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The rice (Oryza sativa) gene Xa27 confers resistance to Xanthomonas oryzae pv oryzae, the causal agent of bacterial blight disease
in rice. Sequence analysis of the deduced XA27 protein provides little or no clue to its mode of action, except that a signal-
anchor-like sequence is predicted at the amino (N)-terminal region of XA27. As part of an effort to characterize the biochemical
function of XA27, we decided to determine its subcellular localization. Initial studies showed that a functional XA27-green
fluorescent protein fusion protein accumulated in vascular elements, the host sites where the bacterial blight pathogens
multiply. The localization of XA27-green fluorescent protein to the apoplast was verified by detection of the protein on cell
walls of leaf sheath and root cells after plasmolysis. Similarly, XA27-FLAG localizes to xylem vessels and cell walls of xylem
parenchyma cells, revealed by immunogold electron microscopy. XA27-FLAG could be secreted from electron-dense vesicles in
cytoplasm to the apoplast via exocytosis. The signal-anchor-like sequence has an N-terminal positively charged region
including a triple arginine motif followed by a hydrophobic region. Deletion of the hydrophobic region or substitution of the
triple arginine motif with glycine or lysine residues abolished the localization of the mutated proteins to the cell wall and
impaired the plant’s resistance to X. oryzae pv oryzae. These results indicate that XA27 depends on the N-terminal signal-
anchor-like sequence to localize to the apoplast and that this localization is important for resistance to X. oryzae pv oryzae.

Plant disease resistance (R) genes confer race-
specific resistance to pathogens that have cognate
avirulence (Avr) genes (Flor, 1971). The R protein
presumably functions as part of a receptor complex
that recognizes the Avr protein and subsequently
initiates defense responses (Hammond-Kosack and
Jones, 1997; Martin et al., 2003). The majority of R
proteins fall into five classes based primarily upon the
combination of a limited number of structural motifs
that they contain, while a few other R proteins have
novel structures (Dangl and Jones, 2001; Martin et al.,
2003). One of the interesting aspects of R protein
function is their subcellular localization. Several ex-
amples of direct physical interactions between R and
Avr proteins have been demonstrated (Scofield et al.,
1996; Tang et al., 1996; Jia et al., 2000; Leister and
Katagiri, 2000; Kim et al., 2002). Viral effectors are
present inside the plant cell, and the predicted struc-
tures of all known R proteins against viruses indicate

that they are also intracellular (Burch-Smith et al.,
2007). The tomato (Solanum lycopersicum) Cf proteins,
which recognize extracellular Cladosporium fulvumAvr
proteins (Lauge and De Wit, 1998), are localized to the
plasma membrane (Rivas and Thomas, 2005). Fungal
pathogen-directed R proteins can also be intracellular,
as fungal Avr proteins are delivered to and function
inside plant cells (Jia et al., 2000). Similarly, all bacteria-
directed R proteins are predicted to be intracellular,
with the exception of XA21 (Song et al., 1995), because
most of the bacterial Avr effector proteins are secreted
into the host cells through the bacterial type III secre-
tion system (He et al., 2004).

However, many R proteins do not carry recogniz-
able subcellular targeting signatures, and their actual
subcellular localization needs to be determined exper-
imentally. For instance, Arabidopsis (Arabidopsis thali-
ana) RPM1 and RPS2 are associated with cellular
membranes, although they do not possess any canon-
ical membrane-targeting domains (Boyes et al., 1998;
Axtell and Staskawicz, 2003). This subcellular locali-
zation is consistent with the membrane localization
of their corresponding Avr elicitors, AvrRpm1 and
AvrRpt2, respectively (Nimchuk et al., 2000; Axtell
and Staskawicz, 2003). Apart from the plasma mem-
brane, Arabidopsis RRS1-R and its cognate Avr pro-
tein PopP2 colocalize to the nucleus, and the nuclear
localization of RRS1-R is dependent on the presence of
PopP2 (Deslandes et al., 2003). Recently, both tobacco
(Nicotiana tabacum) N and barley (Hordeum vulgare)
MLA10 were found to localize to the cytoplasm as well
as the nucleus, and the nuclear retention of either R
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protein is indispensable for downstream signaling and
defense (Burch-Smith et al., 2007; Shen et al., 2007). In
these three cases, translocation of the R proteins dur-
ing signaling might take place upon activation of the R
proteins by the cognate Avr proteins (Deslandes et al.,
2003; Burch-Smith et al., 2007; Shen et al., 2007). Rice
(Oryza sativa) XA21 is a transmembrane receptor ki-
nase that presumably recognizes an elicitor localized
to the apoplast of rice cells, with its extracellular Leu-
rich repeat domain (Song et al., 1995). The AvrXa21
molecule(s) corresponding to XA21 has yet to be
identified, although it appears that it might be a
sulfated protein secreted to the apoplast through a
type I secretion system and involved in quorum sens-
ing (Lee et al., 2006).

