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Abstract – Observations of the ultrastructural morphology of leaf segments of D. officinale
with or without P. ultimum infection were made using light microscopy, scanning electron
microscopy and transmission electron microscopy. FITC labelling was used to mark cellulose
before and after infection by the pathogenic fungus, and observations were performed with
a confocal laser-scanning microscope. The results showed that after infection by P. ultimum,
the mycelia pierced the leaf tissue of D. officinale through the stomata of the guard cells
gradually and changed into structures resembling penetration pegs under microscopy and
SEM observations. The appressorium was observed to adhere to the stoma. Furthermore, the
fluorescence intensity of cellulose labelled with FITC was much lower in D. officinale leaves
infected by P. ultimum than in healthy leaves. Soft rot disease in D. officinale infection with
P. ultimum might be related to direct penetration into the cell walls of the plant and the
cellulases secreted by the pathogen, which partly contributed to step-by-step degradation of
the cell walls of the host plant.

Cellulose-FITC / Scanning electron microscopy / Semi-thin microtomy / Transmission
electron microscopy / Soft rot disease

INTRODUCTION

Dendrobium officinale is an Orchidaceae family plant that is considered as
a Chinese medical herb (Xing et al., 2011). It is listed in the Pharmacopoeia of the
People’s Republic of China because of the special pharmacological significance of
its stems, which are used in the treatment of gastritis and cancer (Zhang et al.,
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2012). However, wild populations of D. officinale have been severely depleted due
to inefficient protection and overharvesting. Thus, large-scale artificial cultivation
using tissue culture to supplement the sources of this plant in the field has attracted
serious attention from researchers in China. Because Dendrobium species prefer to
grow under mild and moist conditions, severe pathogenic oomycete diseases are
inevitable. These diseases hamper the production of D. officinale. In addition,
Pythium vexans has been reported to cause stem rot in certain species, e.g.,
D. chrysotoxum, D. thyrsiflorum and D. aurantiacum, in Yunnan Province, China
(Tao et al., 2011).

In the previous studies by our laboratory, a pathogenicity test was performed
on oomycete-infected D. officinale in the greenhouse and in the field according to
Koch’s postulates. The pathogenic oomycete was identified with morphological and
molecular biological analysis as P. ultimum (Li et al., 2011). According to the
previous studies, P. ultimum infects tender and juicy buds, as well as new branches.
Subsequently, the pathogenic oomycete causes root, flower and leaf rot and soft rot
of the seedlings and ultimately results in the prompt death of the plant (Li et al.,
2013).

Cellulose, a complex carbohydrate, is the basic structural component
of plant cell walls and is mainly composed of long polymers of β 1-4, linked glucose
units (Somerville, 2006). Endo-β-(1-4)-D-glucanase, exo-β-(1-4)-D-glucanase and
β-glucosidase, the three major enzyme components of cellulase enzyme complex,
work synergically in plant cellulose degradation (Kim et al., 2008). Phytopathogenic
fungi produce three major cellulases: endoglucanase, exoglucanase and cellobiase
(Klyosov, 1990). As is well documented, a fluorescence technique for in situ staining
of cellulose with fluorescein isothiocyanate (FITC) is widely used (Seibert et al.,
1978). It was reported that pectins and cellulose degrading enzymes were of great
importance both in the maceration of host plant and in the intercellular invasion by
the pathogenic Pythium species (Nemec, 1974). Another study showed that
P. ultimum contributed to the carrot cavity spot disease through extensive degradation
of cellulose and pectins (Campion et al., 1997). Recently, P. ultimum was found to
contain genes encoding enzyme activities necessary for degrading the polysaccharides
of the host plant cell wall (Lévesque et al., 2010). On the other hand, the
phytopathogenic oomycete damaged the cell walls of their host through mechanical
penetration. It was demonstrated that the germ tubes of P. aphanidermatum
penetrated directly through the cuticle cells of the tomato root (He et al., 1992).
Afterwards, it was reported that pectate lyase gene played an important role in
P. ultimum pathogenesis (Fan, 2012). The activity of the cellulases produced by the
phytopathogenic fungi and nutritional and environmental factors affecting the
secretion of cellulases have also been well documented (EI-Said et al., 2014). So
far, very little direct evidence is available on the mode of degradation of D. officinale
cell walls and on the microscopic characteristics of the host tissues upon P. ultimum
infection. The cell wall of Oomycetes, including P. ultimum, contains cellulose
(Fugelstad, 2008). Thus, it is necessary to conduct research on plant specific
cellulase secreted by the phytopathogenic fungus which was different from the
enzyme itself.

