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ABSTRACT

Favaro, M. A., Micheloud, N. G., Roeschlin, R. A., Chiesa, M. A.,
Castagnaro, A. P, Vojnov, A. A., Gmitter, F. G., Jr., Gadea, J., Rista, L.
M., Gariglio, N. F, and Marano, M. R. 2014. Surface barriers of
mandarin ‘Okitsu’ leaves make a major contribution to canker disease
resistance. Phytopathology 104:970-976.

Field evaluations have shown that Satsuma mandarin (Citrus unshiu)
‘Okitsu’ is one of the mandarin cultivars that shows substantial resistance
to Xanthomonas citri subsp. citri (X. citri), the causal agent of citrus
bacterial canker disease. However, the mechanisms underlying this
resistance are not well understood. In this study, we have shown that
‘Okitsu’ leaves are nevertheless susceptible to X. citri infection during a

period of their development; however, this period is shorter than that seen
in the susceptible mandarin ‘Clemenules’ (C. clementina). Under con-
trolled growth conditions, the resistance of ‘Okitsu’ to X. citri was
associated with the age of the leaf and was evident in spray-inoculated
plants but not in those inoculated by infiltration. Furthermore, X. citri
showed reduced attachment and biofilm formation in ‘Okitsu’ leaves
compared with ‘Clemenules’. Taken together, our data suggest that
structural features of the °‘Okitsu’ leaf surface, such as the physical
properties of the cuticle, are involved in the resistance to X. citri.

Additional keywords: canker resistance, leaf surface properties, pheno-
logical stages.

Citrus is the most economically significant fruit tree crop in the
world, with an annual production of 87 million tons. Mandarin
cultivars and their hybrids are the second most important Citrus
sp. after orange (http://www.fas.usda.gov). In Argentina, the
annual production of mandarin is approximately 555,000 tons
(http://www.federcitrus.org), with Citrus clementina ‘Clemenules’
and C. unshiu ‘Okitsu’ as the main cultivars grown in this country
(2). ‘Clemenules’, originated by spontaneous mutation of ‘Clemen-
tine’, dominates mandarin production due to its excellent organo-
leptic characteristics (32,38). In Argentina, it is harvested from
early May to June, and its fruit is seedless in the absence of cross-
pollination, which is well accepted in the world markets (31).
‘Okitsu’ has lower taste quality but it is the earliest citrus fruit
produced in Argentina, satisfying the domestic demand for fresh
citrus fruit in March, during a period of limited availability.

Argentina is among the first seven world exporters of fresh
mandarin fruit, and one quarter of its production is sold to the
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northern hemisphere (http://www.fas.usda.gov). The major threat
for this citrus market is the possible imposition of quarantine
restrictions as a consequence of citrus canker disease, caused by
the bacterial phytopathogen Xanthomonas citri subsp. citri (X.
citri). The attachment of X. citri to plant cell surfaces is essential
for its pathogenesis. Bacteria grow and persist as epiphytes,
forming biofilms on the host surface prior to endophytic coloni-
zation of the mesophyll tissue through natural openings, such as
stomata, or through wounds (21,33,40). A balance between bio-
film formation and bacterial dispersion is necessary during dis-
ease progression and for survival of the pathogen (33).

Citrus plant leaves are highly susceptible to infection by X. citri
during development, when they have reached 50 to 100% of their
final size (20). Canker symptoms are characterized by surface-
penetrating necrotic lesions surrounded by oily, water-soaked
margins and yellow chlorotic rings (21). Citrus canker can be a
severe disease in geographic areas where rainfall and wind are
frequent during periods of shoot emergence and early fruit de-
velopment (7).

Argentina currently manages citrus canker through an inte-
grated disease control program based on canker-free nursery
stocks, windbreaks, pruning of infected twigs and periodic chemi-
cal control of the pathogen by spraying with copper-based bac-
tericides (8). However, the utilization of resistant cultivars in the
field is the most effective way to overcome the pathogen (13,39).