Bacterial blight, caused by Xanthomonas oryzae pv
oryzae, is one of the most destructive bacterial diseases
of rice (Mew, 1987). We previously reported the isola-
tion of the resistance gene, Xa27, from rice (Gu et al.,
2005). Xa27-dependent resistance is associated with
the specific induction of the Xa27 gene by incompat-
ible pathogens harboring avrXa27. Unlike other cloned
R genes, the resistance specificity of Xa27 to various X.
oryzae pv oryzae strains is determined by its promoter
rather than by its gene product. Indeed, ectopic ex-
pression of theXa27 coding region under the control of
the rice PR1 promoter resulted in nonspecific resis-
tance to both incompatible and compatible strains. The
Xa27 gene encodes a predicted protein of 113 amino
acid residues that lacks known functional domains
that might provide a clue to its function. Interestingly,
a signal-anchor-like sequence was predicted at the
N-terminal region of XA27 by SignalP-HMM (http://
www.cbs.dtu.dk/services/SignalP/; P = 0.790; Fig. 1).
The signal-anchor-like sequence contains 37 positively
charged amino acids, including a triple Argmotif from
residues 27 to 29 (n-region), followed by a 20-amino
acid hydrophobic region (h-region; Emanuelsson et al.,
2007). Signal anchor sequences initiate translocation in
the same manner as signal peptides, but they are not
cleaved by signal peptidase after protein translocation,
resulting in membrane association of the protein (von
Heijne, 1988). As part of our effort to characterize the

biochemical function of XA27, we carried out studies
on its subcellular localization. We examined the func-
tion of its signal-anchor-like sequence and the rela-
tionship between XA27 localization and resistance to
X. oryzae pv oryzae.

RESULTS

Functional XA27-GFP Localizes to the Apoplast

To investigate XA27 localization, we generated
transgenic plants in a Nipponbare background that
carried an XA27-GFP fusion gene under the control of
either the native Xa27 promoter (PXa27:XA27-GFP:
TXa27) or the maize (Zea mays) ubiquitin gene promoter
(PUbi: XA27-GFP:TNos; Table I). Seven resistant trans-
genic PXa27:XA27-GFP:TXa27 lines were generated, and
line 22 (L22) was selected for further analysis. L22 car-
ried a single copy of the PXa27:XA27-GFP:TXa27 gene
and retained race-specific resistance to PXO99A (Fig.
2A; Table II). The PXa27:XA27-GFP:TXa27 gene in L22
expressed at a low level constitutively, which might
have resulted from leaky activity of the Xa27 promoter
(Fig. 2B). The PXa27:XA27-GFP:TXa27 gene in L22 was
induced after inoculation with PXO99A but not with
compatible X. oryzae pv oryzae strain PXO99AME1, in
which avrXa27 is disrupted (Gu et al., 2005; Fig. 2B).
Thirty-three independent transgenic PUbi:XA27-GFP:
TNos lines were produced, and their disease phenotype
after inoculation with PXO99A varied from complete
susceptibility to full resistance in the T0 generation
(data not shown). Line 9 (L9) of PUbi:XA27-GFP:TNos
was selected for further study. The PUbi:XA27-GFP:TNos
gene in L9 was expressed constitutively at a high level
(Fig. 2C). L9 conferred resistance to both PXO99A and
PXO99AME1 in T1 and in subsequent generations (Fig.
2, A and C; Table II). Compared with L22 and line 8
(L8) of PUbi:GFP:TNos (Fig. 2A; Tables I and II), L9
displayed phenotypic changes, including inhibition of
tillering, delay in flowering, stiff leaves, and early leaf
senescence, which might have resulted from overex-
pression of the PUbi:XA27-GFP:TNos gene (data not
shown).

Figure 1. Output of SignalP-HMM pre-
diction of XA27 from the SignalP 3.0
server. A signal-anchor-like sequence
was predicted at the N-terminal region
of XA27, which contains an N-terminal
positively charged region (n-region; res-
idues 1–37) followed by a hydrophobic
region (h-region; residues 38–57;
Emanuelsson et al., 2007). The full-
length amino acid sequence of XA27
was submitted to the SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP/)
for prediction of the signal peptide or
signal anchor of eukaryotes. Methods of
both neural networks andhiddenMarkov
models were used for prediction. Stan-
dard output format was selected.
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Leaf cross sections from the immediate vicinity of
the infected sites in L8 of PUbi:GFP:TNos, L9 of PUbi:
XA27-GFP:TNos, and L22 of PXa27:XA27-GFP:TXa27 were
subjected to confocal microscopy. The GFP fluores-
cence in L8 was strong, especially in mesophyll pa-
renchyma cells (Fig. 3A). Although the fluorescence
intensity in L9 was weaker than that in L8, the XA27-
GFP protein was evenly distributed among vascular
bundles and mesophyll tissues (Fig. 3B). The expres-
sion of GFP in L8 or XA27-GFP in L9 did not change
after bacterial inoculation with PXO99A (data not
shown). A low level of XA27-GFP was detected in
uninoculated L22 plants, due to leaky expression of
the PXa27:XA27-GFP:TXa27 gene (Fig. 3C). XA27-GFP
was strongly induced in vascular bundles of L22
plants at 3 d after inoculation (DAI) with PXO99A. It
was mainly accumulated in the vascular elements,
including xylem vessels, protoxylem, and phloem
(Fig. 3D). However, the expression of PXa27:XA27-
GFP:TXa27 in mesophyll parenchyma cells of L22 did
not change significantly after bacterial inoculation
(Fig. 3, C and D).
How does XA27-GFP come to be localized in xylem

vessels and protoxylem, which consist of apoplast
structures? One possibility is that it might be secreted
from the neighboring xylem parenchyma cells. To test
this possibility, we studied the localization of XA27-
GFP in leaf sheath and root cells of L9 and L22. To
make it easy to identify the cell wall, we induced
plasmolysis in the leaf sheath or root tissues by treat-
ment with a high-osmolarity solution. The control GFP
protein in L8 was found in both the cytosol and the
nucleus (Fig. 4, A and C; Supplemental Fig. S1A). After
plasmolysis, no GFP protein was detected on the cell
walls of leaf sheath or root cells of L8 (Fig. 4, B and D).
In contrast, fluorescent spots appeared along the bor-

