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ABSTRACT

Denton-Giles, M., Bradshaw, R. E., and Dijkwel, P. P. 2013. Ciborinia
camelliae (Sclerotiniaceae) induces variable plant resistance responses in
selected species of Camellia. Phytopathology 103:725-732.

Ciborinia camelliae is the causal agent of Camellia flower blight. This
fungal pathogen is a significant pest of the Camellia floriculture industry
because it specifically infects the floral tissue of ornamental camellia
cultivars leading to the rapid development of necrotic lesions and blight.
This study aims to characterize natural resistance to Ciborinia camelliae
within a selection of Camellia spp. Based on macroscopic lesion develop-
ment, Camellia ‘Nicky Crisp’ and Camellia lutchuensis were chosen as
compatible and incompatible hosts, respectively. Microscopic analyses of
the incompatible Camellia lutchuensis—Ciborinia camelliae interaction

revealed several hallmarks of induced plant resistance, including papillae
formation, H,O, accumulation, and localized cell death. The compatible
Camellia Nicky Crisp—Ciborinia camelliae interaction failed to trigger a
similar resistance response. Ciborinia camelliae growth in compatible
tissue demonstrated a switch from biotrophy to necrotrophy, evident from
the simultaneous development of secondary hyphae and necrotic lesions.
Extension of resistance analyses to 39 additional Camellia spp. identified
variable levels of resistance within the Camellia genus. The evidence pre-
sented supports a resistance breeding strategy for controlling Ciborinia
camelliae on ornamental Camellia hybrids.

Additional keywords: appressoria, hypersensitive response.

The genus Camellia is the largest and most economically
important of the family Theaceae (5,45). The two most economi-
cally important species are Camellia sinensis var. sinensis and
Camellia sinensis var. assamica, which are cultivated for the
production of tea (5). Camellia spp. are also valued as ornamental
shrubs, being especially popular in temperate regions of the
world, including North America, Europe, and Australasia (1,37).
Intraspecific and interspecific hybrids of Camellia japonica,
Camellia sasanqua, and Camellia reticulata form the basis of
more than 20,000 registered ornamental Camellia cultivars (33).

Many ornamental Camellia spp. and cultivars are susceptible to
infection by the fungal phytopathogen Ciborinia camelliae L. M.
Kohn (Sclerotiniaceae) (21). This pathogen specifically infects
the floral tissue of Camellia spp. following the dissemination of
ascospores from sclerotia-germinated apothecia. Commonly re-
ferred to as “Camellia flower blight,” compatible interactions
result in the development of brown petal lesions, blight, and pre-
mature flower fall (21). Prior to the 1990s, Ciborinia camelliae
had been described only in Japan and North America (11,13).
However, recent introductions have been reported in New Zealand
(1993) and Europe (1999) and the disease is now widespread in
these regions (37).

A number of methods have been tried to control Ciborinia
camelliae infection, including pest management approaches (42),
fungicide applications (37), and the use of biological control
agents (43,44). Although several of these strategies have shown
promise in reducing the infection rate of Ciborinia camelliae,
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none have been able to stop the annual reincursion of this patho-
gen into treated areas. The discovery of natural resistance to
Ciborinia camelliae in several species of Camellia has revealed a
new opportunity for controlling this pathogen on ornamental
Camellia hybrids (36).

The identification of incompatibility in several Camellia spp.—
Ciborinia camelliae interactions suggests that the effector
repertoire of Ciborinia camelliae is not adapted for all species of
the genus Camellia. The attempted colonization of a plant by a
nonadapted microbial pathogen can result in the induction of
plant resistance (14,39). Induced plant resistance responses are
under complex genetic control and are mediated by the plant
immune system (16,28). The plant immune system consists of
two branches that have separate molecular mechanisms for detect-
ing pathogen infection (16). The first branch recognizes con-
served microbial-associated molecular patterns (MAMPS) at the
cell wall, through the action of pathogen recognition receptors
(PRRs) (10). MAMP-triggered immunity (MTI) characteristically
stimulates downstream defense responses that include cell wall
modifications, papillae formation, phytoalexin biosynthesis, and
reactive oxygen species (ROS) accumulation (15,25,38). A host-
adapted pathogen that successfully suppresses MTI through the
action of its effectors is said to have established effector-triggered
susceptibility (ETS) (16). The second branch of the plant immune
system involves the detection of pathogen effector molecules by
plant resistance (R) proteins. Effector-triggered immunity (ETI)
characteristically culminates in a hypersensitive response (HR)
and is a more rapid response than MTI (16). Many plant—patho-
gen interactions stimulate characteristics of both branches of the
plant immune system (15,31).