In this study, the plant specific cellulose labelled with FITC in D. officinale
leaves and the morphological characteristics of the host plant in soft rot disease
infected by P. ultimum were investigated in detail using SEM, TEM and the confocal
laser-scanning microscope. The information obtained in this study should provide
new insights underlying soft rot disease in D. officinale.
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MATERIALS AND METHODS

Plant Material. – The samples of D. officinale infected by P. ultimum described in
the manuscript were collected from Menghai Dendrobium cultivation field
(21º57’36.64’’N, 100º27’3.80’’E) of Yunnan Branch Institute of Institute of Medicinal
Plant Development, Chinese Academy of Medical Sciences & Peking Union Medical
College in Xishuangbanna, Yunnan province, China. D. officinale tissue culture
seedlings were preserved in the biotechnology research centre of Institute of
Medicinal Plant Development, Chinese Academy of Medical Sciences. Morphological
and molecular biological analyses were used to identify the plant material.
P. ultimum isolation and identification. – P. ultimum was isolated according to
Koch’s postulates from D. officinale specimens with damping-off disease from
Menghai, Yunnan province (Li et al., 2013) . The pathogenic oomycete which was
cultured on potato dextrose agar (PDA) medium, was identified based on
morphological observation and an analysis of the rDNA ITS sequence (Li, 2011).
The NCBI BLAST search program was used to search similar sequences from the
GenBank sequence database for the 5.8S-ITS sequence for Oomycete. The GenBank
accession number was KP676026.
Morphological observations of D. officinale infected by P. ultimum revealed by
freehand sections under the light microscope. – A spore suspension (approximately
1 × 106/ mL spores) of P. ultimum was sprayed onto the leaves of the D. officinale
seedlings in a greenhouse experiment using the methods of a previous study (Cheng
et al., 2010). Healthy leaves and diseased leaves infected by P. ultimum for 12 h and
24 h were cut into 0.5 mm thick freehand sections of leaf tissue. The sections were
dipped into a 5% KOH solution, and a morphological examination was conducted
with an AxioCan HRc Zeiss microscope (Zeiss, Germany).
Preparation of the semi-thin sections for microscopic observation. – Healthy and
diseased D. officinale leaves were cut into 2-3 µm sections, fixed in 2.5%
glutaraldehyde and stored in sealed glass bottles at 4ºC for 6 h. The samples were
then washed 6 times at 30 min intervals with 0.1M phosphate buffer (pH 6.8) at
intervals of 30 min and subsequently fixed in 1% osmium tetroxide for 24 h at 4°C.
After fixation, the samples were dehydrated in an ethanol series from 30% to 100%
for 30 min and then embedded in the LR white resin. The samples were then
polymerised for 48 h and cut using a diamond knife. The semi-thin sections were
collected on glass slides for both microscopic observation and cytochemical staining.
After staining with toluidine blue, diseased D. officinale leaves infected by P. ultimum
for 12 h, 24 h and 48 h were observed using an AxioCan HRc Zeiss microscope
(Zeiss, Germany).
Morphological characteristics of D. officinale infected by P. ultimum revealed by
SEM. – Samples of the healthy and diseased D. officinale leaf tissues infected by
P. ultimum for 12 h, 24 h and 48 h were fixed in 2.5% glutaraldehyde for 48 h at
4ºC. Subsequently, the samples were air-dried and sputtered-coated with gold
palladium and observed using a JEOL JSM-6510 Scanning Electron Microscope
(Tokyo, Japan) (Xing et al., 2013a).
Preparation of ultrathin sections for observation with TEM. – The healthy and
diseased D. officinale leaf tissues infected by P. ultimum for 48 h were cut into
portions of 1 mm3 in volume to prepare ultra-thin sections. The successive fixation,
cleaning, post-fixation, dehydration with different concentrations of ethanol,
embedding, polymerisation and cutting were performed as described above for the
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semi-thin sections (Xing et al., 2013b). The ultrathin sections were then collected
from the nickel nets. After staining with uranyl acetate and lead citrate, the sample
sections were visualised using a JEM-1400 Transmission Electron Microscope
(Tokyo, Japan).
Cytochemical staining of cellulose-FITC with D. officinale leaf tissue in semi-thin
sections. – The cellulase (Sigma, C8546) used in this experiment was specific to the
plant. According to the protocol described previously (Seibert et al., 1978), the
cellulase was first congugated with FITC, and cellulose as a substrate will then react
with cellulase-FITC congugate. The application of cellulase-FITC complex (5 mg/
ml) was performed by Beijing Bioss Biotechnological Corporation with amodification
of the method previously published (Benjaminson et al., 1970). Breifly, 100 mg of
cellulase and 2 mg FITC were dissoved in sterile Tris Buffer (0.05M, pH 9.0). The
solution was stirred for 18 h at 10ºC, 32,000 ×g for 30 min to remove the sediment.
The supernate was dialyzed against distilled water for 48 h. Residual dye was
removed by a Sephadex colomn. The congugate was then frozen and dehydrated in
a vacuum freeze-drying apparatus. The lyophilised powder was stored at –20ºC
before use.

