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Abstract Citrus canker, caused by the bacterial patho-
gen Xanthomonas citri subsp. citri (Xcc), is a serious
leaf and fruit spotting disease affecting many important
citrus cultivars including grapefruit and certain sweet
oranges. Currently, efficacious and economical disease
control measures for highly susceptible citrus cultivars
are lacking. Development of commercial cultivars
with greater field resistance to citrus canker is the
optimum strategy for effective disease management.
In this study, we generated transgenic ‘Duncan’
grapefruit (DG) and ‘Hamlin’ sweet orange (Ham)
expressing the Arabidopsis NPR1 gene (AtNPR1),
which is a key positive regulator of the long-lasting
broad-spectrum resistance known as systemic ac-
quired resistance (SAR). Our results indicate that
over-expression of AtNPR1 in citrus increases resis-
tance to citrus canker and that the resistance is
related with the expression levels of AtNPR1 in the
transgenic plants. The line (DG 42-2) with the highest

expression level of AtNPR1 was also the most resistant,
which developed significant fewer lesions accompa-
nied by a ten-fold reduction in Xcc population. The
lesions developed on DG 42-2 were smaller and darker
than those on the control and lacked callus formation.
These lesion phenotypes resemble those on canker
resistant kumquats and canker susceptible citrus trees
treated with SAR-inducing compounds. Therefore,
over-expression of AtNPR1 in citrus is a promising
approach for development of more resistant cultivars to
citrus canker.
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Introduction

Asiatic citrus canker is a serious citrus disease caused by
the bacterial pathogen, Xanthomonas citri subsp. citri
(Xcc) that causes distinctive necrotic, erumpent lesions
on leaves, stems, and fruits. Severe infections produce
a range of symptoms that result in crop loss including
defoliation, blemished fruit, and premature abscission
and fruit drop (Graham et al. 2004). Many important
commercial citrus cultivars including grapefruit (Citrus
paradisi Macf.), certain sweet oranges (C. sinensis (L.)
Osbeck), Key lime (C. aurantifolia Swingle), and
lemons (C. limon (L.) Burm. F.), are moderately to
highly susceptible to citrus canker (Gottwald et al.
1993). Reduced quality and quantity of fresh and
processed fruit cause economic losses to the growers
(Muraro et al. 2002). However, the most serious
consequence is the impact on commerce resulting from
restrictions to interstate and international fruit trade
from canker-affected areas (Gottwald et al. 2009).

At present, management of citrus canker relies on
both cultural practices and chemical control. Cultural
practices include windbreaks and pruning or defolia-
tion of diseased shoots to suppress the spread and
severity of the disease (Behlau et al. 2008; Graham et
al. 2004). Chemical control with sprays of copper-
based bactericides reduces inoculum build-up on new
leaf flushes and protects expanding fruit surfaces from
infection, reducing incidence of blemished fruit and
yield losses due to premature fruit drop (Stall et al.
1982; Graham and Leite 2004; Behlau et al. 2008).
The efficacy of chemical control with copper-based
bactericides depends on the susceptibility of the citrus
cultivar, environmental conditions, and integration
with other control measures (Leite and Mohan
1990). Although practices including windbreaks and
copper bactericides reduce disease losses, these
measures are costly (Muraro et al. 2002) and long-
term copper use may lead to pathogen resistance
(Rinaldi and Leite 2000) and significant accumulation
in the soil environment (Alva et al. 1995).

Upon artificial inoculation of citrus leaf tissues,
lesions caused by Xcc on susceptible cultivars
develop hypertrophic and hyperplasic proliferation
of cells resulting in raised, callus-like lesions on the
surface. The highly resistant citrus relative, kumquat
(Fortunella spp), develops very small brown to black
lesions without callus or water-soaking. In kumquat,
this reaction produces rapid necrosis and decline in

populations of bacteria in reactions of up to 4 log
units and therefore this has been described as
hypersensitive response (HR)-like resistance (Francis
et al. 2009a). Field susceptibility to Xcc varies widely
among citrus types based on host range studies
involving inoculation directly into the leaf mesophyll
of immature tissues (Gottwald et al. 1993; Graham et
al. 1990). To measure mesophyll tissue susceptibility
of citrus cultivars to Xcc, inoculation of leaves and fruit
without wounding is assessed by injection-infiltration
of bacteria through the stomata (Viloria et al. 2004;
Francis and Graham 2008). Based on in vitro and
greenhouse assays to evaluate the host range and
virulence of Xcc, reduction of lesions number, lesion
size and bacterial populations by 10 fold or greater has
been associated with field resistance to canker (Graham
et al. 1990; Viloria et al. 2004).