In the present work, we aimed to characterize the host re-
sponses associated with the compatible Camellia ‘Nicky Crisp’—
Ciborinia camelliae and incompatible Camellia Ilutchuensis—
Ciborinia camelliae interactions. In addition, we sought to identify
further sources of resistance to Ciborinia camelliae within the
genus Camellia.
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MATERIALS AND METHODS

Plant and pathogen material. Five-year-old shrubs of Camel-
lia Nicky Crisp (Camellia japonica x Camellia pitardii var.
pitardii) (n = 12) and Camellia lutchuensis (n = 12), used for
flower petal production, were maintained in a sealed glasshouse at
outside ambient temperature. All other Camellia petals were
collected from species growing in the Auckland Botanic Gardens
(ABG) (Supplementary Table 1). Flowers of similar develop-
mental age were chosen for infection experiments, as determined
by the presence of undehisced pollen. Isolates of Ciborinia
camelliae were collected from wild populations located in the
Massey University Arboretum (coordinates 40°38'37” S and
176°62°12” E) immediately prior to use. Freshly collected apothe-
cia were inverted in 50-ml universal bottles and left at room
temperature to release their ascospores over a period of 2 days.
Ascospores were suspended in sterile MilliQ water and diluted to
a concentration of 8 x 10° spores/ml immediately prior to petal
inoculation.

Ascospore infection of detached Camellia petals. Ascospores
were sprayed onto detached Camellia petals using a 15 ml atomizer
with an estimated coverage of 500 to 1,000 ascospores/cm>
Sterile MilliQ water was used for all mock inoculations. Trays of
inoculated petals were placed into plastic bags and incubated in a
growth cabinet at 21°C under a photoperiod of 12 h of light and
12 h of darkness at a light intensity of 60 pE. Petals that po-
tentially developed infection from preinoculation contamination
(based on observations of mock inoculated control petals) were
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Fig. 1. Macroscopic assessment of Ciborinia camelliae infection on petals of
Camellia ‘Nicky Crisp’ and Camellia lutchuensis. Images show disease
progression in infected petals of Camellia ‘Nicky Crisp’ (C. ‘N.C.") and
C. lutchuensis (C. lut.) at 6, 42, and 72 h postinoculation (hpi). The graph
shows percent petal lesion area at 6, 18, 24, 30, 42, 48, 54, and 72 hpi. Each
data point corresponds to the mean percentage lesion area of six single-petal
replicates * one standard deviation.
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omitted from all subsequent analyses. Petals were removed for
macroscopic and microscopic analysis at predetermined time
intervals.

Image analysis. Images used for macroscopic lesion analysis
were taken using a Fujifilm FinePix Z digital camera. In total, six
single-petal replicates from two separate experiments were used
to profile lesion development in Camellia Nicky Crisp and
Camellia lutchuensis (Fig. 1). Three single-petal replicates were
used for ABG species lesion analysis unless otherwise stated.
ImageJ software (NIH; http://rsb.info.nih.gov/ij/) was used to
quantify lesion area at 6, 18, 24, 30, 42, 48, and 72 h post-
inoculation (hpi) using the “Color Threshold” tool. Lesion pixel
color was calibrated by measuring the pixel color range within
fully established petal lesions.

Histology and microscopy. Light microscopy (LM). Petal
tissue discs (10 mm in diameter) were excised, fixed, and cleared
in 3:1 ethanol/acetic acid overnight. Discs were then stained in a
solution of 0.01% (wt/vol) Trypan blue (Sigma-Aldrich, St.
Louis) in lactophenol for 2 to 3 h, washed twice in MilliQ water,
and stored in 30% (wt/vol) glycerol until examined. For dual 3,3’-
diaminobenzidine (DAB) (Sigma-Aldrich) and Trypan blue
staining, 10-mm-diameter discs were excised from live tissue 2 h
before their predetermined assessment time, vacuum infiltrated
with a solution of DAB at 1 mg/ml and pH 5.0, and dark incu-
bated. At the time of assessment, discs were fixed and cleared in
3:1 ethanol: acetic acid and stained with Trypan blue. A Leica
DMS500 light microscope equipped with a Leica D5C295 digital
camera (Leica, Germany) was used for microscopic analysis and
image capture. Quantification of microscopic parameters for
Camellia Nicky Crisp (n = 5) and Camellia lutchuensis (n = 5)
was performed by assessing 50 germinated ascospores at 12, 24,
36, and 48 hpi (Table 1). Ascospores were considered to have
germinated if their oval shape had become polarized or if primary
hyphae were visible. Papilla formation was quantified by count-
ing the number of interactions that produced a DAB-stained halo
at the point of penetration. Intercellular H,O, was quantified by
counting the number of interactions with DAB staining at the cel-
lular periphery of afflicted epidermal cells. Collapsed or DAB-
stained cells were quantified by counting the number of interac-
tions that exhibited a depressed cuticle and simultaneously ex-
hibited DAB staining. Lengthened primary hyphae were quanti-
fied by counting the number of interactions that produced a pri-
mary hypha with a length greater than its associated ascospore.
Subcuticular hyphae were quantified by counting the number of
interactions that gave rise to hyphae below the petal cuticle and,
in turn, grew as far as the epidermal intercellular space. Subepi-
dermal hyphae were quantified by counting the number of inter-
actions that successfully gave rise to hyphae that were visible at a
subepidermal focal plane. ABG petal samples (n = 3 unless
stated) were analyzed similarly at 24 hpi, with the exception that
all analyses were performed blind.