ders of leaf sheath cells of L9, which could be XA27-
GFP-containing vesicles (see below; Fig. 4E). After
plasmolysis, XA27-GFP was detected on the cell walls
of both leaf sheath and root cells (Fig. 4, F and H).
Compared with leaf sheath cells, XA27-GFP was more
evenly distributed on root cell walls (Fig. 4G). In
addition, XA27-GFP proteinswere detected in the peri-
nuclear region, producing a fluorescent nuclear halo
(Fig. 4, E and G). 4#,6-Diamidino-2-phenylindole stain-
ing also indicated that XA27-GFP did not localize to
the nucleus (Supplemental Fig. S1B). This perinuclear
protein might be associated with the endoplasmic
reticulum. Although a smaller amount of XA27-GFP
was detected in L22, the localization patterns of XA27-
GFP in the leaf sheath and the root cells of L22 were
similar to that in L9 (Supplemental Fig. S2).

XA27-FLAG Translocates to the Apoplast via
Electron-Dense Vesicles

To further determine the subcellular localization of
XA27, we fused XA27 with the FLAG epitope tag and
performed immunogold electron microscopy to visu-
alize XA27-FLAG in transgenic PXa27:XA27-FLAG:TXa27
plants (XA27-GFP could not be recognized by com-
mercial anti-GFP antibodies). Forty-three independent
transgenic PXa27:XA27-FLAG:TXa27 lines were gener-
ated. Line 18 (L18F) was selected for further analysis
because it carried a single copy of thePXa27:XA27-FLAG:
TXa27 gene. This line conferred complete resistance to
PXO99A and displayed moderate susceptibility to
PXO99AME1 (Fig. 2A; Table II). The PXa27:XA27-FLAG:
TXa27 gene in L18Fwas expressed constitutively at a low
level but was inducible upon inoculation with PXO99A

(Fig. 2D). The XA27-FLAG protein in L18F was de-
tected as a band with a molecular size of about 13 kD

Table I. Constructs used in this study

Construct Gene of Interest in the Constructa Reference

NA5.2 Wild-type Xa27 (IRBB27 allele) Gu et al. (2005)
pSSZ41 PUbi:GFP:TNos Kolesnik et al. (2004)
pCUXA27GFP PUbi:XA27-GFP:TNos This study
pC27XA27GFP PXa27:XA27-GFP:TXa27 This study
pC27XA27FLAG PXa27:XA27-FLAG:TXa27 This study
pCUN57GFP PUbi:N57-GFP:TNos This study
pCUN37GFP PUbi:N37-GFP:TNos This study
pCUN57GGFP PUbi:N57G-GFP:TNos This study
pCUN57KGFP PUbi:N57K-GFP:TNos This study
pCUXA27GGFP PUbi:XA27G-GFP:TNos This study
pC27XA27GGFP PXa27:XA27G-GFP:TXa27 This study
pC27XA27G PXa27:XA27G:TXa27 This study

aPUbi, Maize ubiquitin gene promoter; GFP, coding region of the GFP gene (accession no. AAB92477);
TNos, terminator of the nopaline synthase gene (Nos); PXa27, Xa27 promoter; TXa27, Xa27 terminator; XA27-
GFP, fusion gene encoding XA27-GFP; XA27-FLAG, fusion gene encoding XA27-FLAG; N57-GFP, fusion
gene encoding N57-GFP; N37-GFP, fusion gene encoding N37-GFP; N57G-GFP, fusion gene encoding
N57G-GFP; N57K-GFP, fusion gene encoding N57K-GFP; XA27G-GFP, fusion gene encoding XA27G-
GFP; XA27G, Xa27 mutant encoding XA27G. For generation of fusion or mutated genes, see “Materials
and Methods.”
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in immunoblot analysis with anti-FLAG monoclonal
antibody (Fig. 2E).

Leaf cross sections of L18F plants were subjected to
immunogold electron microscopy. As depicted by the
gold particles, XA27-FLAG was detected in the cyto-
plasm and the apoplast of the xylem parenchyma cells
(Fig. 5, E–L). In uninoculated L18F plants, XA27-FLAG
localized mainly to electron-dense vesicles in the cy-
toplasm and to the cell walls of xylem parenchyma
cells (Fig. 5, E and F). After inoculation with PXO99A,
XA27-FLAG protein was induced to higher levels in

the xylem parenchyma cells of L18F plants. Electron-
dense vesicles containing XA27-FLAG were abundant
at the pits between xylem parenchyma cells (Fig. 5,
G–I), between xylem vessels and parenchyma cells
(Fig. 5, J–K), and between xylem parenchyma cells and
mesophyll parenchyma cells (data not shown). The
XA27-FLAG protein was also found in the xylem
vessels of inoculated L18F plants, where it localized
to lumina of the xylem vessels rather than being
associated with bacteria or vessel walls (Fig. 5L).
XA27-FLAG appears to be secreted from electron-