Although most commercially important citrus cultivars are
susceptible to X. citri, a wide range of citrus species and cultivars,



as well as some related genera, are moderately to highly resistant
to this pathogen (10,12,13,19,24,26,34,35,39). Pathogenic and
histo-anatomic assays suggest that plant preformed defenses,
involving physical barriers such as cell wall and membrane ultra-
structure, waxy cuticles, and the number and anatomy of the
stomata, could be involved in resistance to bacterial invasion
(10,22,41). However, artificial inoculation through infiltration or
pin prick (which bypasses the preformed defenses) on resistant
‘Chinese’ citron (C. medica) and ‘Nagami’ kumquat (Fortunella
margarita) suggests that the specific recognition of a X. citri
virulence effector could also occur in the plant (12,23,24).

Among mandarin cultivars, ‘Okitsu’ was found to be more
resistant to canker development than ‘Clemenules’ (13,20,35,36),
although the mechanisms causing this differential resistance are
still unknown. In this work, we found that ‘Okitsu’ is susceptible
to X. citri infection during leaf development but the period of
susceptibility is shorter than for ‘Clemenules’. Moreover, we
demonstrated that resistance to X. citri in ‘Okitsu’ is only
observed when bacterial inoculation is made by a noninvasive
spraying method, as opposed to infiltration into the leaves. Our
findings suggest that the properties of the leaf surface play a
critical role in limiting bacterial epiphytic fitness and biofilm
formation and, therefore, represent an important primary defense
against pathogen colonization and subsequent disease develop-
ment.

MATERIALS AND METHODS

Field assessment of citrus canker disease. The mandarin
orchard analyzed in this study is located in the experimental field
of the Universidad Nacional del Litoral, Esperanza, Santa Fe,
Argentina (31°26” S; 60°56” W; 40 m above sea level). According
to Koppen classification (25), the climate of this region is humid
subtropical without a dry season. In this area, the temperatures
averaged 11°C in winter and 25°C in summer. Annual rainfall is
938 mm and rain falls mostly during spring and early summer
(between September and December). Storms and average wind
speed increase from August to December (16). Field assessments
were conducted on 10-year old ‘Clemenules’ (C. clementina Hort.
ex Tan.) and ‘Okitsu’ (C. unshiu Marc.) mandarin trees, grafted
onto Poncirus trifoliata (L.) Raf. rootstocks. They were planted
with 5.0-by-3.5-m spacing on a silt-loamy soil and subjected to
drip irrigation. Fertilization, pruning, and pest management were
made in accordance with normal commercial practices, including
a natural windbreak barrier of 15 m in height surrounding the
experimental field, forming squares of 1 ha (17). A complete
random experimental design with single-tree plots and eight
replications per cultivar was used. In spring 2009 and 2010, four
young healthy branches per tree were randomly selected at 1.5 m
of height from the four quadrants of the tree canopy. Phenological
stages of the new shoots were recorded using the Biologische
Bundesanstalt, Bundessortenamt and Chemical Industry (BBCH)
scale for citrus, developed by Agusti et al. (1). Leaves from selected
branches were monitored for canker disease in December, when
symptoms were well developed. Disease incidence of citrus
canker was expressed as percentage of leaves with canker symp-
toms over total leaves examined, according to Leite et al. (27).
Estimation of citrus canker severity was evaluated in the five most
infected leaves of each shoot of the four quadrants per tree, based
on the four diagrammatic scales published by Belasque et al. (5).
Symptoms were registered by digital photographs and the data
were analyzed according to Student’s ¢ test (P < 0.05). Con-
firmation of the cankerous lesions of infected mandarin trees was
accomplished by bacterial isolation and molecular analysis (11).

