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New evidence suggests a role for the plant growth hormone auxin in pathogenesis and disease resistance. Bacterial infection

induces the accumulation of indole-3-acetic acid (IAA), the major type of auxin, in rice (Oryza sativa). IAA induces the ex-

pression of expansins, proteins that loosen the cell wall. Loosening the cell wall is key for plant growth but may also make the

plant vulnerable to biotic intruders. Here, we report that rice GH3-8, an auxin-responsive gene functioning in auxin-dependent

development, activates disease resistance in a salicylic acid signaling– and jasmonic acid signaling–independent pathway.

GH3-8 encodes an IAA–amino synthetase that prevents free IAA accumulation. Overexpression of GH3-8 results in enhanced

disease resistance to the rice pathogen Xanthomonas oryzae pv oryzae. This resistance is independent of jasmonic acid and

salicylic acid signaling. Overexpression of GH3-8 also causes abnormal plant morphology and retarded growth and de-

velopment. Both enhanced resistance and abnormal development may be caused by inhibition of the expression of expansins

via suppressed auxin signaling.

INTRODUCTION

Plants respond to pathogen infection through two types of im-

mune responses: basal and isolate-specific disease resistance

(Jones and Dangl, 2006). The basal defense response is activated

by virulent pathogens through the interaction of host pattern-

recognition receptors and pathogen-associated molecular pat-

terns. The isolate-specific or gene-for-gene defense response is

triggered by host resistance (R) proteins recognizing isolate-

specific pathogen effectors. The two types of immune responses

are closely associated (Abramovitch et al., 2006; Jones and

Dangl, 2006; Shen et al., 2007) and regulated by two classes of

genes, the R genes and defense-responsive or defense-related

genes. Plant pathogen recognition activates the signal transduc-

tion network composed of products from the two classes of

genes. In addition to uncovering an increasing number of R and

defense-responsive genes, studies have revealed multiple signal

transduction pathways, mitogen-activated protein kinase signal-

ing, gene-for-gene resistance, salicylic acid (SA)–dependent re-

sistance, jasmonic acid (JA)/ethylene–dependent resistance, and

induced systemic resistance, with each pathway containing mul-

tiple branches (Glazebrook, 2001; Asai et al., 2002; Hammond-

Kosack and Parker, 2003; Bartsch et al., 2006). A network

composed of synergistic or antagonistic crosstalk among these

signal transduction pathways has been delineated based mainly

on studies of dicots (Glazebrook, 2001; Hammond-Kosack and

Parker, 2003; Durrant and Dong, 2004; Pieterse and Van Loon,

2004), although this network still needs to be refined to elucidate

the molecular mechanism of pathogen-induced defense responses.

In addition, although the accumulated information suggests that

monocots may have similar fundamental modes of pathogen rec-

ognition and defense signaling as dicots, the defense responses

to pathogen infection are not necessarily the same. For example,

SA plays an important role in signaling of systemic acquired

resistance in dicots, but rice (Oryza sativa) maintains a high

endogenous level of SA without activating defense responses

(Silverman et al., 1995). Characterization of more R genes and

defense-responsive genes will help to explore the signal trans-

duction network in monocotyledonous species.

Recent studies have reported that auxin promotes disease sus-

ceptibility, and repression of auxin receptors by microRNA is part

of an induced immune response in Arabidopsis thaliana (Navarro

et al., 2006); auxin-resistant Arabidopsis by mutation of genes

functioning in auxin signaling shows enhanced disease resistance

(Park et al., 2007; Wang et al., 2007; Zhang et al., 2007). Thus, auxin

signaling, which is generally recognized to be involved in plant

growth and development (Woodward and Bartel, 2005), is likely

involved in the complicated network of plant–pathogen interactions.

However, understanding of the interaction of plant defense sys-

tems and auxin signaling is in its infancy (Jones and Dangl, 2006).

In the regulation of plant development and growth, auxin can

rapidly and transiently induce the expression of three groups of

genes: the SMALL AUXIN-UP RNA (SAUR) family, the GH3

family, and the AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) family

(Woodward and Bartel, 2005). The functions of the SAUR family
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are less understood compared with the other two families. The

first GH3 gene was identified as a rapid auxin-responsive gene in

soybean (Glycine max) (Hagen and Guilfoyle, 1985). However, not

all GH3 genes are auxin-responsive (Woodward and Bartel, 2005).

In Arabidopsis, some GH3 proteins are adenylate-forming enzymes

that conjugate amino acids to the auxin indole-3-acetic acid (IAA)

or to JA or SA (Staswick et al., 2002, 2005). The rice GH3 gene

family consists of at least 12 members (Jain et al., 2006b). Aux/IAA

proteins are transcription factors acting as repressors in auxin-

regulated gene expression. The rice Aux/IAA gene family con-

sists of at least 31 members (Jain et al., 2006a). The expression of

most SAUR, GH3, and Aux/IAA genes is regulated by auxin re-

sponse factors (ARFs), which can either activate or repress target

gene expression (Woodward and Bartel, 2005). The rice ARF

gene family consists of at least 11 members (Sato et al., 2001).

Our previous study showed that cDNA clone EI5P11, corre-

sponding to GH3-8, a member of the rice GH3 gene family (Jain

et al., 2006b), was pathogen-responsive (Wen et al., 2003).

EI5P11 expression increased after inoculation with either incom-

patible pathogens in rice lines that carried different R genes

conferring resistance to Xanthomonas oryzae pv oryzae (Xoo),

the cause of bacterial blight disease, or to Magnaporthe grisea,

the cause of fungal blast disease, or a compatible pathogen in a

susceptible rice line. Furthermore, EI5P11 maps to the same

genomic region as a quantitative trait locus for blast resistance

on rice chromosome 7 (Wen et al., 2003). These results suggest

that GH3-8 may be involved in both auxin signaling and defense

signaling in a pathogen-nonspecific manner. To evaluate this

hypothesis, we monitored GH3-8 expression and analyzed its

function. It encodes an IAA–amido synthetase that maintains

auxin homeostasis by conjugating excess IAA to amino acids.

We demonstrated a novel pathway in which auxin signaling is

involved in the regulation of the rice–Xoo interaction, such that

GH3-8 protein functioning in auxin signaling regulates both

disease resistance and growth and development in rice. Over-

expressing GH3-8 activates rice resistance to bacterial blight,

yet it also retards rice growth and development. Knockout of

GH3-8 moderately compromises the resistance to Xoo. The

molecular mechanism of such a dual regulation can be at least

partly explained by the suppression of a group of auxin-responsive

genes encoding expansins, proteins that control cell wall loos-

ening and expansion, by preventing the accumulation of IAA.

