ml
pure water. The loaded jar was sealed immediately with
Vaseline and was maintained for 2 h. In a control, equivalent
plants were incubated similarly in sealed jars but the beaker
contained only water. Levels of ethylene gas released from the
plants were determined by gas chromatography (Guzman and
Ecker 1990; Dong et al. 2004).
2.2 Analyses of gene expression
Total RNA was isolated from plant tops and the top two leaves
of differently treated plants sampled at intervals after treatment.
Northern blots of RNA samples were hybridized to speciﬁc
probes labelled with digoxigenin (Peng et al. 2004). Reverse
transcriptase-polymerase chain reaction (RT-PCR) was
performed using speciﬁc primers (supplementary table 1) and
superscript II RNAse H¯ Reverse Transcriptase (Invitrogen).
RT-PCR products were conﬁrmed by sequencing and
sequence comparison. They were resolved by electrophoresis
and visualized by staining with ethidium bromide. Real-time
RT-PCR (Wu et al. 2010) and transcript quantiﬁcation (Livak
and Schmittgen 2001) were done using the EF1α (Peng et al.
2004) and ACTIN2 (Panchuk et al. 2002) genes as references.
A tested gene transcript was quantiﬁed relative to those of
EF1α and ACTIN2, respectively. Average expression level of
the tested gene was deﬁned as 1 for control treatment of the
WT plant to score levels of the gene transcript from different
treatments or mutants.
2.3

Insect infestation

Plants treated with pure water and puriﬁed HrpNEa,
respectively, were distributed in 45 × 30 cm plastic
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Information on TF genes and Arabidopsis mutants tested in this study
Arabidopsis mutant

TF gene
AGI no. a

GBA no. b

Family

Name c

Seed stock no. c

AtMYB2

At2G47190

NM_130287

MYB

atmyb2

SALK_043075

Exon

AtMYB3

At1G22640

NM_102111

MYB

atmyb3

SALK_121705

Promoter

AtMYB13

At1G06180

NM_100499

MYB

atmyb13

SALK_044860

Exon

AtMYB15

At3G23250

NM_113226

MYB

atmyb15

SALK_045534

Exon

AtMYB27

At3G53200

NM_115180

MYB

atmyb27

SALK_040888

Promoter

AtMYB30

AT3G28910

NM_113812

MYB

atmyb30

SALK_027644

Exon

AtMYB32

At4G34990

NM_119665

MYB

atmyb32

SALK_132874

Exon

AtMYB38

At2G36890

NM_129245

MYB

atmyb38

SALK_112082

Promoter

AtMYB44 e

At5G67300

NM_126130

MYB

atmyb44 e

SALK_008606

Promoter

AtMYB51

At1G18570

NM_101715

MYB

atmyb51

SALK_045103

Promoter

Name

TIL d

AtMYB52

At1G17950

NM_101658

MYB

atmyb52

SALK_118938

Intron

AtMYB73

At4G37260

NM_119889

MYB

atmyb73

SALK_023478

Promoter

AtMYB74

At4G05100

NM_116749

MYB

atmyb74

SALK_066214

Promoter

AtMYB96

At5G62470

NM_125641

MYB

atmyb96

SALK_111645

Exon

AtMYB108

At3G06490

NM_111525

MYB

atmyb108

SALK_044948

Intron

F25A4.19

At1G74840

NM_106142

MYB

f25a4.19

CS806611

Intron

F9G14.150

At5G02840

NM_120362

MYB

f9g14.150

SALK_051728

Intron

MNJ8.4

AT5G37260

NM_123085

MYB

mnj8.4

SALK_074896

Exon

K19M22.10

At5G58900

NM_125280

MYB

k19m22.10

SALK_054068

Exon

AtERF11

At1G28370

NM_102603

ERF/AP2

aterf11

SALK_116053

Promoter

AtK13N2.14

At3G25730

NM_113472

ERF/AP2

atk13n2.14

SALK_007015

Exon

AtHB-7

At2G46680

NM_130233

HOX

athb-7

SALK_086222

Exon

AtC3HC4

At1G73950

NM_106054

ZFP

atc3hc4

SALK_020425

Promoter

AtZFP6

At1G67030

NM_105372

ZFP

atzfp6

SALK_071126

Promoter

AtRAP2.6L

At5G13330

NM_121336

ERF/AP2

atrap2.6l

SALK_070715

Intron

F1I21.18

At1G43160

NM_103468

ERF/AP2

f1i21.18

CS301757

Exon

RAP2.12

At1G53910

NM_104269

ERF/AP2

rap2.12

SALK_019187

Promoter

F15H21.12

At1G64380

NM_105113

ERF/AP2

f15h21.12

SALK_013075

Promoter

T7M7.18

At2G40340

NM_129594

ERF/AP2

t7m7.18

CS845085

Promoter

MLN21.9

At3G14230

NM_112281

ERF/AP2

mln21.9

SALK_010265

Promoter

AtERF#011

At3G50260

NM_114886

ERF/AP2

aterf#011

SALK_038009

Exon

F26K10.20

At4G28140

NM_118954

ERF/AP2

f26k10.20

SALK_143522

Promoter

ABR1

At5G64750

NM_125871

ERF/AP2

abr1

SALK_012151

Exon

AtIAA13

At2G33310

NM_128891

AUX/IAA

atiaa13

SALK_016814

Promoter

AtRD26

At4G27410

NM_118875

NAC

atrd26

SALK_063576

Exon

AtWRKY69

At3G58710

NM_148881

WRKY

atwrky69

SALK_008747

Intron

AtSPL12

At3G60030

NM_115866

SBP-box

atspl12

SALK_017778

Exon

a

AGI no., Arabidopsis Genome Initiative number
b
GBA no., GenBank accession number
c
TIL, T-DNA insertion location
d
Mutagenesis map and characterization of each mutant can be found with the seed stock no. in The Arabidopsis Information Resource (TAIR)
database (http://www.arabidopsis.org).
e
According to information from TAIR and a previous study (Alonso et al. 2003), the atmyb44 mutant was generated by T-DNA insertion via the
pROK2 vector. The T-DNA insert is located at −96 nucleic acid residue of AtMYB44 DNA sequence. The mutagenesis has been determined.
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Table 2.
genes