Confocal laser scanning microscopy (CLSM). Plant cell auto-
fluorescence associated with Ciborinia camelliae infection was
captured using a Leica SP5 DMG6000B confocal microscope
(Leica). An argon laser was used for excitation at 488 nm and
epidermal cell autofluorescence was collected using photomulti-
plier tube detectors set for detection between 499 and 676 nm. A
Z-stack of 41 sequential scans through the infected epidermal cell
at intervals of 0.46 um was performed in order to determine the
localization of epidermal cell autofluorescence and to visualize
papilla in the cell wall.

Scanning electron microscopy (SEM). SEM was performed as
described by Eaton et al. (7). Petal tissue was fixed in 0.1 M
phosphate buffer (pH 7.2) containing 3% glutaraldehyde and 2%
formaldehyde for 24 h. Following fixation, tissue was washed
with 0.1 M phosphate buffer (pH 7.2), passed through an ethanol
series, critical point dried using liquid CO,, mounted on stubs,
and sputter coated with gold particles. An FEI Quanta 200 envi-



ronmental scanning electron microscope with digital image cap-
ture (FEI, Eindhoven, The Netherlands) was used to visualize
Camellia Nicky Crisp—Ciborinia camelliae and Camellia lutchuen-
sis—Ciborinia camelliae interactions at 24 hpi.

Statistical analysis. Percentage data for macroscopic and
microscopic analyses were calculated from biological replicates
and presented as mean percentage * one standard deviation. The
heat-map was generated from mean percentage values for each
microscopic parameter using MeV software (Institute for Ge-
nomic Research, Rockville, MD; http://www.tm4.org/mev/). Data
associated with intercellular H,O, and collapsed or DAB-stained
cells were not included in the heat-map because they were not
significantly different from the compatible control. Papilla forma-
tion data were converted to papilla absence (inverse measurement
of papilla formation) in order to conform with the high-to-low
trend of the other heat-map data. The software package R (R
Foundation for Statistical Computing, Vienna, Austria; http://
www.r-project.org/) was used for statistical analyses of the data.
To compare significance between quantified microscopic resistance
parameters, raw data from the Camellia Nicky Crisp ABG control
was compared with other Camellia spp. using multiple two-tailed
Student’s ¢ tests. P values were adjusted for multiple testing using
a false discovery rate correction (4). One-way analysis of variance
(ANOVA) and Tukey’s range test were used to determine whether
Camellia sections were significantly different from each other for
each microscopic resistance parameter.

RESULTS

Camellia genotype influences macroscopic disease develop-
ment. Ciborinia camelliae infection was quantified macroscopi-
cally by spray inoculating detached petals of Camellia Nicky
Crisp and Camellia lutchuensis with inoculum solution at 8 x 10°
ascospores/ml. Camellia Nicky Crisp petals formed lesions 24 hpi
(Fig. 1). By 72 hpi, these lesions had coalesced to cover >95% of
the petal area. In contrast, Camellia lutchuensis petals failed to
develop any detectable lesions before 42 hpi and reached a
maximum lesion area of 13% by 72 hpi. Mock-infected
petals failed to produce any lesions in both genotypes, indicating
that foreign ascospore levels were low (data not shown). Based on
this bioassay, Ciborinia camelliae was deemed to be compatible
with Camellia Nicky Crisp and incompatible with Camellia
lutchuensis.

Compatible Camellia Nicky Crisp—Ciborinia camelliae inter-
actions involve cuticle penetration, intercellular growth, and
secondary hypha development. Microscopic characterization of
compatible Camellia Nicky Crisp—Ciborinia camelliae interac-
tions involved a combination of SEM and LM. Direct penetration
of the petal cuticle by Ciborinia camelliae was observed at 24 hpi
using SEM (Fig. 2A). Penetration was achieved by the action of
an appressorium-like structure at one end of the germinated asco-
spore. Instances where penetration occurred after a period of
surface hyphal growth were also observed (Fig. 2B).

Histological analysis indicated that cuticle penetration was
followed by subcuticular growth of the primary hypha (Fig. 3A).
Upon reaching the epidermal intercellular space, subcuticular
hyphae commenced an apoplastic growth phenotype. Apoplastic
growth was maintained in the mesophyll and lower epidermal
tissue prior to 24 hpi (Fig. 3B; Supplementary Figure 1). The
majority of in planta fungal hyphae were localized to the petal
mesophyll tissue at 24 hpi (Fig. 3C). From 36 hpi, a change in
fungal development in the epidermal tissue was observed, under-
lined by broadening of subcuticular primary hyphae and initiation
of secondary hyphal development (Fig. 3D). As secondary hyphal
growth radiated, some of the hyphae became aerial (Supple-
mentary Figure 2). This change in hyphal growth correlated with
the proliferation of lesions observed in the compatible Camellia
Nicky Crisp detached petal bioassay (Fig. 1).