RESULTS

Upregulation of GH3-8 Enhances Disease Resistance but

Causes Abnormal Morphology

We isolated GH3-8 from resistant rice line C101LAC, which

showed differential expression of GH3-8 on pathogen infection

(Wen et al., 2003). GH3-8 was 2300 bp in length and had a coding

region interrupted by one intron (see Supplemental Figure 1A

online). The predicted protein product of GH3-8 consists of 605

amino acids and belongs to group II of the GH3 proteins based

on phylogenetic analysis with Arabidopsis GH3 proteins. To

determine whether GH3-8 was involved in rice defense to path-

ogen infection, we overexpressed the protein in a susceptible

rice cultivar, then examined that cultivar’s resistance to the rice

pathogen Xoo. GH3-8, driven by a constitutive promoter, was

transformed into the susceptible rice cv Mudanjiang 8. Sixteen of

the 34 independent transformants showed significantly enhanced

resistance to Xoo strain PXO61, with the lesion area ranging from

24 to 54% (lesion length/leaf length), compared with 78% in the

susceptible cv Mudanjiang 8 and 15% in the resistant cv IRBB4

(see Supplemental Table 1 online). The enhanced resistance was

clearly associated with overexpression of GH3-8 (Figure 1A; see

Supplemental Figure 2 and Supplemental Table 1 online). A

bacterial growth analysis demonstrated that the growth rate of

PXO61 in resistant transgenic plants was 5.1- to 27.9-fold lower

(P < 0.05) than that in the wild type at 4 to 12 d after inoculation

(Figure 1B). These results suggest that GH3-8 is involved in the

regulation of disease resistance.

Overexpression of GH3-8 also affected plant development. All

of the transgenic plants that showed enhanced resistance and

overexpression of GH3-8 had abnormal morphology from tis-

sue culture to field growth. During tissue culture, these plants

were short and had fewer short roots than normal tissue culture

plants; thus, they showed poor survival on the rooting culture

medium (Figure 1C). To promote rooting, these plants were

transferred to a fresh rooting culture medium supplemented with

Figure 1. Expression of the GH3-8 Gene and Phenotypes of GH3-8–

Overexpressing Plants (Mudanjiang 8 Is the Wild Type).

(A) GH3-8 expression in C101LAC (donor of GH3-8; D), wild-type, and T0

transgenic plants (D25UM8) detected by RNA gel blot analysis.

(B) Growth of PXO61 in leaves of GH3-8–overexpressing (D25UM8-2)

and wild-type plants. The bacterial population was determined from

three leaves at each time point by counting colony-forming units (cfu)

(Sun et al., 2004). 0 day, 2 h after bacterial inoculation. Each point rep-

resents a mean 6 SD.

(C) Transgenic plants grown on rooting medium in the absence of auxin.

Left, GH3-8–overexpressing plant; right, negative transgenic plant.

(D) GH3-8–overexpressing plants grown on rooting medium supple-

mented with 0.3 mg/L 2,4,5-T for 10 d.

(E) Adult plants grown in the field. From left to right are the most stunted

T0 plant (D25UM8-2), a moderate dwarf T0 plant (D25UM8-28), and the

wild type (Mudanjiang 8).

(F) and (G) T1 plants from transgenic plant D25UM8-27 that overex-

pressed GH3-8. Left, abnormal T1 plant; right, normal T1 plant.
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2,4,5-trichlorophenoxyacetic acid (2,4,5-T), an analog of IAA. On

this medium, the plants produced more and longer roots and

survived tissue culture (Figure 1D). After transplantation to the

field, all of the GH3-8–overexpressing plants showed the phe-

notype of dwarf and tufted shape (Figure 1E). The most stunted

plants remained in the vegetative phase and did not reproduce.

Although most of the moderately dwarf plants did enter the

reproductive stage, they showed greatly reduced fertility, with

only one of them (D25UM8-27) setting a few seeds that had a

very low germination rate. The T1 progeny of D25UM8-27 that

showed a high level of GH3-8 transcripts produced shorter roots

and fewer adventitious roots than the negative segregates (Fig-

ure 1F). Similar abnormal morphology was also observed in

auxin-deficient Arabidopsis (Nakazawa et al., 2001; Takase et al.,

2004). GH3-8–overexpressing plants also showed abnormal leaf

formation. Normal rice leaves at the vegetative growth stage

form in a distichous alternate phyllotaxic manner, and succes-

sive leaves develop on opposite sides of the shoot apical

meristem, with 1808 of divergence. However, the successive

leaves of GH3-8–overexpressing plants showed <1808 of diver-

gence from the previous leaves (Figure 1G), which was similar

to the IAA3-modified transgenic rice that is auxin-insensitive

(Nakamura et al., 2006). Treatment of these dwarf plants grown

either in soil or in hydroponic conditions with 0.1 to 20 mg/L

2,4,5-T did not promote the growth of these plants. These results

suggest that tightly regulated low expression of GH3-8 is crucial

for the normal growth and development of rice.

To examine the effects of reduced GH3-8 expression, RNA

interference (RNAi) was used to suppress GH3-8 expression in

the moderately resistant cv Minghui 63. We obtained 11 positive

transgenic plants. None of the plants showed a significant dif-

ference (P > 0.05) in response to PXO61 infection compared with

the wild type after partial suppression of GH3-8 (see Supple-

mental Table 2 online). Since GH3-8 is a member of a multigene

family, functional redundancy among the family members may

mask the effect of partial GH3-8 underexpression. This hypoth-

esis was further evaluated by characterization of the mutant

03Z11EV19 with T-DNA inserted in the second exon of GH3-8

(see Supplemental Figure 1C online), identified from the Rice

Mutant Database (Zhang et al., 2006). The 03Z11EV19 mutant

had the genetic background of Zhonghua 11, which was mod-

erately susceptible to Xoo strain PXO61. Some of the 03Z11EV19

plants showed slightly increased susceptibility to PXO61, and

this increased susceptibility was associated with the insertion of

T-DNA and the lack of GH3-8 expression (see Supplemental

Figure 3 online), suggesting that the increased susceptibility was

due to the loss of GH3-8 expression. The average lesion area of

the homozygote GH3-8–knockout plants after PXO61 infection

was 46 6 4.8%, compared with 32 6 9.5% for wild-type plants,

indicating that GH3-8 loss of function has only a small effect on

rice disease resistance. This result further supports the hypoth-

esis of functional redundancy among GH3 family members in rice.

GH3-8 Is an IAA–Amido Synthetase and Modulates

Auxin Homeostasis

To evaluate whether the phenotype of GH3-8–overexpressing

plants was associated with the level of endogenous IAA, we

quantified the free IAA in GH3-8–overexpressing and knockout

plants. The concentration of free IAA in the leaves of GH3-8–

overexpressing plants was 1.5- to 2.4-fold lower than that of

wild-type plants, suggesting that the phenotype change of these

transgenic plants is very likely the result of reduced endogenous

IAA (Figure 2A). GH3-8 shows 55 to 73% amino acid sequence

Figure 2. Function of GH3-8.