Different levels of responses to ethylene of MYB
Degree of gene expression in response to ethylene*
Kranz et al. 1998

Chen et al. 2006

AtMYB2

−

+

AtMYB3

++++

+

AtMYB13

++

+

AtMYB15

−

+++

AtMYB30

+

+++

AtMYB32

−

+

AtMYB38

+++

−

AtMYB44

++

++++>

AtMYB51

+

+++

AtMYB73

++

+++

AtMYB74

−

+

Gene

*According to the two references, ethylene was converted from
the ethylene precursor 1-aminocyclopropane-1-carboxylate
applied to the plant growth environment. Gene expression was
determined by reverse northern blot hybridization. The relative
expression level was indicated by (–) for no expression, and
an increasing number of (+) signs indicates weak expression
(+) to strong expression (++++); the symbol ++++> indicates
extremely strong expression.

trays. Five days after treatment, plants were colonized
with GPA. GPA was cultured in nursery Arabidopsis and
was transferred to fresh plants every two weeks (Dong
et al. 2004). The developmental status and reproductive
morphology of the insect were monitored using reading
glasses. Ten-day-old uniform wingless agamic females were
placed on the lower sides of the top two expanded leaves of
the plants (10 aphids per leaf). A total of 3600 aphids were
monitored in three repeats of experiments for each single
recombination of a treatment and a plant genotype. In each
experimental repeat, 1200 aphids were placed on 120 leaves
of 60 plants treated speciﬁcally. GPA colonization on leaves
was monitored in the subsequent 24 h. In the next three
days, GPA reproduction was surveyed twice a day, and in
each survey, nymphs produced on the leaves were counted
and were then removed to nursery Arabidopsis seedlings.
Evaluation of the reproduction rate was based on the number
of nymphs produced per GPA and quantiﬁed as the ratio of
total numbers of nymphs produced in three days and total
numbers of GPA adults that colonized the plant leaves.
2.4

Observations on plant responses to a pathogen and
physiological drought

Plants were inoculated with a virulent strain of Pseudomonas
syringae pathovar (pv.) tomato DC3000 (Dong et al. 1999;
Zhang et al. 2009). Three days later, the bacterial population
J. Biosci. 35(3), September 2010

in leaf tissues was determined as colony formation unit (cfu)
per g fresh weight of leaves, and symptoms of leaf chlorosis
were observed. In the drought test, plants were transplanted
into liquid Murashige and Skoog medium and were treated
with an aqueous polyethylene glycol (PEG) 6000 (0.8%,
w/v) solution applied to the medium. Twenty-four hours
later, plants were photographed and leaves were excised
to observe stomata under a microscope. In each genotype/
treatment combination, 10 plants, 3 top leaves/plant and 10
stomata/leaf were tested.
2.5

Data treatment

Experiments were done at least three times with similar
results, and 15 plants were tested each time unless speciﬁed.
Correlations between levels of gene expression and plant
resistance were analysed using the Ofﬁce Excel tool.
Student t-test was used to compare the differences between
WT and a mutant, and ANOVA test was used to compare the
differences between WT and mutants in levels of resistance,
shown as the inhibitory effects on GPA colonization and
reproduction.
3.
3.1

Results

Twenty-eight of 37 TF genes respond to both ethylene
and HrpNEa

According to information from The Arabidopsis Information
Resource (TAIR) database (http://www.arabidopsis.org), 37
Arabidopsis TF genes (table 1), annotated to have more than
60% physiological correlation with ethylene signalling,
were compared for levels of expression induced by ethylene
and HrpNEa. Ethylene-induced expression of the genes has
been determined previously by reverse northern blot (Kranz
et al. 1998; Feng et al. 2005; Chen et al. 2006) with great
discrepancies between different studies in expression levels
of the same genes (table 2). We conducted real-time RTPCR analyses to quantify transcripts of the 37 TF genes
expressed in WT Arabidopsis treated with ACC or HrpNEa,
both of which were applied and compared with water used as
a control. ACC is an ethylene precursor and is converted into
ethylene in the plant growth environment (Ghassemian et
al. 2000). At the 12th hour post-treatment (hpt), expression
levels of the 37 genes were determined. The expression
of a gene was described as changed if abundance of the
gene transcript was signiﬁcantly different in plants treated
with ACC or HrpNEa compared with water (Student t-test,
P<0.05).
Effects of raised ethylene concentration on the expression
of 37 TF genes were investigated. In 2 h after plants were
placed in sealed glass jars along with ACC, the concentration
of ethylene in the jars reached 21 μl/l, in contrast to 0.4 μl/l