Figure 2. Generation of XA27-tagged lines. A, Dis-
ease phenotypes of XA27-tagged lines, control lines,
and wild-type plants at 14 DAI with X. oryzae pv
oryzae strains. Plants were inoculated with X. oryzae
pv oryzae PXO99A harboring wild-type avrXa27 or
avrXa27 mutant PXO99AME1 (ME1), and photo-
graphs were taken at 14 DAI. IRBB27, wild-type
Xa27 plants; Ni, Nipponbare; GFP, L8 of PUbi:GFP:
TNos; XA27-GFP(L22), L22 of PXa27:XA27-GFP:TXa27;
XA27-GFP(L9), L9 of PUbi:XA27-GFP:TNos; XA27G-
GFP, L18G of PUbi:XA27G-GFP:TNos; XA27-FLAG,
L18F of PXa27:XA27-FLAG:TXa27. B, Expression of
PXa27:XA27-GFP:TXa27 in uninoculated (UI) L22 plants
or L22 plants at 3 DAI with X. oryzae pv oryzae
strains PXO99AME1(ME1) and PXO99A. Nipponbare
(Ni) was used as a control. C, Ubiquitin promoter-
driven GFP, XA27-GFP, and XA27G-GFP gene ex-
pression in transgenic lines. GFP, L8 of PUbi:GFP:TNos;
XA27-GFP(L9), L9 of PUbi:XA27-GFP:TNos; XA27G-
GFP, L18G of PUbi:XA27G-GFP:TNos. Nipponbare (Ni)
was used as a control. D, Expression of PXa27:XA27-
FLAG:TXa27 in uninoculated (UI) L18F plants or L18F
plants at 3 DAI with PXO99AME1(ME1) or PXO99A.
Nipponbare (Ni) was used as a control. E, Expression
of XA27-FLAG in uninoculated (UI) L18F plants or
L18F plants at 3 DAI with PXO99AME1(ME1) or
PXO99A. Nipponbare (Ni) was used as a control.
XA27-FLAG was detected with anti-FLAG monoclo-
nal antibodies. The molecular mass values of stan-
dard protein markers (Amersham Biosciences;
RPN755) are shown in kilodaltons. The position of
XA27-FLAG is indicated (arrowhead).
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dense vesicles in the cytoplasm to the apoplast, per-
haps via exocytosis (Fig. 5H). No XA27-FLAG protein
was found to localize to the nucleus or other organelles
of xylem parenchyma cells in either uninoculated or
inoculated L18F plants (data not shown). In control
experiments, in which preimmune serum was used to
replace anti-FLAG antibody, we did not observe con-
centrated labeling of vesicular structures in specimens
of L18F (Fig. 5, A and B). Similar results were obtained
with samples of Nipponbare lacking the transgene
when anti-FLAG antibody was used (Fig. 5, C and D).

The N-Terminal Signal-Anchor-Like Sequence Is

Required for XA27 Localization

To determine whether the signal-anchor-like se-
quence is sufficient to explain the observed localiza-
tion of XA27 to the apoplast and cell wall, we fused
this sequence to GFP (N57-GFP) and generated 56
transgenic plants with the PUbi:N57-GFP:TNos gene
(Table I). Line 12 (L12) of PUbi:N57-GFP:TNos was se-
lected to study N57-GFP localization (Table II). The
expression of the PUbi:N57-GFP:TNos gene in L12 was
comparable to that of the PUbi:GFP:TNos gene in L8
(Supplemental Fig. S3). Like XA27-GFP, N57-GFP lo-
calized to the cell walls of leaf sheath and root cells
(Fig. 6, A to D).
To determine whether the h-region of the signal-

anchor-like sequence is required for this localization,
we deleted the h-region from the signal-anchor-like
sequence and fused the remaining 37-amino acid
n-region with GFP (N37-GFP). We generated 66 trans-
genic plants with the PUbi:N37-GFP:TNos gene (Table I).
Line 2 (L2) of PUbi:N37-GFP:TNos was selected to study
N37-GFP localization (Table II; Supplemental Fig. S3).
After plasmolysis, no N37-GFP was detected on the
cell walls of leaf sheath or of root cells (Fig. 6, E and F).
The triple Arg motif in the signal-anchor-like se-

quence of XA27 is conserved between XA27 and its

paralogs in rice (Gu et al., 2005). To determine the
function of this triple Arg motif in protein localization,
we replaced it with Gly or Lys residues and generated
transgenic plants with the mutated fusion genes PXa27:
XA27G-GFP:TXa27, PUbi:XA27G-GFP:TNos, PUbi:N57G-
GFP:TNos, and PUbi:N57K-GFP:TNos (Table I). Line 46
(L46) of PXa27:XA27G-GFP:TXa27, line 18 (L18G) of PUbi:
XA27G-GFP:TNos, line 5 (L5) of PUbi:N57G-GFP:TNos,
and line 3 (L3) of PUbi:N57K-GFP:TNos were selected to
study the localization of these fusion proteins (Table
II). Like the PXa27:XA27-GFP:TXa27 gene in L22, the
PXa27:XA27G-GFP:TXa27 gene in L46 showed weak ex-
pression in uninoculated plants but was induced at
xylem parenchyma cells after inoculation of L46 plants
with PXO99A. However, the induced XA27G-GFP pro-
tein was trapped in xylem parenchyma cells and was
not secreted into the apoplast or xylem vessel (Fig. 3, E
and F). In addition, XA27G-GFP localized to the nu-
cleus, detected by 4#,6-diamidino-2-phenylindole stain-
ing (Supplemental Fig. S1C). Although the expression
of the PUbi:XA27G-GFP:TNos gene in L18G, the PUbi:
N57G-GFP:TNos gene in L5, and the PUbi:N57K-GFP:TNos
gene in L3 was comparable to that of the PUbi:XA27-
GFP:TNos gene in L9 and the PUbi:N57-GFP:TNos gene in
L12 (Fig. 2C; Supplemental Fig. S3), XA27G-GFP,
N57G-GFP, and N57K-GFP failed to localize to the
cell walls of either leaf sheath or root cells (Fig. 7;
Supplemental Fig. S4).