(A) Quantification of free IAA and IAA–amino acid conjugates (IAA-Asp

and IAA-Ala) in the leaves of GH3-8–overexpressing plants (D25UM8-2,

-28, and -33) and a GH3-8–knockout plant (03Z11EV19; M) at the booting

stage. FW, fresh weight; W1, wild-type Mudanjiang 8 for GH3-8–over-

expressing plants; W2, wild-type Zhonghua 11 for the GH3-8–knockout

plant. Bars represent means (three replicates) 6 SD. Asterisks indicate

that a significant difference (P < 0.05) was detected between GH3-8–

overexpressing and W1 plants.

(B) HPLC analysis of amino acid conjugates of IAA synthesized by

recombinant GH3-8 protein in different time courses. Standard IAA (peak

a), IAA-Asp (peak b), and IAA-Ala (peak c) were bought from Sigma-

Aldrich. ck, proteins from E. coli transferred with the null vector PET28a.
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identity and 72 to 84% sequence similarity to the Arabidopsis

group II GH3 proteins GH3.2, GH3.3, GH3.4, GH3.5, GH3.6, and

GH3.17, which are IAA–amido synthetases functioning to main-

tain auxin homeostasis by conjugating excess IAA to amino acids

(see Supplemental Figure 4 online) (Staswick et al., 2005). The

high degree of sequence similarity of GH3-8 with Arabidopsis

IAA–amido synthetases and the correlation between GH3-8 over-

expression and suppressed free IAA accumulation strongly sug-

gest that GH3-8 encodes an IAA–amido synthetase.

To further examine this hypothesis, we quantified IAA–amino

acid conjugates in the same samples used for the quantification

of free IAA. The concentration of IAA-Asp in the leaves of GH3-8–

overexpressing plants was 1.7- to 3.4-fold higher than that in

wild-type plants, but the concentration of IAA-Ala showed no

significant difference between GH3-8–overexpressing and wild-

type plants (Figure 2A). We then tested the enzyme activity of

recombinant GH3-8 in the reaction mixture containing IAA and

Asp or Ala. Quantification analysis showed that the reactions

yielded new products compared with controls (Figure 2B, ck).

The new products had the same retention times as IAA-Asp and

IAA-Ala standards. There was more IAA-Asp than IAA-Ala gen-

erated (Figure 2B). These results suggest that GH3-8 is an IAA-

amido synthetase that is more capable of catalyzing the synthesis

of IAA-Asp than IAA-Ala.

The levels of endogenous IAA, IAA-Asp, and IAA-Ala in the

leaves of GH3-8–knockout mutants showed no significant dif-

ference from those in the wild type (Figure 2A). This result also

supports the hypothesis of functional redundancy among GH3

family proteins in rice. Thus, only GH3-8–overexpressing plants

were examined in the following analyses.

Bacterial Infection Induces Local Accumulation of IAA

To test whether auxin influences rice resistance to Xoo, we

treated the resistant rice lines Minghui 63 and Rb17, carrying

bacterial blight resistance gene Xa3/Xa26, and the susceptible

rice lines Mudanjiang 8 and Zhonghua 11, with IAA and 2,4-D (an

analog of IAA), before inoculation with Xoo strain PXO61. Rb17 is

a transgenic line carrying a single copy of Xa3/Xa26 with the

genetic background of Mudanjiang 8 (Sun et al., 2004). Treating

resistant rice lines with either IAA or 2,4-D significantly promoted

disease symptoms; the lesion area of these treated rice lines

increased 2.4- to 7.3-fold after PXO61 infection compared with

that of control plants (Figure 3A). IAA or 2,4-D treatment further

increased the susceptibility of moderately susceptible Zhonghua

11 and showed no influence on the susceptibility of highly sus-

ceptible Mudanjiang 8 to PXO61. The influence of auxin on the

response of resistant rice lines to Xoo infection is associated

with the growth rate of Xoo in plants. A bacterial growth analysis

showed that the growth rate of PXO61 in resistant Minghui 63

and GH3-8–overexpressing plants increased (P < 0.01) 9- to

16-fold and 4- to 8-fold, respectively, after treating with 2,4-D at

8 to 12 d after bacterial inoculation, but treating susceptible

Mudanjiang 8 with 2,4-D showed no obvious influence on the

growth rate of PXO61 (see Supplemental Figure 5 online).

To examine whether Xoo could induce IAA accumulation in

infected rice, we quantified the content of free IAA after PXO61

inoculation (Figure 3B). Bacterial infection significantly (P < 0.01)

increased the content of free IAA in the infected leaves of both

wild-type (2.9-fold) and GH3-8–overexpressing (2.1-fold) plants,

although the induction was more dramatic in the wild-type plants

(Figure 3B). Furthermore, the IAA concentration was significantly

higher (P < 0.01) in the wild-type plants than in the transgenic

Figure 3. Effect of IAA on the Development of Disease and Expression

Patterns of Auxin Synthesis–Related Genes.

(A) Exogenous application of IAA or 2,4-D increased lesion area in

resistant rice lines Minghui 63 and Rb17 after PXO61 inoculation.

Mudanjiang 8 was not treated with 100 mM 2,4-D. Bars represent means

(five replicates) 6 SD. Asterisks indicate that a significant difference (P <

0.05) was detected between IAA- or 2,4-D–treated plants and untreated

(ck) plants.

(B) Bacterial infection induced the accumulation of free IAA and IAA-Asp

in both GH3-8–overexpressing (D25UM-28) and wild-type (Mudanjiang

8) plants. Approximately 6-cm-long leaf fragments right next to the

inoculation site were used for the analysis. Each point represents a mean

(three replicates) 6 SD. 0 h, immediately after inoculation with PXO61.

FW, fresh weight.

(C) Expression patterns of IAA synthesis–related genes on PXO61 infec-

tion in Mudanjiang 8. The expression level of each gene was calculated

relative to that in the plants immediately after inoculation (0 h). Each point

represents a mean (three replicates) 6 SD.
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plants. Free IAA concentration in wild-type plants was 1.6-fold

higher than that in GH3-8–overexpressing plants immediately

after bacterial inoculation (0 h), and the difference reached 2.3-

fold at 24 h after inoculation. Accompanying the accumulation of

free IAA, the concentration of IAA-Asp maximally increased

;1.5-fold in both GH3-8–overexpressing and wild-type plants

(Figure 3B). However, the IAA-Asp concentration was 1.5- to

2-fold higher (P < 0.01) in GH3-8–overexpressing plants than in

the wild type. These results suggest that Xoo infection induces

the local accumulation of free IAA and GH3-8 suppresses the

free IAA accumulation by increasing the synthesis of IAA-Asp.

