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Summary

In Arabidopsis, the GH3-like gene family consists of 19 members, several of which have been shown to

adenylate the plant hormones jasmonic acid, indole acetic acid and salicylic acid (SA). In some cases, this

adenylation has been shown to catalyze hormone conjugation to amino acids. Here we report molecular

characterization of the GH3-LIKE DEFENSE GENE 1 (GDG1), a member of the GH3-like gene family, and show

that GDG1 is an important component of SA-mediated defense against the bacterial pathogen Pseudomonas

syringae. Expression of GDG1 is induced earlier and to a higher level in response to avirulent pathogens

compared to virulent pathogens. gdg1 null mutants are compromised in several pathogen defense responses,

including activation of defense genes and resistance against virulent and avirulent bacterial pathogens.

Accumulation of free and glucoside-conjugated SA (SAG) in response to pathogen infection is compromised in

gdg1 mutants. All defense-related phenotypes of gdg1 can be rescued by external application of SA,

suggesting that gdg1 mutants are defective in the SA-mediated defense pathway(s) and that GDG1 functions

upstream of SA. Our results suggest that GDG1 contributes to both basal and resistance gene-mediated

inducible defenses against P. syringae (and possibly other pathogens) by playing a critical role in regulating the

levels of pathogen-inducible SA. GDG1 is allelic to the PBS3 (avrPphB susceptible) gene.

Keywords: GH3-LIKE DEFENSE GENE 1, GDG1, salicylic acid, bacterial pathogen, defense signaling, Arabid-

opsis.

Introduction

In response to pathogen attack, plants have evolved

sophisticated defense mechanisms to delay or arrest

pathogen growth. In general, plants respond to pathogens

by activating two types of defenses: basal and resistance (R)

gene-mediated (reviewed by Chisholm et al., 2006; Jones

and Dangl, 2006). Basal defenses are activated when plants

recognize pathogen-associated molecular patterns such as

flagellin or lipopolysaccharides. These responses are slow

and weak and are often insufficient to prevent disease. On

the other hand, R gene-mediated responses are rapid and

stronger. Among these, hypersensitive response (HR)-

associated cell death at the site of infection is one of the

most robust defense responses (Nimchuk et al., 2003). HR is

usually accompanied by accumulation of salicylic acid (SA),

activation of several pathogenesis-related (PR) genes, pro-

duction of reactive oxygen species, and accumulation of

several antimicrobial compounds. In most cases, HR is fol-

lowed by activation of systemic acquired resistance (SAR),

which provides long-lasting resistance to a wide range of

pathogens (Durrant and Dong, 2004). Several studies have

established that SA is a critical endogenous signal necessary

for the establishment of SAR (reviewed by Dempsey et al.,

1999). Firstly, external application of SA is sufficient for

activation of several PR genes, establishment of SAR and

induction of resistance against virulent pathogens (Malamy

et al., 1990; Ryals et al., 1996). Secondly, transgenic Ara-
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bidopsis and tobacco plants expressing a bacterial salicylate

hydroxylase gene (NahG) are unable to accumulate SA and

develop SAR, and therefore display enhanced susceptibility

to virulent pathogens (Delaney et al., 1994; Gaffney et al.,

1993). Similarly, Arabidopsis mutants such as eds1, pad4,

sid2 and sid1/eds5, which are compromised in their ability to

accumulate SA in response to pathogen infection, display

enhanced susceptibility to pathogens (Feys et al., 2001;

Glazebrook et al., 1997; Nawrath and Metraux, 1999; Rogers

and Ausubel, 1997; Wildermuth et al., 2001). Arabidopsis

npr1/nim1/sai1 mutants, which are defective in transmitting

SA signals, are also unable to develop SAR, and display

enhanced susceptibility to virulent pathogens (Cao et al.,

1994; Delaney et al., 1995; Shah et al., 1997). Thirdly, several

classes of Arabidopsis lesion-mimic mutants, including cpr,

dnd, lsd, acd, ssi and hrl1, accumulate elevated levels of SA,

constitutively express PR genes, and display enhanced

resistance to virulent pathogens (reviewed by Lorrain et al.,

2003). In addition to its critical role in mediating resistance

against virulent pathogens, in many cases SA contributes to

resistance against avirulent pathogens by potentiating HR-

mediated cell death (Shirasu et al., 1997).

A GH3 gene was originally isolated from soybean (Glycine

max) as an early auxin-inducible gene (Hagen and Guilfoyle,

1985). Since then GH3-like genes have been identified in

diverse plant species, including dicots, monocots and mos-

ses (Bierfreund et al., 2004; Roux and Perrot-Rechenmann,

1997; Terol et al., 2006). Although originally referred to as an

auxin-responsive gene family, not all members of the GH3

gene family are responsive to auxin. Structural modeling has

revealed that plant GH3 proteins belong to the firefly

luciferase family of adenylate-forming enzymes that are

found in several diverse organisms (Kleinkauf and Von

Dohren, 1996; Staswick et al., 2002). In Arabidopsis, the GH3

protein family consists of 19 members. Mutant analyses

have characterized some members of this family. These

include dfl1-D, dfl2, ydk1 and jar1/fin219, which display

impaired photomorphogenic responses (Hsieh et al., 2000;

Nakazawa et al., 2001; Staswick et al., 1998; Takase et al.,

2003, 2004). In addition, jar1/fin219 is also defective in some

jasmonic acid (JA)-mediated defense responses against

pathogens (Staswick et al., 1998). Biochemical characteriza-

tion revealed that several members of this family adenylate

the plant hormones indoleacetic acid (IAA), JA and SA, which

in some cases catalyzes their conjugation to amino acids

(Staswick et al., 2002, 2005). Based on phylogenetic analysis

and substrate specificity, members of the GH3 family have

been divided into three groups. Group I is composed of two

proteins: one member, JAR1/FIN219 (AtGH3.11), adenylates

JA in vitro but no adenylation activity has been reported for

the other member, DFL2 (AtGH3.10). Group II has eight

members, and several of these, including YDK1 (AtGH3.2)

and DFL1 (AtGH3.6), adenylate IAA and catalyze its conjuga-

tion to amino acids through amide bonds. In addition,

AtGH3.5 adenylates SA as well as IAA. Group III consists of

nine members, but to date, adenylation activity has not been

reported for any member of this group. Interestingly, group

III members have so far been identified only in Arabidopsis

(Staswick et al., 2002, 2005).