Bacterial strains and pathogenicity assays of Xanthomonas
spp. in growth chamber. X. citri strain A%, isolated from an
experimental field of the Universidad Nacional del Litoral,
Argentina, was used in the inoculation assays under controlled

conditions. X. fuscans subsp. aurantifolii strain C-1473 (X.
aurantifolii C) was provided by Dr. Canteros, Instituto Nacional
de Tecnologia Agropecuaria, Bella Vista, Corrientes, Argentina
(11). Both Xanthomonas strains were transformed by electro-
poration with plasmid pMP2444 expressing the green fluorescent
protein (GFP) (14).

One-year-old ‘Clemenules’ and ‘Okitsu’ plants, grafted onto
P. trifoliata rootstock, were kept under controlled greenhouse
conditions. New shoots approximately 1 cm long and with at least
five leaves were selected after pruning the plants. All the leaves
on these shoots were considered to be of the same ontological age
(37). Bacterial suspensions were prepared in 10 mM MgCl,
solution and X. citri and X. aurantifolii C were inoculated on
leaves of the new shoots. In order to properly quantify canker
lesion production, a different inoculum concentration was used
for each inoculation method: 10° CFU/ml for pressure infiltration
and 107 CFU/ml for spraying (33,37,39). A 10-mM MgCl, solu-
tion was used as a negative control for inoculation. Inoculated
plants were maintained for 40 days in a growth chamber, with
temperatures of 25 to 28°C, high humidity (>95%), a 14-h photo-
period, and a light intensity of 150 to 200 pE/s/m*. All plant
inoculations involved a minimum of two shoots with at least five
leaves from each plant and four plants for each mandarin cultivar.
Disease progression was monitored phenotypically in three sepa-
rate biological assays and the number of cankers per square centi-
meters was quantified 30 days postinoculation (dpi) using Image J
software (v 1.41; National Institutes of Health, Bethesda, MD).
Statistical analysis of data was performed using the Student’s ¢
test (P < 0.05). Bacterial population in leaves from both mandarin
cultivars was measured as previously described (33).

Bacterial attachment and biofilm formation assays. Bac-
terial adhesion and biofilm formation on abaxial surfaces of
‘Clemenules’ and ‘Okitsu’ leaves were analyzed by crystal violet
staining, as previously reported (33). Stained bacteria attached to
the leaf surface were examined and photographed under white
light using a microscope (BX50F4; Olympus Optical Ltd. Com-
pany, Tokyo).

Epiphytic bacterial growth and biofilm formation on mandarin
leaves were also examined using gfp-tagged X. citri cells (X. citri-
GFP), as described previously (33). ‘Clemenules’ and ‘Okitsu’
leaves were sprayed with a suspension of X. citri-GFP as de-
scribed above. Bacterial growth and biofilm formation were
monitored on the abaxial surface of approximately 1-cm? leaf
samples using a fluorescence microscope (BX50F4; Olympus
Optical Ltd. Company) or an inverted confocal laser-scanning
microscope (C1 Eclipse TE-2000-E2; Nikon Instruments Inc.,
Melville, NY). Simulated three-dimensional images and sections
were generated by the program Nikon EZ-C1 3.9 Free Viewer.
Experiments were repeated twice on at least three different plants
for each cultivar and three leaves per plant.

RESULTS

Resistance to canker disease in ‘OKitsu’ leaves is associated
with a reduced period of high susceptibility to X. citri. The
developmental period of maximum susceptibility to X. citri
occurs between phenological stages BBCH 15 and BBCH 19 of
Citrus spp. shoots, corresponding to leaves expanded to 50 to
100% of their final size, respectively (1,20). These phenological
stages were monitored in ‘Clemenules’ and ‘Okitsu’ plants grown
in the experimental field between September and November 2009
and 2010. Notably, the period of time spent by ‘Clemenules’
shoots between BBCH15 and BBCH19 was 16 (in 2009) and 10
(in 2010) days longer than for ‘Okitsu’ shoots (Fig. 1A).