To determine whether the pathogen-induced accumulation

of IAA is synthesized endogenously in rice, we examined the

expression of indole-3-acetaldehyde oxidase (AAO) and nitrilase

(NIT) functioning in two Trp-dependent IAA biosynthesis (indole-

3-pyruvic acid and indole-3-acetaldoxime) pathways (Woodward

and Bartel, 2005). We searched the amino acid sequences

of Arabidopsis NIT1 (protein databases accession number

P32961) and AAO1 (Q7G193), which are known to be involved

in IAA production (Bartling et al., 1992; Seo et al., 1998), against

the rice whole genomic, EST, and full-length cDNA sequences

using the TBLASTN program (Altschul et al., 1997). The search

identified three putative rice AAO genes, AAO1 (GenBank

accession number AK072847), AAO2 (AK103597), and AAO3

(AK065990), and three putative rice NIT genes, NIT1 (AK104033),

NIT2 (AK058965), and NIT3 (AK069786). The encoding products

of AAO1, AAO2, AAO3, NIT1, NIT2, and NIT3 showed 72, 69, 76,

78, 78, and 42% amino acid sequence similarity to their Arabi-

dopsis homologs, respectively. Gene expression assays showed

that bacterial infection significantly induced (P < 0.01) the ex-

pression of AAO1 (2.6-fold), AAO2 (11.7-fold), AAO3 (17.5-fold),

and NIT1 (2.1-fold) at 12 to 120 h after infection (Figure 3C).

These results suggest that Xoo infection induces the endoge-

nous synthesis of IAA.

Upregulation of GH3-8 and Disease Resistance Suppress

Auxin Signaling

To examine whether GH3-8 is involved in auxin signaling, the

expression of auxin signaling–related genes, Aux/IAA and ARF

families, was analyzed by quantitative reverse transcription–PCR

(qRT-PCR) in GH3-8–overexpressing plants. The expression of

IAA1, IAA4, IAA9, IAA14, IAA20, IAA24, ARF6a, ARF6b, and

ARF8 was rapidly induced by IAA in wild-type plants (Figure 4A).

IAA treatment also induced the expression of IAA1, IAA9, IAA14,

Figure 4. Expression of Auxin Signaling–Related Genes Was Influenced

by IAA and Pathogen Infection.

Mudanjiang 8 is the wild type. Each point represents a mean (three

replicates) 6 SD.

(A) Expression of Aux/IAA and ARF gene families was influenced after

IAA treatment (10 mM) in GH3-8–overexpressing (D25UM8-2) and wild-

type plants. The expression level of each gene was calculated relative to

that in untreated (ck) wild-type plants.

(B) Both resistant and susceptible reactions influenced the expression of

GH3-8 as well as IAA and ARF genes. Plants were inoculated with Xoo

strain PXO61. 0 h (control), immediately after inoculation. The expression

level of each gene was calculated relative to that in control wild-type

plants.

(C) Both resistant and susceptible reactions influenced the accumulation

of free IAA and IAA-Asp. 0 h (control), immediately after inoculation. Each

point represents a mean (three replicates) 6 SD. FW, fresh weight.
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and IAA20 in GH3-8–overexpressing plants, but the transcript

levels were markedly lower. In addition, IAA did not markedly

influence the expression of IAA4, IAA24, ARF6a, ARF6b, and

ARF8 in GH3-8–overexpressing plants. Expression analysis of

other genes that are not associated with auxin signaling sug-

gested that the differential expression of these auxin signaling–

related genes between transgenic and wild-type plants was not

due to other effects, such as somatic mutation caused by tissue

culture in GH3-8–overexpressing plants (see Supplemental Figure

6 online). These results suggest that the GH3-8 protein influ-

ences auxin signaling by restraining the accumulation of free IAA.

To further examine the role of auxin signaling in disease

resistance, we examined the expression of GH3-8 and auxin

signaling–related genes in compatible (susceptible) and incom-

patible (resistant) host–pathogen interactions in susceptible

wild-type Mudanjiang 8 and resistant transgenic lines Rb49

and D49O, carrying bacterial blight resistance gene Xa3/Xa26

(Sun et al., 2004) and Xa21, respectively. GH3-8 expression was

induced at 2 h after inoculation of Xoo strain PXO61, and this

inoculation resulted in approximately threefold and twofold in-

creases of GH3-8 transcripts in Rb49 and D49O, respectively

(Figure 4B). Pathogen infection first suppressed and then in-

duced (maximum, 3.9-fold) GH3-8 expression in the wild type.

Accompanying the upregulation of GH3-8 induced by PXO61,

the expression of IAA9 and ARF1 was first induced and then

suppressed in both resistant lines and the wild type. In addition,

the transcript levels of IAA9, ARF1, and ARF8 were markedly

lower in resistant lines than in the wild type after pathogen

infection, although the expression of ARF8 was only tentatively

repressed in resistant lines and induced in the wild type on

pathogen infection.

PXO61 infection significantly induced (P < 0.01) the accumu-

lation of free IAA in both resistant transgenic lines Rb49 (2.1-fold)

and D49O (1.9-fold) and the susceptible wild type (2.5-fold). But

the IAA level in the wild type was significantly higher than that in

Rb49 and D49O (Figure 4C). The IAA-Asp level was also in-

creased in both resistant (1.6- to 1.9-fold) and susceptible

(1.6-fold) plants at 8 to 24 h after pathogen infection. However,

the IAA-Asp levels in Rb49 and D49O were 1.6- to 2.4-fold higher

than that in the wild type at 8 to 24 h after pathogen infection.

These results suggest that suppressing IAA signaling by GH3-8

may be important in R gene–mediated Xoo resistance.

Activation of Disease Resistance by GH3-8 Upregulation Is

Independent of SA and JA

Our previous study revealed that activation of the SA-dependent

pathway in the genetic background of Mudanjiang 8 can en-

hance rice resistance to both Xoo and M. grisea (Qiu et al., 2007).

To examine whether this pathway is also involved in GH3-8–

mediated resistance in Mudanjiang 8, we examined the expres-

sion of defense-responsive genes, pathogenesis-related (PR)

genes PR1a (for acidic PR protein1) and PR1b (for basic PR

protein1), and SA synthesis–related gene PAD4 (for phytoalexin-

deficient4), which are known to function in SA signaling during

disease resistance in both Arabidopsis and rice (Durrant and

Dong, 2004; Qiu et al., 2007). The qRT-PCR assays showed that

the transcript levels of PR1b and PAD4 in GH3-8–overexpressing

plants were 2.1- to 3.7-fold lower than those in wild-type plants

(Figure 5A). PR1a also tended to be suppressed in GH3-8–

overexpressing plants. Accompanying the suppression of these

defense-responsive genes, the free SA levels in GH3-8–over-

expressing plants were also comparatively lower than those of

wild-type plants (Figure 5B).