Here, we describe molecular characterization of the GDG1

gene of Arabidopsis. GDG1 is a member of the GH3-like gene

family and belongs to group III. We show that plants carrying

mutations in the GDG1 gene have defects in activating

several defense responses, including compromised induc-

tion of PR genes and resistance against virulent and

avirulent strains of the bacterial pathogen Pseudomonas

syringae. In addition, SA accumulation in response to

pathogens is compromised in these plants, suggesting that

GDG1 plays a critical role in regulating defense against

pathogens by regulating levels of SA. GDG1 is allelic to

the PBS3 gene (http://www.arabidopsis.org; Roger Innes,

Indiana University, pers. comm.). The pbs3 mutant was

shown to be compromised in resistance against virulent and

avirulent strains of bacterial pathogens (Warren et al., 1999).

Results

GDG1 belongs to the GH3 family of proteins

A partial cDNA corresponding to the GDG1 gene was isola-

ted from a suppression subtractive hybridization (SSH) lib-

rary previously constructed in our laboratory (Mahalingam

et al., 2003). This library contains cDNAs enriched for Ara-

bidopsis genes that are differentially expressed in response

to the avirulent bacterial pathogen P. syringae pv. tomato

DC3000 expressing avrRpm1 [Pst DC3000 (avrRpm1)]. The

GDG1 gene was found to be induced in response to Pst

DC3000 (avrRpm1). A search of the public sequence dat-

abases revealed that the sequence of the GDG1 cDNA cor-

responds to a gene (At5g13320) that belongs to the GH3

gene family of Arabidopsis. Full-length cDNA corresponding

to GDG1 was isolated by RT-PCR using total RNA isolated

from Col-0 plants treated with Pst DC3000 (avrRpm1) (see

Experimental procedures). The full-length ORF is 1725 bp

long and is predicted to encode a protein of 575 amino acids.

GDG1 is induced in response to bacterial pathogens

To better understand the role of GDG1 in plant defense, we

examined the kinetics of its induction during compatible and

incompatible plant–pathogen interactions in wild-type (WT)

Col-0 plants. Plants were inoculated with virulent (Pst

DC3000) and avirulent [Pst DC3000 (avrRpm1)] strains, and

expression of the GDG1 gene was monitored by Northern

blot analysis over a 48 h period. Time-course analysis

revealed that Pst DC3000 (avrRpm1) triggered rapid and

transient accumulation of GDG1 transcripts. GDG1

transcripts started to accumulate as early as 3 h post-
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inoculation (hpi), peaked around 6 hpi, and then gradually

declined by 24 hpi. However, induction in response to the

virulent strain Pst DC3000 was weaker and delayed, and was

not detectable until at least 12 hpi (Figure 1a). This expres-

sion pattern is similar to that of PR1, a known defense-rela-

ted gene, which was also induced early and to higher levels

in response to the avirulent pathogen compared to the

virulent pathogen. However, in response to Pst DC3000

(avrRpm1), the PR1 transcript started to accumulate at 6 hpi

and continued to accumulate until at least 48 hpi (Figure 1a).

Together, these results demonstrate that GDG1 is a patho-

gen-inducible gene, and, similar to a typical defense-related

gene, its expression is induced more quickly and more

strongly in response to an avirulent pathogen compared to a

virulent pathogen, and that the induction of GDG1 precedes

that of PR1. We also investigated induction of the GDG1

gene in response to avirulence factors avrRpt2 and avrRps4,

and in both cases GDG1 was induced within 6 hpi

(Figure 1b). These results suggest that GDG1 functions

downstream of several R genes.

Several plant and animal bacterial pathogens employ the

type III secretion system (TTSS) to deliver effector proteins,

including virulence and avirulence factors, into the host

cells. In Pst DC3000, TTSS is encoded by hrp genes, and hrcC
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Figure 1. Expression analysis of the GDG1 gene

in response to virulent and avirulent P. syringae,

and in planta expression of avrRpt2.

Total RNA was extracted from the rosette leaves

of 4-week-old wild-type Col-0 plants at the indi-

cated times after infiltrating with the indicated

pathogens or dexamethasone (DEX). Blots were

stained with methylene blue to determine the

relative levels of RNA in each lane. Transcript

levels were determined by Northern blot analy-

sis. Blots were probed with GDG1 gene probe,

stripped and reprobed with PR1 gene probe, as

indicated. All experiments were repeated at least

once and similar results were obtained.

All pathogens were infiltrated at a titer of

5 · 107 cfu ml–1 in 10 mM MgCl2, and mock

treatment was performed with 10 mM MgCl2.

(a) Virulent bacterial pathogen Pst DC3000 and

avirulent bacterial pathogen Pst DC3000 (avr-

Rpm1).

(b) Avirulent bacterial pathogen Pst DC3000

expressing the indicated avirulence factor. Infil-

trated leaves were harvested at 6 hpi for RNA

analysis.

(c) Virulent bacterial pathogen Pst DC3000 and its

hrp mutant derivates carrying a mutation in the

hrcC and hrcU genes. Infiltrated leaves were

harvested at 24 hpi for RNA analysis.

(d) Leaves of 4-week-old transgenic plants of the

indicated genotypes were infiltrated with 5.0 lM

DEX in 0.016% ethanol or mock-treated with

0.016% ethanol, and tissue samples were har-

vested at 6 and 24 hpi.

