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Pathogen effectors are virulence factors causing plant diseases. How the host targets of these effectors facilitate pathogen

infection is largely unknown. An effector of Xanthomonas oryzae pv oryzae (Xoo) transcriptionally activates rice (Oryza

sativa) susceptibility gene Xa13 to cause bacterial blight disease. Xa13 encodes an indispensable plasma membrane protein

of the MtN3/saliva family, which is prevalent in eukaryotes with unknown biochemical function. We show that the XA13

protein cooperates with two other proteins, COPT1 and COPT5, to promote removal of copper from xylem vessels, where

Xoo multiplies and spreads to cause disease. Copper, an essential micronutrient of plants and an important element for a

number of pesticides in agriculture, suppresses Xoo growth. Xoo strain PXO99 is more sensitive to copper than other

strains; its infection of rice is associated with activation of XA13, COPT1, and COPT5, which modulate copper redistribution

in rice. The involvement of XA13 in copper redistribution has led us to propose a mechanism of bacterial virulence.

INTRODUCTION

The battle between pathogens and plants is never-ending due

to the coevolution of the parasites and their hosts. Pathogenic

bacteria interact with plants by secreting proteins into host cells.

The proteins, known as effectors, are injected into host cells by

the type III secretion system, which is highly conserved in plant

and animal pathogens, and these effectors play essential roles in

pathogenicity in plants. The type III effectors with known functions

have either enzymatic or transcription activator–like (TAL) activi-

ties that modify or degrade host proteins or regulate host gene

expression (Kay and Bonas, 2009). Mutation of type III effectors is

an important mechanism of evolution in pathogenic bacteria that

are subjected to the selective pressures of a host defense sys-

tem (Ma and Guttman, 2008; Stavrinides et al., 2008). In addition,

bactericides can also exert selective pressure on pathogens,

resulting in the evolution of bactericide-resistant races. For ex-

ample, copper (Cu) is an important element for a number of pesti-

cides in agriculture. The mechanisms of the antimicrobial activity

of Cu are suggested to be associated with denaturation of nucleic

acids, alteration and inhibition of protein activity, and changes

in plasma membrane permeabilization (Borkow and Gabbay,

2004). Cu-resistant plant pathogenic bacteria have been reported

because of the wide application of Cu-containing pesticides in

agriculture (Bender et al., 1990; Cooksey, 1990).

Some host plants have evolved sophisticated strategies to

counter bacterial effectors and avoid diseases. For example, one

strategy uses host disease resistance (R) gene promoters to

trap the TAL effectors; mutation of R gene promoters results

in induction of dominant R genes by specific effectors and

subsequent host defense responses (Gu et al., 2005; Römer et al.,

2007, 2009a, 2009b). Another strategy is mutation of a host

susceptibility gene promoter to become unresponsive to the TAL

effector; this mutation results in a recessive R gene that has lost

pathogen-induced expression and subsequent avoidance of

disease (Chu et al., 2006b; Yang et al., 2006). Although different

pathogen effectors have been characterized, it is largely un-

known how the host targets of these effectors act to facilitate

pathogen infection.

In addition to being an important element in a number of

pesticides, Cu is also an essential micronutrient of plants. There

are multiple members of the COPT (copper transporter) protein

family that act in Cu homeostasis by Cu uptake in each analyzed

plant species (Kampfenkel et al., 1995; Sancenón et al., 2004;

Page et al., 2009). These COPTs are the homologs of yeast and

human Ctr (copper transporter) proteins (Sancenón et al., 2003;

Page et al., 2009). Some Ctrs can interact with themselves or

with other Ctr proteins to mediate Cu uptake toward the cytosol

(Zhou and Thiele, 2001; Lee et al., 2002; Beaudoin et al., 2006;

Nose et al., 2006).

Rice (Oryza sativa) bacterial blight, caused by Xanthomonas

oryzae pv oryzae (Xoo), is one of the most devastating rice

diseases worldwide (Nino-Liu et al., 2006). The fully recessive R

gene xa13 mediates race-specific resistance to Xoo strain

PXO99 in a manner different from other characterized R genes

(Chu et al., 2006b). Eleven recessive xa13 alleles have been

identified. Nine of the 11 alleles encode proteins with one to three

amino acid differences from that encoded by their dominant

(susceptible) allele Xa13 and another two recessive alleles en-

code an identical protein to that encoded by dominant Xa13.

However, the xa13 and Xa13 alleles have sequence poly-

morphisms in their promoter regions (Chu et al., 2006b). The
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expression of dominant Xa13 but not recessive xa13 is induced

on PXO99 infection; suppressing dominant Xa13 can result in a

similar level of resistance to PXO99 as conferred by xa13 in

rice, suggesting that promoter mutations may result in recessive

xa13 (Chu et al., 2006b). Further analysis confirmed that tran-

scriptional nonreaction to Xoo infection caused by promoter

mutation, not its protein composition, is the key factor for xa13-

mediated resistance (Yuan et al., 2009). The dominant Xa13 was

also referred to as 8N3, which is transcriptionally activated by

the TAL effector PthXo1 of PXO99 by directly interacting with

a UTP (upregulated by TAL effector) box in Xa13 promoter,

suggesting that the dominant Xa13 is a susceptibility gene used

by the bacterium to infect rice in a gene-for-gene manner (Yang

et al., 2006; Römer et al., 2010).

XA13 protein belongs to the MtN3/saliva family (Chu et al.,

2006a), which contains no known functional domain or motif. To

elucidate the biochemical function of XA13 protein in the rice–

Xoo interaction, we screened for interacting proteins and iden-

tified two XA13-interacting proteins that were homologs of

COPT or Ctr proteins in other organisms. We then designed a

series of experiments to examine whether XA13 and its interact-

ing proteins were involved in Cu redistribution and whether Xoo

was sensitive to Cu both in vitro, in yeast cells, and in planta. A

proposed function for XA13 in regulating disease susceptibility is

discussed.

RESULTS

Polytopic Membrane Protein XA13 Interacts with COPT1

and COPT5

XA13 is a plasmamembrane protein (Chu et al., 2006b). Because

the arrangement of membrane proteins is an important deter-

minant of their biochemical functions, we first analyzed the

topology of XA13. Bioinformatic analyses predicted that XA13

contained six to nine transmembrane helices (see Supplemental

Table 1 online), suggesting that it may be a polytopic membrane

protein. This hypothesis was confirmed by analyzing a set of

truncated XA13 proteins designed based on the prediction using

a split-ubiquitin system for integral membrane proteins (Reinders

et al., 2002). The growth of yeast cells on selective medium

and the expression of reporter protein suggest that XA13 has

seven transmembrane regions and an extracellularly located

N-terminus and intracellularly located C-terminus (Figure 1A; see

Supplemental Figure 1 online).