Lipoxygenase (LOX) and allene oxide synthase (AOS) are

important enzymes in JA biosynthesis (Zhao et al., 2005). The

expression of the PR10 (ribonuclease) gene was suppressed

accompanying the suppression of LOX and AOS2 in rice var

Mudanjiang 8 during disease resistance, suggesting that it func-

tions in a JA-dependent pathway (Qiu et al., 2007). Overexpression

of GH3-8 significantly suppressed the accumulation of endog-

enous JA; the JA level in GH3-8–overexpressing plants was

1.7- to 3.1-fold lower than that in wild-type plants (Figure 5C). The

transcript levels of PR10, LOX, and AOS2 in GH3-8–overexpressing

plants were also significantly lower than those in the wild type

(Figure 5A). These results suggest that the disease resistance

conferred by the upregulation of GH3-8 does not require the

activation of the SA- and JA-dependent pathways; it may be a

basal resistance.

Activation of GH3-8 and Disease Resistance Accompanies

the Suppression of Expansin Genes

Expansins, a multiprotein family, are wall-loosening proteins of

plant cell walls and are known to function in auxin-regulated

growth (McQueen-Mason et al., 1992; Hager, 2003). However,

loosening cell walls can make the cells vulnerable to invaders. To

evaluate whether GH3-8 influences the function of expansins, we

analyzed the expression of three rice a-expansin genes, EXPA1,

EXPA, and EXPA10, and three rice b-expansin genes, EXPB3,

EXPB4, and EXPB7, named according to Kende et al. (2004), in

leaf tissue. IAA induced the expression of EXPA1, EXPA5,

EXPB3, and EXPB7 and first induced and then suppressed

EXPA10 in wild-type plants (Figure 6A). EXPA1, EXPA5, EXPA10,

and EXPB7 displayed similar expression patterns in GH3-8–

overexpressing plants as well, but the maximum expression

levels were 6.2-, 2.1-, 2.4-, and 4.0-fold lower than those in the

wild type, respectively (Figure 6A). The EXPB3 transcript level

was significantly higher in GH3-8–overexpressing plants than

in wild-type plants without IAA treatment but was significantly

lower in GH3-8–overexpressing plants after IAA treatment.

IAA treatment appeared to suppress EXPB4 expression in both

GH3-8–overexpressing and wild-type plants, but EXPB4 expres-

sion was significantly higher in GH3-8–overexpressing plants

than in wild-type plants without IAA treatment. These results

suggest that GH3-8 inhibited some expansin production, which

was induced by IAA.

To further examine the role of expansin in disease resistance,

we examined the expression of expansin genes in susceptible

wild-type Mudanjiang 8 and resistant transgenic lines Rb49 and

D49O carrying the R gene. The susceptible reaction markedly

induced the expression of all six expansin genes (Figure 6B). The

resistant reaction suppressed EXPA1, EXPA10, EXPB3, EXPB4,

and EXPB7. Although PXO61 inoculation slightly induced EXPA5

in rice lines Rb49 and D49O, the expression level of EXPA5 was
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significantly lower in the resistant lines than in the susceptible

wild type. In addition, the expression levels of the other five

expansin genes in the resistant lines were also significantly lower

than in the wild type after pathogen challenge. These results

suggest that the suppression of expansin genes may be impor-

tant for the resistance against Xoo.

To examine the above hypothesis, we overexpressed EXPA1,

EXPA5, and EXPA10 in moderately susceptible rice var Zhong-

hua 11. All of the transgenic plants overexpressing EXPA5

showed significantly increased susceptibility to Xoo strain PXO61;

the lesion area of these transgenic plants increased 1.8- to 2.7-

fold (Figure 7). The EXPA1- and EXPA10-overexpressing plants

also showed a tendency toward increased susceptibility to

PXO61 infection (Figure 7). These results suggest that pathogen-

induced expression of expansin genes is one of the causes of

susceptibility.

GH3-8 Expression Is Regulated by Multiple Factors

To study the regulation of GH3-8, we examined its expression

after treatment with IAA, SA, and JA as well as in different plant

tissues. GH3-8 expression was induced at 30 min and reached

an ;11-fold increase after treatment with IAA for 2 h (see Sup-

plemental Figure 7 online). In addition to IAA, SA also rapidly

induced the expression of GH3-8 at 5 min after treatment. Com-

pared with the wounding control, the expression of GH3-8 was

first suppressed at 5 min and then induced at 1 h after JA

treatment. GH3-8 showed variable levels of expression in differ-

ent tissues (Figure 8A). It had very low expression levels in leaf,

pistil, root, and young panicle but an ;16-fold higher level in

stamen. No GH3-8 expression was detected in the sheath. Anal-

ysis of GH3-8 promoter (PGH3-8) and marker gene b-glucuronidase

(GUS) fusion revealed that GH3-8 was preferentially expressed

in the parenchyma cells surrounding the vascular vessels and

mesophyll cells in leaf tissue (Figure 8B). These results indicate

that the function of GH3-8 is tissue-specific, growth stage–

specific, and signal molecule–regulated.

DISCUSSION

Although slowly accumulating data indicate that auxin is a path-

ogen virulence factor (Sequeira and Kelman, 1962; Glickmann

et al., 1998; O’Donnell et al., 2003; Navarro et al., 2006; Park

et al., 2007; Wang et al., 2007; Zhang et al., 2007), it is largely

unknown how this factor functions at the molecular level during

pathogen infection and how the plant defense system interacts

with it. Our results suggest that Xoo-induced auxin production

may weaken the rice cell wall, the native defense barrier; rice in

turn defends itself from auxin-facilitated bacterial infection by

preventing the loosening of its cell wall by suppressing auxin

signaling. Rice does this by activation of an IAA–amino synthe-

tase that inactivates IAA, the major form of auxin, by conjugating

it to amino acids.

Xoo Infection Induces Endogenous Synthesis of IAA in Rice

Auxin, the essential plant hormone regulating development and

growth, has been reported to be used by some pathogens as a

Figure 5. Overexpression of GH3-8 Suppresses the Accumulation of SA and JA and the Expression of Defense-Responsive Genes Functioning in SA-

and JA-Dependent Pathways.

Bars represent means (three replicates) 6 SD. Asterisks indicate that a significant difference (P < 0.05) was detected between GH3-8–overexpressing

plants and wild-type plants.

(A) Expression patterns of defense-responsive genes.

(B) SA and conjugated SA levels in rice leaves. FW, fresh weight.