Plant transcription factors and insect defence
released from plants in water-containing jars. Under this
condition, sealed treatments were terminated and gene
expression was detected 10 h later. The 37 TF genes varied
greatly in expression levels (ﬁgure 1A). The amount of
transcripts of 12 genes remained unchanged, expression
levels of four genes were decreased by 30%−60%, and
expression levels of 21 genes were increased 1.2−4.7-fold
in ACC-treated plants compared with water-treated control
plants (Student t-test, P<0.05).
In independent experiments, 37 TF genes were investigated for expression in WT Arabidopsis following treatment
with puriﬁed HrpNEa, which was applied in contrast to water
used as a control. Real-time RT-PCR analyses showed that
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expression of the 37 TF genes varied greatly in response to
treatment with HrpNEa compared with water (ﬁgure 1B).
Transcript levels of 22 genes were upregulated 1.1−4.8-fold,
those of 6 genes were downregulated by 10%−60%, and
transcript amounts of 9 genes remained unchanged in plants
tested at the 12th hpt with HrpNEa compared with water
(Student t-test, P<0.05).
Comparison of ﬁgure 1A and ﬁgure 1B indicated that 28
of the 37 TF genes responded to both ethylene and HrpNEa,
and their transcription was either promoted or inhibited. The
expression of 6 genes (F15H21.12, T7M7.18, AtSPL12,
F1I21.18, K19M22.10 and AtMYB2) was neither induced
by ethylene nor by HrpNEa, while 4 genes (AtERF#011,

Figure 1. Differential expression of 37 transcription factor (TF) genes in wild type (WT) Arabidopsis plants responding to ethylene and
HrpNEa. (A) Gene expression in plants treated with the ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC) applied in comparison
with pure water used as a control. Plants were placed in sealed glass jars along with ACC or water. Two hours later, the concentration of
ethylene was 21 μl/l in the ACC-containing jars and 0.4 μl/l in water-containing jars, and sealed treatments were terminated. Ten hours later,
RNA was isolated from the plant leaves and used for determination of gene expression. (B) Gene expression in plants treated with puriﬁed
HrpNEa applied in comparison with pure water. RNA used in gene expression analysis was isolated from plant leaves 12 h after treatment (A)
and (B) RNA samples were subjected to real-time RT-PCR protocols using ACTIN2 and EF1α genes as references. Abundance of each gene
transcript from ACC-treated plants was quantiﬁed in contrast to the transcript abundance deﬁned as 1 for plants from water-containing jars
(A), and abundance of each gene transcript from HrpNEa-treated plants was quantiﬁed in contrast to the transcript abundance deﬁned as 1 for
water-treated plants (B). Histograms represent means ± standard deviation (SD) bars of replicate results (n = 3 repeats; 15 plants/repeat)
J. Biosci. 35(3), September 2010
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MLN21.9, F25A4.19, and AtWRKY69) were downregulated
in response to ethylene or HrpNEa. In contrast, the
transcription levels of 18 genes (AtMYB52, AtZFP6,
AtMYB13, AtRAP2.6L, ABR1, AtMYB15, AtMYB30,
AtMYB38, AtC3HC4, AtERF11, AtK13N2.14, AtMYB3,
AtMYB73, AtMYB108, AtHB-7, AtMYB51, RAP2.12, and
AtMYB44) were upregulated in response to ethylene or
HrpNEa, and their expression levels were increased not
only by ethylene but also by HrpNEa compared with water
(Student t-test, P<0.01). In particular, transcription levels
of 16 genes (AtMYB13, AtRAP2.6L, ABR1, AtMYB15,
AtMYB30, AtMYB38, AtC3HC4, AtERF11, AtK13N2.14,
AtMYB3, AtMYB73, AtMYB108, AtHB-7, AtMYB51,
RAP2.12, and AtMYB44) were greatly increased in ACCtreated or HrpNEa-treated plants compared with control
plants treated with water (Student t-test, P<0.01). The
AtMYB44 gene was the most responsive to both ethylene
and HrpNEa (ANOVA test, P<0.01).
3.2

The 37 TF genes fall into three classes of effects on
GPA

To determine if any of the 37 TF genes plays a role in
Arabidopsis resistance to GPA, Arabidopsis mutants with
defects in the TF genes (table 1) were compared with
the WT plant for effects on activities of wingless asexual
GPA females during colonization and multiplication on
the plants. It has been shown that wingless asexual GPA
females establish colonies in 24 h after they are placed
on Arabidopsis leaves (Dong et al. 2004). Thus, colonization
was observed 24 h after uniform GPA adults of a
large population (3600 aphids per plant genotype/treatment
combination) were placed on the leaves of WT Arabidopsis
and mutants (table 3). When plants were treated with
water used as a control, a 15% average of 3600 aphids
placed on leaves shifted between plants, and the numbers
of GPA adults in leaf colonies were close to the WT or
the different TF gene mutants. Application of HrpNEa to
the WT plant signiﬁcantly impaired GPA colonization of
leaves. On average, 87% of the 3600 aphids escaped from
HrpNEa-treated plants and migrated to water-treated plants,
causing a decrease in GPA number in leaf colonies. Thus,
HrpNEa-induced resistance to GPA was shown as the per cent
decrease in the number of adult insects that colonized plants
treated with HrpNEa compared with water (ﬁgure 2; table 3).
Based on this criterion, Arabidopsis mutants generated
previously by mutagenicity at the 37 TF genes (table 1)
were divided into three classes. Nine mutants in Class 1
were disrupted correspondingly at AtMYB15, AtMYB38,
AtMYB44, AtMYB51, AtMYB73, AtERF11, AtK13N2.14,
AtHB-7 and AtHB-7 (ﬁgure 2A; table 1). Induced resistance
was markedly compromised in Class 1 mutants compared
with WT (ﬁgure 2A). In Class 2, four mutants had been
J. Biosci. 35(3), September 2010