XA13 contains two MtN3/saliva domains for which the bio-

chemical function is unknown (Chu et al., 2006a). Based on the

topology analysis, the first domain MtN3.1 (17 to 101 amino

acids) harbored the N-terminal three transmembrane helices

(1 to 3), and the second domain MtN3.2 (135 to 221 amino acids)

harbored helices 4 and 5 (Figures 1A and 1B). A cDNA fragment

encoding MtN3.1 was used to screen proteins putatively inter-

acting with XA13 by yeast two-hybrid assays. Several candidate

MtN3.1-interacting proteins were identified from ;105 colonies

screened. Among the putative interacting proteins, a fragment

(87 to 161 amino acids) of a putative Cu transporter named

COPT1 showed the strongest interaction with MtN3.1 but not

with MtN3.2 (see Supplemental Figure 2 online). BLAST analysis

showed that there were another six COPT-type genes in the rice

genome; we named them COPT2 to COPT7 (see Supplemental

Table 2 online). COPT1 shared 51% sequence identity and 66%

sequence similarity with Arabidopsis thaliana COPT1, the first

reported plant plasma membrane–associated Cu transporter

fromArabidopsis (Kampfenkel et al., 1995).We then analyzed the

interaction between full-length XA13 and the rice COPT proteins

using the split-ubiquitin system. XA13 interacted with COPT1

and COPT5 but not other COPT members (see Supplemental

Figure 3 online). COPT1 and COPT5 consist of 161 and 151

amino acids, respectively. Both MtN3.1-51 (51 to 101 amino

acids) and MtN3.1-24 (51 to 74 amino acids) fragments of XA13

interacted with COPT1, but only MtN3.1-51 interacted with

COPT5 (Figure 1B). These results suggest that COPT1 and

COPT5 interacted with different sites of the first MtN3/saliva

domain of XA13 (Figure 1A).

Characterized COPT homologs from other species are either

plasma membrane or vacuole membrane proteins (Kim et al.,

2008). Transient expression of COPT1—green fluorescence

protein (GFP) and COPT5-GFP fusion proteins in onion epithelial

cells showed that COPT1 and COPT5 are plasma membrane

proteins (see Supplemental Figure 4 online). Immunoblot analy-

sis of proteins from transgenic plants carrying COPT1-FLAG or

COPT5-FLAG using anti-FLAG antibody also detected these

fusion proteins only in the membrane fractions but not soluble

protein fractions (see Supplemental Figure 5 online). In addition,

the positive interactions of XA13 and COPT1 or COPT5 in the

split-ubiquitin system suggest that the C-terminals of COPT1

and COPT5 are localized in the cytoplasmic side (see Supple-

mental Figure 3 online).

The interactions between XA13 and COPT1 or COPT5 were

further confirmed in planta by two approaches. Cotransient

expression of XA13-nYFP (N-terminal fragment of yellow fluo-

rescent protein) and COPT1/5-cYFP (C-terminal fragment of

YFP) in tobacco (Nicotiana tabacum) leaves using the bimolec-

ular fluorescence complementation (BiFC) system detected the

yellow fluorescence signal only in the border of the epithelial cells

(Figure 1C), suggesting that XA13, COPT1, and COPT5 colo-

calize and interact in the plasma membrane. The interactions of

XA13 and COPT1 or COPT5 were also confirmed by a coimmu-

noprecipitation assay using transgenic plants carrying COPT1-

FLAG and COPT5-FLAG. After immunoprecipitation of the

proteins with anti-FLAG antibody, enrichment of XA13 was de-

tected by anti-XA13 antibody (Figure 1D).

XA13, COPT1, and COPT5 Are Cooperatively Associated

with Cu Transport

COPT1 and COPT5 interacted with themselves and each other

as revealed by both the BiFC and the split-ubiquitin assays

(Figure 2A; see Supplemental Figure 6 online). However, XA13

could not interact with itself (see Supplemental Figure 6 online).

To ascertain the role of COPT1 and COPT5 in Cu transport,

functional complementation analyses were performed using

the yeast (Saccharomyces cerevisiae) mutant MPY17, which

lacked the functions of Ctr1 and Ctr3 for Cu uptake (Pena et al.,

1998). Expression of COPT1, COPT5, or XA13 alone could not
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complement the phenotype ofMPY17 as detection of cell growth

in selection medium plus 5 mM Cu or without Cu and neither did

the coexpression of any two of the three proteins. Only coex-

pression of all the three proteins complemented MPY17 pheno-

type (Figure 2B).

Fission yeast (Schizosaccharomyces pombe) Ctr4 and Ctr5

proteins are interdependent of each other in localization to the

plasma membrane for mediating Cu transport (Zhou and Thiele,

2001; Beaudoin et al., 2006). To ascertainwhether the requirement

of all three proteins to complement MPY17 phenotype was due to

oneor twoof theCOPT1,COPT5, or XA13 functioningascofactors

to help protein trafficking to the plasma membrane, we examined

the localization of the three proteins in the MPY17 cells. All

three proteins localized in the plasma membrane when they

were expressed alone in the MPY17 cells (Figure 3). These results

suggest that localization of COPT1, COPT5, or XA13 in the plasma

membrane does not require the presence of any other two pro-

teins in theMPY17 cells. Thus, XA13, COPT1, and COPT5 appear

to be cooperatively required for Cu uptake in the MPY17 cells.

XA13, COPT1, and COPT5 Are Associated with Cu

Redistribution in Rice

To examine whether the three proteins were also involved in Cu

uptake in rice, we first analyzed the expression patterns of Xa13,

COPT1, and COPT5 in response to Cu treatment. The three

genes showed a similar expression pattern in the shoot and root

of rice plants with Cu treatments (Figure 4A; see Supplemental

Figure 7 online). The expression of the three genes was induced

by Cu deficiency and returned to a normal level when the plants

were returned to a normal culture containing 0.2 mM Cu. Fur-

thermore, 50 mM Cu suppressed the expression of the three

genes. The coinduction or cosuppression of the three genes in

Cu deficiency or excess supports the concept that XA13,

COPT1, and COPT5 may cooperate in Cu homeostasis in rice.

We then modified the expression of COPT1 and COPT5 in rice

varieties Mudanjiang 8 and Zhonghua 11 carrying Xa13. Sixteen

independent transgenic plants carrying the COPT1- and COPT5-

overexpressing construct, respectively, and 11 and 10 independent

transgenic plants carrying the COPT1- and COPT5-suppressing

construct, respectively, were obtained (see Supplemental Figure

8 online). Plants overexpressing COPT1 or COPT5 contained 71

to 83%and 43 to 52%more Cu in shoots and roots, respectively,

compared with wild-type Mudanjiang 8 (Figure 4B; see Supple-

mental Figure 9 online). Xa13-overexpressing lines (Yuan et al.,

2009) also contained ;40% and 19 to 22% more Cu in shoots

and roots, respectively, compared with wild-type Zhonghua 11

(Figure 4B; see Supplemental Figure 9 online). By contrast,

COPT1- or COPT5-suppressing lines showed 27 to 36% and 30

to 40% less Cu in shoots and roots, respectively, compared with

wild-type Zhonghua 11; Xa13-suppressing plants also showed

;30 and 33% less Cu in shoots and roots, respectively, com-

pared with wild-type Zhonghua 11 (Figure 4B; see Supplemental

Figure 9 online). However, the contents of iron (Fe), manganese

Figure 1. Topology and Interaction of XA13 and COPT1 or COPT5 Proteins.

(A) XA13 is a polytopic transmembrane protein. The MtN3.1 and MtN3.2 domains are indicated with light blue and green colors, respectively. The

dotted- and solid-lined circles indicate XA13 regions harboring the site interacting with COPT1 and COPT5, respectively.