(C) JA levels in rice leaves.
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virulence factor for infection. Tobacco (Nicotiana tabacum)

infected with the vascular pathogen Pseudomonas solanacea-

rum exhibits symptoms associated with auxin imbalance; the IAA

content increased 100-fold in infected plants (Sequeira and

Kelman, 1962). Bacterial infection accompanied the accumula-

tion of IAA in Arabidopsis (O’Donnell et al., 2003). Exogenous ap-

plication of an auxin analog enhances bacterial disease symptoms

(Navarro et al., 2006). However, the origin of IAA in infected

tissues remains elusive. Limited information suggests that the

host contributes most of the auxin during early stages of path-

ogenesis (Sequeira, 1965). Other studies indicate that some

pathogenic bacteria, such as Pseudomonas syringae, can pro-

duce IAA (Glickmann et al., 1998). Some plant bacteria carry Trp

monooxygenase (iaaM) and indole-3-acetamide hydrolase (iaaH)

genes, which catalyze the biosynthesis of IAA through Trp-

dependent indole-3-acetamide pathways (Woodward and

Bartel, 2005). In addition, other bacteria produce IAA but do not

carry genes highly similar to iaaM and iaaH (Glickmann et al., 1998).

Consistent with previous observations, our results suggest

that IAA is also a virulence factor in Xoo-induced disease. Xoo

infection induced the local accumulation of IAA accompanying

the upregulation of IAA synthesis–related genes in rice plants. In

addition, R gene–mediated Xoo resistance accompanies the

suppression of auxin signaling. A search of the amino acid se-

quences of Pseudomonas syringae pv syringae iaaH and iaaM

(Mazzola and White, 1994) against the putative encoding prod-

ucts of the Xoo (strains KACC10331 and MAFF311018) whole

genome sequence (Lee et al., 2005; Ochiai et al., 2005) did not

reveal any homologous sequence. We then searched databases

and found that Xoo carries NIT proteins (National Center for Bio-

technology Information protein database accession numbers

AAW74756, AAW74754, and YP_200139), which may contribute

to the accumulation of IAA. However, as demonstrated by the

results presented in Figure 1B, the number of bacteria increased

continuously in the leaf tissue during the 12 d after infection,

whereas the infection-induced IAA accumulation leveled off

;1 d after inoculation (Figure 3B). These results indicate that

the contribution of IAA synthesized by the bacterial genes is

trivial, meaning that endogenous synthesis by the host genes is

the major source for IAA accumulation during the rice–Xoo

interaction. Similar results were also observed in another study;

the IAA accumulation in Arabidopsis was independent of bacte-

rial colonization, and the magnitude and timing of host accumu-

lation of IAA in response to different bacteria (Xanthomonas

campestris pv campestris versus Pseudomonas syringae pv

tomato) infection were the same (O’Donnell et al., 2003). Thus,

Figure 6. IAA and Bacteria Influence the Expression of Expansin Genes.

Bars represent means (three replicates) 6 SD. Asterisks indicate that a significant difference (P < 0.05) was detected between GH3-8–overexpressing

plants or R-gene–carrying transgenic plants and wild-type (Mudanjiang 8) plants.

(A) Expression patterns of expansin genes in GH3-8–overexpressing (D25UM8-2) or wild-type plants after IAA treatment. The plants were treated with

IAA for 30, 60, or 120 min. ck, without treatment.

(B) Pathogen infection influenced the expression of expansin genes in both R gene–carrying (D49O and Rb49) and wild-type plants. Plants were

inoculated with PXO61 for 0 (measured immediately after inoculation), 2, 6, or 12 h.
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endogenously produced auxin may amplify the bacterial infec-

tion signal, which can rapidly activate the plant’s defense re-

sponses, such as the suppression of auxin signaling via the

activation of GH3-8, or facilitate pathogen colonization.

GH3-8 Mediates a Basal Resistance That Does Not Require

the Activation of SA- or JA-Dependent Signaling Pathways

Plants appear to have evolved different ways to suppress auxin

signaling during disease resistance. Suppressing the expression

of auxin receptors by microRNA is one way for Arabidopsis to

prevent infection by the bacterium P. syringae; this type of re-

sistance appears specific to virulent pathogens, but race-specific

resistance does not (Navarro et al., 2006). Suppression of auxin

signaling by activation of a GH3-type protein enhanced bacterial

resistance by activating the expression of the PR-1 gene, whose

activation is an indicator of systemic acquired resistance, in

Arabidopsis (Durrant and Dong, 2004; Park et al., 2007). SA was

involved in the suppression of auxin signaling during disease

resistance in Arabidopsis (Wang et al., 2007; Zhang et al., 2007).

Our results indicate that rice at least partly resists Xoo infection by

local and pathogen-induced activation of an IAA–amido synthe-

tase that prevents cell wall disturbance by suppressing auxin

signaling.

The molecular mechanisms of auxin as a virulence factor to

overcome the defense system of plants are unknown. Our results

suggest that Xoo-induced auxin-stimulated local expansin pro-

duction may be one of the mechanisms used by this pathogen to

infect rice plants. The cell wall plays an important role in basal

resistance against pathogens (Huckelhoven, 2007), but it is also

a restricting factor in plant cell growth. In general, the loosening

cell wall may facilitate secretion pilus penetration or pathogen

entry or may provide more nutrient leakage, resulting in a suitable

growth environment for pathogens (Huckelhoven, 2007). Expan-

sins are wall-loosening proteins in acid-dependent cell extension

growth activated by auxin (McQueen-Mason et al., 1992; Hager,

2003). Although only limited information indicates the involve-

ment of expansins in pathogen invasion (Balestrini et al., 2005;

Wieczorek et al., 2006), the following evidence supports expan-

sins playing a role in the rice–Xoo interaction. First, auxin, the

virulence factor associated with Xoo infection, can induce the

expression of some members of the expansin families. This

auxin-induced expansin expression was suppressed in GH3-8–

overexpressing plants and accompanied the enhanced disease

resistance. Second, virulent pathogen induced the accumulation

of expansin transcripts in susceptible plants, but avirulent path-

ogen suppressed expansin expression in resistant plants. Last,

overexpressing expansin genes increased rice susceptibility.

This evidence suggests that GH3-8–mediated bacterial resis-

tance may be at least partly due to inhibiting the expression of

expansins by suppressing auxin signaling, which results in the

maintenance of the physical barrier of plant cells to infection. In

addition, GH3-8 is induced by multiple pathogens, including

different strains of Xoo, the cause of bacterial blight, and M.

grisea, the cause of fungal blast, suggesting that its function in

Figure 8. Expression Pattern of GH3-8.

(A) GH3-8 had different expression levels in various tissues analyzed by

qRT-PCR. Tissues were obtained from rice var Minghui 63. Column 1,

leaf; column 2, sheath; column 3, stamen; column 4, pistil; column 5,

root; column 6, young panicle (3- to 5-cm stage). Bars represent means

(three replicates) 6 SD.

(B) PGH3-8:GUS expression in transgenic rice plants. Blue indicates the

expression of GUS. M, mesophyll cell; P, parenchyma cells; V, vascular

elements. Bar ¼ 30 mm.