In order to associate these phenological data with canker
lesions under field conditions, disease assessment was conducted
on four selected branches from spring leaf flush of each tree in
December of the two consecutive years. In 2009, canker average
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incidence in ‘Clemenules’ was 10-fold higher than in ‘Okitsu’.
The same trend was observed in 2010, although the difference
between the cultivars was 11-fold (Fig. 1B). Average severity
measurements showed the highest differences in canker lesion
parameters between cultivars, with fold differences of ‘Clemenules’
over ‘Okitsu’ of 26.6 (in 2009) and 18 (in 2010). Finally, maxi-
mum severity was 4.7- and 2.8-fold higher in ‘Clemenules’
compared with ‘Okitsu’ over the same period of time (Fig. 1B).
Taken together, these results confirm that ‘Okitsu’ is more resis-
tant to X. citri infection than ‘Clemenules’ and suggest that the
shorter length of the phenological period of susceptibility of
‘Okitsu’” shoots may be an important factor contributing to its
greater resistance to canker disease under field conditions.

The resistance to canker disease is bypassed when the X.
citri strain is inoculated by infiltration into ‘Okitsu’ leaves.
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Fig. 1. Field assessment of citrus canker disease on randomly selected shoots
of mandarin tree canopy. A, Phenological stages recorded in new shoots of the
mandarin branches according to the Biologische Bundesanstalt, Bundes-
sortenamt and Chemical industry (BBCH) scale for citrus. B, Incidence and
severity of citrus canker disease. Incidence was quantified as the proportion of
symptomatic leaves over total leaves examined in December of each year.
Citrus canker severity was evaluated at the same time in the five most infected
leaves of the shoots. Symptoms were recorded by digital photography and
images are representative of the average found for each assessed parameter.
Values are expressed as means + standard deviations. Means followed by
different letters in the same line and year of evaluation differ significantly
(Student’s 7 test, P < 0.05). A completely random experimental design with
single-tree plots and eight replications per cultivar was used.
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Pathogenicity assays were performed under controlled growth
conditions to determine whether the inoculation method affects
differential citrus canker susceptibility between these mandarin
cultivars. One leaf per shoot of ‘Clemenules’ and ‘Okitsu’ was
inoculated with X. citri at 15, 18, 22, 25, and 27 days after the
growth flush started. Bacterial inoculum was prepared at concen-
trations of 10° and 10" CFU/ml for infiltration and spraying,
respectively. Canker lesions were quantified at 30 dpi. Compari-
son of canker severity, measured as number of cankers per area
(in square centimeters), revealed no significant difference be-
tween ‘Clemenules’ and ‘Okitsu’ following inoculation via
pressure infiltration (Fig. 2A). On both cultivars, the maximum
number of cankerous lesions per square centimeter was observed
in 15-day-old leaves (13 lesions/cm? on average), decreasing with
the age of the leaf until reaching 6 lesions/cm? in 27-day-old
leaves (Fig. 2A). However, a significant reduction in canker sever-
ity was observed in ‘Okitsu’ compared with ‘Clemenules’ when
the bacteria were sprayed onto the leaves (Fig. 2B). These find-
ings point to a substantial role for the leaf surface as a barrier
against infection in ‘Okitsu’, particularly when leaves are inocu-
lated at earlier stages. These results suggest that this barrier
develops more quickly in ‘Okitsu’, in agreement with the more
rapid phenological development found in this cultivar in the field,
compared with ‘Clemenules’.

To assess the bacterial growth kinetics during the maximum
susceptibility period of both mandarin cultivars, 18-day-old leaves
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Fig. 2. Pathogenicity tests of Xanthomonas citri subsp. citri (X. citri) on
mandarin leaves under controlled growth conditions. Mandarin leaves of
different ages were inoculated with X. citri. Bacterial suspensions were
prepared in 10 mM MgCl, solution and inoculated onto leaf surfaces using
two inoculation methods: A, pressure infiltration or B, spraying, respectively.
Values are expressed as means * standard deviations. The data set marked
with an asterisk is significantly different between both cultivars as assessed by
the Student’s 7 test, P < 0.05. All plant inoculations involved a minimum of
two shoots from each plant and four plants for each cultivar and method of
inoculation tested. Disease progression was monitored phenotypically in three
separate biological assays and cankers per square centimeter were quantified
30 days postinoculation using Image J software (v 1.41; National Institutes of
Health, Bethesda, MD).



