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Abstract

Citrus canker, caused by Xanthomonas citri subsp. citri (Xcc), is one of the most destructive diseases of citrus. Progress of
breeding citrus canker-resistant varieties is modest due to limited resistant germplasm resources and lack of candidate
genes for genetic manipulation. The objective of this study is to establish a novel heterologous pathosystem between Xcc
and the well-established model plant Arabidopsis thaliana for defense mechanism dissection and resistance gene
identification. Our results indicate that Xcc bacteria neither grow nor decline in Arabidopsis, but induce multiple defense
responses including callose deposition, reactive oxygen species and salicylic aicd (SA) production, and defense gene
expression, indicating that Xcc activates non-host resistance in Arabidopsis. Moreover, Xcc-induced defense gene expression
is suppressed or attenuated in several well-characterized SA signaling mutants including eds1, pad4, eds5, sid2, and nprl.
Interestingly, resistance to Xcc is compromised only in eds1, pad4, and eds5, but not in sid2 and npri. However, combining
sid2 and npr1 in the sid2npr1 double mutant compromises resistance to Xcc, suggesting genetic interactions likely exist
between SID2 and NPRI1 in the non-host resistance against Xcc in Arabidopsis. These results demonstrate that the SA
signaling pathway plays a critical role in regulating non-host defense against Xcc in Arabidopsis and suggest that the SA
signaling pathway genes may hold great potential for breeding citrus canker-resistant varieties through modern gene

transfer technology.
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Introduction

Citrus canker is a devastating leaf, stem, and fruit spotting
disease affecting many important citrus species such as grapefruit
(Citrus  paradisis Mact.), certain sweet oranges (C. sinensis (L.)
Osbeck), Key lime (C. aurantifolia Swingle), and lemons (C. limon
(L) Burm. F.) [1]. It is caused by the bacterial pathogen
Xanthomonas citre subsp. citri (Xee) [2]. Although reduced quality
and quantity of fresh and processed fruits have been causing great
economic loss to the citrus industry, no efficient way has been
found to control the disease. Currently, management of citrus
canker largely relies on chemical control and agricultural practices
[2]. Because of the economic and environmental concerns,
developing resistant cultivars perhaps is the best long-term solution
for the management [3]. However, limited resistant scion
germplasm resources and their interfering with the expression of
optimum traits related to fruit quality and production hamper
developing canker-resistant citrus varieties through conventional
breeding approach, not to mention its labor- and time-consuming
characters [4]. In contrast, transgenic approach can quickly
incorporate resistance into citrus without interfering with the
expression of optimum varietal traits. Nevertheless, its accom-
plishment depends on the understanding of the molecular
mechanisms of pathogenesis and the availability of target genes
for manipulation [3]. As a highly heterozygous, polygenic species
with limited genetic resources and a long juvenile period,
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functional analysis of citrus genes related to innate disease
resistance is impaired, which consequently hinders the develop-
ment of canker-resistant citrus cultivars using transgenic approach.
The model plant Arabidopsis thaliana has been shown as a promising
alternative for understanding plant defense mechanisms [5-7].
Transferring molecular technologies including genes involved in
Innate immunity from model plant to crops holds great potential
for genetic improvement. In fact, several studies have already
demonstrated its feasibility in the development of citrus disease
resistant lines [3,8].