The semi-thin sections of the healthy and the diseased leaf tissues infected
by the pathogen for 12 h, and the pathogen group of P. ultimum without the host
plant, which had been growing on PDA for 48 h. The semi-thin sections were all
washed twice with 50 mM citrate buffer. Three drops of 1% BSA were added. The
preparations were sealed with 0.5% gelatin for 30 min and then washed three times
with double distilled water. A total of 1 ml of 0.5 mg/ml cellulose-FITC diluted with
50 mM citrate buffer solution was placed on the surfaces of the samples and
incubated for 30 mins. A total of 1 ml of 50 mM citrate buffer was then added. Two
washings with double distilled water were performed. The samples were naturally
air-dried. The samples labelled with cellulose-FITC were then examined. The
D. officinale mesophyll parenchyma cells from each sample were examined under a
confocal laser-scanning microscope (Ultra UIEw Vox, America).
Fluorescence intensity of and data analysis of the labelled cellulose-FITC complex.
– Five points were randomly selected from each 500-μm2-square for examination.
A total of 50 images for each treatment were analysed. The mean fluorescence
intensity of the healthy and diseased tissues were calculated and quantified as gray
values using Axiol Vision Rel 4.6. The data were analysed with a t-test. All statistical
analyses were performed using SPSS 11.0 (SPSS, Chicago, IL, USA). The data were
presented as the means ± SD from at least three independent experiments. p values
<0.05 were considered significant.

RESULTS

Observation of D. officinale with and without P. ultimum infection using free-
hand sections

In the healthy D. officinale, the leaf tissue remained intact, and the mesophyll
cells were thick (Fig. 1a) and the green chloroplasts were in good order (Fig. 1a,
white arrow). First, the mycelium (Fig. 1b*) of P. ultimum swelled and adhered to
the epidermis of the leaf tissue. Then, a sporangium (Fig. 1b, right arrow) was then
produced. The mycelium penetrated the cuticle of the D. officinale leaves and



The infection process of Pythium ultimum in Dendrobium officinale (Orchidaceae) 279

temporarily colonised between the cuticle (left arrow) and the cell wall (Fig. 1b,
upper arrow) 12 h after P. ultimum infection. The cell wall at the pathogen-infected
site was compressed and deformed (Fig. 1b). A penetration peg was observed under
the sporangium (Fig. 1b, lower arrow). Subsequently, the D. officinale leaf tissue
infected by P. ultimum exhibited numerous P. ultimum mycelia (Fig. 1c, lower
arrow) and sporangia (Fig. 1c, upper arrow) in the leaf tissue, and the mycelia of
the pathogenic oomycete grew vigorously, with many vesicles inside the mycelia
and the sporangia after 24 h of P. ultimum infection. After the cell walls were
destroyed, the chloroplasts were dispersed in disorder (Fig. 1c, white arrow).

Morphological characteristics of D. officinale infected by P. ultimum based on
observations of semi-thin sections

After the D. officinale leaf tissue had been in contact with P. ultimum for
12 h, the sporangium of the pathogen adhered to the epidermis of the cell walls
(Fig. 2a, black arrows), and the local cell walls were compressed. The mesophyll
cell structures inside exhibited damage, and the gap between the mesophyll cells

Fig. 1. Observation of D. officinale with and without P. ultimum infection in free-hand sections.
a. Healthy, intact D. officinale leaf tissues with chloroplasts in order. b. A sporangium (right arrow) with
penetration peg (lower arrow) after infection for 12 h. c. Lots of P. ultimum mycelia and sporangia in
situ after infection for 24 h, with chloroplasts distributed in disorder. Scale bars: a, b,c: 10 µm.