The best long-term solution for management of
citrus canker is to develop more resistance in
commercially important citrus cultivars. Conventional
approaches of citrus breeding for disease resistance in
scion germplasm are difficult because resistance
mainly occurs in citrus relatives such as kumquat
whose genetic make-up interferes with the expression
of optimum traits related to fruit quality and produc-
tion (Viloria et al. 2004). Furthermore, conventional
breeding is laborious, time-consuming and very
expensive because citrus species are highly heterozy-
gous, polygenic plants with a long juvenile period. In
contrast, transgenic approaches can quickly incorpo-
rate resistance into citrus cultivars without interfering
with the expression of optimum varietal traits.
However, advance in citrus breeding through trans-
genic approaches is slowed by lack of molecular
understanding of innate disease resistance in citrus.

In the model plant Arabidopsis thaliana, a natural
disease resistance known as systemic acquired resis-
tance (SAR) has been well characterized (Durrant and
Dong 2004). SAR is an inducible defence mechanism
that confers plants long-lasting resistance against a
broad spectrum of pathogens. The defence signal
molecule salicylic acid (SA) is an essential and
sufficient signal molecule for the activation of SAR.
Exogenous application of SA or its biologically active
analogs, such as 2,6-dichloroisonicotinic acid (INA)
and benzo(1,2,3)thiadiazole-7-carbothioic acid S-meth-
yl ester (BTH), leads to the activation of SAR; whereas
prevention of SA accumulation by genetic mutations
compromises the induction of SAR (Wildermuth et al.
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2001). In citrus, foliar or soil application of SA analogs,
such as INA, acibenzolar-S-methyl (ASM, Actigard®,
Syngenta Crop Protection), and imidacloprid (Imid,
Admire®, Bayer Crop Science), induces the expression
of the pathogenesis-related (PR) gene, PR-2 (used as a
marker gene of SAR in citrus, encoding β-1,3
glucanase) (Dekkers et al. 2004; Francis et al. 2009b),
and produces protection against citrus canker under
greenhouse conditions and in field trials (Francis et al.
2009b; Graham and Myers 2009). These results
demonstrate that the SA-mediated SAR is effective
for control of citrus canker in the field.

The Arabidopsis NPR1 gene (AtNPR1) has been
well established as a key positive regulator of SAR,
which acts downstream of the signal molecule SA.
Mutations in NPR1 not only block SA-induced PR
gene expression and SAR, but also increase suscepti-
bility to pathogens (Cao et al. 1994). In contrast, over-
expression of AtNPR1 in transgenic Arabidopsis
enhances resistance to bacterial and oomycete patho-
gens (Cao et al. 1998). The enhanced resistance is
associated with a faster or stronger response of the
transgenic plants to pathogen infection and the SAR
signal molecule SA (Friedrich et al. 2001). Over-
expression of the AtNPR1 gene or its orthologs also
enhances disease resistance in many crop plants
including rice, wheat, rapeseed, tomato, and apple
(Lin et al. 2004; Chern et al. 2005; Makandar et al.
2006; Malnoy et al. 2007; Potlakayala et al. 2007).
Interestingly, over-expression of AtNPR1 in most plant
species does not cause obvious detrimental effects on
plant growth and development (Cao et al. 1998; Lin et
al. 2004), which makes AtNPR1 a workable target for
genetic engineering of nonspecific resistance in plants.

In this work, we took a transgenic approach to
generating ‘Duncan’ grapefruit and ‘Hamlin’ sweet
orange plants expressing AtNPR1. Characterization of
the transgenic plants indicates that expression of
AtNPR1 in citrus is a highly effective means to control
citrus canker.