Figure 7. Overexpression of Expansin Genes (EXPA1, EXPA5, and EXPA10) Was Associated with Increased Susceptibility to Xoo Strain PXO61.

Bars represent means (three replicates) 6 SD. Asterisks indicate that a significant difference (P < 0.05) was detected between transgenic plants

(OVEXPA1-, OVEXPA5-, and OVEXPA10-) and wild-type Zhonghua 11 (W).
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disease resistance is not isolate-specific (Wen et al., 2003). Thus,

GH3-8 regulates basal resistance.

Antagonistic interaction with defense signaling pathways may

be another molecular mechanism of auxin in pathogenesis. A

recent study reported that auxin may downregulate the host

defense response by inhibiting the full induction of SA-mediated

PR-1 expression and that inhibition of auxin signaling is part of

the SA-mediated disease resistance in Arabidopsis (Wang et al.,

2007). SA- and JA-dependent pathways are known to be in-

volved in the regulation of defense against different pathogens

(Thomma et al., 1998). However, the reduced accumulation of

SA and JA and the suppressed expression of SA- and JA-

responsive genes in GH3-8–overexpressing plants strongly sug-

gest that GH3-8–mediated Xoo resistance does not require the

activation of SA and JA signaling. This result is consistent with

a previous report that showed that the basal resistance for

bacterial pathogens in tomato (Solanum lycopersicum) is SA-

independent (O’Donnell et al., 2001). However, suppressing auxin

signaling by the activation of GH3-8 repressed JA and SA

signaling (Figure 5). Both JA and SA, in addition to IAA, influenced

GH3-8 expression (see Supplemental Figure 7 online). Studies

have suggested that basal resistance may overlap with R gene–

mediated resistance, resulting in a network of crosstalk between

the defense pathways deployed (Abramovitch et al., 2006; Jones

and Dangl, 2006). Our results suggest that auxin-dependent

signaling interacts with JA- and SA-dependent signaling during

bacterial resistance, although activation of the two known de-

fense transduction pathways was not required for this bacterial

resistance. The putative molecular mechanisms of the interac-

tion are predicted as follows, although further studies are needed

to examine these hypotheses. First, GH3-8 might conjugate

amino acids to SA and JA in addition to IAA, resulting in reduced

accumulation of free JA and SA in the transgenic plants. Some

GH3 family members in Arabidopsis are known to function as

adenylate-forming enzymes that conjugate amino acids to IAA,

JA, or SA; At GH3.5 can adenylate IAA as well as SA (Staswick

et al., 2002, 2005). However, overexpression of GH3-8 may cause

nonphysiological adenylation of JA and SA. Second, transcrip-

tion factors functioning in IAA-dependent signaling may regulate

the expression of genes functioning in JA- and SA-dependent

signaling. The ARF6 and ARF8 transcription factors promote JA

production in Arabidopsis (Nagpal et al., 2005). This may explain

the suppressed expression of ARF6a, ARF6b, and ARF8 ac-

companied by reduced accumulation of JA and suppressed ex-

pression of JA synthesis–related genes in GH3-8–overexpressing

rice.

Because of the functional redundancy of the GH3 family in rice,

GH3-8–suppressing and –knockout plants are not informative for

studying the interaction of auxin signaling and defense re-

sponses. Although overexpressing a gene may have pleiotropic

effects that are not directly related to the normal gene function,

the following evidence suggests that GH3-8 plays a role in dis-

ease resistance in physiological conditions. First, different avir-

ulent isolates induced GH3-8 expression in different resistant rice

lines, suggesting its involvement in defense responses in an

isolate-nonspecific way (Wen et al., 2003). Second, suppressing

the accumulation of IAA, auxin signaling, and the expression of

expansin genes accompanied the upregulation of GH3-8 in

disease resistance (Figures 4B, 4C, and 6B). Thus, activation of

GH3-8 is required in pathogen-induced defense responses.

Dual Roles of GH3-8 in Development and Disease

Resistance Are Antagonistically Regulated

The results presented here also indicate that GH3-8 plays im-

portant roles in plant growth and development. The expressional

characteristics of GH3-8 indicate that its function is restricted to

vegetative and early reproductive development. Thus, constitu-

tive overexpression of GH3-8 suppressed auxin action, which

resulted in abnormal morphology similar to that reported in auxin-

deficient plants (Nakazawa et al., 2001; Takase et al., 2004). Xoo

is a vascular pathogen. The bacteria live in the vascular system of

rice plants. GH3-8 was preferentially expressed in the cells sur-

rounding the vascular vessels. The expressional location and

bacteria-induced expression of GH3-8 further confirm its native

role in bacterial resistance. Thus, as a regulator of auxin homeo-

stasis, GH3-8 plays two roles in the rice lifecycle. In theabsence of

pathogen invasion, it functions as a repressor of auxin-dependent

developmental signaling; its function is limited to various tissues

and developmental stages to maintain normal growth and de-

velopment. When facing bacterial infection, GH3-8 functions as

an activator of disease resistance by inducing a transient and

cell-specific suppression of auxin signaling. The dual roles of

GH3-8 also indicate that it is one of the points of crosstalk be-

tween development and disease resistance pathways, which

may partly explain the fitness cost in disease resistance.

METHODS

Gene Isolation and Structure Analysis

EI5P11, the partial cDNA sequence of a GH3-8 allele from the rice (Oryza

sativa) cv Minghui 63, was used as a query to search GenBank to identify

similar sequence and design primers for PCR isolation of the GH3-8 gene

from the resistant rice line C101LAC. The PCR product was cloned into

the pUC19 vector, and the plasmid was named T5P11. The structure of

GH3-8 was determined by sequencing cDNA of the transcript of the gene

(see Supplemental Methods online).

Transformation

The overexpression construct of GH3-8 was produced by removing

GH3-8 from plasmid T5P11 using the restriction enzymes NotI and ApaI

and ligating it into the transformation vector pU1301 (see Supplemental

Figure 1A online). To construct an RNAi vector for GH3-8, a 456-bp cDNA

fragment of GH3-8 was obtained from cDNA clone EI5P11 of rice line

Minghui 63 and inserted into the pDS1301 vector (see Supplemental

Figure 1B online). The overexpression constructs of EXPA1, EXPA5, and

EXPA10 were produced by amplifying the coding regions of the genes in

Minghui 63 using gene-specific primers (see Supplemental Table 3 online)

and ligating the PCR products into vector pU1301. Agrobacterium

tumefaciens–mediated transformation was performed according to the

protocol of Lin and Zhang (2005).

Pathogen Inoculation

Plants were inoculated with Philippine Xanthomonas oryzae pv oryzae

(Xoo) strain PXO61 by the leaf-clipping method at the booting stage, as

described previously (Sun et al., 2004). Disease was scored according to
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percentage lesion area (lesion length/leaf length) at 2 weeks after inoc-

ulation. Mock-inoculated (control) plants were treated under the same

conditions, except that the pathogen suspension was replaced with

deionized water.