The incompatible Camellia lutchuensis—Ciborinia camelliae
interaction induces characteristic plant defense responses. A
series of temporal microscopic analyses were carried out to in-
vestigate the mechanism of defense in petal tissue of Camellia
lutchuensis. SEM analysis revealed that the petal cuticle of the
incompatible tissue was also penetrated directly by Ciborinia
camelliae (Fig. 2D). However, unlike the compatible interaction,
penetration was frequently accompanied by the formation of plant
papillae in epidermal cell walls (Fig. 3E and Table 1). DAB
staining revealed an accumulation of H,0, at the site of papilla
formation as well as at the periphery of the epidermal cell. This is
consistent with reports that describe papilla formation and H,0,
accumulation in response to attempted pathogen penetration (15,
38). An orthogonal cross-section through a single papilla showed
thickening of the cell wall, further confirming this structure as a
papilla (Fig. 2E and E’). Quantification of the number of papillae
showed that they increased significantly (P < 0.01) during the
incompatible interaction at 12 to 48 hpi (Table 1). H,O, appeared
to diffuse from the afflicted cell to the walls of neighboring epi-
dermal cells (Fig. 3F). Intercellular H,O, was occasionally ob-
served during the Camellia Nicky Crisp—Ciborinia camelliae
compatible interaction, suggesting that this phenotype is not ex-
clusive to the Camellia lutchuensis—Ciborinia camelliae incom-
patible interaction (Table 1).

A small percentage of Camellia lutchuensis epidermal cells
showed a collapsed phenotype in response to infection by Ciborinia
camelliae from 24 hpi (Fig. 2C; Table 1). Collapsed cells stained
intensely with DAB, indicating that H,O, levels were elevated
(Fig. 3). In contrast, collapsed cells were not observed during the
compatible Camellia Nicky Crisp—Ciborinia camelliae interaction
(Table 1).

Hyphal development was used as a second, DAB-independent
strategy for quantifying resistance to Ciborinia camelliae in
planta. The number of germinated ascospores that produced hy-
phae that were greater than their ascospore length increased over
time for both compatible and incompatible interactions. By 36 hpi,
99% of primary hyphae were longer than their associated asco-
spores in susceptible tissue, whereas only 46% reached this

TABLE 1. Quantification of microscopic parameters associated with Ciborinia camelliae development in compatible Camellia ‘Nicky Crisp’ and incompatible

Camellia lutchuensis petal tissue®

Camellia Nicky Crisp C. lutchuensis
Microscopic parameters 12 hpi 24 hpi 36 hpi 12 hpi 24 hpi 36 hpi 48 hpi
Papilla formation (%) 0+0 0£0 0+0 50+12 6115 76 +£7 81+ 10
Intercellular H,O, (%) 0+0 2+1 67 76 £ 15 90+6 84+ 10 88+ 10
Collapsed/DAB-stained cell (%) 0£0 0£0 0£0 0£0 1£2 5+£3 2+£2
Lengthened primary hyphae (%) 8717 96 %3 99+l 19+10 52£20 46+ 12 31£18
Subcuticular hyphal growth (%) 39+7 91+4 95+3 1+1 32+ 14 33+14 24+20
Subepidermal hyphae (%) 00 905 86 22 00 11 00 2+2

4 Data were collected at 12, 24, 36, and 48 h postinoculation (hpi) for each microscopic parameter by assessing 50 germinated ascospores per biological replicate
(n =5). Data were not recorded for Camellia Nicky Crisp at 48 hpi due to disease-associated deterioration of the petal tissue. Mean percentage values are shown

for each analysis * one standard deviation.
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threshold length in incompatible tissue (Table 1). We hypothesize
that the formation of papillae contributed to the reduced hyphal
length in incompatible tissue.

In support of this hypothesis, papilla formation inversely corre-
lated with the number of subcuticular hyphae observed from
24 hpi (Table 1). Primary hyphae that managed to successfully
penetrate the cuticle of Camellia Ilutchuensis epidermal cells
established subcuticular growth. However, only 8% of these sub-
cuticular hyphae developed into subepidermal hyphae by 48 hpi,
suggesting that further defense mechanisms contribute to the
restriction of fungal development in planta (Table 1).