(e) Expression analysis of GH3-like genes in

group III in response to Pst DC30000 (avrRpm1)

by reverse transcription-polymerase chain reac-

tion (RT-PCR). Rosette leaves of 4-week-old Col-0

plants were infiltrated with Pst DC30000 (avr-

Rpm1) in 10 mM MgCl2 or with 10 mM MgCl2,

and tissue samples were collected 6 h after

treatment. RT-PCR was carried out to amplify

the indicated transcripts using gene-specific

primers. Actin-gene specific primers were used

as internal controls. Genomic DNA was amplified

with each primer pair and served as a control for

the ability of these primers to successfully

amplify the DNA.
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and hrcU mutants of Pst DC3000 are defective in delivering

virulence factors into the plant cells and are therefore non-

pathogenic (Collmer et al., 2000). To test whether induction

of GDG1 is dependent on the ability of the bacterial

pathogens to deliver effector proteins into the plant cell,

we infiltrated hrcC and hrcU mutants of Pst DC3000 into WT

Col-0 plants and analyzed the expression of GDG1 at 24 hpi

by Northern blot analysis. Both hrc mutants failed to induce

the expression of GDG1, suggesting that effector protein(s)

must be delivered inside the plant cells for induction of

GDG1 (Figure 1c).

To test whether the presence of an avirulence factor alone

is sufficient to induce expression of GDG1, we analyzed

expression of GDG1 in transgenic plants expressing avrRpt2

from a dexamethasone (DEX)-inducible promoter (DEX::avr-

Rpt2) (McNellis et al., 1998). DEX::avrRpt2 transgenic plants

in RPS2 and rps2 mutant backgrounds were infiltrated with

5.0 lM DEX, and expression of GDG1 was analyzed at 6 and

24 hpi by Northern blot analysis. These DEX::avrRpt2 lines

are isogenic except for the RPS2 locus. DEX treatment in the

RPS2 but not in the rps2 background strongly induced

expression of GDG1 by 6 hpi, which declined by 24 hpi

(Figure 1d). These results demonstrate that AvrRpt2 in the

presence of functional RPS2 is sufficient to induce GDG1

expression, and are consistent with the induction of GDG1 in

response to avirulent pathogen, where it is induced to high

levels by 6 hpi and then declines by 24 hpi (Figure 1a).

GDG1 belongs to group III of the GH3-like gene family

(Staswick et al., 2002). This group has nine members whose

homology with the GDG1 protein ranges from 48.9% to

74.4% identity (see Supplementary Table S1). To assess

whether any other member of this group might be involved

in defense against bacterial pathogens, we analyzed the

expression of all nine members of group III in response to

Pst DC3000 (avrRpm1) by semi-quantitative RT-PCR using

gene-specific primers for each gene. None of these genes

were expressed constitutively, and only GDG1 was induced

in response to Pst DC3000 (avrRmp1), suggesting that only

GDG1 is involved in plant–pathogen interactions (Figure 1e).

Several members of the GH3 gene family are induced in

response to exogenous application of auxin (Hagen and

Guilfoyle, 2002). To test whether GDG1 is also induced in

response to auxins, we treated 2-week-old seedlings of WT

Col-0 with 100 lM IAA and monitored GDG1 expression by

Northern blot analysis. No induction was detected, suggest-

ing that GDG1 is not an auxin-responsive gene (data not

shown).

GDG1 is required for basal resistance against virulent

bacterial pathogens

To investigate the role of GDG1 in regulating defense

against virulent pathogens, we determined the growth of Pst

DC3000 in GDG1 knockout (KO) lines. A T-DNA KO line

(gdg1-1) was identified in the SALK T-DNA insertional col-

lection (SALK_018225) (Alonso et al., 2003). This KO line is in

the Col-0 background. A second KO line (Ds transposon KO

line, gdg1-2) was identified in the Cold Spring Harbor

Laboratory enhancer trap collection (ET6161) (http://gene-

trap.cshl.org). This KO line is in the Ler background. In gdg1-

1, the T-DNA is inserted in the third intron (between nt 1362

and 1363), and in gdg1-2, the Ds transposon is inserted in the

third exon (between nt 729 and 730) of the GDG1 gene

(Figure 2a). These KO mutants were analyzed by RT-PCR and

Northern blot analysis, and were found to be null alleles of

GDG1 (see Experimental procedures) (Figure 2b,c). Both KO

lines grew to maturity without any noticeable differences in

morphological phenotype compared to their WT parents.

To assess the role of GDG1 in defense against virulent

bacterial pathogens, we monitored growth of Pst DC3000

and development of disease symptoms in these plants over

periods of 3 and 5 days, respectively. Both KO lines devel-

oped more disease symptoms (chlorosis and water-soaked

lesions), and the bacterial pathogen grew about 10- to 12-

fold more in both KO lines compared to their corresponding

WT parents (Figure 2d,e). We also determined growth of

another virulent bacterial pathogen, P. syringae pv. macu-

licola ES4326 (Psm ES4326), in these KO lines. Similar to Pst

DC3000, Psm ES4326 was able to grow to about 15-fold

higher levels in both gdg1 mutants (data not shown). These

results demonstrate that GDG1 is involved in basal resist-

ance against Pst DC3000 and Psm ES4326, and possibly

other virulent pathogens.

GDG1 regulates R gene-mediated resistance against aviru-

lent bacterial pathogens

To test whether GDG1 is involved in R gene-mediated

resistance against avirulent pathogens, we tested the

growth of Pst DC3000 (avrRpm1) and Pst DC3000 (avrRps4)

in gdg1-1 and gdg1-2 mutants and their corresponding

WT parents. We used these avirulence factors because res-

ponses to these avirulence factors are regulated by differ-

ent classes of R genes – response to avrRpm1 is regulated

through CC-NB-LRR-type and response to avrRps4 through

TIR-NB-LRR-type R genes (Aarts et al., 1998). Similar to

virulent pathogens, Pst DC3000 (avrRpm1) and Pst DC3000

(avrRps4) were able to grow about 15-fold more in both

gdg1 mutants compared to the corresponding WT parents

(Figure 2f, and data not shown). Taken together, these

results demonstrate that GDG1 regulates both basal and

induced resistance against virulent and avirulent pathogens.