Localization of XA27 to the Apoplast Is Required for
Disease Resistance

The failure of localization of XA27G-GFP to the
apoplast in L18G of PUbi:XA27G-GFP:TNos and in L46 of
PXa27:XA27G-GFP:TXa27 allowed us to ask whether the
proper localization of the fusion protein is required for
its function in conferring disease resistance. Plants
expressing the XA27G-GFP proteins were not resistant
to bacterial blight pathogens (Fig. 2A; Table II). These

Table II. Disease evaluation of selected transgenic lines and wild-type plants to X. oryzae pv oryzae
strains PXO99A and PXO99AME1

Line Genea
Lesion Length (cm) and Disease Scoreb

PXO99A PXO99AME1

IRBB27 Xa27 0.3 6 0.2 (R) 25.4 6 4.7 (S)
Nipponbare xa27(Ni) 14.5 6 4.0 (S) 15.0 6 2.8 (S)
L8 PUbi:GFP:TNos 15.6 6 2.7 (S) 15.6 6 2.6 (S)
L22 PXa27:XA27-GFP:TXa27 0.7 6 0.9 (R) 13.3 6 3.0 (S)
L18F PXa27:XA27-FLAG:TXa27 0.2 6 0.1 (R) 6.3 6 1.7 (MS)
L9 PUbi:XA27-GFP:TNos 0.9 6 1.1 (R) 3.0 6 0.9 (R)
L12 PUbi:N57-GFP:TNos 16.0 6 1.7 (S) 16.6 6 4.4 (S)
L2 PUbi:N37-GFP:TNos 14.3 6 0.4 (S) 15.9 6 3.1 (S)
L5 PUbi:N57G-GFP:TNos 13.3 6 2.8 (S) 14.7 6 1.6 (S)
L3 PUbi:N57K-GFP:TNos 15.0 6 1.7 (S) 15.2 6 0.8 (S)
L18G PUbi:XA27G-GFP:TNos 10.4 6 1.8 (S) 13.9 6 4.2 (S)
L46 PXa27:XA27G-GFP:TXa27 11.6 6 3.2 (S) 14.9 6 4.1 (S)

aFor genes, refer to the genes of interest in the constructs in Table I. xa27(Ni), Susceptible allele of the
Xa27 gene in Nipponbare. bThe lesion length is the average of 16 infected leaves. The SD of the mean
is indicated. MS, Moderately susceptible; R, resistant; S, susceptible.
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results suggest that the localization of XA27 to the
apoplast is required for XA27-mediated disease resis-
tance to X. oryzae pv oryzae. To further test this, we
replaced the triple Arg motif in XA27 with Gly resi-
dues and generated transgenic plants with the PXa27:

XA27G:TXa27 gene (Table I). Sixty-one independent
transgenic lines were obtained, and they all carried
the PXa27:XA27G:TXa27 gene (data not shown). Al-
though the expression of PXa27:XA27G:TXa27 in these
transgenic plants was comparable to that of the wild-

Figure 3. Expression of GFP, XA27-
GFP, and XA27G-GFP in leaf cross
sections of transgenic plants. A, L8 of
PUbi:GFP:TNos at 3 DAI with X. oryzae
pv oryzae PXO99A. B, L9 of PUbi:XA27-
GFP:TNos at 3 DAI with PXO99A. C, L22
of PXa27:XA27-GFP:TXa27. D, L22 at
3 DAI with PXO99A. E, L46 of PXa27:
XA27G-GFP:TXa27. F, L46 at 3 DAI with
PXO99A. M, Mesophyll parenchyma
cells; P, phloem; Ph2, Phase Contrast
2; PX, protoxylem; XV, xylem vessel.
Bars = 20 mm.
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type Xa27 transgene in transgenic line TN8 after
inoculation with PXO99A (Fig. 8B), none of the
XA27G transgenic plants conferred resistance to the
incompatible strain (Fig. 8A).

DISCUSSION

Xa27 is specifically induced by AvrXa27 from in-
compatible pathogens (Gu et al., 2005). In vivo in

IRBB27, the expression of Xa27 is normally tightly
controlled and is not induced by any other biotic and
abiotic stresses (Gu et al., 2005). Nonetheless, we
found that constructs containing the Xa27 promoter
showed constitutive low-level expression in trans-
genic plants. This was true whether the transgenic
plants contained genomic clones of Xa27 under the
control of its native promoter (L.Wu and Z. Yin, unpub-
lished data) or fusion genes under the control of the