Levels of incompatibility to Ciborinia camelliae vary within
the genus Camellia. The frequency and intensity of Ciborinia
camelliae incompatibility within the genus Camellia was assessed
by extending the described analyses to 39 additional Camellia
spp. collected from the ABG (Fig. 4). Color-converted mean per-
centage data depicted a gradient of resistance across the Camellia
genus, from highly compatible phenotypes (light gray) to com-
paratively incompatible phenotypes (black). Statistical compari-
sons (Student’s 7 test) of the susceptible Camellia Nicky Crisp
ABG genotype with each Camellia sp. further defined the levels
of resistance within the Camellia genus (Fig. 4). Camellia
lutchuensis, Camellia yuhsienensis, and Camellia transnokoensis
were the most dissimilar to the Camellia Nicky Crisp ABG
genotype, with significantly lower values for at least four of the
five assessed parameters. Camellia xichengensis, Camellia mairei
var. mairei, Camellia granthamiana, Camellia japonica subsp.
japonica, Camellia sinensis var. sinensis, Camellia saluenensis,
Camellia jinshajiangica, Camellia pitardii var. yunnanica, and
Camellia puniceiflora were not significantly different from the
Camellia Nicky Crisp ABG phenotype for all assessed parameters,
indicating that these genotypes were compatible with Ciborinia
camelliae. All other species exhibited a range of intermediate

phenotypes with significance in one, two, or three of the five analy-
ses. Statistical comparisons made between the data for the Camel-
lia Nicky Crisp ABG genotype and the previously examined
Camellia Nicky Crisp genotype showed no significant difference
for the parameters presented (Fig. 4), suggesting that comparable
analyses were reproducible. In addition to lesion analysis at 72 hpi,
further observations of lesion development were made at 113 hpi.
Camellia lutchuensis, Camellia yuhsienensis, Camellia transno-
koensis, Camellia fraterna, Camellia transarianensis, Camellia
longicarpa, and Camellia caudata were the only assessed species
that failed to fully develop visible petal lesions by this time.

To determine whether the selected Camellia taxonomical sec-
tions were significantly different from each other, ANOVA was
performed independently for each assessed parameter. Camellia
sections appeared to be significantly different from one another
for each of the assessed infection parameters, including lesion area
at 72 hpi (P < 0.001), papillae absence (P < 0.001), lengthened
primary hyphae (P < 0.001), subcuticular hyphae (P < 0.001), and
subepidermal hyphae (P < 0.001). Further statistical analysis
(Tukey’s range test) highlighted specific differences between sec-
tions. Section Camellia was significantly different from section
Paracamellia and section Theopsis for all of the quantified param-
eters (Supplementary Figure 3). Furthermore, sections Thea and
Archecamellia were found to be not significantly different from
section Camellia for all of the quantified parameters, although the
number of replicate species within these two sections was low.
This result suggests that resistance to Ciborinia camelliae is con-
centrated in certain sections of the genus Camellia.

DISCUSSION

Breeding pathogen-resistant crops has been a common goal of
plant breeders for many years and still remains a preferred option

Fig. 2. Scanning electron and confocal micrographs show the development and interaction of Ciborinia camelliae with epidermal cells of A and B, Camellia
‘Nicky Crisp’ and C, D, E, and E’, Camellia lutchuensis. Penetration of the petal cuticle by appressoria-like structures occurred directly from the ascospore (A) or
following a period of hyphal growth (B). Incompatible interactions occasionally triggered epidermal cell collapse (C). A collapsed cell reveals the subcuticular
growth habit of Ciborinia camelliae (D). A merged Z-stack of 41 images reveals localized autofluorescence associated with the cell wall and papilla of an afflicted
epidermal cell (E). An orthogonal view of the same Z-stack through the site of papilla formation (indicated by the dotted line) reveals thickening of the cell wall at
the position of papilla formation (E’). Symbols: a = ascospore; pp = penetration point; cc = collapsed cell; sch = subcuticular hyphae; cw = cell wall; p = papilla.
All images were taken at 24 h postinoculation. Scale bar = 25 um.
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Fig. 3. Light micrographs showing the development and interaction of Ciborinia camelliae with A to D, compatible Camellia ‘Nicky Crisp’ and E to H,
incompatible Camellia lutchuensis petal tissue. All samples were stained with Trypan Blue. Samples A and C to H were co-stained with 3,3’-diaminobenzidine
(DAB). A, Penetration and subcuticular growth occurred prior to 12 h postinoculation (hpi) and failed to induce localized DAB staining in compatible Camellia
Nicky Crisp petal tissue. B, A primary hypha exhibited apoplastic growth in the lower epidermis at 24 hpi. C, Translucent primary hyphae concentrated within the
mesophyll tissue at 24 hpi. D, From 36 hpi, primary hyphae broadened and secondary hyphae developed. E, Papilla formation and intercellular DAB staining
occurred in response to attempted cuticle penetration of C. lutchuensis petal tissue by Ciborinia camelliae, prior to 12 hpi. F, Intercellular DAB staining diffused
outward from the afflicted epidermal cells. G, DAB staining localized to the cell wall of a subcuticular primary hypha at 24 hpi. H, Collapse of a DAB-stained
epidermal cell was denoted by the lower focal plane of the cell’s cuticle compared with surrounding cells at 36 hpi. Symbols: a = ascospore; ph = primary hypha;
sh = secondary hypha; p = papilla; iDAB = intercellular DAB; cc = collapsed cell. Scale bar = 25 pm.