Pathogen-inducible PR1 expression is impaired in gdg1

mutants

To determine how GDG1 might participate in resistance

against pathogens, we analyzed expression of the PR1 gene,
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Figure 2. gdg1 mutants are compromised in resistance to virulent and avirulent Pseudomonas syringae.

(a) Diagram depicting site of insertion of T-DNA in gdg1-1 (Col-0) and of the Ds transposon in gdg1-2 (Ler). Black boxes represent exons and black lines indicate

introns and the 5¢ and 3¢ UTRs. The positions of the insertions were determined by sequencing the DNA flanking the insertion sites. The inserts in gdg1-1 and gdg1-2

are in the third intron and third exon, respectively. Arrows indicate the position of primers used for reverse transcription-polymerase chain reaction (RT-PCR) in (b).

(b) RT-PCR analysis for the GDG1 transcript. Four-week-old plants of the indicated genotypes were infiltrated with Pst DC3000 (avrRpm1) at a concentration of

5 · 107 cfu ml–1, and tissue samples were collected at 6 hpi. RT-PCR was performed on the total RNA to amplify full-length GDG1 transcript using primers DG1 and

DG2. Amplification of GDG1 was observed in wild-type plants, but not in the gdg1-1 and gdg1-2 mutants. Arabidopsis actin gene-specific primers that amplify an

800 bp product were used as an internal control.

(c) Northern blot analysis of GDG1 gene transcript in the RNA from the samples in (b). The blot was stained with methylene blue to determine the relative amounts of

RNA in each lane (rRNA), and was hybridized with the GDG1 gene probe.

(d) Large and well-expanded rosette leaves of 4-week-old plants of gdg1-1 and gdg1-2 mutants and their corresponding WT parents (Col-0 and Ler, respectively)

were infiltrated with Pst DC3000 at a titer of 1 · 105 cfu ml–1, and disease development (chlorosis and water soaked lesions) was monitored over a period of 5 days.

Plants were photographed at 5 dpi.

(e) In planta growth of Pst DC3000 in the gdg1 mutants and corresponding WT parents. Rosette leaves of 4-week-old plants of the indicated genotypes were

infiltrated with Pst DC3000 at a titer of 1 · 105 cfu ml–1. For each genotype, ten leaf discs from ten plants were collected at day 0 and 3 dpi. The bacterial counts are

presented as cfu per leaf disc, and represent the means and SD of four independent experiments.

(f) In planta growth of Pst DC3000 (avrRpm1) and Pst DC3000 (avrRps4) in the gdg1-1 mutant and its WT parent Col-0. Rosette leaves of 4-week-old plants of the

indicated genotypes were infiltrated with the indicated pathogen at a titer of 1 · 105 cfu ml–1. For each genotype, ten leaf discs from ten plants were collected at day

0 and 3 dpi. The bacterial counts are presented as cfu per leaf disc, and represent the means and SD of four independent experiments. Similar results were obtained

for gdg1-2 (data not shown).

All experiments were repeated at least once and similar results were obtained.
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a defense-related molecular marker, in gdg1 mutants in

response to Pst DC3000 and Pst DC3000 (avrRpm1) by

Northern blot analysis. As expected, Pst DC3000 induced

expression of PR1 within 12 hpi in WT Col-0, which contin-

ued to increase for at least 48 hpi. However, expression of

PR1 in gdg1-1 and gdg1-2 was significantly delayed and

reduced (Figure 3a, and data not shown). Similarly, induc-

tion of PR1 in response to Pst DC3000 (avrRpm1) was also

significantly reduced and delayed in both KO mutants

compared to the corresponding WT parents (Figure 3b, and

data not shown).

SA rescues defense responses in gdg1 mutants

SA is a critical component of several defense responses

against a variety of pathogens in Arabidopsis (Durrant and

Dong, 2004). Arabidopsis plants that accumulate low levels

of SA in response to pathogens, and mutants that fail to

transduce SA-mediated signals, are compromised in resist-

ance against virulent and avirulent pathogens. To determine

whether SA-mediated defenses are compromised in gdg1

mutants, we tested two possible scenarios: (i) gdg1 mutants

are defective in perception or transduction of the SA signal,

and (ii) gdg1 mutants are compromised in their ability to

accumulate SA in response to pathogen infections. To

determine whether gdg1 mutants are defective in perception

or transduction of the SA signal, induction of PR1 expression

by SA was tested. gdg1 mutants and the corresponding WT

parents were sprayed with 1 mM SA, and expression of PR1

was analyzed by Northern blot at 6, 12 and 24 h after SA

treatment. PR1 expression was induced to similar levels in

mutant and WT plants (Figure 4a, and data not shown),

suggesting that SA perception and signaling are functional

in gdg1 mutants. Furthermore, application of exogenous SA

to the gdg1 mutants restored the resistance against virulent

Pst DC3000 to the level seen in their WT parents (Fig-

ure 4b,c). Taken together, these results demonstrate that the

gdg1 mutant is not defective in perceiving or transducing the

SA signal, and suggest that the defect is probably in its

ability to accumulate SA in response to pathogen infection.

SA accumulation in response to pathogen infection is

impaired in gdg1 mutants

To determine whether or not gdg1 mutants are able to

accumulate SA in response to pathogens, we monitored the

levels of free SA and SA glucoside (SAG) in gdg1-1 mutant

plants in response to infection with Pst DC3000 (avrRpm1).

At 12 and 24 hpi, the levels of SA and SAG were four- to

sixfold and 8- to 17-fold lower, respectively, in gdg1-1

compared to WT Col-0 (Figure 5a,b). The greater difference

in SAG levels at 24 hpi is probably due to continued con-

version of SA to SAG. Thus, gdg1 appears to be compro-

mised in its ability to accumulate SA in response to

pathogens.