Materials and methods

Plasmid construction, plant transformation, and SA
measurement

The full-length cDNA of AtNPR1 was removed from
pKEx4tr-AtNPR1 by digestion with EcoR I plus Sac I

and cloned into EcoR I/Sac I-digested pBI1.4T vector.
The resulting plasmid pBI1.4T-AtNPR1 was intro-
duced into Agrobacterium strain EHA105 by electro-
poration, and transformed into ‘Duncan’ grapefruit
and ‘Hamlin’ sweet orange following the published
protocol by the transformation laboratory at Citrus
Research and Education Center (CREC) of the
University of Florida (Orbović and Grosser 2006).
Measurement of SA in plant tissues was done by
HPLC as described by Verberne et al. (2002).

Pathogen infection

Bacterial inoculum was prepared as previously de-
scribed (Francis et al. 2009b). Briefly, Xcc strain
X2002-0014 was cultured in nutrient broth and grown
at 28°C for 24 h to log phase. Bacterial suspension
was centrifuged at 10,000 g for 20 min, re-suspended
in PBS, and adjusted to 0.1 OD at A620nm equivalent
to 108 colony-forming units (cfu) ml-1. Bacterial cell
density was adjusted to 105 cfu ml-1 for inoculation.

Evaluation of citrus leaf resistance was conducted
in vitro as previously described (Francis et al. 2009b).
For this assay, immature leaves (75% expanded) were
collected in the morning from greenhouse seedlings
of the transgenic plants and placed inside sealable
plastic bags on ice for transport to the lab. Leaf
surfaces were disinfected by dipping the leaves in
0.5% sodium hypochlorite for 30 s and immediately
rinsed 3 times with sterile water. Using a 1-ml
needleless syringe, the bacterial suspension was
pressure infiltrated into the abaxial leaf surface until
the water-soaked area reached about 6 mm in
diameter. Three injection infiltrations were performed
on each side of the mid-vein. The inoculated leaves
were placed on soft water agar (0.5%) surface in
15 cm diameter Petri dish plates with the abaxial side
up, and pressed onto the agar surface with a plastic
spreader to obtain as much contact as possible with
the agar surface. Petri dishes were immediately sealed
with parafilm and the plates were incubated in an
environmentally controlled growth chamber at 28°C
under fluorescent light (60 μEinsteins s-1 m-2 for 12-
hr photoperiods). Lesions were counted at each
inoculation site 14 days after inoculation. Bacterial
populations in the inoculated areas were estimated
14 days post-inoculation. Leaf discs (6 mm diameter)
were excised from the infiltrated area and ground with
1.0 ml of PBS buffer using a glass homogenizer.
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Serial dilutions of suspension were plated on
kasugamycin-cephalexin-chlorothalonil (KCC; nutrient
agar plus kasugamycin 16.0 mgl-1, cephalexin
16.0 mg l-1, and chlorothalonil 12.0 mgl-1) agar
medium (Viloria et al. 2004). Total bacterial colonies
per inoculation site were expressed as log cfu ml-1. The
numbers of lesions and bacterial populations were
analyzed statistically (SAS Institute Inc., Cary, NC,
1996) using ANOVA in nested design. Significant
differences were calculated with Waller ’s K-ratio t-test
for pair-wise comparisons.