Vol. 103, No. 7, 2013 729



I
0% 100%
A B C D E

........... Camellia ‘Nicky Crisp”  (IH)
rersmnsnnmsnnnennnnens Co XiChengensis — (CA)
... Camellia ‘Nicky Crisp’ ABG  (IH)
.. C. maireivar. marei  (CA)
................... C. granthamianah (AR)
....... C. japonica ssp. japonica  (CA)
«eeens C. SiNENSIS var. sinensis  (TE)
C. saluenensis (CA)
.. C. jinshajiangica (CA)
...... C. pitardii var. yunnanica  (CA)
wneennnnnss C. puniceiffora  (PA)
comrnenusnsensssenes Co flUviatilis — (PA)
............................ C. melliana  (ER)
C. chekiangoleosa (CA)
...... C. bailinshanica (CA)
C. nitidissima var. nitidissima (CH)
......................... C. polyodonta  (CA)
cormsunrennes G Microphylla  (PA)
swesssessnnss o huiliensis — (CA)

COMPATIBLE

............................. C. oleifera  (OL)
... C. cuspidata var. cuspidata  (TH)
(7 D . C. euryoides (TH)
......................... C. subintegra (CA)
E ................................. C. grijsii  (PA)
g <. C. sinensis var. assamica  (TE)
P «uee C. kissi var. kissi  (PA)
g .. C. tsaii var. tsaii  (TH)
I ¢ e C. rosiflora  (TH)
= .. C. pitardii var. pitardii  (CA)
21 C. longicarpa  (TH)
E ............................ C. caudata (ER)
........................... C. crassipes  (TH)
... C. transarisanensis  (TH)
.......................... C. henryana (PS)
senssessssnnsnensnenaness G DFEVIStyla  (PA)
...................... C. trichocarpa®  (PS)
.............................. C. miyagii (PA)
. C. yunnanensis  (ST)
............................ C. fraterna (TH)
.................. C. transnokoensis  (TH)
....................... C. lutchuensis® (TH)
...................... C. yuhsienensis (PA)
................ C. lutchuensis ABG (TH)

Fig. 4. Analysis of macroscopic and microscopic parameters in 40 species and
one interspecific hybrid of Camellia. Column A = percent lesion area at 72 h
postinoculation (hpi); B = papillae absence, C = lengthened primary hyphae,
D = subcuticular hyphal growth, and E = subepidermal hyphae at 24 hpi. Tile
color coding represents mean percentage data of three biological replicates
(unless specified), ranging from highly compatible phenotypes (light gray) to
comparatively incompatible phenotypes (black). White tiles represent “no
data”. Multiple two-tailed Student’s ¢ tests were applied to raw data for each
independent column, comparing each species with the susceptible Camellia
‘Nicky Crisp’ Auckland Botanic Gardens (ABG) genotype; *, **, and ***
indicate values significantly less than Camellia Nicky Crisp ABG values at
P <£0.05, 0.01, and 0.001 respectively. The absence of asterisks represents no
significant difference. Incompatible species were manually sorted and ranked
based on the number of parameters that showed significant difference to the
compatible control, Camellia Nicky Crisp ABG. Camellia sections are abbrevi-
ated as CA (Camellia), AR (Archecamellia), TE (Thea), CH (Chrysantha), PA
(Paracamellia), OL (Oleifera), TH (Theopsis), ER (Eriandria), PS (Pseudo-
camellia), and ST (Stereocarpus). IH = interspecific hybrid. Superscript a:
Data from original Camellia Nicky Crisp and Camellia lutchuensis samples
were included for comparison. Superscript b: Column A data based on two
biological replicates. Superscript c: Column B, C, D, and E data based on two
biological replicates.
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for controlling plant disease (27). The discovery of natural resis-
tance to Ciborinia camelliae in several species of the Camellia
genus has revealed a new opportunity that has potential to control
this pathogen using a traditional plant breeding strategy (36). In
this study, we characterized the response of different Camellia
genotypes to Ciborinia camelliae ascospore infection using both
macroscopic and microscopic analyses. Compatible Camellia
Nicky Crisp—Ciborinia camelliae interactions failed to display
visible signs of resistance, which is consistent with the ETS
hypothesis (16). In comparison, the incompatible Camellia
lutchuensis—Ciborinia camelliae interaction showed strong signs
of an induced resistance response. Assessment of a further 39
species of Camellia indicated that incompatibility is variable
across the Camellia genus, with prevalence being higher in
sections Theopsis and Paracamellia.