Figure 4. Localization of GFP and
XA27-GFP in leaf sheath and root cells
of transgenic plants. A, Leaf sheath
cells of L8 of PUbi:GFP:TNos. B, Leaf
sheath cells of L8 after plasmolysis. C,
Root cells of L8. D, Root cells of L8
after plasmolysis. E, Leaf sheath cells of
L9 of PUbi:XA27-GFP:TNos. F, Leaf
sheath cells of L9 after plasmolysis.
G, Root cells of L9. H, Root cells of L9
after plasmolysis. The nuclei are indi-
cated with white arrowheads. Cell
walls are indicated with magenta ar-
rowheads. Ph2, Phase Contrast 2. Bars =
10 mm.
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Figure 5. Subcellular localization of XA27-FLAG in leaf vascular elements of L18F of PXa27:XA27-FLAG:TXa27 detected by
immunogold electron microscopy. A, Xylem vessel and xylem parenchyma cells of L18F at 3 DAI with X. oryzae pv oryzae
PXO99A. Bar = 1 mm. B, High magnification of the pit area indicated with a box in A. Bar = 0.2 mm. C, Xylem vessel and xylem
parenchyma cells of Nipponbare at 3 DAI with PXO99A. Bar = 1mm.D, Highmagnification of the cell wall between xylem vessel
andxylemparenchymacells indicatedwith abox inC.Bar=0.2mm.E, Electron-dense vesicles in xylemparenchymacells near the
pit betweenxylemvessel and xylemparenchymacells of L18F. Bar = 0.2mm. F,Cellwalls of xylemparenchymacells of L18F. Bar =
0.2mm.G,Xylemvessel and xylemparenchymacells of L18Fat 3DAIwith PXO99A. Bar = 1mm.H,Highmagnification of the area
indicatedwith a box inG.Bar =0.2mm. I,Highmagnification of the pit areabetween twoxylemparenchymacells indicatedwith a
box in G. Bar = 0.2 mm. J, Xylem vessel and xylem parenchyma cells of L18F at 3 DAI with PXO99A. Bar = 2 mm. K, High
magnification of the pit area between xylem vessel and xylem parenchyma cells indicatedwith a box in J. Bar = 0.2 mm. L, Xylem
vessel and cell wall of xylemparenchyma cells of L18Fat 3DAIwith PXO99A. Bar = 0.2mm. Samples in A and Bwere probedwith
preimmune serum. Samples in C to Lwere detectedwith anti-FLAGmonoclonal antibody. The immune reactionwas labeledwith
10-nm (A–F, J–L) or 15-nm (G–I) gold-conjugated goat anti-mouse IgG antibody. Gold particles are indicated by arrowheads. B,
Bacteria; CW, cell wall; P, pit; PC, xylem parenchyma cell; V, vesicle; VW, vessel wall; XV, xylem vessel.
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Xa27 promoter. We speculate that the Xa27 promoter is
sensitive to its position on the rice chromosome and
that the constitutive expression might be due to a
position effect on the transgenes in rice chromosomes.
Leaky expression of XA27 or its functional deriva-

tives was found to provide enhanced resistance to
compatible pathogen strains. This resistance was dos-
age dependent. In this study, we selected transgenic

lines that retained resistance specificity to incompati-
ble pathogens. The transgenes in these lines were
inducible by AvrXa27. We believe that these lines are
suitable for determining the localization of XA27 or its
fusion proteins, because these fusion proteins confer
resistance to the pathogen, indicating their function-
ality. In addition, the localization of XA27-GFP to the
cell walls of leaf sheath and root cells in L22 of PXa27:

Figure 6. Localization of N57-GFPand
N37-GFP in leaf sheath and root cells
of transgenic plants. A, Leaf sheath
cells of L12 of PUbi:N57-GFP:TNos. B,
Leaf sheath cells of L12 after plasmol-
ysis. C, Root cells of L12. D, Root cells
of L12 after plasmolysis. E, Leaf sheath
cells of L2 of PUbi:N37-GFP:TNos. F,
Leaf sheath cells of L2 after plasmoly-
sis. G, Root cells of L2. H, Root cells of
L2 after plasmolysis. The nuclei are
indicated with white arrowheads. Cell
walls are indicated with magenta ar-
rowheads. Ph2, Phase Contrast 2. Bars =
10 mm.
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XA27-GFP:TXa27 and in L9 of PUbi:XA27-GFP:TNos gave
similar results, which indicates that subcellular local-
ization of XA27-GFP is determined by the nature of the
protein. In this case, the localization cannot be ex-
plained by any tissue specificity in transgene expres-
sion due to the promoter.

The apoplast is the extraprotoplastic matrix of plant
cells, consisting of all compartments from the external
face of the plasmalemma to the cell wall (Dietz, 1997).
The apoplast provides a physical barrier against path-
ogen attack. It also plays an important role in signaling
and defense during plant-pathogen interaction,
through the presence of several extracellular enzymes
and proteins located in the apoplast or associated with
the cell wall (Dietz, 1997; Edreva, 2005; Huckelhoven,
2007). X. oryzae pv oryzae is a vascular pathogen that
enters the rice leaf typically through hydathodes at the
leaf tip and leaf margin. It multiplies in the intercel-
lular spaces of the underlying epitheme and thereafter
moves to the xylem vessels to cause systemic infection
(Noda and Kaku, 1999). The bacteria rely on a type III
secretion system to inject virulence effectors into xy-
lem parenchyma cells, probably through the pits be-
tween xylem vessels and xylem parenchyma cells.
Xylem vessels consist of giant intercellular spaces and
form a special apoplast structure. Therefore, the local
resistance at xylem parenchyma cells and xylem ves-
sels is important for rice to counterattack the vascular
pathogen. For example, the increase in peroxidase
activity in extracellular spaces and the accumulation of
cationic peroxidase in xylem vessels have been de-
tected during interactions of rice and X. oryzae pv

oryzae, especially during incompatible interactions
(Reimers et al., 1992; Young et al., 1995; Hilaire et al.,
2001).