PCR and real-time quantitative PCR analysis

Citrus genomic DNA was extracted following the
previously described method (Cheng et al. 2003). The
AtNPR1 transgene was amplified by PCR using
the primers NPR1F (5’-ATGGACACCACCATT
GATGG-3’) and NPR1R (5’-TCACCGACGACGAT
GAGAGAG-3’). The PCR reactions were performed
under the following conditions: 94°C for 3 min, 35
cycles (94°C for 1 min, 56°C for 1 min, 72°C for
2 min), and a final extension at 72°C for 10 min. Citrus
RNA was extracted using an RNeasy® Plant Mini Kit
(QIAGEN Sciences Inc., Germantown, MD) following
the manufacturer’s instructions. Reverse transcription
(RT) and real-time quantitative PCR (Q-PCR) were
performed as previously described (Francis et al. 2009b).
Reactions were run and analyzed on a MX3000P real-
time PCR machine (Stratagene, La Jolla, CA) accord-
ing to the manufacturer’s instructions. The relative
quantity of AtNPR1 and PR2 is expressed in relation to
elongation factor-1-alpha (EF1α) using the formula 2^
(Ct[EF1α]-Ct[gene]), where 2 represents perfect PCR
efficiency. The primers used forAtNPR1 were Q-NPR1F
(5’-AGCATTCTCTCAAAGGCCGAC-3’) and
Q-NPR1R (5’-TGAGACGGTCAGGCTCGAGG-3’),
and those for PR2 and EF1α were described previously
(Mozoruk et al. 2006; Francis et al. 2009b).

Results

Generation of citrus transgenic plants expressing
the Arabidopsis NPR1 gene

‘Duncan’ grapefruit and the sweet orange ‘Hamlin’
were chosen as recipients for genetic transformation
because they are among the most susceptible com-

mercial cultivars to citrus canker (Stall et al. 1980).
The full-length cDNA of AtNPR1 was cloned in
between the cauliflower mosaic virus (CaMV) 35 S
promoter and the nopaline synthase (NOS) terminator
of the plant binary vector pBI1.4T. The resulting
plasmid pBI1.4T-AtNPR1 was introduced into Agro-
bacterium tumefaciens. ‘Duncan’ grapefruit and
‘Hamlin’ hypocotyls were transformed using Agro-
bacteria harbouring pBI1.4T-AtNPR1. Nine indepen-
dent ‘Duncan’ grapefruit (DG) transgenic lines and
seven independent ‘Hamlin’ (Ham) transgenic lines
were generated. The presence of AtNPR1 in the nine
DG transgenic lines and six Ham transgenic lines was
confirmed by PCR analysis using AtNPR1 specific
primers (Fig. 1a). Although the AtNPR1 gene was not
detected in the transgenic line Ham 13–60, this line
was included in all experiments as a control.

We then tested the expression levels of AtNPR1 in
the transgenic plants. Expression levels of the AtNPR1
transgene varied widely among the 16 independent
transgenic lines (Fig. 1b). Based on the relative
expression levels of AtNPR1, the transgenic lines were
classified into three groups: high (H), middle (M), and
low (L) (Fig. 1b). Line DG 42-2, sole member of the H
group, expressed a dramatically higher level of
AtNPR1 than the M lines, whereas the L lines
expressed significantly lower levels of AtNPR1 than
the M lines. Background levels of AtNPR1 transcripts
were not detected in the non-transformed controls (DG/
Ham No Trans), confirming the specificity of the
primers used for the Q-PCR analysis.

Resistance of the transgenic plants to citrus canker

To test whether over-expression of AtNPR1 confers
resistance to citrus canker, leaves of the transgenic
plants were inoculated in vitro with Xcc. Symptoms
were characterized on day 14 and day 30 post-
inoculation (Fig. 2). On day 14, the non-transformed
‘Duncan’ grapefruit (DG No Trans) and DG L lines
produced callus-like lesions, whereas the H line DG
42-2 developed fewer necrotic lesions that were
smaller in size. The DG M lines such as DG 57-28
developed an intermediate lesion phenotype. The non-
transformed ‘Hamlin’ (Ham No Trans) and Ham L
lines produced numerous callused lesions, whereas the
Ham M lines such as Ham 13-3 exhibited an HR-like
reaction with cell collapse in the inoculated area at 24 h
post-inoculation that persisted without development of
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callus tissue. On day 30, the non-transformed ‘Duncan’
grapefruit and DG L lines produced callus-like lesions
that were suberized and surrounded by a chlorotic halo,
whereas the H line DG 42-2 produced necrotic lesions
that did not develop into callus-like cankers. The non-
transformed ‘Hamlin’ and Ham L lines produced
callused lesions that were suberized with water-
soaked margins surrounded by a chlorotic halo. The

Ham M lines still showed tissue collapse with little
callus proliferation.