Previous studies have shown different requirements for

SA in development of an HR in response to different

avirulence factors. For example, HR development in SA-

deficient NahG plants is compromised in response to Pst

DC3000 (avrRpt2) but not to Pst DC3000 (avrRpm1) (Rate

et al., 1999). To assess whether the reduced levels of SA in

the gdg1-1 mutant impair its ability to develop an HR, we

tested the ability of Pst DC3000 (avrRpt2) and Pst DC3000

(avrRpm1) to elicit an HR in the gdg1-1 mutant. As shown in

Figure 5(c), similar to NahG plants, gdg1-1 was able to

develop an HR in response to Pst DC3000 (avrRpm1) but not

Pst DC3000 (avrRpt2).

Epistatic relationship of GDG1 with other defense signaling

components

To determine the epistatic relationship of GDG1 to other

components of the defense regulating pathway(s), we

examined pathogen-induced expression of GDG1 in several

defense mutants that are impaired in defense signaling, SA

accumulation and/or activation of SAR. Four-week-old WT

Col-0 and various defense mutants were challenged with Pst

DC3000 (avrRpm1), and expression of GDG1 at 6 hpi was
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Figure 3. Expression of the PR1 gene in response to pathogens is compro-

mised in the gdg1-1 mutant.

Total RNA was extracted from the rosette leaves of 4-week-old gdg1-1 and

Col-0 plants at the indicated times after infiltrating with the indicated

pathogens at a titer of 5 · 107 cfu ml–1 in 10 mM MgCl2. Mock treatment

was performed with 10 mM MgCl2. Blots were stained with methylene blue to

determine the relative levels of RNA in each lane, and were probed with a PR1

gene probe. DC3000, Pst DC3000; avrRpm1, Pst DC3000 (avrRpm1). Similar

results were obtained with gdg1-2 and the corresponding WT Ler (data not

shown). All experiments were repeated at least once and similar results were

obtained.
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analyzed by Northern blot analysis (Figure 6a). Mutation in

the NDR1 gene (Century et al., 1997) had little or no effect on

the expression of GDG1. However, expression of GDG1 was

compromised in eds1 and pad4 mutants. Similar results

were obtained with Pst DC3000 (avrRps4), although sup-

pression of GDG1 induction in eds1 and pad4 was stronger,

probably because response to the avrRps4 avirulence factor

is regulated through the RPS4 resistance gene which uses

EDS1/PAD4 for downstream signaling. These results sug-

gest that GDG1 functions downstream of EDS1/PAD4. To

further characterize the relationship between GDG1 and SA,

expression of GDG1 was studied in NahG plants and the SA

biosynthesis mutant sid2 (Wildermuth et al., 2001). Induc-

tion of GDG1 expression was undetectable in NahG plants

and somewhat reduced in the sid2 mutant compared to that

in WT Col-0 (Figure 6a). As these results suggest that SA is

involved in induction of GDG1 expression, we analyzed the

expression of GDG1 in response to external application of

Col-0+H2O gdg1-1+H2O gdg1-1+SA
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Figure 4. SA application induces PR-1 expression and restores resistance to

Pst DC3000 in the gdg1-1 mutant.

(a) Plants of the indicated genotypes were sprayed with 1 mM SA, and tissue

samples were harvested at the indicated times after treatment. The blot was

stained with methylene blue to determine the relative levels of RNA in each

lane (rRNA), and was probed with a PR1 gene probe. Similar results were

obtained with gdg1-2 and the corresponding wild-type Ler (data not shown).

(b) Four-week-old plants of indicated genotypes were sprayed with 1 mM SA

or water, and 24 h later leaves were infiltrated with Pst DC3000 at a titer of

1 · 105 cfu ml–1 in 10 mM MgCl2. Leaves were photographed 5 days later.

(c) Rosette leaves of plants from (b) were used to determine in planta growth

of Pst DC3000. For each indicated genotype and treatment, ten leaf discs from

ten plants were collected at 3 dpi. The bacterial counts are presented as cfu

per leaf disc, and represent the mean and SD of four independent

experiments. Similar results were obtained for gdg1-2 (data not shown).

All experiments were repeated at least once and similar results were obtained.

(c)
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Figure 5. gdg1 is compromised in accumulating pathogen-inducible SA and

in developing a HR in response to Pst DC3000 (avrRpt2).

(a,b) Rosette leaves of 4-week-old plants of Col-0 and gdg1-1 were infiltrated

with Pst DC3000 (avrRpm1) at a titer of 5 · 107 cfu ml–1 in 10 mM MgCl2.

Tissue samples were collected at the indicated times, and free SA (SA) and

glucose-conjugated SA (SAG) were extracted. The values are means and SD

of three replicates, each consisting of leaves from ten plants per genotype.

(c) The right halves of the rosette leaves of 4-week-old plants of the indicated

genotypes were infiltrated with the indicated pathogens at a titer of

5 · 107 cfu ml–1 in 10 mM MgCl2. Infiltrated leaves were photographed at

12 hpi.

All experiments were repeated at least once and similar results were obtained.
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SA. SA treatment induced GDG1 within 3 h (Figure 6b),

suggesting that GDG1 is downstream of SA. This result was

surprising as the gdg1-1 mutant accumulated much reduced

levels of SA and SAG after infection (Figure 5a,b), arguing

that GDG1 is upstream of SA. A simple explanation for these

potentially conflicting results is that SA regulates GDG1

expression by positive feedback. In npr1, GDG1 expression

was elevated compared to WT Col-0 plants (Figure 6a). NPR1

functions downstream of SA and is required for transmitting

the SA signal (Cao et al., 1997). However, in response to

pathogens, npr1 mutants accumulate more SA compared to

the WT parent, suggesting that NPR1 negatively regulates

pathogen-inducible accumulation of SA (Delaney et al.,

1995; Shah et al., 1997). Thus, the most likely explanation for

the higher expression of GDG1 in the npr1 mutant is eleva-

ted levels of SA.