In nature, plants are constantly challenged by a diverse range of
microbes. However, for a certain plant species, only a few of these
microbes are pathogenic. Resistance of an entire plant species
against all strains of a pathogen that is able to infect other plant
species is a phenomenon known as non-host resistance and dictates
the most robust form of plant immunity [9]. Despite its great
potential for providing crop plants with durable resistance, plant
defense mechanisms underlying non-host resistance are not
sufficiently understood [10]. Accumulating evidence has indicated
that plant non-host resistance is composed of layers of defense
responses [10-13]. To establish pathogenicity, pathogens need to
enter plant tissue to obtain nutrients and counteract host defense.
Phytopathogenic bacterium like Pseudomonas syringae enters the
internal plant tissue through open stomata or wounds, whereas
some fungal pathogens directly penetrate plant cell wall.
Preformed physical and chemical barriers are thought to constitute
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the primary tranche of non-host defense mechanisms [9]. Several
preformed (wax, cuticle layer, cell wall) and inducible barriers,
such as papilla/callose [12], aliphatic isothiocyanates [14],
indole glucosinolates [15], camalexin [16], and chloroplast-
generated reactive oxygen species (ROS) [17], play important
roles during non-host interactions. Two genes AtGSNORI and
F30GT, related to S-nitrosothiol and anthocyanin biosynthesis,
respectively, are thought important to non-host resistance
[18,19]. Studies on Arabidopsis against non-adapted phytopath-
ogenic fungi barley powdery mildew (Blumeria graminis f.sp. hordez;
Bgh) identified three genes involved in limiting Bgh penetration
through two separate pathways. One involves an exocytosis
pathway controlled by the PENI syntaxin and its working
partners [20,21] and the other requires the PEN2 myrosinase
and the PEN3 ATP-binding cassette transporter [22,23].
Inhibition of the actin skeletal function in combination with
the eds! mutation severely compromises non-host resistance in
Arabidopsis against wheat powdery mildew, which suggests that
actin cytoskeleton is also involved in preinvasion non-host
resistance [24]. Comparative gene expression profiling analyses
revealed the similar defense responses between non-host
resistance and gene-for-gene resistance in Arabidopsis [25,26].
Moreover, among the non-host Pseudomonas bacteria-regulated
genes, approximately 30% of them are also regulated by flg22,
indicating a role of pathogen-associated molecular pattern
(PAMP) signaling in non-host resistance [26]. Species- or
family-level difference in PAMP recognition also suggests its
association with non-host resistance [27-29]. Meanwhile,
pathogen mutants lacking a functional PAMP were shown to
gain at least partial virulence on non-host plants [30,31]. These
results indicate that PAMP recognition is another important
non-host barrier. Furthermore, some genetic components
involved in gene-for-gene host resistance were shown to function
in post-invasive defense. Examples of R genes functioning in
non-host resistance are few [32,33]. However, several signaling
components involved in gene-for-gene resistance have been
identified from various pathosystems. Among them are the
EDS1-PAD4-SAG101 complex [22,23], the HSP90-SGT1-
RARI1 complex [34-37], ADSI1 [38], ARF1 [39], EDR1 [40],
NDR1 [41], HSP70/HSP90 [42-44], and PAD3 [45]. In
addition, a glycerol kinase-encoding gene NHO! is required for
Arabidopsis resistance to heterologous bacterial pathogen P.
syringae pv. phaseolicola and P. syringae pv. tabact [46,47].

Recent genetic and genomic studies also revealed the important
role of salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) for
maintenance of non-host resistance in specific plant-microbe
combinations [10]. Degradation of SA in Arabidopsis salicylate
hydroxylase (NahG) transgenic plants confers susceptibility to the
non-host bacterium P. syringae pv. phaseolicola NPS3121 [46]. Non-
host resistance against the cowpea rust fungus Uromyces vignae
requires accumulation of SA in Arabidopsis [48]. Non-host
resistance of Arabidopsis to Alternaria brassicicola depends on JA,
as cot] mutant is susceptible to fungal infection [49]. Moreover,
tobacco plants impaired in ethylene perception are susceptible to a
variety of soil-borne species in the genus of Pythium [50]. In
another heterologous pathosystem between Arabidopsis and
Phakopsora  pachyrhizi, both SA and JA signaling pathway are
involved [6]. The JA/ET pathway is also activated during non-
host resistance to the hemibiotrophic potato pathogen, Phytophthora
infestans, and the biotroph, Blumeria graminis f.sp. horde: in
Arabidopsis [7]. A recent survey of a panel of Arabidopsis
mutants, involved in gene-for-gene resistance, unveiled that both
SA and JA/ET pathway contribute to post-invasive resistance
against Golovinomyces cichoracearum UMSG1 [51].
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A Novel Arabidopsis-Xcc Non-Host Pathosystem

In this study, we established a novel non-host pathosystem
involving Arabidopsis and an economically important bacterial
pathogen Xcc. By examination of a series of previously identified
Arabidopsis mutants compromised in SA, JA, and ET defense
signaling, several genetic components of the SA signaling pathway
were found to play profound role in the Xe¢c-induced defense gene
expression and the non-host resistance against Xcc in Arabidopsis.
These results suggest that the Arabidopsis-Xce pathosystem is
highly valuable for identifying signaling components that positively
regulate non-host resistance against Xce. The SA signaling
pathway genes pinpointed in this study could potentially be
engineered into citrus to combat canker disease.

Results

Xcc is a non-host pathogen of Arabidopsis

To test whether the citrus canker bacterial pathogen Xe¢c could
cause disease in Arabidopsis, we inoculated Arabidopsis plants
with Xec by syringe infiltration, dip, and spray inoculation
methods. Leaf tissues were collected at different time points after
inoculation to determine the i planta growth of Xec. As shown in
Figures 1A to 1D, syringe-infiltrated Xce did not grow at all during
the course of a relatively long-term (15 days) infection in four
Arabidopsis ecotypes, Columbia (Col-0), Landsberg erecta (Ler),
Wassilewskija (Ws), and RLD. Similar result was observed from
experiments using dip and spray inoculation methods. Bacterial
number remained almost constant during 9 days post-inoculation
(dpi) in both Col-0 and Ler ecotypes (Figures 1E to 1F). We noticed
that physical barriers blocked a large portion of bacteria coated on
the surface of leaves by dip and spray inoculation methods. The
concentration of the bacterial suspensions used for dip and spray
inoculation was 100 fold higher than that used in syringe
infiltration, but bacterial growth was at the same level (dip) as or
less (spray) than that observed in the inoculation by syringe
infiltration (Figures 1E to 1F). Interestingly, the numbers of Xcc
bacteria did not decline during the course of infection, indicating
that Xce is able to survive for a long period of time in Arabidopsis.
Thus, Xec is a non-host pathogen of Arabidopsis. Furthermore, we
did not observe any visible symptoms associated with the infection,
suggesting that Xec may induce type I non-host resistance in
Arabidopsis [10].