The resistance produced by the AtNPR1 transgene
was also reflected by the numbers of lesions devel-
oped on the inoculated leaves (Table 1). For both
‘Duncan’ grapefruit and ‘Hamlin’, the lesion numbers
on the M lines (except DG 48-2) were significantly
lower than those on the controls, whereas the lesion
numbers on the L lines were not significantly
different from those on the controls. The most
resistant H line DG 42-2 had an average of 10.8
lesions per leaf disc compared to 59.4 lesions per leaf
disc for the non-transformed control.

Xcc populations in lesions on day 14 post-
inoculation were also reduced in the transgenic
‘Duncan’ grapefruit expressing AtNPR1 (Table 1).
Both DG M lines and the H line had a significantly
lower Xcc population than the control. The most
resistant H line DG 42-2 produced a more than one-
log-unit reduction in Xcc population compared with
the control. In contrast, compared with the ‘Hamlin’
control, Ham M lines that had a reduced number of
lesions did not show a reduction in Xcc population.

SA levels in the transgenic plants

Over-expression of AtNPR1 in plants like rice that
contain high basal levels of SA leads to detrimental
effects on plant growth and development (Silverman
et al. 1995; Fitzgerald et al. 2004; Chern et al. 2005).
Although growth reductions or abnormalities were not
observed for the transgenic lines of ‘Duncan’ grape-
fruit and ‘Hamlin’, it is not known whether citrus
plants accumulate high basal levels of SA, and
whether over-expression of AtNPR1 changes the SA
levels in citrus plants. To this end, levels of free SA
and total SA (SA + SAG) were assayed in non-
transformed ‘Duncan’ grapefruit and ‘Hamlin’ as well
as the transgenic lines. As shown in Fig. 3, the SA
levels in both ‘Duncan’ grapefruit and ‘Hamlin’ were
very low and comparable with those in Arabidopsis
plants without pathogen infection. Furthermore, over-
expression of AtNPR1 did not alter the basal levels of
SA in the transgenic plants.

PR2 gene expression in the transgenic plants

Over-expression of AtNPR1 in rice leads to a constitu-
tive defence response and causes spontaneous lesion

Fig. 1 Generation of citrus transgenic plants expressing the
AtNPR1 gene. a PCR analysis of the presence of the AtNPR1
gene in the transgenic plants. The AtNPR1 gene (1,782 bp, top
panel) was detected in the nine ‘Duncan’ grapefruit (DG)
transgenic lines and six ‘Hamlin’ (Ham) transgenic lines, but
not in the non-transformed controls (DG/Ham No Trans) and
one transgenic line (Ham 13–60). The citrus EF1α gene
(bottom panel) was used as a control showing the presence of
citrus genomic DNA in the PCR reactions. b Q-PCR analysis of
the expression levels of the AtNPR1 gene in different transgenic
lines. The transgenic lines were arbitrarily placed into three
groups: high (H), middle (M), and low (L), based on the
expression levels of the AtNPR1 gene
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development (Fitzgerald et al. 2004; Chern et al. 2005).
Although the morphology of the transgenic citrus
plants expressing AtNPR1 appears to be normal, it
was not clear whether the transgenic plants exhibit a
constitutive defence response. To test this, we moni-

tored the expression levels of the PR2 gene (the SAR
marker gene in citrus) in the transgenic plants. The
expression levels of PR2 in all transgenic lines were
comparable with those in the non-transformed ‘Dun-
can’ grapefruit and ‘Hamlin’ plants (Fig. 4), suggesting

Fig. 2 Phenotype of the
citrus canker lesions on the
transgenic plants. Leaves
were inoculated by injection
infiltration with a suspen-
sion of Xcc and lesion
development was assessed
14 and 30 days after inocu-
lation. The non-transformed
controls (DG/Ham No
Trans) developed typical
canker lesions, whereas the
transgenic plants developed
fewer lesions with altered
morphology. dpi: day
post-inoculation
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that over-expression of AtNPR1 in citrus may not
induce a constitutive defence response.