Although the biochemical function of XA27 remains
to be determined, its localization to xylem vessels may
contribute to local resistance to the pathogen at the
infection site. XA27 appears to be secreted to the
lumina of xylem vessels through the pits between
xylem vessels and xylem parenchyma cells. Since
xylem parenchyma cells were not suitable for plas-
molysis and analysis by confocal microscopy, the
localization of XA27-GFP and its derivatives to the
apoplast was examined in the leaf sheath cells and in
roots of transgenic plants. As the extracellular space or
apoplast of leaf sheath cells and root cells is limited,
compared with that of xylem vessels, the secreted
XA27-GFP protein mainly localizes to the cell wall in
these cases. This suggests an extracellular or apo-
plastic localization of XA27.

Although we lack the means to detect the location of
the endogenous XA27 protein, our studies indicate
that XA27-FLAG and XA27-GFP proteins localized to
the apoplast. XA27 might be secreted to the apoplast
by exocytosis, as XA27-FLAG was detected in both
cytoplasmic electron-dense vesicles and in the apo-
plast. The signal-anchor-like sequence of XA27 con-
tains a triple Arg motif, which appears to be essential
for both its localization and function. Mutation of this
sequence abolished XA27 localization and impaired its
ability to confer disease resistance. Similar Arg motifs
are also found in the signal peptides of proteins
translocated through the twin Arg translocation (Tat)

Figure 7. Localization of XA27G-GFP
in leaf sheath and root cells of L18G of
PUbi:XA27G-GFP:TNos. A, Leaf sheath
cells. B, Leaf sheath cells after plas-
molysis. C, Root cells. D, Root cells
after plasmolysis. The nuclei are indi-
cated with white arrowheads. Cell
walls are indicated with magenta ar-
rowheads. Ph2, Phase Contrast 2. Bars =
10 mm.
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pathway (Robinson and Bolhuis, 2004; Muller and
Klosgen, 2005). The Tat pathway is responsible for the
export of folded proteins across the cytoplasmic
membrane of bacteria or thylakoid membranes of
chloroplast in higher plants. Protein transported by
the Tat pathway possesses a cleavable signal peptide
harboring a twin Arg consensus motif (Robinson and
Bolhuis, 2004). The only exception is the Rieske protein
from Paracoccus denitrificans, which depends on an
uncleavable N-terminal Tat signal sequence to anchor
it to the cytoplasmic membrane (Bachmann et al.,
2006). However, we failed to identify a Tat signal
sequence at the N-terminal region of XA27 with the Tat
signal prediction server TatP 1.0 (http://www.cbs.dtu.
dk/services/TatP/; data not shown).
In conclusion, we have found that the inducible R

protein XA27 localizes to the apoplast. This localiza-
tion depends on a signal-anchor-like sequence at the
N-terminal region of XA27 and is required for XA27-
mediated resistance to X. oryzae pv oryzae. The iden-
tification of XA27 localization to the apoplast and its

localization signal will facilitate further characteriza-
tion of the biochemical function of the R protein.

MATERIALS AND METHODS

Constructs

The constructs used in this study (Table I) were made based on binary

vectors pC1300 or pC1305.1 and verified by DNA sequencing. The XA27-GFP

fusion gene was generated by PCR with the Xa27 coding region amplified

from NA5.2 (Gu et al., 2005) and the GFP coding region amplified from

pSSZ41 (Kolesnik et al., 2004). The fused PCR products were cloned into

pC1305.1 to generate pCXA27GFP. The PstI fragment of the maize (Zea mays)

ubiquitin promoter from pSSZ41 was inserted 5# of the XA27-GFP fusion gene

in pCXA27GFP to generate pCUXA27GFP. A fragment containing a partial

XA27-GFP fusion gene was amplified from pCUXA27GFP and cloned into the

SacI site of NA5.2 to generate pC27XA27GFP. The XA27-FLAG fusion gene

was generated by PCR and cloned into the SpeI and SacI sites of NA5.2 to

generate pC27XA27FLAG. TheN57-GFP fusion gene was generated by fusing

the 5# coding region of Xa27, encoding the first 57 amino acid residues, with

the GFP gene. The fusion gene was used to replace XA27-GFP in pCUX-

A27GFP to generate pCUN57GFP. Similar methods were used to produce

pCUN37GFP, in which the N-terminal 37 amino acid residues of XA27 were

fused with GFP. The triple Arg residues in XA27 (residues 27–29) were

Figure 8. Disease evaluation of trans-
genic PXa27:XA27G:TXa27 plants to X.
oryzae pv oryzae PXO99A and trans-
gene expression after inoculation. A,
Lesion length of bacterial blight on
transgenic PXa27:XA27G:TXa27 plants at
14 DAI with PXO99A. Lesion lengths
are average values from 16 inoculated
leaves with SD. B, Expression of PXa27:
XA27G:TXa27 in different transgenic
plants (T-2, T-6, T-8, and T-13) at 3
DAI with PXO99A. Ni, Nipponbare;
TN8, Xa27 transgenic line in the Nip-
ponbare background (Gu et al., 2005).
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replaced with triple Gly residues by PCR. The mutated Xa27 gene was used to

replace wild-type Xa27 in NA5.2 to generate pC27XA27G. The mutated Xa27

gene was tagged with GFP to give XA27G-GFP. This XA27G-GFP fusion gene

was used to replace XA27-GFP in pCUXA27GFP and pC27XA27GFP to

produce pCUXA27GGFP and pC27XA27GGFP, respectively. Similar methods

were used to generate constructs pCUN57GGFP and pCUN57KGFP, in which

the triple Arg residues in the N57-GFP fusion gene in pCUN57GFP were

replaced with Gly and Lys residues, respectively.