Xcc activates a multilayered defense response in
Arabidopsis

The mnvolvement of ROS in both host and non-host response
has been extensively studied [52-55]. To assay the role of ROS in
the Arabidopsis-Xcc interaction, we examined ROS accumulation
by DAB (3,3'-diaminobenzidine tetrahydrochloride) staining and
monitored the dynamic expression of GST1, a marker gene for the
engagement of ROS-dependent defense [56], in Xec-infected
Arabidopsis leaves. In both Col-0 and Ler ecotypes, ROS
accumulation was detected at 4 hours post-inoculation (hpi)
(Figure 2). Further, GSTI expression peaked at 4 hpi, and then
gradually decreased (Figure 3A). Together, these results indicate
that ROS may be a non-host defense component in the
Arabidopsis-Xec  interaction. Moreover, PAMP-induced early
response genes appeared to participate in the non-host defense
response in the Arabidopsis-Xcc pathosystem. Three flg22-
inducible genes, FRKI, NHOI, and WREKY29 [31,57], were
significantly activated by Xec infection (Figures 3B to 3D).
Expression of these genes reached the highest level at 4 hpi and
decreased afterward, except that the expression levels of FRR]
maintained high from 4 to 12 hpi (Figure 3B). To test whether SA
is involved in the non-host interaction between Arabidopsis and

January 2012 | Volume 7 | Issue 1 | e31130



>
W

A Novel Arabidopsis-Xcc Non-Host Pathosystem

Ler

Col-0
5+ 5=
8 3
;-c-_, b 5 3 E 44 5 5 —F—
2 3 8 3
B 2- T 2
= =
g g
0 L] L] L] Ll L] 0 L) L) L} L) 1
0 3 6 9 12 15 0 3 6 9 12 15
day post-inoculation day post-inoculation
C Ws D RLD
5+ 5+
? 8
5 4 -— PREESEEN T 4" - - .
Y N
8 34 3 34
= =
B 2 S 2
= <
8" 2"
0 L] L] L L] L] 0 L] L] L] L L}
0 3 6 9 12 15 0 3 6 9 12 15
day post-inoculation day post-inoculation
di
5 P Ocoko 3+ Spiay
3 i = Ler 3
S 4 = E3 - s | E3 =
® © 24
D 31 2
=~ ~
B 2- B
= e 9
D 14 (=]
9 9
0 T T T 0 T T T
3 6 9 3 6 9

day post-inoculation

day post-inoculation

Figure 1. Xcc does not grow in Arabidopsis. (A) Growth of syringe-infiltrated Xcc in Col-0. (B) Growth of syringe-infiltrated Xcc in Ler. (C) Growth
of syringe-infiltrated Xcc in Ws. (D) Growth of syringe-infiltrated Xcc in RLD. (E) Growth of dip-inoculated Xcc in Col-0 and Ler. (F) Growth of spray-
inoculated Xcc in Col-0 and Ler. Four-week-old plants were inoculated with Xcc. Bacterial suspensions with an ODgqq of 0.002 and 0.02 were used for
syringe infiltration and dip/spray inoculation, respectively. The in planta bacterial titers were determined on day 0, 3, 6,9, 12, and 15 post-inoculation
for syringe infiltration, and on day 3, 6, and 9 post-inoculation for dip and spray inoculation (cfu, colony-forming units). Data represent the mean of
eight independent samples with standard deviation. The experiment was repeated twice with similar results.