Previous studies have shown that, although pathogen-

inducible expression of PR1 is suppressed in most mutants

defective in SA-mediated defense signaling, expression of

PR2 and PR5 is suppressed only in NahG transgenic plants

(Nawrath and Metraux, 1999). Therefore, we analyzed

expression of PR1, PR2 and PR5 in the gdg1-1 mutant at

24 hpi in response to Pst DC3000 (avrRpt2). The sid2 mutant

and transgenic NahG plants were included as controls.

Consistent with the previous reports, expression of PR1 was

suppressed in NahG and sid2 plants, but expression of PR2

and PR5 was suppressed only in NahG plants. Interestingly,

expression of both PR1 and PR2 was suppressed in the gdg1

mutant; however, expression of PR5 was not significantly

affected (Figure 6c).

Temporal and spatial expression of GDG1

To analyze the temporal and spatial expression of GDG1, we

constructed transgenic plants expressing a GDG1 promo-

ter::GUS fusion. A 2000 bp sequence containing the 5¢ UTR

region of GDG1 was fused to the b-glucuronidase (GUS)

reporter gene (Figure 7a), and the construct was trans-

formed into WT Col-0 plants. GUS analysis was carried out

at various stages of plant growth and in different organs. In

10-day-old seedlings, GDG1 promoter activity was detected

in cotyledons, true leaves, hypocotyls and occasionally in

the some parts of roots (Figure 7b,i). No GUS activity

was detected in root, stem, rosette or cauline leaves of

(a)

(b)

GUSGDG1 promoter

Pst MgCl2

i ii

iii iv

Figure 7. Histochemical analysis of GUS expression in transgenic plants

expressing the GDG1 promoter::GUS construct.

(a) Schematic representation of the GDG1 promoter::GUS fusion. A 2 kb

promoter region of the GDG1 gene was used to drive expression of the GUS

gene. Lines above the GDG1 promoter show the approximate positions of the

W boxes.

(b) GUS expression in transgenic plants expressing the GDG1 promoter::GUS

construct was detected as described in Experimental procedures: (i) 10-day-

old seedling, (ii) inflorescence, (iii) mature flower, and (iv) rosette leaves

infiltrated with Pst DC3000 (avrRpm1) at a titer of 5 · 107 cfu ml–1 in 10 mM

MgCl2 or with 10 mM MgCl2. This analysis was carried out in several

independent transgenic lines and similar results were found.
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Figure 6. Expression analysis of GDG1 in defense signaling mutants and in

response to SA, and expression of defense genes in the gdg1 mutant.

(a) Levels of expression of the indicated genes were determined by Northern

gel blot analysis. Blots were stained with methylene blue to show the relative

amounts of RNA in each lane (rRNA), and were probed with the indicated

gene probes. Rosette leaves of 4-week-old plants of the indicated genotype

were infiltrated with Pst DC3000 (avrRpm1) or Pst DC3000 (avrRps4) at a titer

of 5 · 107 cfu ml–1, and tissue samples were harvested at 6 hpi. All mutants

are in the Col-0 background, except eds1, which is in the Ler background.

(b) Four-week-old Col-0 plants were sprayed with 1 mM SA or water. Rosette

leaves were collected at the indicated times for RNA isolation.

(c) Rosette leaves of 4-week-old plants of the indicated genotype were

infiltrated with Pst DC3000 (avrRpt2) at a titer of 5 · 107 cfu ml–1 in 10 mM

MgCl2, and tissue samples were collected at 24 hpi for RNA isolation. The blot

was hybridized with PR1, stripped and serially rehybridized with PR2 and PR5

gene probes.

All experiments were repeated at least once and similar results were obtained.
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mature 4- to 5-week-old plants (data not shown). These re-

sults suggest that the expression of GDG1 may be under

developmental regulation. Analysis of flowers of transgenic

plants showed GUS expression at multiple stages in specific

floral organs (Figure 7b,ii). In a developing inflorescence, no

significant expression was observed in the early stages of

floral initiation, but, as development progressed, intense

GUS expression was evident in floral buds at the beginning

of the floral stage 13 (for floral stages, see Smyth et al.,

1990). As flowers matured, expression in petals was reduced

and disappeared in fully opened flowers. However, expres-

sion was persistent in sepals and to some extent in stamen

and carpel (Figure 7b,iii).

To test the spatial expression of the GDG1 promoter in

response to pathogens, one half of the rosette leaves were

infiltrated with Pst DC3000 (avrRpm1) or MgCl2 and tissue

samples were harvested 12 hpi. GUS expression was

observed in the leaves infiltrated with Pst DC3000 (avr-

Rpm1), but not in the leaves infiltrated with MgCl2 (Fig-

ure 7b,iv), confirming the pathogen-inducible nature of the

GDG1 promoter. Furthermore, GUS expression was con-

fined to the site of infiltration, suggesting that expression of

GDG1 is primarily confined to the site of infection. Analysis

of the 2 kb promoter sequence of the GDG1 promoter for

known cis-acting regulatory elements associated with def-

ense responses revealed the presence of four W boxes

(TTGAC) (Figure 7a). These cis elements are recognized by

WRKY transcription factors that potentially regulate the

expression of several pathogen- and stress-responsive

genes (Ulker and Somssich, 2004).

Discussion

Our characterization of the GDG1 gene of Arabidopsis indi-

cates that it is a critical component of SA-mediated defense

against bacterial pathogens. First, expression of GDG1 is

induced early and to higher levels in response to avirulent

pathogens compared to virulent pathogens. Second,

induction of its expression requires a functional TTSS in the

pathogen for delivery of effector proteins, while in planta

expression of an avirulence factor is sufficient for its induc-

tion. Third, expression of PR genes in response to pathogens

is attenuated in gdg1 mutants. Finally, gdg1 mutants are

compromised in resistance against virulent and avirulent

bacterial pathogens, suggesting that GDG1 function is

important for both basal and R gene-mediated resistance.