(B) COPT1 and COPT5 proteins interacted with different fragments of the MtN3.1 domain of XA13 in the yeast two-hybrid assay. The interactions were

assessed by growth of yeast cells on selective medium lacking Leu, Trp, His, and Ade.

(C) XA13 interacted with COPT1 and COPT5 in the plasma membrane of tobacco leaf cells as shown by yellow fluorescence signal. Bars = 20 mm.

(D) Coimmunoprecipitation assays verified the interaction between XA13 and COPT1 or COPT5 in rice. Total proteins from wild-type Zhonghua 11 and

transgenic plants carrying COPT1-FLAG or COPT5-FLAG were used. Proteins before (input) and after immunoprecipitation (IP) were detected with

antibodies, as specified.
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(Mn), and zinc (Zn) in the COPT1, COPT5, and Xa13 transgenic

plants showed no obvious difference from their corresponding

wild-type plants (see Supplemental Figure 10 online). These

results suggest that XA13, COPT1, and COPT5 may be specially

associated with Cu uptake in rice.

Plants take up Cu from roots and store excess Cu in the root

cells; only a small amount of Cu is translocated to the shoot

through xylem, one of the two components of the vascular

bundles, in vascular plants (Fernandes and Henriques, 1991). In

the shoot, Cu is transpired from xylem into the phloem, another

component of the vascular bundles, to reach sink tissues such as

developing leaves and flowers (Burkhead et al., 2009). To as-

certain whether the XA13, COPT1, and COPT5 were associated

with Cu redistribution, the same plants used for quantifying Cu

contents in shoots were used for quantifying Cu content in xylem

sap. The Cu contents in the xylem sap showed opposite patterns

as those in shoot tissues in the transgenic plants compared

with wild-type plants (Figure 4B). The COPT1-, COPT5-, and

Xa13-overexpressing lines had 20 to 25% less Cu in the xy-

lem sap compared with their corresponding wild-type plants,

whereas the COPT1-, COPT5-, and Xa13-suppressing plants

had 19 to 28% more Cu in the xylem sap compared with wild-

type plants. These results suggest that XA13, COPT1, and

COPT5 are involved in removing Cu from xylem.

To ascertain whether the removal of Cu from xylem was

associated with increased Cu movement from the extracellular

spaces into cells, we used expression levels of rice HMA9 as a

reporter for intracellular Cu levels in rice. The expression of

HMA9, encoding a metal efflux protein, was slightly induced

in plants grown in liquid medium containing 10 mM Cu and

markedly induced in the shoots of plants grown in medium

containing 100 mM Cu (Lee et al., 2007). COPT1-, COPT5- or

Xa13-overexpressing plants, which had increased Cu content

in shoot tissues, all showed markedly increased levels of

HMA9 transcripts (Figure 4C; see Supplemental Figure 11 online),

Figure 2. Interaction and Function of COPT1, COPT5, and XA13 Pro-

teins.

(A) COPT1 and COPT5 interact with themselves and each other in the

plasmamembrane of tobacco leaf cells as shown by yellow fluorescence

signal. Bars = 20 mm.

(B) Functional complementation of S. cerevisiae ctr1Dctr3D mutant

(MPY17) by coexpression of Xa13, COPT1, and COPT5. Complementa-

tion is indicated by growth on the media with 0 or 5 mM Cu. The p413,

p414, and p416 are yeast expression vectors. Yeast ScCtr1 and empty

vector (V) were used as positive and negative controls, respectively.

Transformants were grown in SC-His-Trp-Ura medium to exponential

phase and spotted onto SC-His-Trp-Ura, ethanol/glycerol (YPEG), and

bathocuproine disulfonic acid (BCS) plates.

Figure 3. Localization of COPT1-GFP, COPT5-GFP, and XA13-GFP in

Yeast MPY17 Cells.

MPY17 cells were transformed with p413GPD-COPT1-GFP, p413GPD-

COPT5-GFP, or p413GPD-Xa13-GFP and grown to log phase on SC-

His. The GFP signal and Nomarski optical images were observed using

fluorescence microscopy.
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whereas COPT1-, COPT5-, or Xa13-suppressing plants, which

had reduced Cu content in tissues, all showed slightly reduced

levels of HMA9 transcripts (Figure 4C). The expression of Xa13,

COPT1, and COPT5 was also regulated by Cu concentration

(Figure 4A). Overexpressing one of COPT1, COPT5, or Xa13

slightly suppressed the expression of the other two genes, while

suppressing Xa13 markedly induced COPT1 and COPT5 (see

Supplemental Figure 11 online). Likewise, suppressing COPT1 or

COPT5 markedly induced Xa13 but cosuppressed COPT5 or

COPT1. Consistent with this result, suppressing COPT1 and

COPT5 also increased accumulation of XA13 protein in the

transgenic plants (see Supplemental Figure 12 online). On the

Figure 4. Xa13, COPT1, and COPT5 in Cu Transport in Rice.

Gene expression was analyzed by qRT-PCR. Each data point represents mean (three replicates) 6 SD; the “a” or “b” indicates a significant difference

was detected between a treatment or a transgenic line and the control or wild-type plants at P < 0.01 or P < 0.05 level, respectively.

(A) Expression of Xa13, COPT1, and COPT5 in shoot is influenced by Cu levels. Rice variety Zhonghua 11 at the four-leaf stage grown in hydroponic

culture was used for qRT-PCR analysis. Cu, standard physiologic Cu (0.2 mM); –Cu, Cu deficiency; Re-Cu, retransferring plants to normal culture

(containing 0.2 mM Cu); +Cu, 50 mM Cu.

(B) Modulating COPT1, COPT5, and Xa13 expression influenced Cu accumulation in shoots and xylem sap in rice at booting stage. Xa13-suppressing

plants were in T0 generation, and other transgenic plants were in T2 generation. DW, dry weight; oe, overexpression, RNAi, RNA interference

(suppression).

(C) Modulating COPT1, COPT5, and Xa13 expression influenced the expression of HMA9. The samples were from the same plants described in (B).
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other hand, the expression of the Fe deficiency-induced IRT1,

encoding an Fe transporter (Bughio et al., 2002), and the Zn-

responsive ZIP4, encoding a Zn transporter (Ishimaru et al.,

2005), was not influenced in these transgenic plants (see Sup-

plemental Figure 11 online). These results suggest that XA13,

COPT1, and COPT5 may all be involved in promoting Cu influx

into rice cells.

Cu Suppresses Xoo Spread in Rice

To explore the effect of Cu on Xoo strain PXO99, which causes

rice disease by specifically inducing Xa13 expression (Chu et al.,

2006b; Yang et al., 2006; Yuan et al., 2009), we analyzed the

responses of rice plants and PXO99 to Cu treatment. IR24

carrying dominant susceptible Xa13 and IRBB13 carrying reces-

sive resistant allele xa13 are near-isogenic rice lines in the same

genetic background. Adding 0.1 mM CuSO4 to the bacterial

inoculum right before inoculation of rice significantly reduced

disease lesions caused by PXO99 infection in both susceptible

IR24 and resistant IRBB13 plants (Figure 5A); increasing the

concentration of CuSO4 to 0.5 to 1 mM in the bacterial inocu-

lum further reduced disease symptom. Furthermore, growth of

PXO99 was significantly (P < 0.01) suppressed in liquid culture

medium containing 0.1 mM CuSO4, but the growth of other Xoo

strains (PXO61 and PXO86), which cause disease on xa13-

carrying plants (Yuan et al., 2009), was not significantly (P < 0.01)

suppressed until the CuSO4 concentration in the media reached

0.5 mM (Figure 5B). In addition, the cell density of PXO99 in the

culture medium was 13 to 60% and 10 to 52% lower compared

with that of PXO61 and PXO86 after Cu treatment, respectively

(Figure 5B). These results suggest that PXO99 is more sensitive

to Cu than other Xoo strains, and Cu can greatly reduce disease

symptoms caused by PXO99.