doi:10.1371/journal.pone.0031130.g001

Xce, we measured SA levels in Xec-infected leaf tissues. As shown in
Figure 4A, there was a slight increase in free SA levels at 8 hpi,
which may be caused by the infiltration, as free SA levels also
increased slightly in the MgCly-treated leaf tissues. However, total
SA levels in the Xcc-infected leaf tissues increased significantly,
reaching the highest at 24 hpi and staying at the plateau till the
end of the experiment (96 hpi) (Figure 4B). We further tested if Xce
infection could trigger the expression of SA-dependent pathogen-
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esis-related (PR) genes [58]. Compared with the mock treatment
(10 mM MgCly), Xee inoculation induced the expression of PRI,
PR2, and PR5 in Col-0 plants (Figures 5A to 5C). In this specific
interaction, PR2 and PR5 were induced earlier (4-8 hpi) than PR/
(12 hpi), whereas PRI appeared to be induced to a higher level
than PR2 and PR5. These results indicate that the well-defined SA
signaling pathway is activated during the Arabidopsis-Xce
interaction.
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Figure 2. Xcc induces ROS accumulation in Arabidopsis. Four-
week-old Arabidopsis plants were syringe-infiltrated with Xcc
(ODgpo=0.02) or mock control (10 mM MgCl,). At 4 hpi, infiltrated
leaves were excised and stained with DAB (3,3’-diaminobenzidine
tetrahydrochloride). The presence of ROS (mainly hydrogen peroxide)
caused polymerization of DAB, yielding a reddish-brown color. Tissue
was examined under a Leica MELJI scope. Representative images shown
here came from 24 leaves from 12 independent plants. Bars represent
1 cm and 1 mm in images magnified 0.7 and 4 folds, respectively.
doi:10.1371/journal.pone.0031130.9g002

Non-host resistance to Xcc is compromised in several SA
signaling mutants

To reveal whether the SA signaling pathway contributes to the
non-host resistance against Xcc in Arabidopsis, we quantified the
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growth of Xcc in a series of single or double mutants related to SA
signaling (nprl, edsl, eds5, sid2, pad4, ndrl, edsdnprl, and sid2nprl). A
JA signaling mutant (jar/), an ET signaling mutant (ein2), a
camalexin mutant (pad5), and the non-host defense mutant, nhol,
which was identified in the Arabidopsis-Pseudomonas syringae pv.
phaseolicola  interaction [46,47], were also included in the
experiment. As shown in Figure 6, Xcc did not grow in npri,
sid2, pad3, ndrl, em?2, and jarl, but had a significant growth (~5
fold) in nhol, edsl, eds5, and pad4. Interestingly, there was a
significant growth of Xe¢c in the double mutant sid2nprl, though Xce
did not grow in either npr! or sid2 single mutant. The growth of
Xce in edsdnprl was also higher than in the eds5 single mutant.
These results suggest that NPR/ may genetically interact with SID2
and EDS5 in regulating non-host resistance against Xec in
Arabidopsis. More importantly, all mutants except nfol with
enhanced susceptibility to Xc are related to SA signaling,
demonstrating that the SA signaling pathway plays an important
role in the non-host resistance against Xcc in Arabidopsis.

Xcc-induced callose deposition is not altered in the SA
signaling mutants

To characterize if callose deposition contributes to the
susceptibility of the SA signaling mutants to Xee, callose staining
was performed on Xce-infected Arabidopsis leaves. After fixation,
rehydration, and washing, translucent leaves were stained with
aniline blue and examined by epifluorescent illumination.
Consistent with the observation that mutations of sid2, encoding
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Figure 3. Xccactivates both ROS- and flg22-inducible early response genes in Arabidopsis. (A) Expression of GST1. (B) Expression of FRK1.
(C) Expression of NHO1. (D) Expression of WRKY29. Four-week-old Col-0 plants were inoculated with Xcc (ODggo=0.02) or mock-treated with 10 mM
MgCl,. Leaf samples were collected at different time points (0, 4, 8, 12, and 24 hpi) for total RNA isolation and gene expression analysis using RT-
qPCR. Expression levels were normalized against constitutively expressed UBQ5. GST1 is a marker gene for the engagement of ROS-dependent
defense. FRK1, NHO1, and WRKY29 are flg22-inducible genes. Data represent the mean of three biological replicates with standard deviation. The

experiment was repeated twice with similar results.
doi:10.1371/journal.pone.0031130.g003
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Figure 4. Xccinduces SA production in Arabidopsis. (A) Free SA
levels. (B) Total SA (SA+SAG) levels. Leaves of wild-type Col-0 plants
were inoculated with Xcc (ODgpo =0.02) or treated with 10 mM MgCl,.
The inoculated leaves were collected at different time points (0, 4, 8, 16,
24, 48,72, and 96 hpi) for SA measurement by HPLC. Data represent the
mean of four independent samples with standard deviation. The
experiment was repeated twice with similar results.
doi:10.1371/journal.pone.0031130.g004

the SA biosynthesis gene [GSI [59], had no effect on callose
production [60,61], callose deposition was induced by Xec
infection in all the SA signaling mutants susceptible to Xce
(Figure 7), indicating that the SA signaling pathway is not required
for Xcc-induced callose deposition. Moreover, no quantitative
differences in callose deposition were detected among the mutants
and the wild-type plants. Therefore, callose deposition did not
contribute to the observed susceptibility of the SA signaling
mutants to Xcc.