SA accumulation in response to pathogens is suppressed

in gdg1 mutants. Moreover, all defense-related phenotypes

of gdg1, including expression of PR genes and resistance to

pathogens, can be rescued by external application of SA.

These results suggest that GDG1 is more likely involved in

pathogen-induced accumulation of SA than its perception or

signaling. The defect in SA accumulation may be due to a

higher rate of SA degradation or depressed synthesis of SA

in gdg1 mutants. It is unlikely that faster SA degradation is

the reason because external application of SA induced high

expression of PR1 in gdg1 mutants and restored WT levels of

resistance against Pst DC3000. As plants were treated with

SA 24 h prior to infection and pathogen growth was assayed

at 3 days post-inoculation, if gdg1 had higher rates of SA

degradation, it is unlikely that its WT phenotype would be

completely restored by SA treatment. Thus, gdg1 mutants

are more likely to be impaired in pathogen-induced SA

synthesis.

What role might GDG1 play in SA biosynthesis? GDG1 is a

GH3-like protein, and these proteins have acyl adenylate-

forming activity on the plant hormones JA, IAA and SA. This

adenylation might initiate their conjugation to amino acids

or other adducts, thereby regulating hormone activity

(Staswick et al., 2002, 2005). An obvious possibility is that

GDG1 adenylates SA. However, GDG1 does not appear to

adenylate SA, JA or IAA in vitro (Staswick et al., 2002;

accession number T31B5.140 in their paper represents

GDG1). Nonetheless, it is possible that GDG1 is involved in

adenylation of a precursor in the SA biosynthetic pathway.

Because some of the GH3-like proteins are highly substrate-

specific (Staswick et al., 2002), this could explain the lack of

adenylation activity of GDG1 on SA. Adenylation of this

precursor may either activate it to participate in subsequent

metabolic steps involved in SA biosynthesis or regulate its

spatial distribution. Adenylation of several proteins has

been shown to regulate their spatial distribution (Black et al.,

2000; Mannaerts et al., 2000). Alternatively, the adenylated

form of an unknown compound may act as a signal to induce

SA biosynthesis. Although our present data do not suggest

that GDG1 acts downstream of SA, we cannot rule out this

possibility. In this scenario, it may act to regulate the

chemical form of SA, for example by converting SA into an

amino acyl-mediated conjugated form that is storable, but

readily available, or in a form that is required for its stable

accumulation.

Both SA treatment and pathogen attack frequently acti-

vate PR1, PR2 and PR5 genes coordinately (Uknes et al.,

1992). Several mutants, including eds1, pad4, eds5, sid2 and

npr1 are defective in SA-mediated defense signaling; among

these, all but npr1 accumulate reduced levels of SA in

response to pathogen infection. In all five mutants, patho-

gen-inducible PR1 expression is suppressed; however,

expression of PR2 and PR5 is not affected (Feys et al.,

2001; Nawrath and Metraux, 1999). These results suggest

that, while the expression of PR1 is regulated by SA-

dependent signals, expression of PR2 and PR5 is also

regulated by a SA-independent signal(s). Interestingly, in

addition to PR1, pathogen-inducible expression of PR2 is

also suppressed in gdg1 mutants. However, expression of

PR5 is not affected significantly. This suggests that GDG1

may regulate both SA-dependent and -independent expres-

sion of PR2 and possibly other defense genes.

242 Guru Jagadeeswaran et al.

ª 2007 The Authors
Journal compilation ª 2007 Blackwell Publishing Ltd, The Plant Journal, (2007), 51, 234–246



In addition to its role in resistance against pathogens,

GDG1 also appears to play a role in potentiating HR against

some avirulent pathogens, possibly by regulating SA levels.

HR-associated cell death is suppressed in gdg1 mutants in

response to Pst DC3000 (avrRpt2) but not in response to Pst

DC3000 (avrRpm1). These results are reminiscent of results

obtained with NahG plants (Rate et al., 1999). Together they

suggest that, at least in some R/avr interactions, SA plays an

important role in inducing HR-associated cell death, and in

such cases, GDG1 may be required for the proper develop-

ment of HR.

Figure 8 provides a model that suggests how GDG1 might

fit into the defense signaling cascade. Upon pathogen

infection, GDG1 transcript levels rise quickly, although the

increase in transcript levels is modest. Because expression

of GDG1 is compromised in eds1 and pad4 mutants, it has

been placed downstream of EDS1/PAD4. GDG1 is required

for SA accumulation and for defense against pathogens.

However, exogenous application of SA induces expression

of GDG1 and its expression is blocked in NahG. Thus GDG1

and SA apparently represent part of a positive feedback

amplification loop of defense activation against pathogens.

Similar positive amplification loops mediated by SA have

been proposed for EDS1/PAD4 and EDS5 (Falk et al., 1999;

Jirage et al., 1999; Nawrath et al., 2002). It is not clear why

expression of GDG1 is fully compromised in NahG but not in

sid2, although the levels of pathogen-inducible SA are

reported to be reduced to similar levels in both of them

(Nawrath and Metraux, 1999). These results are similar to the

expression profile of EDS5 in defense mutants. Expression

of EDS5 is also induced in response to SA, and is blocked in

NahG but remains unaffected in sid2 (Nawrath et al., 2002).

Together, these results reinforce the notion that NahG plants

perhaps have additional uncharacterized effects on defense

signaling in addition to reduced levels of SA (van Wees and

Glazebrook, 2003). Nonetheless, these results show that SA

amplifies defense signals by positive feedback regulation of

genes involved in pathogen-inducible accumulation of SA.