Fig. 2. Morphological characteristics of D. officinale infected by P. ultimum revealed by semi-thin
sections. a. A sporangium adhering to the cell wall after infection for 12 h (black arrow). The chloroplasts
separated from the cell membranes, resembling a string of beads (white arrows). b. Numerous P. ultimum
(*) in situ 24 h after infection. The chloroplasts (white arrow) separated from the cell membrane and
the sporangium (black arrow) pierced the cell wall of the epidermis. c. The local cell wall was broken
(white arrow) 48 h after infection, with lots of P. ultimum mycelia (*) and the chloroplasts lined up in
the cytoplasm increasingly disorderly (lower black arrows). The sporangium (upper black arrows)
completely entered the mesophyll cell layer. Scale bars: a 10 µm; b and c 20 µm.
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and the epidermis was small. Several mycelia of P. ultimum (Fig. 2a*) penetrated
the mesophyll cell layer. The chloroplasts separated from the cell membranes and
lined up in the cytoplasm, resembling a string of beads (Fig. 2a, white arrows). At
24 h after the interaction between the leaf tissue and the pathogen, the sporangium
produced lots of vesicles that pierced the cell wall of the epidermis (Fig. 2b, black
arrow), and the cell wall sustained additional damage. The gap between the
epidermis and the mesophyll cell layer became wider, with additional mycelia in
the mesophyll cell layer. The fungus in contact with the membrane of the host plant
became very thin. The cell walls of the epidermis became much thinner, with
the nucleus invisible and the cellular boundary obscure and incomplete (Fig. 2b).
The chloroplasts (Fig. 2b, white arrow), which were smaller than the fungal mycelia
(Fig. 2b*), were almost completely free from the cell membrane of the host plant.
When D. officinale leaf tissue was infected by P. ultimum for 48 h, the entire
sporangium entered the mesophyll cell layer from the epidermis (Fig. 2c*), the cell
walls of the epidermis were effectively destroyed, and the gap between the
mesophyll cell layer and the epidermis widened substantially (Fig. 2c). The cell
wall of the epidermis ruptured at the site of the entrance of the pathogen (Fig. 2c,
white arrow). Increasing numbers of mycelia of P. ultimum (Fig. 2c*) existed in the
mesophyll cell layer (Fig. 2c*), and the chloroplasts increasingly formed disorderly
arrangements (Fig. 2c, lower black arrows). General damage to cell structures was
also observed. These pathogens (Fig. 2a*; Fig. 2b*; Fig. 2c*) were larger in size
than the chloroplasts (Fig. 2a, white arrows; Fig. 2b, white arrow; Fig. 2c, black
arrows).

Observation of cellulose-FITC during P. ultimum infection

After the cellulose of the healthy D. officinale mesophyll parenchyma cells
was specifically marked with FITC, FITC was widely deposited in the cell walls,
and the fluorescence intensity was very high (Fig. 3a). This strong fluorescence
indicated that the cell structures retained their integrity and that the cellulose of
D. officinale mesophyll parenchyma cell walls was undamaged. The chloroplasts
exhibited a round or elliptical shape and were embedded in the cell membranes.
However, in the specimens infected with P. ultimum for 12 h, the fluorescence
intensity of the cellulase marked with FITC was much weaker, discontinuous and
more dispersed (Fig. 3b) than that of the healthy speciments. This observation,
indicated that the cell walls of the D. officinale mesophyll parenchyma were seriously

Fig. 3. Fluorescence intensity of cellulose-FITC during P. ultimum infection. a. Fluorescence
intensity was very strong in healthy D. officinale. b. Fluorescence intensity was much weaker,
discontinuous and dispersed in diseased D. officinale infected by P. ultimum for 12 h. c. The fluorescence
intensity was weak in P. ultimum without host plant. Scale bars: a, b and c: 20 µm.
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damaged (Fig. 3b, left arrows). The chloroplasts entered the cell plasma and became
distant from the cell membranes (Fig. 3b*). P. ultimum could only be faintly seen
and was located among the mesophyll parenchyma cells (Fig. 3b, right arrows). In
the pathogen group without the host plant, spherical or ovoid P. ultimum showed
slightly greenish and could be unclearly observed (Fig. 3c).