Xoo invades rice plants through hydathodes or wounds, mul-

tiplies in the intercellular spaces, then enters xylem vessels, and

spreads in the plant through the vessels to cause disease (Nino-

Liu et al., 2006). Although more Cu accumulated in COPT1- or

COPT5-overexpressing plants, we still expected that COPT1-

and COPT5-overexpressing plants would favor disease devel-

opment because the Cu content in xylem decreased (Figure

4B). To examine this hypothesis, T0 transgenic plants were

inoculated with PXO99. TheCOPT1- orCOPT5-overexpressing

plants showed increased susceptibility to PXO99 with lesion

areas ranging from 50 to 72% compared with 44% for sus-

ceptible wild-type Mudanjiang 8 (see Supplemental Figure

8A online). The PXO99 growth rates in COPT1- or COPT5-

overexpressing plants were significantly (P < 0.01; 4.3- and 8.5-

fold) higher than in wild-type plants on day 12 after infection

(Figure 6A). The COPT1-overexpressing plants carrying the

recessive xa13 (IRBB13 background) also showed increased

susceptibility to PXO99 with lesion areas ranging from 11 to

20% compared with 3% for wild-type plants and 49% for

susceptible control IR24 (Figure 6B). T1 families from each of

two T0 plants overexpressing COPT1 or COPT5 were further

analyzed for susceptibility by inoculation with PXO99 and also

measured for COPT1 or COPT5 expression levels. The in-

creased susceptibility was associated with overexpressing

COPT1 or COPT5 (Figure 6C).

By contrast, COPT1- or COPT5-suppressing plants showed

enhanced resistance to PXO99 with lesion areas ranging from 6

to 13% compared with 27% for susceptible wild-type Zhonghua

11 or 2 to 5% compared with 6% for resistant wild-type IRBB13

(Figure 6D; see Supplemental Figure 13 online). In Zhonghua 11

background, Xa13-suppressing plants had lesion areas caused

by PXO99 infection ranging from 1 to 17% compared with 27%

for wild-type plants (Figure 6D). Xa13-suppressing plants

showed on average a greater reduction in lesion areas than

did COPT1- or COPT5-suppressing plants. Suppression of

Xa13 in other genetic backgrounds also generated highly

resistant plants (Chu et al., 2006b). These results suggest that

Figure 5. Cu in Rice–Xoo Interaction.

Each data point represents the mean (four replicates for lesion area and three replicates for bacterial growth) 6 SD. The “a” indicates a significant

difference was detected between a treatment and the control at P < 0.01 level.

(A) Pretreatment of Xoo strain PXO99 with CuSO4 reduced disease symptoms caused by PXO99 infection. Near-isogenic rice lines IR24 and IRBB13

were inoculated with PXO99 at booting stage.

(B) Addition of CuSO4 into liquid culture medium influenced the growth of different Xoo strains PXO99, PXO61, and PXO86. Bacterial cell densities were

measured at 12 h after culture. Two asterisks indicate that a significant difference between cell densities of PXO99 and PXO61 or PXO86 in the same

treatment was detected at P < 0.01 level.
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Xa13 may be more important than COPT1 and COPT5 for

disease development caused by PXO99. These results also

suggest that removing Cu from xylem vessels by activation of

XA13, COPT1, and COPT5 may be the basis of Xa13-facilited

PXO99 infection.

PXO99 Infection Changes Cu Distribution in Rice

The hypothesis that Xa13 may be more important than the

COPTs for disease development is supported by the expression

patterns of Xa13, COPT1, and COPT5 in a pair of near-isogenic

Figure 6. Modulating COPT1, COPT5, or Xa13 Expression Influenced Rice Responses to Xoo Infection.

Each data point represents mean (five replicates for lesion and three replicates for others)6 SD. Gene expression was analyzed by RNA gel blot analysis

([B] and [C]) or qRT-PCR (D). The “a” or “b” indicates a significant difference was detected between a transgenic plant and its corresponding wild-type

plants at P < 0.01 or P < 0.05 level, respectively.

(A) COPT1- and COPT5-overexpressing plants showed increased bacterial growth at booting stage. Each T0 plant was divided into three plants in the

tillering stage. cfu, colony-forming unit.

(B)COPT1-overexpressing plants showed increased disease symptoms in IRBB13 (xa13) background. IR24, a susceptible near-isogenic line of IRBB13

that carried dominant Xa13.

(C) Increased susceptibility of the transgenic plants to PXO99 was associated with overexpression of COPT1 or COPT5.

(D) Enhanced resistance of the transgenic plants was associated with reduced expression of COPT1, COPT5, or Xa13.
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lines, susceptible IR24 (Xa13) and resistant IRBB13 (xa13), after

Xoo infection. PXO99 infection specifically induced the expres-

sion of dominant Xa13 but not recessive R gene xa13 (Chu et al.,

2006b) and expression of xa13 using the Xa13 promoter in xa13-

carrying IRBB13 resulted in susceptibility (Yuan et al., 2009).

Furthermore, expression ofCOPT1 andCOPT5wasalso induced

after PXO99 infection in both IR24 and IRBB13 (Figure 7A). The

initial induction of COPT1 and COPT5 was accompanied by

the induction ofXa13 afterXoo infection (Figure 7A). However, the

maximal induction level of Xa13 was 4.6- and 5.2-fold higher

than the maximal induction levels of COPT1 and COPT5 in IR24,

respectively. These results suggest that activation of COPT1

and COPT5 cannot induce disease, and coactivation of Xa13,

COPT1, and COPT5 appears to be critical for disease develop-

ment in physiologic conditions. Because the three proteins are

involved in Cu redistribution, these results also suggest that

PXO99 infection may change Cu distribution in rice tissues.

This inference is supported by the dynamic distribution of Cu in

rice lines with or without Xoo infection. PXO99 infection signif-

icantly induced Cu accumulation in shoot tissues of both IR24

and IRBB13; Cu contents in shoots of the two rice lines showed

no significant difference either before or after Xoo infection

(Figure 7B). However, Cu contents in xylem sap of the same

plants used for quantifying Cu contents in shoots were signifi-

cantly reduced in IR24 and significantly increased in IRBB13

after infection (Figure 7B). The Cu content in the xylem sap of

IRBB13 was 2.0- and 2.6-fold higher than that of IR24 at 24 and

72 h after infection. To ascertain whether the different level of Cu

in the xylem sap of IR24 was associated with disease develop-

ment, we analyzed PXO99 growth in xylem sap collected at 72 h

after infection. PXO99 growth rates in the xylem sap of IRBB13,

which contained 0.23 mM Cu (Figure 7B), were 47, 18, 37, and

20% lower than those in the xylem sap of IR24, which contained

0.09 mM Cu (Figure 7B) at 2, 4, 8, and 12 h after culture,

respectively (see Supplemental Figure 14 online). PXO99 growth

rates in the xylem sap of IRBB13 and IR24 were similar as those

in culturing media supplemented with 0.2 and 0.1mMCuSO4, re-

spectively. Furthermore, PXO99 growth rates in modified xylem

sap of IR24 that was supplemented with CuSO4 to a final

concentration of 0.23 mM Cu were similar as those in the xylem

sap of IRBB13 (seeSupplemental Figure 14 online). These results

suggest that PXO99 infection changes Cu distribution in rice leaf

tissues and that removing Cu from xylem is associated with

development of disease.