of ‘Clemenules’ and ‘Okitsu’ were inoculated with bacterial
suspensions of X. citri by pressure infiltration or spraying, as
described previously. In leaves subjected to pressure infiltration,
the X. citri population gradually increased after the first day
postinoculation in both mandarin cultivars, growing more than
five orders of magnitude over the 2-week monitoring period (Fig.
3A). These results are consistent with the canker symptoms
developed by X. citri on ‘Clemenules’ and ‘Okitsu’ inoculated by
this method (Fig. 3A). However, significant differences in the
bacterial growth patterns were found between the mandarin
cultivars when the bacteria were inoculated by spraying. In
‘Clemenules’, the X. citri population increased by more than three
orders of magnitude over the 2-week monitoring period. By
contrast, the population of X. citri began to decline in ‘Okitsu’
3 dpi, and no bacteria could be recovered after 2 weeks (Fig. 3B).
Canker lesions were clearly observed in ‘Clemenules’, whereas
almost none were observed in ‘Okitsu’ at 20 dpi (Fig. 3B).

X. citri cannot form a biofilm on ‘Okitsu’ leaf surface
during the susceptibility period. Pathogen entry into the host
tissue is a critical step in the establishment of the infection.
Previously, bacteria persisted as epiphytes on the surface of
healthy plants before starting the endophytic colonization process
leading to disease (4). Biofilm formation is necessary for both
epiphytic fitness and canker development by X. citri (29,33).

The results described above suggest that differences in the
properties of the leaf surface of ‘Okitsu’ and ‘Clemenules’ may
contribute to the observed differences in their susceptibility to X.
citri. These considerations prompted a comparative study of
attachment, biofilm formation, and epiphytic fitness of X. citri on
the leaf surface of the two cultivars. To investigate bacterial epi-
phytic fitness, leaf disks from 18-day-old ‘Clemenules’ and
‘Okitsu’ shoots were incubated with X. citri strain at 28°C, as
previously described (33). Bacterial attachment was observed by
crystal violet staining after 1, 5, and 24 h of incubation. No sig-
nificant differences were observed between the mandarin cultivars
at the beginning of the plant—pathogen interaction (1 to 5 h). How-
ever, attachment of X. citri increased significantly in ‘Clemenules’
after 24 h of incubation, particularly at plant cell junctions and
around the guard cells forming stomatal pores, which represent an
important entry route for X. cirri (Fig. 4A).

As mentioned above, the presence of plant-associated bacterial
biofilms is correlated with X. citri pathogenicity (29,33). To
assess biofilm development in both mandarin cultivars, 18-day-
old ‘Clemenules’ and ‘Okitsu’ leaves were inoculated by spraying
using X. citri-GFP and bacterial growth was monitored by
fluorescent and confocal microscopy over a 10-day period. No
significant differences were observed between the cultivars until
3 dpi (data not shown). However, the epiphytic population of
X. citri in ‘Clemenules’ remarkably increased after 5 dpi throughout
the monitoring period (Fig. 4B). We used confocal microscopy to
study the structure of the bacterial aggregates formed during
canker development. In ‘Clemenules’, the ZX axis-projected images
showed the formation of compact microcolonies with a three-
dimensional structure (Fig. 4C). Conversely, the X. citri-GFP epi-
phytic population remained stable in ‘Okitsu’ and failed to form
microcolonies or complex structures after 7 dpi (Fig. 4B and C).

Taken together, these results suggest that differences in leaf
surface properties influence bacterial epiphytic fitness, attach-
ment, and biofilm formation. Specifically, the leaf surface of
‘Okitsu’ appears to interfere with bacterial factors that are key for
X. citri colonization and development of the disease.