disrupted in the exon regions of AtMYB30 and AtMYB108,
the promoter region of AtZFP6, and an intron of AtRAP2.6L
(table 1). The mutants had increased levels of induced
resistance relative to that in WT (ﬁgure 2B). In Class 3, 24
mutants did not differ from WT in levels of HrpNEa-induced
resistance (ﬁgure 2C).
GPA reproduction rate was also used to evaluate the
resistance levels of Arabidopsis mutants (table 3) because
HrpNEa-induced resistance was shown to be effective in
inhibiting the reproduction of GPA on the plant (Dong
et al. 2004). GPA reproduction rate was scored as the
ratio of the total numbers of nymphs produced during the
course of the survey and total numbers of GPA adults in
leaf colonies. In quantitative analyses, HrpNEa-induced
resistance to GPA reproduction was given as the per cent
decrease in reproduction rates of the insect on HrpNEatreated plants compared with water-treated control plants
(table 3). Application of HrpNEa to WT Arabidopsis caused
a 79% decrease, on an average, in GPA reproduction rate.
Arabidopsis mutants of Class 1 better supported aphid
multiplication (ﬁgure 3A). The inhibitory effect of HrpNEa on
GPA reproduction was compromised in the 9 mutants, which
surpassed WT in supporting aphid adults to produce greater
numbers of nymphs (table 3). In contrast, 4 Arabidopsis
mutants of Class 2 supported the effect of HrpNEa in
inhibiting GPA reproduction and these mutants exceeded
the levels of HrpNEa-induced resistance in WT (ﬁgure 3B).
The 24 mutants in Class 3 did not impact HrpNEa-induced
resistance of GPA reproduction (ﬁgure 3C).
Statistical analysis was used to compare the effects of the
three classes of Arabidopsis mutants on GPA colonization
and reproduction. Neither colonization nor reproduction
of the insect changed obviously in Class 3 mutants
compared with WT based on the Student t-test (P<0.05).
When data on GPA colonization and reproduction rates
from Class 2 mutants were compared with the data from
WT, the promoting effects of Class 2 mutants on aphids
for colonization and reproduction were both signiﬁcant
(Student t-test, P<0.01). When data on GPA colonization
and reproduction rates from Class 1 mutants were compared
with the data from WT, the inhibitory effects of Class 1
mutants on aphids for both colonization and reproduction
were highly signiﬁcant (Student t-test, P<0.01). According to
the ANOVA test (P<0.01) applied to data from the 9 mutants
in Class 1, levels of GPA colonization and reproduction were
signiﬁcantly higher in atmyb15, atmyb38, atmyb44, atmyb51
and atmyb73 mutants, which had been disrupted by an insert
of T-DNA in the exon region of AtMYB15 and the promoter
regions of AtMYB38, AtMYB44, AtMYB51, and AtMYB73
(table 1). Also, these 5 mutants were more compromised
in HrpNEa-induced resistance to GPA while atmyb44
exhibited the highest levels of reduction in induced
resistance (ﬁgures 2A and 3A).

Plant transcription factors and insect defence
3.3

Class 1 TF genes have a high degree of correlation
with insect defence

To correlate the expression of 37 TF genes with insect
defence, patterns of gene expression in WT Arabidopsis
determined by RT-PCR (ﬁgure 4) and conﬁrmed by northern
blot analyses (ﬁgure 5) were presented along with mutant
classiﬁcation. Class 1 and Class 2 TF genes all had increased
amounts of transcripts in HrpNEa-treated plants at 12 hpt
compared to 0 hpt, and compared with water-treated plants
(ﬁgures 4 and 5). Induced expression of Class 1 and Class 2
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TF genes was positively and negatively correlated with plant
resistance to GPA (ﬁgures 2 and 3). Class 3 contained 24
TF genes that performed differently in response to HrpNEa.
Transcripts of 8 genes were increased and that of 4 genes
were decreased, whereas transcription of 12 genes did not
change in plants treated with HrpNEa compared with those
treated with water (ﬁgures 4 and 5). Inhibited or enhanced
expression of Class 3 TF genes was not related to plant
resistance to the insect (ﬁgures 2 and 3).
Statistical analyses were done to test correlations between
expression levels of the TF genes of the three classes and

Figure 2. Comparison of WT Arabidopsis and the mutants with defects in the 37 TF genes in HrpNEa-induced resistance to green peach
aphid (GPA) colonization. Plants were treated with pure water and puriﬁed HrpNEa, respectively. Five days later, the top two expanded
leaves of treated plants were colonized with uniform GPA adults by placing 10 adults on the lower side of a leaf. Twenty-four hours later,
numbers of GPA adults that colonized the leaves of water-treated and HrpNEa-treated plants were surveyed. The effect of HrpNEa was
quantiﬁed as the per cent decrease in GPA colonization using the formula “decrease (%) = 100 × (x − y) ÷ x”, while, x and y refer to observed
values from plants treated with water and HrpNEa, respectively. The “decrease %” values were used to evaluate relative levels of HrpNEainduced resistance against GPA colonization on leaves of WT Arabidopsis and the mutants assigned in Class 1 (A), Class 2 (B) and Class 3
(C). In (A−C), histograms represent means ± SDs (n = three repeats; 60 plants and 1200 GPA adults tested per repeat).
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Table 3.