DISCUSSION

The changed Cu contents in the transgenic plants described

here (Figure 4B; see Supplemental Figure 9 online) suggest that

Xa13, COPT1, and COPT5 are involved in Cu redistribution in

rice. Specifically, they are associated with removal of Cu from

xylem. Cu absorbed from plant roots is transported from xylem

to intercellular spaces and then into cells (Fernandes and

Henriques, 1991; Burkhead et al., 2009). Thus, activation of XA13,

COPT1, or COPT5, which was associated with reduced Cu

content in xylem sap (Figure 4B), is expected to be accompanied

by increased intracellular Cu content. Although direct measure-

ment of rice intracellular Cu content will help elucidate the role of

the three proteins in Cu uptake, this expectation is supported by

the following indirect evidence. First, the three proteins comple-

mented the S. cerevisiae ctr1Dctr3D mutant phenotype by

transporting Cu into cells (Figure 2B). Second, the expression

of HMA9, a reporter for intracellular excess Cu, was induced in

Figure 7. PXO99 Infection Influenced the Expression of COPT1,COPT5,

and Xa13 and the Distribution of Cu in Both Susceptible Rice Line IR24

and Resistant Line IRBB13.

Bars represent mean (three replicates) 6 SD. The “a” or “b” indicates a

significant difference was detected between noninfected plants and

PXO99-infected plants at P < 0.01 or P < 0.05 level, respectively. Two

asterisks indicate that a significant difference between IR24 and IRBB13

of the same treatment was detected at P < 0.01 level.

(A) The expression of COPT1, COPT5, and Xa13 analyzed by qRT-PCR.

(B) Cu contents in shoot and xylem sap. DW, dry weight.

Pathogen and Rice Copper Redistribution 3171



Xa13-, COPT1- or COPT5-overexpressing plants, which had

increased Cu content in the shoot but decreased Cu content in

xylem sap (Figure 4C; see Supplemental Figure 11 online).

However, the putative intracellular accumulation of Cu may not

be solely due to the functions of XA13, COPT1, and COPT5.

Decrease of Cu in xylem may indirectly affect the expression of

other transporters involved in Cu uptake. This conjecture is

supported by the indirect evidence that pathogen infection

increased Cu content in the shoot (Figure 7B); however, further

study is required to determinewhichCu transporters are involved

in the Cu accumulation.

Xoo strain PXO99 causes rice disease, in part through activa-

tion of Xa13 (Chu et al., 2006b; Yuan et al., 2009). Cu could

reduce disease level caused by PXO99 (Figure 5A). These results

suggest that redistribution of Cu is associated with the develop-

ment of disease symptoms specially caused by PXO99. This

hypothesis is supported by the following evidence. First, the

increased susceptibility of COPT1- or COPT5-overexpressing

plants to PXO99 was accompanied by reduced Cu in rice xylem

where Xoo grows and spreads, whereas reduced susceptibility

of COPT1-, COPT5-, or Xa13-suppressing plants was accom-

panied by increased Cu in xylem (Figures 4B and 6). However,

COPT1 or COPT5 transgenic plants all showed the same levels

of susceptibility to Xoo strain PXO61 as wild-type plants. Xa13-

suppressing plants also showed susceptibility to Xoo strains

PXO61 and PXO86 like wild-type plants (Chu et al., 2006b).

Furthermore, PXO61 and PXO86 could not induce Xa13 (Chu

et al., 2006b; Yuan et al., 2009). Xa13-overexpressing plants did

not show significantly (P > 0.05) increased susceptibility to

PXO99 (Yuan et al., 2009). One explanation is that the sensitivity

of PXO99 toCu appears to be dosage dependent (Figure 5B) and

the Cu content in the xylem sap of Xa13-overexpressing plants

was;20% higher than that in COPT1- or COPT5-overexpress-

ing plants (Figure 4B). Second, disease development and bac-

terial growth in the susceptible rice line was accompanied by the

reduction of Cu content in xylem (Figure 7B; see Supplemen-

tal Figure 14 online). The effect of Cu redistribution on disease

development specially caused by PXO99 may be because

PXO99 was more sensitive to Cu compared with other Xoo

strains (Figure 5B). Another explanation is that excess Cu is toxic

to rice cells, which may interfere with plant defense. If this is the

case, we may expect the Xa13, COPT1, or COPT5 transgenic

plants to have a modified response to other Xoo strains. How-

ever, this change has not been observed. Although our results

cannot answer whether the tolerance of these Xoo strains other

than PXO99 to the in vivo level of Cu is due tomutation, a plasmid

mutation causing Cu resistance in Xanthomonas has been

reported (Bender et al., 1990).

XA13, COPT1, and COPT5 proteins appear to be coopera-

tively involved in Cu redistribution. This hypothesis is supported

by the following evidence. First, the three proteins interactedwith

each other in the plasma membrane in planta (Figures 1C and

2A). Second, the three genes showed a similar expression

pattern in response to the change of Cu concentration (Figure

4A; see Supplemental Figure 7 online). Third, only coexpression

of Xa13, COPT1, and COPT5 complemented the phenotype of

S. cerevisiae ctr1Dctr3Dmutant (Figure 2B). Last, only pathogen-

induced coactivation of Xa13, COPT1, and COPT5 reduced Cu

content in xylem (Figure 7). However, suppressing any one of the

three genes influenced Cu content in transgenic plants. One

explanation is that the interaction of XA13, COPT1, and COPT5

may be dosage dependent and decreasing the level of any one of

the three proteins may obstruct their interaction. This explana-

tion is supported by the evidence that the expression levels of

COPT1 and COPT5 are low (Figures 6B and 6C) and the expres-

sion level of Xa13 is also low (Yuan et al., 2009) in wild-type

plants; thus, suppressing Xa13 even accompanied by compen-

sative induction of COPT1 and COPT5 or suppressing COPT1

and COPT5 even accompanied by compensative induction of

Xa13 (see Supplemental Figure 11 online) significantly increased

Cu content in xylem. Overexpressing COPT1 or COPT5 reduced

Cu content in xylem and increased susceptibility to PXO99.

These transgenic plants are likely presenting amplified pheno-

types because the induction of only COPT1 and COPT5 in

resistant rice line could not promote disease and removal of Cu

from xylem in physiologic conditions (Figure 7), although the

complementary phenotypes of these plants with their corre-

sponding suppressing plants helped us understand the role of

the two proteins in Cu redistribution.