For studying the effect of IAA on disease development, rice plants were

grown in a greenhouse at 258C, at 70% RH, and with a 12-h photoperiod.

Plants at the six-leaf stage were sprayed with solution containing 20 or

100 mM 2,4-D or 100 mM IAA diluted in 0.02% Tween 20. The control

plants were sprayed with solution containing 0.02% Tween 20. The plants

were then immediately inoculated with PXO61. The bacterial inoculum

was prepared as described previously by Sun et al. (2004), except that the

inoculum for IAA or 2,4-D–treated plants contained 20 or 100 mM 2,4-D or

100 mM IAA.

Quantification of IAA, IAA-Ala, IAA-Asp, JA, and SA

The sample preparation protocol for IAA, IAA–amino acid conjugates, and

JA quantification was provided by Katayoon Dehesh of the University of

California at Davis (see Supplemental Methods online). In brief, 1 g of

leaves from plants at the booting stage was used for sample preparation.

D2-IAA (Sigma-Aldrich) was used as an internal standard for IAA and IAA–

amino acid quantification, and 10-Dihydro-JA (Olchemim) was used as

an internal standard for JA quantification. The sample was purified using

a C18-SepPak cartridge (Waters). IAA, IAA–amino acids, and JA were

quantified using the HPLC/electrospray ionization/tandem mass spec-

trometry system. The quantitative data of IAA, IAA-Ala, and IAA-Asp were

obtained using the peaks of the precursor ions 176.3, 247.2, and 291.2,

respectively, and the peak of the product ion 130 for all molecules. The

quantitative data of D2-IAA were obtained using the peaks of the precur-

sor ion 178.3 and the product ion 132. The quantitative data of JA and

10-Dihydro-JA were obtained using the peaks of the precursor ions 209.1

and 211.2 and the product ions 109 and 59, respectively.

To quantify free and conjugated SA, each sample was harvested from

plants at the booting stage. The SA samples were extracted and quan-

tified as described previously (Qiu et al., 2007).

Enzyme Assay

The coding region of GH3-8 was obtained by PCR amplification of cDNA

from rice line C101LAC using primers OsDR2F2 and OsDR2R1 (see

Supplemental Table 3 online). The product was cloned into a PET28a

vector (EMD Biosciences) to generate His-GH3-8. The fusion protein

construct and null PET28a vector were expressed in Escherichia coli

(BL21) according to the manufacturer’s protocol. The expressed proteins

were purified with the B-PER 6xHis fusion protein spin purification kit

(Pierce) according to the manufacturer’s instructions. The reaction for

IAA–amino acid conjugate formation was performed according to the

procedure described previously (Staswick et al., 2005). IAA and IAA–

amino acid conjugates in the reaction mixture were quantified using

HPLC. The sample (20 mL) of reaction product was diluted with 80 mL of

methanol. An aliquot (5 mL) of the diluted sample was injected into the

HPLC system (Agilent 1100; Agilent Technologies) equipped with an

Agilent C18 Zorbax ODS column (250 3 5 mm). The flow rate was 1 mL/

min, and the sample was eluted with 0.1% H3PO4 (5 min), followed by a

linear methanol gradient to 40% methanol in 4 min and holding at this

composition for an additional 8 min. The column effluent was monitored at

280 nm. Under these conditions, the retention times of IAA-Asp, IAA-Ala,

and IAA were 12.2, 13.5, and 14.6 min, respectively.

RNA Gel Blot and qRT-PCR

Aliquots (20 mg) of total RNA were used for RNA gel blot analysis. A 493-

bp cDNA fragment of GH3-8, which was amplified using primers 5P11F2

and 5P11GSP2 (see Supplemental Table 3 online), was used as a hybrid-

ization probe. RT-PCR was conducted as described by Wen et al. (2003).

Quantitative PCR was performed using the ABI 7500 real-time PCR

system (Applied Biosystems) according to the manufacturer’s instructions.

Supplemental Table 4 online lists the PCR primers for all of the genes. The

expression level of actin was used to standardize the RNA sample for

each qRT-PCR. For each gene, qRT-PCR assays were repeated at least

twice, with each repetition having three replicates; similar results were

obtained in repeated experiments.

Hormone Treatment

Chemical treatments were applied as described previously (Qiu et al.,

2007). Minghui 63 was cultivated in a greenhouse at 258C, at 70% RH, and

with a 12-h photoperiod for 21 d. Approximately 2-cm-long leaf segments

were cut from the fully expanded leaves and floated on 30 mL of solution

containing the test compound in covered sterile Petri dishes. Leaf seg-

ments floated on deionized water served as an appropriate control, which

is also called wounding treatment by cut in these experiments. The con-

centration of working solution was 100 mM for the hormones.

GH3-8 Promoter–GUS Analysis

The promoter region of GH3-8 from rice var Zhonghua 15 (;1.8 kb) was

obtained by PCR amplification (see Supplemental Methods online). The

promoter-GUS fusion was introduced to rice var Zhonghua 15 with

Agrobacterium-mediated transformation.

Accession Numbers

The sequence of GH3-8 from this article can be found in the GenBank/

EMBL data libraries under accession number EF103572. Additional

accession numbers can be found in Supplemental Table 4 online.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Schematic Diagrams of the GH3-8 Gene, the

Transformation Constructs of GH3-8, and the T-DNA Insertion Mutant

of GH3-8.

Supplemental Figure 2. GH3-8 Expression in T0 GH3-8–Overex-

pressing Plants (D25UM8) and the Wild Type (Mudanjiang 8).

Supplemental Figure 3. Knockout of GH3-8 (Line 03A11EV19) In-

creases Rice Susceptibility to Xoo Strain PXO61.

Supplemental Figure 4. Sequence Comparison of Rice GH3-8 Pro-

tein and Arabidopsis GH3 Proteins.

Supplemental Figure 5. Effect of Auxin on the Growth Rate of Xoo

and the Development of Disease.

Supplemental Figure 6. Expression of Two Tissue-Specific Ex-

pressed Genes after IAA Treatment.

Supplemental Figure 7. Effects of Different Signal Molecules on the

Expression of GH3-8 Analyzed by qRT-PCR.

Supplemental Table 1. Performance of GH3-8–Overexpressing

Plants (D25UM8) after Pathogen (Xoo Strain PXO61) Inoculation.

Supplemental Table 2. Performance of GH3-8–Suppressing Plants

(D26RMH) after Pathogen (Xoo Strain PXO61) Inoculation.

Supplemental Table 3. PCR Primers Used for Gene Structure and

Expression Analyses and Vector Construction.

Supplemental Table 4. Gene-Specific Primers for qRT-PCR.

Supplemental Methods.
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