Discussion

The AtNPR1 gene is a key positive regulator of the
long-lasting SAR, which has been utilized in many
crop plants to improve their resistance to pathogens
(Lin et al. 2004; Chern et al. 2005; Makandar et al.
2006; Malnoy et al. 2007; Potlakayala et al. 2007).
Consistent with the reports in other crop plants, over-
expression of AtNPR1 in citrus conferred heightened
resistance to citrus canker and the level of resistance
was correlated with the amounts of the AtNPR1
transcripts. In the ‘Duncan’ grapefruit transgenic line
DG 42-2 that expressed the highest levels of AtNPR1,
the reduction of the callus phenotype and the size of

the lesions were similar to those obtained for HR-
resistant kumquat inoculated by similar methods in
vitro as used in the current study (Francis, M. I., Peña,
A., & Graham, J. H., submitted to EJPP). In this line,
the phenotype produced in vitro is associated with a
one-log-unit reduction in Xcc populations in the
lesions, which represents a high level of resistance
when considered in the context of resistance of citrus
cultivars in the field (Graham et al. 1990). These
results indicate that AtNPR1 is highly effective for
activation of resistance and reduction of the bacterial
multiplication and lesion severity in vitro. Interest-
ingly, compared with the non-transformed controls,
the ‘Duncan’ grapefruit AtNPR1-expressing lines with
a reduced number of lesions generally showed a
reduction in Xcc population, whereas the ‘Hamlin’
AtNPR1-expressing lines did not show any reduction
in Xcc population. This discrepancy between ‘Dun-

Table 1 Development of citrus canker lesions and bacterial populations for transgenic lines expressing AtNPR1

Genotype1 Total lesions2 Necrotic lesions Callused lesions Ratio nec/callus4 Log10 Xcc population3

DG No Trans 59.4b5 29.4b 29.9b 0.98 7.29a

DG 42-3 93.4a 44.7a 48.7a 0.92 n/d

DG 42-8 60.3b 16.1bcd 44.3a 0.36 n/d

DG 48-1 52.7bc 44.1a 8.6cd 5.12 n/d

DG 48-2 43.1bcd 21.8bcd 21.3bc 1.03 n/d

DG 67-4 33.9cde 26.2bc 7.7cd 3.39 n/d

DG 57-28 26.8de 10.7cd 16.1cd 0.66 6.91b

DG 43-6 25.6de 15.6bcd 10.0cd 1.56 n/d

DG 42-1 22.9de 18.9bcd 3.9d 4.81 6.80b

DG 42-2 10.8e 7.9d 2.9d 2.75 6.15b

Ham No Trans 45.6a 13.2a 32.4a 0.41 7.07a

Ham 13-20 36.3ab 14.2a 22.1b 0.64 n/d

Ham 13-60 31.4ab 17.7a 13.7bc 1.29 n/d

Ham 13-59 30.7ab 18.0a 12.7bc 1.42 n/d

Ham 13-27 29.3b 14.7a 14.7bc 1.00 n/d

Ham 16-2 28.4b 10.9a 17.5bc 0.62 7.12a

Ham 13-29 27.4b 12.2a 15.2bc 0.80 n/d

Ham 13-3 21.9b 15.7a 8.0c 1.95 7.01a

1 Comparisons were made within the ‘Duncan’ grapefruit (DG) group or the ‘Hamlin’ (Ham) group
2 Average number of canker lesions per leaf disc per treatment (mean of 18 replications)
3 Average CFU (colony-forming unit) per leaf disc per treatment. n/d = not determined
4 Total lesions and the ratio of necrotic to callused lesions are significantly co-ranked among genotypes according to Spearman’s
coefficient of rank correlation (P<0.05)
5Means with the same letter are not significantly different at 5% probability level according to Waller-Duncan test
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can’ grapefruit and ‘Hamlin’ may be due to the
differences in levels of resistance expression in the
two genotypes.