Previous studies have reported that a single Ctr- or COPT-type

plasma membrane–localized protein from human (hCtr1; Zhou

and Gitschier, 1997), yeast (Sc Ctr3; Pena et al., 2000), mouse

(mCtr1; Lee et al., 2000), Arabidopsis (COPT1, 2, 3, and 5;

Kampfenkel et al., 1995; Sancenón et al., 2004), lizard (Ctr1;

Riggio et al., 2002), Drosophilia melanogaster (Ctr1A, B, and C;

Zhou et al., 2003), or Chlamydomonas reinhardtii (CTR1 and 2;

Page et al., 2009) can complement the phenotype of S. cerevi-

siae ctr1Dctr3D mutant. Rice COPT1 and COPT5, which harbor

the conserved motifs and residues required for Cu transport

(Puig et al., 2007), have 21 to 51% sequence identity and 35 to

68% sequence similarity with these Ctr or COPT proteins (see

Supplemental Table 3 online). Furthermore, XA13 appears to be

more important than COPT1 and COPT5 in affecting the rice

response to PXO99 (Figure 6D). Thus, our results also raise the

interesting questions of why three proteins are required for

complementation of the S. cerevisiae ctr mutant phenotype

and what is the molecular role of XA13 when it interacts with

COPT1 and COPT5. Limited data suggest that some proteins

interacting with plasma membrane–localized transporter func-

tion as chaperones. For example, coexpression of fission yeast

SpCtr4 and SpCtr5 is required for complementation of S.

cerevisiae ctr mutant or S. pombe ctr mutant because the two

proteins are interdependent for trafficking to the plasma mem-

brane and form a heteromeric complex for mediating a high-

affinity Cu transport; S. pombe Ctr5 is also required for Ctr4

folding (Zhou and Thiele, 2001; Beaudoin et al., 2006). The rat

plasma membrane–localized ion channel protein TRPV2 inter-

acts with the endoplasmic reticulum/Golgi apparatus–localized

RGA protein; RGA plays role in trafficking of TRPV2 to plasma

membrane (Barnhill et al., 2004; Stokes et al., 2005). The RGA is

suggested to have four transmembrane regions and is distantly

related to the MtN3/saliva-type proteins (Stokes et al., 2005).

XA13 with seven transmembrane regions is also an MtN3/saliva-

type protein (Figure 1A), and it has 28% sequence identity and

49% sequence similarity with rat RGA (NP_061333). However,

our results suggest that localization of COPT1, COPT5, or XA13
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in the plasma membrane does not require the presence of any

other two proteins in S. cerevisiae ctr mutant (Figure 3). Further

studies are needed to elucidate the kinetics of the interaction of

XA13, COPT1, and COPT5 and to determine whether XA13

is associated with the structural stabilization of COPT1 and

COPT5. Analysis of the interaction of the three proteins at the

three-dimensional level may provide insights into the roles of the

three proteins in Cu transport.

The pathogen-induced expression of Xa13 is via the activity of

the TAL effector PthXo1 of PXO99 (Yang et al., 2006; Römer

et al., 2010). A number of effectors with TAL activity have been

characterized (Kay and Bonas, 2009). However, the molecular

mechanisms of how the host targets of these effectors help

bacterial infection are poorly understood. Only recently, a TAL

effector AvrBs3 from Xanthomonas campestris pv Vesicatoria

(Xcv), which causes bacterial spot disease on pepper (Capsicum

annuum) and tomato (Solanum lycopersicum) plants, was iden-

tified to activate upa20 encoding a transcription factor; Upa20

is a key regulator of pepper cell hypertrophy (enlargement)

that may play a role in bacterial dispersal (Kay et al., 2007).

Upa20 activates the expression of upa7, encoding a putative

a-expansin in susceptible pepper plants (Kay et al., 2007). Ex-

pansins are wall-loosening proteins of the plant cell wall that play

an important role in basal resistance against pathogens; activa-

tion of expansin genes results in increased susceptibility to Xoo

in rice (Ding et al., 2008). Thus, it is interesting to see if upa20, the

target of AvrBs3, helps disease development caused by Xcv via

weakening host basal resistance. Xcv and Xoo all belong to the

Xanthomonas genus. PXO99 uses a different host mechanism to

facilitate its infection, although both pathogens use their TAL

effectors to transcriptionally manipulate their host targets. These

results suggest that the TAL effectors of bacterial plant patho-

gens may use various host mechanisms for infection.

The mechanistic understanding of XA13 in rice–Xoo interac-

tions also presents a notable picture of the coevolution of rice

and Xoo. Rice bacterial blight disease was first identified in 1884.

Chemical control of this disease in rice fields began in the 1950s

with the preventive application of Bordeaux mixture (Nino-Liu

et al., 2006), which was the world’s first commercially success-

ful fungicide and bactericide, a simple mixture of CuSO4 and

hydrated lime that now remains a popular weapon for gardeners

and farmers fighting a range of foliar diseases (Ayres, 2004).

Some other pesticides also contain Cu as one of the major

elements. PXO99 is sensitive to Cu. Xa13 is essential for repro-

ductive development and is also involved in vegetative develop-

ment (Chu et al., 2006b; Yuan et al., 2009). To survive in rice,

this bacterium evolved the specific PthXo1 effector to transcrip-

tionally activate Xa13 (Yang et al., 2006; Römer et al., 2010).

Although our data cannot answer whether the evolution of

PthXo1 is due to the wide application of Cu-containing pesti-

cides, the bacterium carrying PthXo1 uses the indispensable

XA13 to overcome rice defenses by removing toxic Cu from the

place where the pathogen grows. To fight this pathogen, rice

evolved the recessiveR gene xa13, which is the promoter mutant

of dominant Xa13 (Chu et al., 2006b). This mutation leaves xa13

unresponsive to PXO99 infection and thus suppresses PXO99

growth in rice (Yuan et al., 2009). PXO99was identified during the

1980s as Philippine Xoo race 6 (Khush and Angeles, 1999), and

xa13 was first discovered as a resistant allele against PXO99 in

Indian rice varietyBJ1 (Ogawa et al., 1987). IRBB13 carrying xa13

is resistant to >50% of Xoo strains/isolates collected from major

rice-growing areas of China and India (Shanti et al., 2001; Singh

et al., 2003; Li et al., 2009). These results suggest thatXoo strains,

which overcome rice by activating Xa13, may have become the

dominant pathogens in at least China and India. Elucidation of

the biochemical function of XA13, COPT1, and COPT5 and

examining the molecular mechanisms of coevolution of rice and

Xoo will help to formulate effective strategies for controlling this

bacterial blight. For example, we may use a tissue-specific or

Xoo-induced promoter to suppress the expression of Xa13,

COPT1, or COPT5 to improve rice disease resistance.

METHODS

Protein–Protein Interaction in Yeast Cells

The yeast two-hybrid assays were conducted using Clontech Match-

maker GAL4 Two-Hybrid System 3 according to the manufacturer’s

instructions. Different cDNA fragments encoding the MtN3.1 domain of

XA13 were obtained by PCR amplification from rice variety Minghui 63

(Oryza sativa ssp indica) using different primers (see Supplemental Table

4 online).

The split-ubiquitin systemwas used to investigate the interaction of full-

length and truncated membrane proteins. The yeast two-hybrid mem-

brane protein system kit (MoBiTec) was used for this assay according to

the manufacturer’s instructions. The full-length and 39 end of Xa13 cDNA

and COPT full-length cDNAs were amplified from rice variety Zhonghua

11 (O. sativa ssp japonica) using specific primers (see Supplemental Table

4 online). Please see Supplemental Methods online for additional details.