The epistatic relationship of GDG1 with SID2 and EDS5 is

not known at this time. However, all these genes appear to

represent components of the same or overlapping SA

biosynthetic pathway(s) because pathogen-inducible SA

accumulation is compromised to similar levels in all three

mutants and they are all compromised in resistance against

virulent and avirulent bacteria pathogens. Detailed bio-

chemical analysis of the GDG1 protein should provide

insight into its function in pathogen-inducible accumulation

of SA.

Experimental procedures

Plant growth, chemical treatment and pathogen infection of

plants

Plants were grown and treated with SA as described previously
(Devadas et al., 2002). Growth of bacterial pathogens, plant infec-
tions and in planta pathogen growth assays were performed as
described previously (Devadas et al., 2002). For DEX treatment
(Sigma; http://www.sigmaaldrich.com), indicated concentrations of
DEX solution in 0.016% ethanol were syringe-infiltrated into the
rosette leaves of 4-week-old plants, and tissue samples were
harvested for RNA isolation at indicated times. For auxin treatment,
2-week-old seedlings grown on Murashige and Skoog medium (Life
Technologies; http://www.invitrogen.com), supplemented with 1%
sucrose and 0.8% agar, were transferred into a Petri dish containing
100 lM IAA in 0.05% ethanol, and tissue samples were collected 0, 1,
3, 6, 12 and 24 h later for RNA isolation.

RNA analysis and RT-PCR

Tissue samples were collected from soil-grown plants or seedlings
grown on MS plates at the indicated time points, and were flash-
frozen in liquid nitrogen. Total RNA was isolated using TRIzol rea-
gent according to the manufacturer’s protocol (Invitrogen; http://
www.invitrogen.com), and Northern blot analysis was performed
as described previously (Devadas et al., 2002). cDNA was prepared
from 1 lg of total RNA isolated from Col-0 plants treated with Pst
DC3000 (avrRpm1) using Powerscript reverse transcriptase (BD
Biosciences; http://www.bdbiosciences.com) following the manu-
facturer’s protocol, and was used for RT-PCR analyses. Full-length
GDG1 cDNA was amplified using DG1 and DG2 primers, and was
cloned in pCR2.1 TOPO TA cloning vector (Invitrogen). Sequence of
the amplified product was compared with the mRNA sequences
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Figure 8. Proposed model for the role of GDG1 in defense signaling (see

Discussion for details).

Pathogen-derived signal(s) activate expression of GDG1 via EDS1 and PAD4.

The GDG1-mediated defense response leads to accumulation of SA, which

contributes to induction of PR genes and pathogen resistance. The epistatic

relationship of GDG1, SID2 and SID1/EDS5 is not known at present. SA

regulates the expression of GDG1 and SID1/EDS5, and possibly SID2, by

positive feedback controls. NPR1 negatively regulates accumulation of SA.

Pathogen-inducible expression of PR2 and PR5 is regulated by SA-dependent

and -independent pathways. GDG1 positively regulates the expression of at

least PR2 mediated by both SA-dependent and -independent pathways.
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available in the public databases to confirm that correct full-length
cDNA was amplified. Gene-specific primers for experiments in
Figure 1(e) were designed such that they are unique to each gene;
all reverse primers were designed in the 3¢ UTR to increase the
specificity. The sequences of all the primers used in this study are
provided in Supplementary Table S2.

Analysis of gdgl insertional mutants

T-DNA insertion line gdg1-1 (SALK_018225) and Ds transposon
insertion line gdg1-2 (ET6161) were obtained from the SALK T-DNA
collection and the Cold Spring Harbor Laboratory trapper collection,
respectively. Genomic DNA flanking the T-DNA insertion site in
gdg1-1 was amplified using GDG1 gene-specific reverse primer DG2
and the T-DNA left border primer LB1. Genomic DNA flanking the
Ds insertion in gdg1-2 was amplified using GDG1 gene-specific
forward primer DG1 and the Ds-specific Ds-3-1 primer. Amplified
PCR products were sequenced to determine the site of insertion of
T-DNA and Ds. Homozygous null mutants were identified by
RT-PCR and Northern blot analysis as described in Figure 2.

To test the ability of SA to restore resistance to Pst DC3000 in
gdg1, gdg1 mutants and the corresponding WT Col-0 were sprayed
with water or 1 mM SA 24 h prior to treatment with 105 cfu ml–1 Pst
DC3000, growth of the pathogen was determined at 3 dpi and
disease development was monitored for 5 dpi.

Construction and analysis of GDG1 promoter::GUS

transgenic plants

The GDG1 promoter was isolated as a 2 kb 5¢ region upstream of the
translation start site of GDG1 by PCR of the genomic DNA using
primers DG19 and DG20 (see Supplementary Table S2). Amplified
product was cloned in pCR TOPO vector (Invitrogen), and se-
quenced to confirm the sequence of the amplified product. The
promoter was cloned upstream of the GUS gene in the EcoRI/PstI
site of a pCAMBIA1381Z vector to create a transcriptional fusion
GDG1 promoter::GUS. This construct was introduced into WT Col-0
plants via Agrobacterium-mediated transformation (Clough and
Bent, 1998). Transgenic plants were selected on solid MS medium
supplemented with 40 lg ml–1 hygromycin. Histochemical analyses
for GUS activity were carried out in 6–8 independent transgenic
lines for each tissue. Tissue samples were incubated overnight at
37�C in GUS assay buffer (10 mM phosphate buffer, pH 7, 0.5%
Triton X-100, 2 mM potassium ferricyanide, 1 mg ml–1 X-Gluc), and
were cleared in 70% ethanol for 2–3 days.

SA and SAG measurements

For SA analyses, rosette leaves of 4-week-old plants of the indicated
genotypes were infiltrated with 5 · 107 cfu ml–1 of Pst DC3000
(avrRpm1), and tissue samples were collected at the indicated time
points and flash frozen. Free SA and SAG were extracted using the
procedures described for tobacco and Arabidopsis (Bowling et al.,
1994). Separation of SA and quantification were performed by HPLC
as described previously (Bowling et al., 1994).
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