Over-expression of AtNPR1 in rice leads to
spontaneous development of chlorotic lesions, cell
death, accumulation of hydrogen peroxide, and
constitutive expression of defence genes (Chern et
al. 2005). BTH treatment enhances these phenotypes,

indicating that the detrimental phenotypes are likely a
result of a constitutive defence response in the
transgenic plants (Fitzgerald et al. 2004). Because
rice contains high basal levels of SA (an order of
magnitude higher than that found in other plant
species) (Silverman et al. 1995), these phenotypes
may be caused by the constitutive expression of
NPR1-dependent defence pathways in the rice plants
over-expressing AtNPR1. We found that both non-
transformed ‘Duncan’ grapefruit and ‘Hamlin’ plants
had low basal levels of SA. Expression of AtNPR1 in
‘Duncan’ grapefruit and ‘Hamlin’ did not alter the SA
levels. Furthermore, the transgenic plants did not
constitutively express the citrus SAR marker gene,
PR2. These results together suggest that over-
expression of AtNPR1 in citrus may not induce
constitutive defence responses. The heightened resis-
tance is likely due to a faster or stronger response of
the transgenic plants to pathogen infection (Friedrich et
al. 2001). Therefore, over-expression of AtNPR1 in
citrus may not interfere with normal plant growth and
development. Consistent with this is that no abnormal
phenotypes for leaves and shoots of the transgenic lines
were observed. However, further field investigations
will be required to evaluate the effect of over-
expression of AtNPR1 on horticultural traits related to

Fig. 4 Expression levels of the PR2 gene in the transgenic
plants. Q-PCR analysis of the expression levels of PR2 in the
transgenic plants. Over-expression of AtNPR1 did not change
the expression levels of PR2 in the transgenic plants. Values
represent the average of three biological replicates with
standard deviation. The experiment was repeated with similar
results

Fig. 3 Salicylic acid levels in the transgenic plants. HPLC
analysis of free SA a and total SA (SA + SAG) b in the
transgenic plants. The non-transformed controls (DG/Ham No
Trans) did not accumulate high basal levels of SA and over-
expression of AtNPR1 did not change the SA levels in the
transgenic plants. Values represent the average of three
biological replicates with standard deviation. The experiment
was repeated with similar results. Arabidopsis plants with or
without pathogen infection were used as controls. FW: fresh
weight. At: Arabidopsis thaliana. Psm: Pseudomonas syringae
pv. maculicola ES4326
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tree vigour, fruit quality and production of the
transgenic plants.

In Arabidopsis, over-expression of AtNPR1 leads
to increased fungicide efficacy (Friedrich et al.
2001). Suboptimal rates of fungicides that marginal-
ly control infection of wild-type plants substantially
reduce fungal disease in AtNPR1-overexpressing
plants. Since the AtNPR1-overexpressing citrus
plants in this study are not immune to citrus canker,
disease management with transgenic resistance will
still need to be integrated with chemical control.
Increased bactericide efficacy should reduce the rate
and frequency of applications of copper-based
bactericides for disease control. Reduction in amount
of copper for effective canker control will reduce soil
accumulation of copper and may decrease the
selection pressure for development of copper resis-
tance (Rinaldi and Leite 2000). Additionally, over-
expression of AtNPR1 in other crops can protect
plants from diverse pathogens including bacterial
and fungal pathogens (Lin et al. 2004; Chern et al.
2005; Makandar et al. 2006; Malnoy et al. 2007;
Potlakayala et al. 2007). Whether the AtNPR1-over-
expressing citrus plants are more resistant to other
pathogens awaits further investigation.

Although it has been shown that SA analogs induce
disease resistance in citrus (Dekkers et al. 2004; Francis
et al. 2009b; Graham and Myers 2009), the role of SA
and SAR in citrus immunity has not been established.
The fact that over-expression of AtNPR1, a key
regulator of SAR, increases disease resistance in citrus
suggests that the SAR signalling pathway exists in this
plant. The identity of NPR1 ortholog(s) in citrus has
yet to be revealed and whether over-expression of
citrus NPR1 in citrus can increase disease resistance
needs to be determined. Identification and character-
ization of citrus NPR1 will facilitate generation of
disease resistant citrus plants using a cisgenic approach
(Schouten et al. 2006), which may help avoid genetic
modification issues in the near future.
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