Protein Topology Analyses

The subcellular localization of COPT1 and COPT5was analyzed by fusion

of the target protein with the GFP using different primers (see Supple-

mental Table 5 online). Transient expression of the fusion genes in white

onion (Allium cepa) epidermal cells was performed by Agrobacterium

tumefaciens–mediated transformation (Ge et al., 2006). The locations of

COPT1-FLAG and COPT5-FLAG in transgenic plants were also analyzed

by detection ofmembrane-protein fraction using anti-FLAG antibody. The

transmembrane regions and their orientation of XA13 protein were

analyzed by the split-ubiquitin system.

The localization of Os COPT1, COPT5, and XA13 proteins in Saccha-

romyces cerevisiae was analyzed by fusion of these proteins with GFP.

Plasmids harboring the fusion genes were transformed into yeast MPY17

cells (Pena et al., 2000). The fluorescence signal was visualized with a

LEICA DM4000B fluorescent microscope. Please see Supplemental

Methods online for additional details.

Rice Transformation

Agrobacterium-mediated transformation was performed using calli de-

rived frommature embryos of japonica rice variety Zhonghua 11 orMudan-

jiang 8 (O. sativa ssp japonica) or indica variety IRBB13 (O. sativa ssp

indica) according to published protocols (Lin and Zhang, 2005; Ge et al.,

2006). Please see Supplemental Methods online for additional details.

Protein–Protein Interaction in Plants

BiFC assays were applied to study the interaction of XA13 and COPT1

or COPT5 based on the procedure reported previously (Walter et al.,
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2004). The full-length cDNAs of these genes were amplified using spe-

cific primers (see Supplemental Table 4 online) and cloned into the

pS1301nYFP or pS1301cYFP vectors. All the plasmids were transformed

into tobacco (Nicotiana benthamiana) plants via A. tumefaciens strain

GV3101-pM90. YFP signal in leaf epidermal cells was observed using a

Leica TCS SP2 AOBS confocal microscope (Leica Microsystems).

Coimmunoprecipitation assays were also conducted to study the inter-

action of XA13 and COPT1 or COPT5. The leaves of rice plants carrying

COPT1-FLAG orCOPT5-FLAG atmaximum-tillering stagewere analyzed

using anti-XA13 antibody (Yuan et al., 2009) and anti-FLAG antibody

(Sigma-Aldrich) by the procedure reported previously (Yuan et al., 2009).

Please see Supplemental Methods online for additional details.

Pathogen Inoculation

To evaluate bacterial blight disease, plants were inoculated with Philip-

pine Xoo strain PXO99 (race 6) at the booting (panicle development) stage

by the leaf-clipping method (Sun et al., 2004). Disease was scored by

measuring the percentage lesion area (lesion length/leaf length) at 10 or

14 d after inoculation.

For studying the effect of Cu on disease development, rice plants at

booting stage were inoculated with PXO99 that was premixed with 0.1 to

100 mM CuSO4 for 30 min.

To analyze the response of Xoo to Cu, PXO99 and other Philippine Xoo

strains, PXO61 (race 1) and PXO86 (race 2), were first grown in PSA liquid

medium (10 g/L tryptone, 10 g/L sucrose, and 1 g/L L-glutamic acid,

pH 7.0) at early logarithmic phase and were then grown for 12 h in PSA

liquid medium containing 0 to 100 mM CuSO4. Bacterial cell densities

were spectrometrically measured at 600 nm.

Gene and Protein Expression Analysis

RNA gel blot analysis was performed as described previously (Zhou et al.,

2002). In brief, 20mg of total RNAwas fractionated by electrophoresis and

transferred to a nylon filter. The filter was hybridized in hybridization buffer

containing [a-32P]dCTP–labeled probe. The hybridization signal on the

filter was detected using a fluorescent image analyzing system (Fujifilm

FLA-5100). Quantitative RT-PCR (qRT-PCR) was conducted as de-

scribed by Qiu et al. (2007). In brief, total RNA was treated with DNase I

(Invitrogen) to remove contaminating DNA. The cDNA was synthesized

from the treated total RNA by M-MLV reverse transcriptase using oligo

(dT)15 primer (Promega). Quantitative real-time PCR was performed

using the SYBR Premix Ex Taq kit (TaKaRa Biotechnology) on the ABI

7500 Real-Time PCR system (Applied Biosystems) following the manu-

facturer’s instructions. PCR primers for qRT-PCR are listed in Supple-

mental Table 6 online. The expression level of rice actin gene was used to

standardize the RNA sample for each qRT-PCR. Each qRT-PCR assay

was repeated at least twice with similar results, with each repetition

having three replicates. Protein expression analysis was performed as

described previously (Yuan et al., 2009).

Plant Growth and Treatment

The seeds of rice variety Zhonghua 11 were germinated for 3 d at room

temperature on paper soaked with distilled water. After germination, the

seedlings were transferred to a net floating on distilled water in a growth

chamber in greenhouse with 14 h light and 10 h night for hydroponic

culture. After 3 d, seedlings were transferred to a plastic container

containing a nutrient solution consisting of 0.7 mM K2SO4, 0.1 mM KCl,

0.1 mM KH2PO4, 2.0 mM Ca(NO3)2, 0.5 mM MgSO4, 10 mM H3BO3,

0.5 mM MnSO4, 0.2 mM CuSO4, 0.5 mM ZnSO4, 0.05 mM Na2MoO4, and

0.1 mM Fe-EDTA for hydroponic culture. The nutrient solution was

adjusted daily to pH 5.5 with 1 M HCl and renewed weekly (Ishimaru

et al., 2006). To induce a deficiency of Cu, 3-week-old plants were grown

for a further 2 weeks in the solution without Cu.

Xylem Sap Collection

The xylem sap was collected as described previously (Ueno et al., 2009;

Uraguchi et al., 2009). In brief, rice plants at booting stage were decap-

itated and xylem exudate was collected using amicropipette for 10min in

themorning. To avoid contamination by symplastic Cu, the initial exudate

was discarded.

Determination of Metal Concentration

Rice tissues were washed with distilled water, dried for 1 week at 808C,

and then wet ashed with 11 N HNO3. Concentrations of Cu, Fe, Mn, and

Zn were measured using atomic absorption spectroscopy (SPECTR

AA220) at wavelengths of 324.8, 248.3, 279.5, and 213.8 nm, respec-

tively.

Heterologous Functional Complementation

Plasmid DNA harboring target gene was transformed into the yeast

(S. cerevisiae) ctr1Dctr3D double mutant strain MPY17 (MATa,ctr1::

ura3::kanR, ctr3::TRP1, lys2-801,his3) using the lithium acetate pro-

cedure (Pena et al., 1998). This mutant strain cannot grow on ethanol/

glycerol media (YPEG) because it possesses a defective mitochon-

drial respiratory chain and because of the inability of cytochrome

c oxidase to obtain its Cu factor (Pena et al., 1998). The mutant can

be complemented by expression of Ctr-type Cu transporters from

various organisms. Please see Supplemental Methods online for

additional details.