Green peach aphid (GPA) colonization and reproduction scoring

Plant genotype

GPA colonization population*

GPA reproduction rates*

H2O

HrpNEa

Decrease (%)

H2O

HrpNEa

Decrease (%)

3060 ± 150

460 ± 22

85 ± 4

19.0 ± 2.0

5.0 ± 0.3

79 ± 3

atmyb15

3420 ± 175

1539 ± 165

55 ± 2

18.6 ± 0.9

8.7 ± 0.4

53 ± 2

atmyb38

3276 ± 162

819 ± 40

75 ± 3

17.5 ± 0.8

4.7 ± 0.3

73 ± 3

atmyb44

3492 ± 170

2549 ± 125

23 ± 1

18.5 ± 1.0

15.2 ± 1

22 ± 1

atmyb51

3456 ± 172

1724 ± 85

53 ± 2

18.3 ± 1.1

9.2 ± 0.4

50 ± 2

atmyb73

3384 ± 166

1421 ± 68

58 ± 2

18.0 ± 1.1

8.1 ± 0.4

55 ± 2

aterf11

3276 ± 160

819 ± 45

75 ± 3

17.8 ± 0.8

5.0 ± 02

72 ± 3

atk13n2.14

3348 ± 167

904 ± 43

73 ± 3

18.6 ± 1.0

5.4 ± 0.3

71 ± 3

athb-7

3240 ± 161

940 ± 45

71 ± 3

18.2 ± 1.0

5.6 ± 0.3

69 ± 3

atc3hc4

3258 ± 162

847 ± 41

74 ± 3

17.8 ± 0.9

5.3 ± 0.2

70 ± 2

atmyb30

3108 ± 170

124 ± 6

96 ± 4

18.7 ± 1.0

0.9 ± 0.4

95 ± 4

atmyb108

3185 ± 175

96 ± 5

97 ± 4

18.6 ± 0.8

0.7 ± 0.1

96 ± 4

atzfp6

3240 ± 160

356 ± 16

89 ± 4

17.5 ± 1.0

1.8 ± 0.2

90 ± 3

atrap2.6l

3135 ± 152

31 ± 2

90 ± 4

19.0 ± 1.2

1.7 ± 0.2

91 ± 4

atmyb2

3425 ± 176

651 ± 36

81 ± 3

17.8 ± 0.9

3.6 ± 0.2

80 ± 3

atmyb3

3277 ± 165

557 ± 30

83 ± 4

18.2 ± 1.0

3.5 ± 0.1

81 ± 3

atmyb13

3495 ± 176

489 ± 25

86 ± 4

18.3 ± 1.0

2.6 ± 0.1

76 ± 4

atmyb27

3456 ± 172

760 ± 36

78 ± 3

17.5 ± 1.0

2.1 ± 0.1

78 ± 4

atmyb32

3384 ± 166

677 ± 38

80 ± 3

18.5 ± 1.1

3.7 ± 0.2

80 ± 3

atmyb52

3276 ± 160

491 ± 30

85 ± 4

18.0 ± 1.0

3.4 ± 0.2

81 ± 3

atmyb74

3355 ± 170

637 ± 32

81 ± 2

17.2 ± 1.0

3.6 ± 0.2

79 ± 2

atmyb96

3240 ± 161

612 ± 30

81 ± 3

18.0 ± 1.1

3.6 ± 0.3

80 ± 2

f25a4.19

3258 ± 162

554 ± 29

83 ± 3

18.3 ± 0.9

4.0 ± 0.2

78 ± 2

f9g14.150

3420 ± 175

479 ± 25

86 ± 3

18.0 ± 1.1

4.3 ± 0.2

76 ± 2

mnj8.4

3276 ± 162

491 ± 25

85 ± 3

17.6 ± 1.0

3.2 ± 0.3

82 ± 3

k19m22.10

3495 ± 171

734 ± 35

79 ± 2

18.5 ± 1.0

3.9 ± 0.3

79 ± 2

f1i21.18

3462 ± 174

692 ± 34

80 ± 3

18.0 ± 0.9

3.6 ± 0.2

80 ± 2

rap2.12

3386 ± 168

508 ± 24

85 ± 3

17.2 ± 1.0

3.6 ± 0.2

79 ± 2

f15h21.12

3275 ± 165

655 ± 30

80 ± 3

18.0 ± 1.0

3.6 ± 0.2

80 ± 3

t7m7.18

3353 ± 171

503 ± 23

85 ± 4

18.3 ± 1.0

3.3 ± 0.1

82 ± 3

mln21.9

3244 ± 163

616 ± 30

81 ± 2

18.5 ± 1.2

3.7 ± 0.2

80 ± 2

aterf#011

3259 ± 165

619 ± 30

81 ± 3

17.8 ± 0.8

3.9 ± 0.3

78 ± 2

f26k10.20

3425 ± 173

582 ± 28

83 ± 3

18.5 ± 1.0

3.5 ± 0.2

81 ± 3

abr1

3356 ± 166

470 ± 25

86 ± 4

18.0 ± 1.0

3.8 ± 0.3

79 ± 3

atiaa13

3249 ± 162

487 ± 23

85 ± 3

17.2 ± 0.7

3.3 ± 0.2

81 ± 3

atrd26

3257 ± 162

684 ± 31

79 ± 3

18.0 ± 0.9

3.8 ± 0.2

79 ± 3

atwrky69

3433 ± 176

687 ± 32

80 ± 3

18.3 ± 1.0

3.7 ± 0.2

80 ± 4

atspl12

3425 ± 173

514 ± 24

85 ± 3

18.2 ± 1.0

3.5 ± 0.2

81 ± 4

WT
Class 1 mutants:

Class 2 mutants:

Class 3 mutants:
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(Continued)

*Plants were treated with pure water and puriﬁed HrpNEa, respectively. Five days later, the top two expanded leaves of treated plants
were colonized with uniform GPA adults by placing 10 adults on the lower side of a leaf. Twenty-four hours later, numbers of GPA
adults that colonized the leaves of water-treated and HrpNEa-treated plants were surveyed. In the next three days, GPA reproduction rate
was scored as the ratio between the total numbers of nymphs produced in three days and total numbers of GPA adults that colonized the
plant leaves. The effect of HrpNEa was quantiﬁed as per cent decrease in GPA colonization or reproduction using the formula:
Decrease (%) = 100 × (x − y) ÷ x.
Here, x and y refer to observed values from plants treated with water and HrpNEa, respectively. A total of 3600 GPA adults and 180
plants were monitored in three repeats of experiments for each single recombination of a treatment and a plant genotype, and data in
the table are given as means ± standard deviations (SDs) of replicate results (n = 3 repeats; 15 plants/repeat).