Fluorescence intensity of the cellulose before and after P. ultimum infection

The fluorescence intensity of the cellulose differed significantly between
the healthy and the diseased D. officinale mesophyll parenchyma cells (p < 0.05,
Table 1).

Table 1. Comparison of the fluorescence intensity of the cellulose-FITC in healthy and diseased
leaf tissue

Group (n=50) Healthy leaf (control) Diseased leaf

Fluorescence intensity 981.23 ± 46.42 235.48 ± 15.68*

The data were analysed with a t-test. The values are presented as the means ± SD from at least three independent experiments,
with 50 replicates in each group. *p < 0.05 (compared to the control group).

SEM observations of the morphological characteristics of D. officinale infected
by P. ultimum

On the abaxial surface of healthy D. officinale, the epidermal structure was
normal, with a smooth surface and numerous guard cells (Fig. 4a, arrow). On the
surface of D. officinale leaves without pathogen infection, the epidermis was smooth
with few guard cells (Fig. 4b). After the D. officinale leaf tissues were infected by
the pathogen for 48 h, P. ultimum penetrated the leaf tissue through the stomata of
the guard cells (Fig. 4c, black*), and the lower hyphae became narrow and slim and
changed into structures resembling penetration pegs (Fig .4c, arrow). The appressoria
(Fig. 4c, white*; Fig. 4d, black*), hemispherical in shape, grew from the germ tubes
(Fig. 4c GT) and were observed at the other side of the epidermis of the leaf. The
local area became inflated after 24 h of infection (Fig. 4d, arrow). P. ultimum mycelia
penetrated the D. officinale leaf surface after 12 h of infection (Fig. 4e, arrows). The
appressorium (Fig. 4f*) adhered to the stoma, and segmental constrictions (Fig. 4f,
arrows) appeared in the P. ultimum mycelium.

TEM observations of D. officinale infected by P. ultimum

In the mesophyll parenchyma cells without P. ultimum, the cell walls and
the cell structures were normal, with many chloroplasts (Fig. 5a and b, arrows)
embedded in the cell membranes. After P. ultimum infection for 48 h, the pathogen
sporangia were observed to penetrate the intercellular spaces (Fig. 5c, black arrows).
New mycelia gradually developed (Fig. 5c and e, white arrow). Black deposits were
distributed unevenly on the cell wall (Fig. 5c, white asterisks). The chloroplasts
separated from the cell membrane and dissociated in the cytoplasm (Fig. 5c, black
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asterisk; Fig. 5e, black arrows). The cell walls were damaged, and the chloroplasts
partially disappeared during P. ultimum infection (Fig. 5c and e). Numerous vesicles
(Fig. 5d V) were observed inside the P. ultimum cells. Constrictions of the local host
plant cell membrane (Fig. 5e*) occurred at the site where P. ultimum penetrated the
intercellular space. Furthermore, the intercellular space (Fig. 5b and d, asterisk) was
much wider after the pathogen entered D. officinale mesophyll parenchyma cells
than it was in the healthy leaf tissues without P. ultimum.

Fig. 4. Morphology of D. officinale infected by P. ultimum observed with SEM. a. The epidermal
structure was normal on the abaxial surface of the healthy D. officinale with many guard cells (arrow).
b. The epidermal structure was smooth on the surface of the healthy D. officinale with few guard cells.
c. P. ultimum penetrated the stomata (black*) with penetration peg-like structures (arrow) and
appressorium (white*) grew from the germ tubes (GT) after 48 h of infection. d. The appressorium
(black*) formed and the local area began to inflate (arrow) after 24 h of infection. e. P. ultimum was
penetrating the surface of the leaf tissues (arrows) after 12 h of infection. f. The appressorium adhered
to the stoma and segmental constrictions appeared (arrows) after 48 h of infection. Scale bars: a 20 µm;
b 100 µm; c 4 µm; d 6 µm; e 2 µm; f 4 µm.
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DISCUSSION

Phytium ultimum is a ubiquitous oomycete plant pathogen on crops and
ornamental species (Lévesque et al., 2010). Soft rot disease caused by P. ultimum is
also one of the most damaging diseases to Dendrobium species and the dominant
cause of black rot in orchids (Jones, 2002). Once the disease occurs, the death of
the host plant is certain.