Bioinformatics

Web-based topology prediction programs SOSUI (http://bp.nuap.nagoya-u.

ac.jp/sosui/), TMHMM (http://www.cbs.dtu.dk/services/TMHMM/),

HMMTOP (http://www.enzim.hu/hmmtop/), Phobius (http://phobius.

sbc.su.se/), TMpred (http://www.ch.embnet.org/software/TMPRED),

and TopPred (http://www.sbc.su.se/~erikw/toppred2/) were used to

predict the orientation of the transmembrane regions of XA13 protein.

Statistical Analysis

The significant differences between control and treatment of the samples

were analyzed by the pairwise t test installed in theMicrosoft Office Excel

program.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL

databases under the following accession numbers: COPT1 (GQ387494),

COPT5 (GQ387495), Xa13 (DQ421395), HMA9 (NP_001058305), IRT1

(AB070226), ZIP4 (AB126089), and actin (X15865). Additional accession

numbers for putative COPT family members in rice and other species can

be found in Supplemental Tables 2 and 3 online.

Supplemental Data

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

Supplemental Figure 1. Analysis of the Transmembrane Regions and

Their Orientations of XA13 Protein by Split-Ubiquitin System.

Supplemental Figure 2. A Fragment (87 to 161 Amino Acids) of

COPT1 Interacted with the MtN3.1 Domain but Not the MtN3.2

Domain of XA13 Protein in the Yeast Two-Hybrid Assay.

Supplemental Figure 3. Analysis of the Interaction between Full-

Length XA13 and COPT by Split-Ubiquitin Assays.

Supplemental Figure 4. Plasma Membrane Localization of COPT1

and COPT5.
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Supplemental Figure 5. Transgenic Plants Carrying COPT1-FLAG or

COPT5-FLAG and Location of COPT1 and COPT5 Proteins.

Supplemental Figure 6. Analyses of Homomeric and Heteromeric

Interactions of OsCOPT1, OsCOPT5, and XA13 Proteins by Split-

Ubiquitin System.

Supplemental Figure 7. Expression of Xa13, COPT1, and COPT5 in

Rice Root Was Influenced by Copper (Cu) Level.

Supplemental Figure 8. Manipulation of COPT1 and COPT5 Expres-

sion.

Supplemental Figure 9. Modulating COPT1, COPT5, and Xa13

Expression Influenced Copper (Cu) Accumulation in Rice Roots at

Booting Stage.

Supplemental Figure 10. Modulating COPT1, COPT5, and Xa13

Expression Did Not Influence Iron (Fe), Manganese (Mn), and Zinc (Zn)

Contents in Rice Shoots at Booting Stage.

Supplemental Figure 11. The Expression Patterns of HMA9, COPT1,

COPT5, Xa13, IRT1, and ZIP4 in the Shoots of Transgenic Plants

Analyzed by Quantitative RT-PCR.

Supplemental Figure 12. Suppressing COPT1 or COPT5 Increased

Accumulation of XA13 Protein in T2 Transgenic Lines Analyzed Using

Anti-XA13 Antibody.

Supplemental Figure 13. Enhanced Resistance Was Associated with

Reduced Expression of COPT1 or COPT5 in Susceptible Zhonghua

11 and Resistant IRBB13 Backgrounds.

Supplemental Figure 14. Xylem Sap from Resistance IRBB13

Infected with Xoo Strain PXO99 Suppressed PXO99 Growth.

Supplemental Table 1. Prediction of Transmembrane Helices

and Their Orientations of XA13 Protein by Different Web-Based

Software.

Supplemental Table 2. Putative COPT Family Members in Rice

Genome.

Supplemental Table 3. Sequence Identity and Similarity of COPT1

and COPT5 with the Ctr and COPT Proteins from Other Species

Supplemental Table 4. PCR Primers Used for Protein–Protein Inter-

action Assays.

Supplemental Table 5. PCR Primers Used for Protein Topology

Analyses.

Supplemental Table 6. PCR Primers Used for Quantitative RT-PCR

Assays.

Supplemental Table 7. PCR Primers Used for Yeast Complementa-

tion Experiments.

Supplemental Methods.
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of Ctr4 and Ctr5 amino-terminal regions reveals motifs with redundant

roles in copper transport. Microbiology 152: 209–222.

Bender, C.L., Malvick, D.K., Conway, K.E., George, S., and Pratt, P.

(1990). Characterization of pXV10A, a copper resistance plasmid in

Xanthomonas campestris pv. vesicatoria. Appl. Environ. Microbiol. 56:

170–175.

Borkow, G., and Gabbay, J. (2004). Putting copper into action: Copper-

impregnated products with potent biocidal activities. FASEB J. 18:

1728–1730.

Bughio, N., Yamaguchi, H., Nishizawa, N.K., Nakanishi, H., and

Mori, S. (2002). Cloning an iron-regulated metal transporter from rice.

J. Exp. Bot. 53: 1677–1682.

Burkhead, J.L., Reynolds, K.A., Abdel-Ghany, S.E., Cohu, C.M., and

Pilon, M. (2009). Copper homeostasis. New Phytol. 182: 799–816.

Chu, Z., Fu, B., Yang, H., Xu, C., Li, Z., Sanchez, A., Park, Y.J.,

Bennetzen, J.L., Zhang, Q., and Wang, S. (2006a). Targeting xa13, a

recessive gene for bacterial blight resistance in rice. Theor. Appl.

Genet. 112: 455–461.

Chu, Z., Yuan, M., Yao, J., Ge, X., Yuan, B., Xu, C., Li, X., Fu, B., Li, Z.,

Bennetzen, J.L., Zhang, Q., and Wang, S. (2006b). Promoter mu-

tations of an essential gene for pollen development result in disease

resistance in rice. Genes Dev. 20: 1250–1255.

Cooksey, D.A. (1990). Genetics of bactericide resistance in plant

pathogenic bacteria. Annu. Rev. Phytopathol. 28: 201–219.

Ding, X., Cao, Y., Huang, L., Zhao, J., Xu, C., Li, X., and Wang,

S. (2008). Activation of the indole-3-acetic acid-amido synthetase

GH3-8 suppresses expansin expression and promotes salicylate- and

jasmonate-independent basal immunity in rice. Plant Cell 20: 228–240.

Fernandes, J.C., and Henriques, F.S. (1991). Biochemical, physiological,

and structural effects of excess copper in plants. Bot. Rev. 57: 246–273.

Ge, X., Chu, Z., Lin, Y., and Wang, S. (2006). A tissue culture system for

different germplasms of indica rice. Plant Cell Rep. 25: 392–402.

Gu, K., Yang, B., Tian, D., Wu, L., Wang, D., Sreekala, C., Yang, F.,

Chu, Z., Wang, G.L., White, F.F., and Yin, Z. (2005). R gene ex-

pression induced by a type-III effector triggers disease resistance in

rice. Nature 435: 1122–1125.

Ishimaru, Y., Suzuki, M., Kobayashi, T., Takahashi, M., Nakanishi,

H., Mori, S., and Nishizawa, N.K. (2005). OsZIP4, a novel zinc-

regulated zinc transporter in rice. J. Exp. Bot. 56: 3207–3214.

Ishimaru, Y., et al. (2006). Rice plants take up iron as an Fe3+-

phytosiderophore and as Fe2+. Plant J. 45: 335–346.

Kampfenkel, K., Kushnir, S., Babiychuk, E., Inzé, D., and Van
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