Figure 3. Comparison of WT Arabidopsis and the 37 mutants in HrpNEa-induced resistance to GPA reproduction. Experiments were
similar as in ﬁgure 2. Nymphs produced 2−4 days after GPA adults were placed on leaves were counted and used to calculate reproduction
rate. GPA reproduction rate was scored as the ratio of total numbers of nymphs produced in three days and total numbers of GPA adults that
colonized the plant leaves. The effect of HrpNEa was given as the per cent decrease in GPA reproduction using the same formula as in ﬁgure
2. The “decrease %” values were used to evaluate relative levels of HrpNEa-induced resistance against GPA reproduction on leaves of WT
Arabidopsis and the mutants assigned in Class 1 (A), Class 2 (B), and Class 3 (C). In (A−C), histograms represent means ± SDs (n = three
repeats; 60 plants and 1200 GPA adults tested per repeat).
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levels of resistance to GPA infestation in Arabidopsis
mutants with defects in TFs of the corresponding classes. In
statistical analyses, relative levels of gene transcripts from
ﬁgure 1B were used, and relative levels of resistance were
scored as reciprocals of the numbers of aphids that colonized
the plants in 24 h. As shown in ﬁgure 6, the scattered
graphs indicated different correlations between resistance
levels of Arabidopsis mutants and expression levels
of TF genes assigned to the three classes, which differed
greatly in coefﬁcient (R) values. Similar results were
obtained from the correlation analysis using the data of
HrpNEa-induced decrease in GPA reproduction rates. These
analyses suggested the positive, negative and uncertain
correlations of insect defence with the expression of TF
genes of Class 1, Class 2 and Class 3, respectively, where
Class 1 TF genes had a higher degree of correlation with
insect defence.
3.4

Three of the Class 1 TF genes affect the expression of
ethylene signalling marker gene PDF1.2 but only
AtMYB44 is required for EIN2 expression

The PDF1.2 gene is a molecular marker of the ethylene
signalling pathway (Moran and Thompson 2001), requires
EIN2 for transcription (Alonso et al. 1999), and is associated
with plant resistance to insect attacks (Dong et al. 2004).
To correlate the functions of Class 1 TF genes in insect
defence with ethylene signalling and EIN2, we determined
the expression of EIN2 and PDF1.2 in WT and Class 1
mutants following the application of HrpNEa and ACC
compared with water. In the experiment, ACC was applied
to plants in sealed jars and was converted into ethylene in
the plant growth environment. Two hours after treatment,
concentrations of ethylene from ACC-treated plants reached
21 μl/l, in contrast to 0.4 μl/l released from water-treated
plants. Thus, gene expression was regarded as induced by
ethylene when ACC was applied.
As shown in ﬁgure 7A, the expression of PDF1.2 in the
WT plant was markedly induced by HrpNEa and ethylene.
The 5 mutants that were most susceptible to GPA (ﬁgures 2
and 3) differently affected PDF1.2 expression (ﬁgure 7A).
In response to HrpNEa or ethylene, the gene was expressed
equally well in atmyb51 and atmyb73 as in WT. Conversely,
the roles of HrpNEa and ethylene in eliciting PDF1.2
expression was impaired markedly in atmyb15, atmyb38
and atmyb44 (ﬁgure 7A). Also in Class 1, aterf11,
atk13n2.14, athb-7 and atc3hc4 (data not shown) performed
as atmyb15, atmyb38 and atmyb44 (ﬁgure 7A) in their
effect on PDF1.2. Gene expression level was decreased to
a greater extent in atmyb44 than in atmyb15 and atmyb38
(ﬁgure 7B).
The effects of Class 1 mutants on EIN2 differed
from their effects on PDF1.2. In response to HrpNEa or
J. Biosci. 35(3), September 2010

ethylene, EIN2 was expressed in the WT plant and all
the mutants of Class 1 except for atmyb44 (ﬁgure 7A). In
comparison with WT, atmyb44 signiﬁcantly nulliﬁed the
effects of HrpNEa and ethylene in eliciting EIN2 expression
(Student t-test, P<0.01) but atmyb15 and atmyb38 did not
(ﬁgure 7C).
3.5

AtMYB44 has other effects beyond its role in insect
defence

Besides the role in insect defence investigated in this study,
AtMYB44 has been shown to be involved in Arabidopsis
embryogenesis, seed maturation (Kirik et al. 1998) and
responses to drought and salinity stresses (Jung et al.
2008, 2010). Here, we observed three other processes
affected by AtMYB44. First, AtMYB44 affected ﬂowering,
and atmyb44 ﬂowered 12 days earlier than WT in long-day
cycles. Second, AtMYB44 was involved in the response
to PEG, an inducer of physiological drought stress
(Dong et al. 2005). As shown in ﬁgure 8A, drought
tolerance and stomatal closure were induced in
WT Arabidopsis but not in atmyb44 plants following
treatment with PEG. Third, AtMYB44 was required for
the induction of Arabidopsis resistance to the bacterial
pathogen Pseudomonas syringae pv. tomato DC3000. Plant
resistance was shown as increased severity of leaf chlorosis
symptoms and decreased bacterial population in plant
tissues (ﬁgure 8B). Based on this criterion, resistance to the
pathogen was induced by HrpNEa treatment in WT rather
than atmyb44.
4.