Penetration of the compatible Camellia Nicky Crisp petal
cuticle by Ciborinia camelliae was achieved by appressoria-like
structures that differ from the classic polarized appressoria pro-
duced by Colletotrichum and Magnaporthe spp. (20,47). How-
ever, Ciborinia camelliae appressoria-like structures were morpho-
logically similar to those of other members of the Sclerotiniaceae
family such as Botrytis cinerea, Sclerotinia sclerotiorum, and
Monilinia fructicola (9,17,23).

Following cuticle penetration of the susceptible tissue, initial
asymptomatic growth of Ciborinia camelliae was confined to the
apoplast. The well-characterized biotrophic fungus Cladosporium
Sfulvum also confines its growth to the apoplast (6) and is thought
to modulate the supply of host-derived nutrients as it grows
(34,35). The Avr2 and Avr4 effectors of Cladosporium fulvum
have been shown to localize specifically in the apoplast of tomato
leaves, where they act to indirectly inhibit plant protease activity
(41) as well as recognition by PRRs (40). We hypothesize that
Ciborinia camelliae may also produce apoplastic effectors that act
to suppress MTI.

Following radiation of fungal hyphae in the apoplast, there is a
switch in the growth habit of Ciborinia camelliae. Broadening of
the subcuticular primary hyphae was observed at 36 hpi, together
with the development of secondary hyphae in the vicinity of the
cuticle penetration site (Fig. 3D). It is unclear whether the secon-
dary hyphae of Ciborinia camelliae directly penetrate host petal
cells. However, secondary hyphal growth appears to coincide with
the first signs of macroscopic lesion development and necrosis.
These observations are very similar to the growth habit of the
hemibiotroph Colletotrichum acutatum (2). Initial biotrophic
growth of Colletotrichum acutatum on almond petal tissue is con-
fined to the apoplast, with broad intercellular subcuticular hyphae
observed at 24 to 48 hpi. Similarly, the switch to necrotrophy is
hallmarked by the initiation of secondary hyphae that directly
penetrate host cells.

The Sclerotiniaceae family is well known as a necrotrophic-rich
family of fungi, where necrotrophy is thought to be the ancestral
state (3). It has recently been suggested that the well-established
necrotroph S. sclerotiorum exhibits characteristics of biotrophy
during its early pathogenic phase (46). Similarly, Ciborinia
camelliae exhibits an asymptomatic biotrophic-like phase during
establishment in planta that later transitions to necrotrophy.
However, it is difficult to deduce whether this is a true hemibio-
trophic lifestyle, based on observational data alone. Transcrip-
tomic and genomic studies, such as those used to characterize and
confirm the switch from biotrophy to necrotrophy in Colletot-
richum higginsianum (30), would help to determine whether a
similar switch occurs in Ciborinia camelliae.

Incompatibility observed during the Camellia lutchuensis—
Ciborinia camelliae interactions resembled previous descriptions
of induced plant resistance (8,15,38). We observed the formation
of preinvasive papillae in Camellia lutchuensis epidermal cells
together with localized H,0O, at infection sites. Temporal quanti-
fication of papilla induction showed that the induced response to



Ciborinia camelliae in plant epidermal cells was gradual over
time (Table 1). This slow, steady increase in the intensity of the
defense response is consistent with the gradual induction of MTI-
associated responses (16).

The accumulation of H,0, is thought to be involved in several
processes during induced plant resistance, including cross-linking
of the cell wall at the site of papilla formation (24); creation of a
toxic, antimicrobial, high-ROS environment (26); and as part of
the oxidative burst or HR mechanism (22). During the Camellia
lutchuensis—Ciborinia camelliae interaction, we observed H,O,
localization at papillae formation sites, suggesting that cross-
linking of the cell wall may occur during this interaction. How-
ever, it is unclear whether mechanical resistance is important for
impeding the development of Ciborinia camelliae, because the
initial subcuticular and apoplastic growth habit does not require
penetration of the plant cell wall (Fig. 3A).

H,0, is localized to the intercellular spaces of petal epidermal
cells in proximity to cuticle penetration sites. Intercellular H,O,
appeared to diffuse outward from the penetration site, suggesting
that its accumulation and localization is in response to cuticle
penetration. Intercellular H,O, was occasionally observed during
penetration of some of the susceptible species, including the
Camellia Nicky Crisp ABG control (Supplementary Table 2). It is
plausible that some of the H,0, observed during the plant—
pathogen interactions is derived from Ciborinia camelliae, be-
cause several members of the Sclerotiniaceae family are believed
to produce H,0, through the action of their own NADPH oxidase
enzymes (18,32) and via secreted oxalic-acid-mediated plant
programmed cell death (19). Therefore, it is unclear whether
intercellular H,O, acts to suppress or promote the growth of
Ciborinia camelliae in Camellia petal tissue.