Plant Material and Growth Conditions

Rice (Oryza sativa) IRBB27 is a near-isogenic line of Xa27 in the IR24

background (Gu et al., 2004; Table I). Nipponbare is a japonica variety carrying

a susceptible Xa27 allele [xa27(Ni); Table I]. TN8 is an Xa27 transgenic line in

the Nipponbare background carrying an Xa27 genomic subclone of the PstI

fragment (Gu et al., 2005; Table I). All rice plants, including those inoculated

with Xanthomonas oryzae pv oryzae strains, were grown in a greenhouse at

temperatures ranging from 32�C during the day to 26�C at night, relative

humidity averaged 85%, and the photoperiod was 12 to 13 h.

Rice Transformation

Agrobacterium tumefaciens-mediated transformation of Nipponbare rice

was carried out as described previously (Yin and Wang, 2000).

Bacterial Blight Inoculation and Disease Scoring

The X. oryzae pv oryzae strains were cultured on PSA medium (10 g L21

peptone, 10 g L21 Suc, 1 g L21 Glu, and 16 g L21 bacto-agar, pH 7.0) for 2 to 3 d

at 28�C. Bacteria were collected and suspended in sterile water at an optical

density of 0.5 at 600 nm. Bacterial blight inoculation was carried out using the

leaf-clipping method (Kauffman et al., 1973). The disease symptoms were

scored according to the criteria described previously (Gu et al., 2004).

Confocal Laser Scanning Microscopy

GFP fluorescence in transgenic plants was examined on the cells of leaves,

leaf sheaths, and roots. Leaves of inoculated or uninoculated plants were

manually and transversely sectioned with a surgical blade (no. 10). Leaf

sheath sections of about 3 3 3 mm2 and root tips of about 1 cm long were cut

from 10-d-old plants. Samples were mounted in water for examination and

photography. Plasmolysis was induced on leaf sheath or root cells by incu-

bating the samples in 10% (w/v) mannitol solution for 1 h and mounting in

the same solution for examination. Samples were examined for GFP fluores-

cence with a confocal microscope (Zeiss LSM 510META) using the excitation/

emission combination of 488/505 to 530 nm band pass. The bright-field image

was taken simultaneously using Phase Contrast 2 optics.

RNA Gel-Blot Analysis

Total RNA was isolated from rice leaves using the RNeasy Plant Mini Kit

(Qiagen) according to themanufacturer’s instructions. About 20mg of total RNA

was loaded in each lane for RNA gel-blot analysis. The RNA loading was

assessed by staining RNA blots with methylene blue or hybridizing RNA blots

with the rice Ubiquitin2 gene (Ubi). DNA probes were labeled with [32P]dCTP

using the Rediprime II random prime labeling system (AmershamBiosciences).

Western-Blot Analysis

About 20 mg of total proteins from transgenic plants was separated on 12%

SDS polyacrylamide gels followed by blotting onto nitrocellulose membranes.

XA27-FLAG proteins were detected with an anti-FLAG-M2 monoclonal

antibody (Sigma) and horseradish peroxidase-coupled secondary antibody

(Bio-Rad).

Immunogold Electron Microscopy

Immunogold electron microscopy was carried out according to the proce-

dure described previously (Chye et al., 1999). Leaf cross sections of about

3 mm in length were fixed in a solution of 0.5% glutaraldehyde and 2%

paraformaldehyde in 0.1 M phosphate buffer for 4 h under vacuum. Specimens

were washed with 50 mM phosphate buffer for 45 min. After dehydration in a

graded ethanol series, specimens were infiltrated in LRWhite resin (EMS) and

embedded in gelatin capsules. Specimens were sectioned at 80 nm using a

Leica Ultracut microtome and mounted on Formvar-coated slotted grids.

XA27-FLAG proteins were detected with anti-FLAG monoclonal antibody

(Sigma) followed by labeling with 10- or 15-nm gold-conjugated goat anti-

mouse IgG antibody (EMS). Mouse preimmune serum was used to substitute

anti-FLAG monoclonal antibody in control experiments. Samples on grids

were further stained with 2% uranyl acetate and 1% lead citrate. Samples were

examined with a transmission electron microscope (JEM-1230; JEOL) operat-

ing at 120 kV and photographed with a digital microphotography system

(Gatan).

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

libraries under accession number AAY54164.

Supplemental Data

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

Supplemental Figure S1. Localization of GFP, XA27-GFP, and XA27G-GFP

in leaf sheath cells of transgenic plants and 4#,6-diamidino-2-phenyl-

indole staining of nuclei.

Supplemental Figure S2. Localization of XA27-GFP in leaf sheath and root

cells of L22 of PXa27:XA27-GFP:TXa27.

Supplemental Figure S3. Transgene expression in GFP-tagged lines.

Supplemental Figure S4. Localization of N57G-GFP andN57K-GFP in leaf

sheath and root cells of transgenic plants.

Supplemental Protocol S1. 4#,6-Diamidino-2-phenylindole staining and

GFP fluorescence.
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