Discussion

This study aimed to screen and identify TF genes involved
in the induction of ethylene signalling and resistance to GPA
in Arabidopsis following treatment with HrpNEa, one of the
bacterial harpin proteins (Wei et al. 1992). Previously, we
have shown that treatment with any of the harpin proteins
induces defence responses in different species of plants
(Dong et al. 1999; Kim and Beer 2000; Peng et al. 2003,
2004; Liu et al. 2006; Ren et al. 2006a, b; Zhang et al.
2007; Wu et al. 2007; Chen et al. 2008a, b; Ren et al.
2008). We have also demonstrated that the use of HrpNEa
induces resistance to GPA by recruiting EIN2 and activating
the ethylene signal transduction pathway in Arabidopsis
(Dong et al. 2004). It is accepted that harpin stimulation
of plants has extensive crosstalk with phytohormone
signalling pathways to confer multiple effects in
plants (Chen et al. 2008a). Ethylene and other
phytohormones such as abscisic acid have been shown to
be induced by HrpNEa (Dong et al. 2004, 2005; Zhang et
al. 2007; Ren et al. 2008) and to induce the expression of
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Figure 4. Expression patterns of the 37 TF genes in WT Arabidopsis. Plants were treated with pure water or puriﬁed HrpNEa. Treated
plants were sampled to isolate RNA at the indicated time, hour post-treatment (hpt). RNA samples were analysed by RT-PCR to detect the
expression of TF genes, which were arrayed in this ﬁgure according to the plant mutant classiﬁcation shown in ﬁgures 2 and 3. Densities of
product bands in gel were quantiﬁed with a gel documentation system and used to estimate relative levels of gene transcription. Transcription
levels of Class 1 and Class 2 genes were increased, and those of Class 3 genes were increased (↑), decreased (↓) or unchanged, in HrpNEatreated plants compared with water-treated control plants at 12 hpt compared with 0 hpt.

Figure 5. Northern blot hybridization analysis to conﬁrm
the expression of selected TF genes in HrpNEa-treated WT
Arabidopsis.

a battery of TF genes (Kranz et al. 1998; Feng et al. 2005;
Chen et al. 2006; Qu and Zhu 2006; Shin et al. 2007; Jung
et al. 2007, 2008, 2010). It is of great interest to study the
functional relationships between phytohormones and TFs in
HrpNEa-induced defences.
The 37 Arabidopsis TF genes were predicted to have
a close physiological correlation with ethylene signalling
(TAIR annotation). They experimentally responded to
treatment with HrpNEa and increased the level of ethylene
in the plant. The expression of 25 and 28 of the 37 TF
genes is inducible by ethylene and HrpNEa, respectively
(ﬁgure 1). This result is consistent with the function of
HrpNEa in eliciting the production of not only ethylene
(Dong et al. 2005) but also other phytohormones (Zhang
et al. 2007; Ren et al. 2008). This result is also consistent
with the functions of distinct phytohormones to induce the
J. Biosci. 35(3), September 2010
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Figure 6. Analysis of correlations between expression levels
of the TF genes and resistance levels of the corresponding
Arabidopsis mutants. Graphs were made using relative expression
levels of genes assigned in the three classes and relative resistance
levels of corresponding Arabidopsis mutants. Relative levels of
gene transcripts from ﬁgure 1B were used, and relative levels of
resistance were scored as reciprocals of the numbers of aphid adults
that colonized the plants in 24 h after aphid adults were placed on
leaves. The coefﬁcient (R) values were obtained by analyses using
the Ofﬁce Excel tool. Curves represent averages of replicate results
(n = 3 repeats; 15 plants/repeat).

expression of different TF genes (Kranz et al. 1998; Feng
et al. 2005; Chen et al. 2006; Qu and Zhu 2006; Shin et al.
2007; Jung et al. 2007, 2008, 2010). Moreover, 26 of the
37 TF genes showed an overlapping pattern of expression,
either increased or inhibited, in response ethylene and
HrpNEa, respectively, and 17 genes were promoted not only
by ethylene but also by HrpNEa. This result suggests that
ethylene, extrinsically applied (ﬁgure 1) or intrinsically
induced by HrpNEa (Dong et al. 2005; Zhang et al. 2007),
plays a role in transcriptional regulation of the TF genes as a
function of HrpNEa application.
Testing of WT Arabidopsis and plant mutants with
defects in the 37 TF genes has ruled out a role for 28 genes in
HrpNEa-induced resistance to GPA but identiﬁed 13 genes as
involved in insect defence (ﬁgures 2 and 3). Comparison of
the effects of WT and mutants on HrpNEa-induced resistance
divided the mutants or TF genes into three classes (ﬁgures
J. Biosci. 35(3), September 2010