Xcc-induced expression of early defense-response genes
is decreased in the SA signaling mutants

PAMP detection is an important component of non-host
resistance in plants and serves as an early warning system for
the presence of potential pathogens [31,62]. Similarly, oxidative
burst is another quick defense response after both host and non-
host pathogen recognition [17]. To determine whether PAMP- or
ROS-dependent early responses contribute to the observed
susceptibility of the SA signaling mutants to Xcc, we compared
the expression levels of GST1, FRK1, NHOI, and WRKY29 after
Xce infection [31,56,57]. Expression levels of the four genes were
generally lower in the SA signaling mutants than in the wild-type
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Figure 5. Xcc induces PR gene expression in Arabidopsis. (A)
Expression of PRI1. (B) Expression of PR2. (C) Expression of PR5. Four-
week-old Col-0 leaves were inoculated with Xcc (ODggo=0.02) or mock-
treated with 10 mM MgCl,. Leaf samples were collected at different
time points (0, 4, 8, 12, and 24 hpi) for total RNA isolation and gene
expression analysis using RT-gPCR. Expression levels were normalized
against constitutively expressed UBQ5. Data represent the mean of
three biological replicates with standard deviation. The experiment was
repeated twice with similar results.
doi:10.1371/journal.pone.0031130.9005

plants (Figure 8). The non-host defense mutation nf0! only slightly
lowered the expression of GST1, NHOI, and WRKY29 at 8 hpi
(Figures 81, 8] and 8L). Although npr/ and sid2 did not allow Xce
growth, expression of the four genes was similarly inhibited in npr/
and sid2 as in other susceptible SA signaling mutants.
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Figure 6. Growth of Xcc in several Arabidopsis SA, JA, and ET singling mutants. Leaves of four-week-old plants were inoculated with Xcc
(ODgoo=0.002). The in planta bacterial titers were determined immediately (day 0) or on day 5 post-inoculation (cfu, colony-forming units). Data
represent the mean of eight independent samples with standard deviation. Xcc grew significantly more in eds5, pad4, nhol, eds5npr1, and sid2npr1
than in the wild-type Col-0 plants (*P<0.01, 0.001, 0.001, 0.001, and 0.05, respectively). Similarly, Xcc grew significantly more in eds7 than in the wild-
type Ler plants (*P<<0.01). The experiment was repeated three times with similar results.

doi:10.1371/journal.pone.0031130.g006

Xcc-induced PR gene expression is suppressed in the SA
signaling mutants

In Arabidopsis, PR gene expression is not only tightly correlated
with resistance to host pathogens [58], but also related to non-host
resistance [5,46]. The finding that Xcc induces SA-dependent
defense response prompted us to test how Xce-induced PR gene
expression is regulated in the SA signaling mutants susceptible to
Xce. Gene expression analysis revealed that Xec-induced PR gene
expression was significantly suppressed in the three susceptible
single mutants (eds!, eds), and pad4) and the two susceptible double
mutants (edsonprl and sid2nprl) (Figure 9). Although Xce-induced
PR gene expression was impaired in npr! and sid2 (Figures 9A to
9C), both nprl and sid2 were not more susceptible to Xce than wild
type. Xee-induced PR gene expression in nkhol was also decreased,
but to a much lesser extent compared with that in the SA signaling
mutants (Figures 9G to 9I).

Discussion

Resistance of an entire plant species to all isolates of a
microbial species is referred to as non-host resistance [9]. It is
thought to comprise a variety of distinct mechanisms involved in
layers of diverse processes [11]. More complicatedly, non-host
resistance varies among different pathosystems [63]. In the
present study, we elected to employ Arabidopsis thaliana as a
model for understanding non-host resistance to the economi-
cally important bacterial pathogen Xcc, which causes canker
disease to several citrus species. On the challenging road to
disease, presence of preformed barriers is the first line of plant
defense, which include cell wall, antimicrobial enzymes, and
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secondary metabolites [9,64,65]. When a non-host pathogen
manages to overcome constitutive defensive layers, it becomes
subject to the recognition at the plasma membrane of the plant
cells. Elicitors released by host or non-host pathogens can
activate PAMP recognition with the involvement of leucine-rich
repeat (LRR)-receptor kinases and a MAP kinase cascade,
which eventually leads to basal resistance [57,66]. Inducible
defense responses in non-host plants also include synthesis and
accumulation of ROS, papillary callose, and phytoalexins, with
or without formation of the hypersensitive response (HR) [67].
The last option of the obstacles to the non-host pathogen is the
resistance mediated by independently and simultaneously
activating pairs of pathogen avr and plant R gene i.e. gene-for-
gene resistance [13]. Therefore, similar defense mechanisms
exist between host and non-host interactions [25,26]. Here, we
showed that Xecc could also activate multilayered defense
responses in Arabidopsis, which include ROS induction
(Figures 2 and 3A), callose deposition (Figure 7), and PAMP-
and SA-induced defense gene expression (Figures 3 and 5). The
involvement of ROS in non-host response has been found in
plant-pathogen systems [52-55]. However, ROS
production does not always lead to HR. Several lines of
evidence from various plant species suggest that the sources of
ROS are different during non-host response and during the HR,
but these sources may interact with each other [68-70].
Interaction between Arabidopsis and Xcc induces ROS produc-
tion (Figure 2), but not visible HR. Similar response was found
in the interaction between Arabidopsis and the soybean
pathogen Pseudomonas syringae pv. glycinea or the bean pathogen
P. syringae pv. phaseolicola [5]. Nevertheless, several species of