‘Okitsu’ primary defenses also protect the plant from entry
of the avirulent X. fuscans subsp. aurantifolii strain C. X.
aurantifolii C elicits a hypersensitive response (HR) associated
with cell death of infected tissue in all Citrus spp. except for C.
aurantifolia leaves (11). This defense response is associated with
the perception and recognition of the pathogen through a tight
attachment to host mesophyll cells (9). To investigate further the

role of the leaf surface in host defense against bacterial entry into
citrus leaves, we performed pathogenicity tests with X. auranti-
folii C in both ‘Okitsu’ and ‘Clemenules’ mandarin. Eighteen-
day-old leaves of ‘Okitsu’ and ‘Clemenules’ were inoculated with
bacterial suspensions of gfp-tagged X. aurantifolii C (X. auranti-
folii C-GFP), using both pressure infiltration and spraying. Upon
infection by pressure infiltration, a typical HR was observed in
both mandarin cultivars, clearly shown by total necrosis of the
infiltrated area and the lack of gfp-tagged bacteria (Fig. 5A). On
the other hand, discrete HR lesions were observed in ‘Clemenules’
at 15 days after spraying inoculation, whereas no lesions were
detected in ‘Okitsu’ during the monitored period (Fig. 5B). A
parallel experiment with the X. citri-GFP strain was used as con-
trol. Seven days after pressure infiltration, widespread GFP fluores-
cence was observed in both cultivars (Fig. 5A). However, 15 days
after spraying, lesion development and GFP fluorescence were
only observed in ‘Clemenules’ (Fig. 5B), as expected from previ-
ously described findings. Taken together, these results suggest
that primary defenses of ‘Okitsu’ act as a barrier against the entry
of citrus bacterial pathogens; thus, resistance is achieved without
the requirement of the programmed host cell death response.

DISCUSSION

Citrus canker has been an endemic disease in Argentina since
2002. The replacement of citrus cultivars in current cultivation
with those having full or partial resistance represents a sustainable
strategy to manage the disease (39). However, characterization of
citrus resistance to X. citri has only recently begun and is not
completely understood (10,12,15,23,24,26,41). In this work, we
have revealed some of the factors that contribute to the enhanced
resistance to citrus canker disease of ‘Okitsu’ mandarin under
both field and controlled-growth conditions.

Field evaluations showed that ‘Okitsu’ has significantly lower
disease incidence and severity than ‘Clemenules’; these differ-
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Fig. 3. Bacterial population growth in mandarin cultivars during the period of
maximum citrus canker susceptibility. In planta growth of Xanthomonas citri
subsp. citri on 18-day-old mandarin leaves and symptom development
induced by bacteria inoculated by A, pressure infiltration or B, spraying.
Values are expressed as means * standard deviations of three independent
biological replicates, each consisting of three separate measurements of
bacterial density from each cultivar. Dotted lines show the infiltrated area;
dpi = days postinoculation.
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Fig. 4. ‘Okitsu’ leaf surface influences epiphytic fitness and biofilm formation of Xanthomonas citri subsp. citri (X. citri). A, Bacterial adhesion of X. cifri on
abaxial surfaces of 18-day-old leaves assessed by the use of crystal violet stain at 1, 5, and 24 h of incubation. Stained cells attached to the leaf surface were
analyzed microscopically. B, Epiphytic growth and biofilm formation of green fluorescent protein (gfp)-tagged X. citri strain (X. citri-GFP) sprayed on 18-day-old
mandarin leaves monitored with a fluorescence microscope and C, inverted confocal laser-scanning microscope. Sections from the upper panels are magnified in
the lower panels. Red indicates chlorophyll autofluorescence and green indicates gfp-tagged bacteria. XY and XZ are the XY and XZ axis projected images,
respectively. Scale bars = 50 um, s = stomata, and dpi = days postinoculation. The experiment was repeated on at least three different plants for each cultivar, and

three leaves per plant were examined.

ences are associated with a more rapid transit between BBCH 15
and BBCH 19 stages, the period of optimal susceptibility to X.
citri infection. These differences in disease incidence were also
observed under controlled growth conditions, although exclu-
sively when the leaves were inoculated by spraying, a noninvasive
method. This result indicates that the resistance to canker disease
depends on the integrity of a leaf surface barrier, which is most
likely associated with the faster phenological development of
‘Okitsu’ shoots.