A small percentage of epidermal cells exhibited DAB staining
and a depressed cuticle during the Camellia Iutchuensis—
Ciborinia camelliae interaction. Previous reports have attributed
observations of this kind to an ETI-mediated HR, which leads to
localized cell death (38). This phenotype is consistent with the
weak ETI previously observed in other induced plant—pathogen
interactions, including the barley—powdery mildew interaction
(15,38) and the pepper—powdery mildew interaction (12). The low
frequency of the ETI response is thought to be due to weak
recognition of effectors by plant R proteins (16). It is possible that
ETI-associated necrosis contributed significantly to lesion area
measurements shown in Figures 1 and 4, particularly during in-
compatible interactions.

In summary, these results suggest that Camellia Iutchuensis
defense responses to Ciborinia camelliae are initially induced at
the point of attempted cuticle penetration. Furthermore, the
impaired development of subcuticular and subepidermal fungal
hyphae, together with localized cell death, indicates that Camellia
lutchuensis—Ciborinia camelliae incompatibility involves multiple
mechanisms of defense.

The extension of macroscopic and microscopic analyses to a
further 39 species of Camellia revealed significant phenotypic
variation in resistance to Ciborinia camelliae (Fig. 4). Camellia
lutchuensis, Camellia yuhsienensis, and Camellia transnokoensis
showed the strongest resistance phenotypes to Ciborinia camelliae
and also failed to fully develop petal lesions by 113 hpi. The
species Camellia fraterna, Camellia transarianensis, Camellia
longicarpa, and Camellia caudata also failed to fully develop
petal lesions by 113 hpi but exhibited comparatively weaker resis-
tance phenotypes than Camellia lutchuensis, Camellia yuhsienen-
sis, and Camellia transnokoensis (Fig. 4). These results suggest
that variable strengths of resistance to Ciborinia camelliae exist
within the genus Camellia.

A large proportion of analyzed species showed defense responses
but ultimately failed to resist the establishment of Ciborinia
camelliae. This phenotype is consistent with the definition of
basal resistance, which is described as resistance that reduces

pathogen spread during compatible plant—pathogen interactions
(29). Many Camellia spp. were able to delay the onset of necrotic
lesion formation and the establishment of subepidermal hyphae
compared with the compatible Camellia Nicky Crisp ABG geno-
type (Fig. 4). Consistent with Jones and Dangl’s description of
basal resistance (16), both MTI- and ETI-specific responses (papilla
formation and HR) were observed in epidermal cells of these
species (Fig. 4). Schulze-Lefert and Panstruga suggest a model
whereby the contribution of the two branches of plant immunity
to resistance varies depending on how well adapted a pathogen is
to a potential host (31). In their model, high incompatibility be-
tween host and pathogen is due to a strong MTI response which,
in turn, is a result of an ineffective pathogen-effector repertoire.
Weaker incompatibility to a different host is the result of a weaker
MTT response and a more effective pathogen-effector repertoire.
We hypothesize that the variable levels of basal resistance ob-
served during interactions between Ciborinia camelliae and Camel-
lia spp. are also due to the variable effectiveness of Ciborinia
camelliae’s effectors in phylogenetically divergent hosts.

We confirmed the susceptibility of the common ornamental
species Camellia japonica subsp. japonica but did not assess the
other two ornamental genotypes, Camellia reticulata or Camellia
sasanqua. However, other Camellia spp. belonging to the same
sections of Camellia reticulata and Camellia sasanqua (section
Camellia and section Oleifera) were all susceptible to Ciborinia
camelliae infection. Confirmation that both Camellia sinensis var.
sinensis and Camellia sinensis var. assamica form compatible
interactions with Ciborinia camelliae (Fig. 4) may have impli-
cations for tea breeding, because fruit production is thought to be
affected by this disease (13).

Comparative analysis revealed a correlation between Camellia
sections and their levels of incompatibility to Ciborinia camelliae.
Collectively, species of section Theopsis showed the highest
levels of incompatibility, which makes them the preferable candi-
dates for future resistance-breeding strategies. The creation of
interspecific hybrids between the Theopsis and Camellia sections
has been accomplished previously (1), suggesting that incompati-
ble ornamental Camellia hybrids may already exist.

In conclusion, the observed incompatible Camellia lutchuensis—
Ciborinia camelliae interactions are consistent with an induced
plant defense response (16). The incompatible Camellia lutchuen-
sis—Ciborinia camelliae interaction described here could be a
useful model for characterizing genes associated with MTI in
Camellia spp. How the described incompatible Camellia geno-
types interact with the broad-host pathogens S. sclerotiorum and
B. cinerea is of particular interest, because these economically
important pathogens are closely related to Ciborinia camelliae
(36). The establishment of compatible interactions with many
species of Camellia suggests that Ciborinia camelliae secretes
effectors during penetration and apoplastic growth. Furthermore,
these effectors appear to vary in efficiency across the Camellia
genus. Future goals will be to identify and characterize these floral-
organ-specific effectors and determine their contribution toward
pathogenicity. Based on this research, breeding durable, broad-
spectrum resistance into susceptible Camellia spp. appears to be a
valid approach for combating Ciborinia camelliae infection.
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