various
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with Xcc (ODgpp=0.2) or mock-treated with 10 mM MgCl,. At 9 and 15 hpi, inoculated leaves were excised and stained with aniline blue.
Fluorescence was observed using an Olympus BH-2 epifluorescent microscope. No significant differences were detected among wild type (Col-0 and
Ler) and the mutant plants. Representative images shown here came from 24 leaves from 12 independent plants. Bars represent 100 um.

doi:10.1371/journal.pone.0031130.g007

pathogens from genus Xanthomonas cause type II (with HR) non-
host resistance in different hetergologous interactions [10]. The
deposition of a linear B-1,3-glucan polymer, callose, in response
to pathogen attacking/wounding stresses is a basic defense
mechanism that enables the plant to arrest pathogen prolifer-
ation by reinforcing the cell wall [71-74]. During the non-host
interaction between Arabidopsis and Xec, we found that callose
is strongly induced (Figure 7). However, as a general response to
bio/abiotic stresses, callose itself is just one component of
multilayered non-host defense mechanism and needs coordina-
tion with others [12,75]. No difference in callsoe deposition was
observed between Xcc susceptible SA signaling mutants and
wild-type plants. It is thus unclear whether callose deposition

@ PLoS ONE | www.plosone.org

contributes to the non-host resistance to Xcc¢ in Arabidopsis.
Previous studies have established that PMAP-triggered defense
response plays an important role in non-host resistance [31,67].
Three flg22-inducible genes, FRKI1, NHOI, and WRK129, were
a group of early response genes induced by Xec (Figures 3B to
3D), suggesting an important role of flagellin-induced innate
immunity in this pathosystem. Another component of the
multilayered defense barriers of the non-host Arabidopsis plant
to Xec is the SA-mediated defense response with the activation of
PR genes (Figures 4 and 5). Infection of Arabidopsis plants with
P. syringae pv. phaseolicola NPS3121 induces SA accumulation and
non-host resistance [76]. In contrast, removal of SA by a NahG
transgene confers susceptibility to the same non-host pathogen
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doi:10.1371/journal.pone.0031130.9g008

[46]. In addition, induction of PR genes upon infection of
different non-host pathogens has been found in multiple plant
species [5,12,41,46,77]. Therefore, it seems clear that SA
signaling is involved in non-host resistance. However, there is

@ PLoS ONE | www.plosone.org

an observation suggesting that catechol (degradation product of
SA), instead of SA, is responsible for the loss of non-host
resistance in Arabidopsis NahG plants due to the resistant
phenotype of several mutants with defects in SA signaling [76].
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repeated twice with similar results.
doi:10.1371/journal.pone.0031130.9g009

This divergence may be explained by variations of pathogen
growth experiments and different criteria for non-host resis-
tance/susceptibility among laboratories.

To determine if the known SA-dependent and/or JA/ET-
dependent signaling pathway are involved in non-host resistance
of Arabidopsis against Xce, a group of Arabidopsis mutants that are
impaired in SA or JA/ET signaling were employed for bacterial
growth examination. In addition to EDS1 and PAD4, two
components of the EDSI-PAD4-SAGI101 signaling complex,
which have been revealed to function in SA-mediated non-host
resistance in multiple pathosystems [22,23], non-host resistance
against Xcc was abolished in the absence of a functional EDS5 in
Arabidopsis (Figure 6). Unlike previous reports, we did not observe
Xce growth in mutant jarl [48], em2 [78], npri (48], pad3 [45], ndr]
[41], and sid2 [48,51], which provided another line of evidence
that the mechanisms of non-host resistance vary among pathosys-
tems [25]. Interestingly, mutation of npr! or sid2 alone does not
confer susceptibility to Xec; however, combining both mutations

@ PLoS ONE | www.plosone.org

together compromises non-host resistance to Xec in the double
mutant sid2nprl (Figure 6). This result reveled an undefined
interaction between NPRI and SID2 in the non-host resistance
against Xcc. Similarly, NPRI may also interact with £DS) in the
Arabidopsis-Xce pathosystem, since the double mutant edsdnpr! is
more susceptible to Xee than edsd (Figure 6). Thus, NPRI, a master
regulator of multiple immune responses, may also play an
important role in non-host resistance wia either direct [48] or
indirect ways (as shown here).