4 and 5). Assigned in Class 3, 28 TF genes are not likely to
impact the induction of insect defence which, in contrast, is
induced in the 28 mutants of Arabidopsis as in WT. Half of
the 28 TF genes do not change but another half do change
transcription levels in response to HrpNEa. Eight of the 12
HrpNEa-responsive genes accumulate more transcripts in
response to HrpNEa compared with water. However, induced
expression of the 8 genes is not necessary for them to be
involved in induced resistance against aphid infestation.
Alternatively, these genes may be related to HrpNEaaffected processes other than insect defence (Chen et al.
2008a). In Arabidopsis, the use of HrpNEa does not induce
the production of jasmonate, an important defensive signal
that usually synergizes ethylene to mediate plant resistance
against insects (McConn et al. 1997; Dong 1998; Penninckx
et al. 1998). In contrast, jasmonate inhibits sseveral defence
responses induced by HrpNEa (Andi et al. 2001). Thus,
besides the positive effects on phytohormones and defence,
the effect of HrpNEa is sometimes antagonistic to jasmonate
signalling and it downregulates transcription of some TF
genes (ﬁgure 4). This study does not address the relationships
between concomitant and opposing responses. Conversely,
this study has shown that Class 2 TF genes are negatively
involved but Class 1 TF genes are positively involved in
HrpNEa-induced resistance to GPA in Arabidopsis (ﬁgure 6).
This study also does not address how Class 2 TF genes affect
insect defence. Instead, this study shows that AtMYB15,
AtMYB38 and AtMYB44 are important for HrpNEa to activate
the ethylene defensive pathway. Interestingly, although the
three MYB genes are all required for induced expression
of PDF1.2, a gene that is regarded as a molecular marker
of the ethylene signalling pathway (Moran and Thompson
2001) and requires EIN2 for transcription (Alonso et al.
1999), only AtMYB44 is required for induced expression
of the EIN2 genes (ﬁgure 7). This result suggests a close
relationship between AtMYB44 and EIN2. This result,
in conjecture, might also imply a regulatory role for the
AtMYB44 protein in EIN2 transcription, which is worthy
of further study.
In addition to the role in insect defence, AtMYB44 is
also involved in Arabidopsis embryogenesis (Kirik et al.
1998), seed maturation (Kirik et al. 1998), and responses
to pathogens (Kranz et al. 1998; Pitzschke et al. 2009) and
environmental stresses (Jung et al. 2008, 2010). The few
cases where functional data are available suggest that the
roles of AtMYB44 in these distinct processes are related
to several other phytohormones (Kranz et al. 1998; Chen
et al. 2006; Jung et al. 2008, 2010) besides ethylene (Chen
et al. 2006), which induce AtMYB44 expression. As a TF,
AtMYB44 was proposed to function redundantly with
AtMYB77 during embryogenesis and seed maturation in
Arabidopsis (Kirik et al. 1998; Stracke et al. 2001). Recently,
AtMYB77 has been shown to control auxin signalling in
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Figure 7. Comparison of the effects on the expression of EIN2 and PDF1.2 genes of WT and the ﬁve mutants which were most insensitive
to aphid infestation. (A−C) Plants were treated by spraying with an aqueous solution of puriﬁed HrpNEa or with pure water (control 1).
Alternatively, plants were placed in sealed glass jars along with ACC or pure water (control 2). Two hours later, the concentration of
ethylene was 21 μl/l in ACC-containing jars and 0.4 μl/l in jars containing pure water, and sealed treatments were terminated. Plants were
sampled at the indicated time, day post-treatment (dpt), and RNA was isolated from the leaves and used in RT-PCR (A) and real-time RTPCR (B and C) protocols, respectively. Similar results were obtained from control 1 and control 2, and only results from control 1 are shown
in gel photos (A) and histograms (B). (A) Patterns of EIN2 and PDF1.2 expression based on RT-PCR analyses. (B) and (C) Quantiﬁcation
of PDF1.2 and EIN2 transcripts. Real-time RT-PCR was done with RNA samples isolated at 3 dpt, using ACTIN2 and EF1α as references.
Abundance of transcripts was deﬁned as 1 from water-treated plants and was quantiﬁed accordingly for plants treated with HrpNEa or ACC.
Histograms represent means ± SD bars of replicate results (n = 3 repeats; 15 plants/repeat).

the growth of Arabidopsis lateral roots (Shin et al. 2007).
Because phenotypes of the Arabidopsis atmyb77 mutant
do not change in the double mutant atmyb77 atmyb44,
AtMYB44 is believed to differ from AtMYB77 in function
(Shin et al. 2007). Our brief notes on the involvement
of AtMYB44 in plant ﬂowering and additional responses
beyond insect defence (ﬁgure 8) suggest that many studies
are required to elucidate how AtMYB44 regulates these
distinct processes.
In conclusion, the evidence obtained from the large
amounts of plants and aphids monitored in this study
suggests that AtMYB44 is most responsive to ethylene
and HrpNEa, and it is also the most important of the 37 TF

genes if evaluated for the effect on ethylene signalling and
insect defence induced by HrpNEa in the plant. However, it
would be advisable to survey this further in different types
of mutants and conﬁrm the effects of AtMYB44 on defence
responses. At least 45 Arabidopsis mutants have been
generated by insertion or substitution in different regions
of the AtMYB44 sequence but the biological effects of most
mutants remain unknown (TAIR database). Till date, only
two mutation alleles, the promoter-targeted atmyb44 (this
study) and an exon-targeted substitution line (Jung et al.
2007, 2008), have been investigated for defence. Whether
distinct mutation alleles have similar or different effects on
defence remains to be established.
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Figure 8. Comparison of WT Arabidopsis and the atmyb44 mutant in defence responses to physiological drought and a pathogen. (A)
Response to physiological drought stress. Plants were treated with polyethylene glycol (PEG), an inducer of physiological drought in plants,
or with water as control. Twenty-four hour later, plants were photographed, and leaves were used to observe stomata under a microscope.
Thirty plants of WT or atmyb44, treated with PEG or water, were tested in three repeats, and the top three leaves of each plant and 100
stomata per leaf were investigated. Each photo represents 30 plants or 9000 stomata. (B) Response to the bacterial pathogen Pseudomonas
syringae pv. tomato DC3000. Plants were treated with puriﬁed HrpNEa or pure water. Five days later, treated plants were inoculated with the
pathogen. Leaves were photographed and bacterial numbers in leaf tissues were determined three days after inoculation. Each leaf photo
represents 90 leaves from 45 plants tested in three repeats. Population of P. syringae pv. tomato DC3000 recovered from the leaves is given
as the logarithmic value of colony formation unit (cfu) determined relative to fresh weight (FW) of leaf tissues. Histograms represent mean
± SD bar of replicate results (n = 3 repeats; 15 plants/repeat).
J. Biosci. 35(3), September 2010
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