Several reports have shown that field canker resistance of other
citrus species, cultivars, or related genera, including ‘Dalan Dan’
(a cultivar similar to C. paradisi), ‘Lakeland’ limequat (C. auran-
tifolia x F. japonica), calamondin (C. mitis), C. ichangensis, and
C. junos, may be broken down when invasive inoculation methods
are used (12,18,19,39). Pressure infiltration may mechanically
destroy and overcome the primary physical barriers in plant
defense, such as the cuticle or cell wall. Alternatively, the spray-
ing method provides conditions that may resemble the natural
infection processes of X. citri through stomata, which is initiated
with bacterial attachment to the plant surface and subsequent bio-
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film formation (33). In susceptible ‘Clemenules’, X. citri colonizes
the leaf surface and subsequently forms microcolonies, particu-
larly on the epidermal cell junctions and around stomata, which
evolve into mature biofilms and, finally, develop canker disease.
In contrast, a clear reduction in the number of attached bacteria
and biofilm formation was observed on ‘Okitsu’ leaves.

These results suggest that some specific characteristics of the
‘Okitsu’ leaf surface, associated with the phenological stage, are
involved in resistance to X. citri. The first physical layer of the
leaf surface that can protect plants against pathogen infection is
the cuticle, which is composed of cutin, a lipid-derived polyester,
and cuticular waxes (3). It has been shown that the thickness and
composition of this hydrophobic extracellular matrix can
influence bacterial colonization of the leaf (6,30,42). Thick, waxy
cuticles have been shown to interfere with epiphytic bacterial
colonization, inhibiting the wetting of the leaf surface and limit-
ing solubilization and diffusion of nutrients from the leaf (28,42).
The cuticle develops rapidly during the leaf expansion process in
Citrus spp. and the last stages of leaf expansion (i.e., two-thirds to
full expansion) are coincident with a rapid development of this
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Fig. 5. ‘Okitsu’ leaf surface influences entry of Xanthomonas spp. into leaves. Macroscopic symptoms on 18-day-old mandarin leaves 7 and 15 days
postinoculation (dpi) with the green fluorescent protein (gfp)-tagged strains Xanthomonas fuscans subsp. aurantifolii C (X. aurantifolii C-GFP) and X. citri subsp.
citri (X. citri-GFP). Bacterial suspensions were prepared in 10 mM MgCl, solution and inoculated onto leaves surfaces using two inoculation methods: A, pressure
infiltration and B, spraying. Leaves were photographed under white and UV light (520 nm), respectively. The experiment was repeated on at least three different

plants for each cultivar with similar results. Scale bar = 10 mm.

protective barrier (22). Consequently, the faster phenological de-
velopment during the citrus canker susceptibility period of
‘Okitsu’ leaves may be associated with a rapid cuticle thickening.
Furthermore, a thicker cuticle may prevent bacterial entry through
stomata in ‘Okitsu’ because the cuticle layer forms a cuticular
hood around the guard cells, creating an antechamber over the
actual stomatal pore (22).

The number and anatomy of stomata have been suggested to
contribute to the differential response to X. citri infection between
a resistant kumquat genotype and a susceptible orange genotype
(41). However, Graham et al. (22) could not associate the resis-
tance to citrus canker with the area of opening and density of
stomata among seven different Citrus spp. Further studies should
advance our understanding of the role of the citrus cuticle in the
defense response to Xanthomonas infection. Moreover, the find-
ing that ‘Okitsu’ leaves have a shorter susceptibility period to
X. citri should result in a optimization of copper bactericide
applications, thus contributing to an integrated management of the
disease.
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