In the Xec susceptible SA signaling mutants, induction of both
early response genes (ROS- and flg22-inducible) and PR genes is
inhibited in response to Xcc infection (Figures 8 and 9). However,
decreased expression of these defense readouts in certain mutants
such as nprl and sid2 does not constitute susceptibility to Xec
(Figure 6). Furthermore, no difference in the expression of the
defense genes was found between sid2 or nprl and the susceptible
double mutant sid2npri (Figures 8 and 9). Similarly, although
edsSnprl 1s more susceptible to Xec than edsd and nprl, induction of
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the defense genes is comparable in all three mutants (Figures 8 and
9). Clearly, non-host resistance against Xcc is determined by the
interaction of multiple defense mechanisms. Although some
mutations could suppress certain Xce-induced defense readouts,
whether they could promote Xec growth depends on their position
in the complex defense network [5]. We identified EDSI, EDS),
PAD4, and NHO! as crucial components in the interaction of
Arabidopsis and Xce. Mutations in any of these genes lead to Xec
growth in Arabidopsis. In contrast, other genes, like NPR/ and
SID2, may genetically interact with each other in non-host
resistance against Xce.

In this study, we characterized a novel non-host pathosystem
involving Arabidopsis and the citrus canker-causing bacterial
pathogen Xcc. Using genetic and molecular analysis, we obtained
an overview of the multilayered defense responses associated with
the non-host resistance against Xcc in Arabidopsis. The pathosys-
tem described here not only offered an excellent tool for improving
our understanding of non-host defense response but also shed light
on developing disease-resistant citrus varieties by transferring
defense knowledge from model plants. The feasibility of this
strategy has been proved by a recent study showing that
overexpression of the Arabidopsis NPRI gene in citrus increases
resistance to citrus canker [3]. Using non-host resistance for crop
improvement has attracted much attention because this form of
immunity is durable and can provide protection against all isolates
of a pathogen species [63]. An excellent example is that a non-host
wheat stripe rust resistance gene 179 from rye played a very
important role in controlling wheat stripe rust worldwide for a long
time [79,80]. Genes revealed to play important role in the non-
host interaction between Arabidopsis and Xec hold great potential
for breeding canker-resistant citrus varieties through modern gene
transfer technology.

Materials and Methods

Plant materials, growth, and pathogen infection

The wild-type plants used were Arabidopsis thaliana (L.) Heynh.
Columbia (Col-0), Landsberg erecta (Ler), Wassilewskija (Ws), and
RLD ecotypes, and the mutant alleles used were npri-1 [81], eds1-2
[82], edso-1 [83], sid2-1 [84], pad3-1 [85], pad4-1 [86], ndrl-1 [87],
em2-2 (88], and jarl-1 [89]. Two double mutants, edsdnprl and
sid2nprl, were generated by crossing nprl-1 with eds5-1 and sid2-1,
respectively. The nkhol mutant seeds were obtained from the
Arabidopsis Biological Resource Center (ABRC) (SALK_067205)
[46,47], and homozygous T-DNA insertion plants were identified
by PCR. All mutants are in Col-0 genetic background except eds/-
2, which is in Ler background. Plants were grown in Metromix
MVP soil (Bellevue, WA) under a 16 hr light/8 hr dark
photoperiod at ~22°C. Four-week-old plants were inoculated
with Xce strain 306 by syringe infiltration [90], dip or spray
inoculation [91]. For dip and spray inoculation, plants were kept
at high humidity by a plastic dome for two days. After inoculation,
eight leaves were collected from different plants at each time point
for each genotype to determine i planta growth of Xce.

Bacterial culture

The citrus canker causative bacterium Xec strain 306 was
obtained from Dr. James Graham (Citrus Research and Education
Center, University of Florida) [92]. The bacteria were streaked
from a glycerol stock onto Nutrient Broth (NB)-agar plate
containing 20 pg/ml rifampin. After cultured at 30°C for two
days, a single colony was picked up and cultured overnight in
3 mL liquid NB/rifampin at 30°C with a rotational speed of
220 rpm. For syringe infiltration inoculation, the 3 mL overnight
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culture was directly used. For dip and spray inoculation, the 3 mL
overnight was added to 500 mL liquid medium and further
cultured overnight. Bacterial cells were spun down and the pellet
was resuspended in 10 mM MgCl, to desired ODgg values for
different experiments: 0.002 for syringe infiltration inoculation,
0.02 for gene expression, SA quantification, and ROS staining,
and 0.2 for dip and spray inoculation and callose staining.

ROS and callose staining

Four-week-old plants were syringe-infiltrated with a suspension
of Xcc bacteria or mock control (10 mM MgCl,). Twenty-four
leaves from 12 plants were used for both staining purposes. DAB
(3,3'-diaminobenzidine tetrahydrochloride) staining for ROS
(mainly hydrogen peroxide) was reported elsewhere [93]. Leaf
samples were excised at 4 hpi for DAB staining and destained leaf
samples were examined for reddish-brown coloration under a
Leica MEIJI scope (Wetzlar, Germany). For callose staining, leaf
samples were collected at 9 and 15 hpi, fixed in 3:1 ethanol-to-
glacial acetic acid under brief vacuum and then on a shaker with
several changes of fixative until leaves appeared slightly translu-
cent. Then the leaf samples were rehydrated sequentially in 70%
and 50% ethanol solution each for over two hours. After washing
twice with water, the leaf samples were left in water overnight on a
shaker. The leaf samples were then incubated in 150 mM
KyHPO, (pH 9.5) solution containing 0.01% aniline blue for
over four hours [94]. The leaf samples were mounted on slides
with 50% glycerol and detected with an Olympus BH-2
epifluorescent microscope (Shinjuku, Tokyo, Japan) under UV
illumination with broadband DAP filter set (excitation filter
390 nm, dichroic mirror 420 nm, emission filter 460 nm).

RNA extraction and real-time quantitative PCR analysis
We used syringe infiltration as bacterial inoculation method for
gene expression analyses. RNA extraction followed the protocol
described previously [95]. Briefly, 100 mg leaf tissues infected with
Xce were ground to fine powders in liquid nitrogen with a Spex
SamplePrep 2000 Geno/Grinder (OPS Diagnostics, Lebanon, NJ)
and extracted with 80°C pre-warmed water-saturated phenol and
RAPD buffer (100 mM LiCl, 100 mM Tris pH 8.0, 100 mM
EDTA, and 1% SDS). The aqueous phase was extracted with
chloroform, and the resulting aqueous phase was precipitated with
ethanol at —80°C for one hour. RNA was pelleted by
centrifugation, washed once with 80% ethanol, dried on ice, and
suspended in 40 ul DEPC-treated water. RNA quality was
checked with formaldehyde-agarose gel electrophoresis, and
RNA concentration was measured with a NanoDrop 2000
spectrometer (Thermo Scientific, Wilmington, DE). For reverse
transcription, total RNA was treated with DNase I (Ambion,
Austin, TX) at 37°C for 30 minutes. After inactivation of the
DNase, 2 ug RNA was reverse transcribed by M-MLV Reverse
Transcriptase first-strand synthesis system (Promga, Madison, WI).
The resulting cDNA products were diluted 20 folds with water,
and 2.5 pl of the diluted ¢cDNA products were used for
quantitative real-time PCR analysis in an Mx3005P qPCR system
(Agilent Technologies, Santa Clara, CA). All gPCR reactions were
performed in duplicate using the SYBR Green protocol (Applied
Biosystems, Foster City, CA) with a 12.5 pl reaction volume and a
0.4 uM primer concentration. The amplification condition was
95°C for 10 min followed by 40 cycles of 94°C for 30 sec, 55°C
for 1 min, and 72°C for 1 min. PCR specificity was checked by
dissociation analysis after the run was completed. Relative mRNA
abundance to the reference gene UBQ) was calculated according
to the delta Gt method. Primers for amplification of UBQ), PRI,
PR2, and PR5 were reported elsewhere [96]. Primer sequences of
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the other genes are listed below: GSTI (¢GSTIF. 5'-GT-
TCCAGCCTTTGAAGATGG-3'; ¢GSTIR: 5'-TCCTTGCCA-
GTTGAGAGAAG-3"), FRKI (gFREKIFI: 5'-TGAGTCAGGTC-
GTTATGGAG-3'; ¢FRKIRI: 5'-ATTCACTACCTTGCTC-
GAGG-3'), NHOI (¢NHOIF: 5'-CCACAGCTAACAACCTTC-
TG-3"; gNHOIR: 5'-AGAGAATCTGTTGTCGGACG-3'), and
WREY29 (gWREY29F: 5'-AGAGAATCTGTTGTCGGACG-3';
gWREKY29R: 5'-ACACCCTTTTGAGCTACTGC-3").

Salicylic acid quantification

Leaf tissues syringe-infiltrated with X¢c or mock control (10 mM
MgCly) were collected at the indicated time points. Measurement
of both free and total SA was performed by HPLC method as
reported [97].
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Statistical analysis
Data analysis tool +TEST in Excel of Microsoft Office 2007 for

Macintosh was used for all statistical analyses.
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