Phytopathogenic fungi could produce infection cushion, appressorium and
haustorium during the infection process (Zheng & Wu, 2007). In Alternaria fungi,
it was reported that they damaged the cell walls of their hosts by mechanical
penetration, producing mycotoxins, and secreting the degrading enzymes, mainly
including cellulases and pectinases (Kang et al., 2013).

In the present study, the observations of free-hand sections showed that
P. ultimum penetrated first the cuticle, then the cell wall, and then entered the
mesophyll cells of the leaves in a step-by-step manner (Fig. 1). The SEM observations

Fig. 5. TEM observations of D. officinale infected by P. ultimum after 48 h of infection. a. and b.
Normal cell walls with numerous chloroplasts in healthy D. officinale (arrows). c. P. ultimum vesicles
entered the intercellular spaces (black arrows).The chloroplasts separated and dissociated (black
asterisk). d. The cell walls showed partial damages, and the chloroplasts disappeared. e. Constrictions
of the local host plant cell membranes were observed where P. ultimum was penetrating the intercellular
spaces (white *). The chloroplasts were dissociated from the cell membrane (black arrows). Scale bars:
a 10 µm; b 1 µm; c 5 µm; d 1 µm; e 10 µm
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showed that the pathogen infected the host plant through the stroma or through
the other side of the surface of the leaf and formed a penetration peg (Fig. 4).
The chloroplasts adhered to the healthy leaves, but entered the cytoplasm upon the
destruction of the cell wall of D. officinale (Fig. 3 and 5).

It has been reported that Magnaporthe grisea can produce appressoria that
adhere tightly to the surface of the host and form infection pegs that serve to
penetrate the underlying cell wall structures (Howard et al., 1991). In most fungi,
the appressorium is the most important infection structure used in host colonisation
(Hoch & Staples, 1987). In P. ultimum, we also found that an appressorium was
commonly observed during the infection of D. officinale leaves.

New evidence is provided regarding the mode of action of the fungus and
the reaction of the plant during the early stages of fungal invasion. The results of
cytochemically FITC-labeled cellulose experiment show that P. ultimum degradate
cellulose of the plant. Cellulose in the cell walls, is progressively digested and
fragmented during infection by the pathogenic fungus (Fig 3). In the process of
infection, P. ultimum secretes enzymes to degrade the cellulose in the cell walls.
After the cellulose of the host plant is degraded, the disease induced by the pathogenic
fungus would spread easily. When we added excessive carboxymethyl cellulose to
the reaction solution, and the cellulose was coupled with FITC and incubated with
the D. officinale tissue, no fluorescent images appeared in the semi-thin sections
(data not shown).

In the present study, the cellulase of 1,4-(1,3:1,4)-β-D-glucan 4-glucano-
hydrolase probe was used. This result directly demonstrated that the cellulase-FITC
was more specific to the plant cellulose (Fig. 3a) than to the pathogen’s cellulose
(Fig. 3b and Fig. 3c), because the specific conjugate-substrate complex fluoresced a
brilliant green (Seibert et al., 1978). In Fig. 3c, the pathogen showed slightly
greenish, which might be autofluorescence of the fungus (Seibert et al., 1978). The
fluorescence intensity of the fungus was weak (Fig. 3b, right arrows; Fig. 3c), which
implied that the cellulose in the cell walls of P. ultimum was less specific to the
cellulase probe. However, different from our present study, very low levels of
cellulose were detected in the primary cell walls of the healthy carrot root tissues,
probably due to the fact that cellulose chains did not display numerous affinity sites
for the exoglucanase-gold probe (Campion et al., 1998). However, β-1,4-glucans
were detected over cell walls of P. ultimum and P. violae (Campion et al., 1998).
Thus, the inconsistency of the results with ours might be related to the application
of different kinds of cellulases.

It was reported that the cellulosic glucans detected in P. ultimum cell walls were
not altered during the host wall penetration by the oomycete. The enzymes produced
by the oomycete were obviously unable to hydrolyse the cell walls of the pathogen
itself (Chérif et al., 1991). In our present study, the fluorescence intensity of
P. ultimum remained unchanged when comparing before and after its interaction
with the host plant (Fig. 3b, right arrows; Fig. 3c).

Among the enzymes degrading cell-wall polysaccharides, only pectate
lyases and cellulases were produced by P. violae late and in small amounts: the
symptoms caused by P. violae were limited and typical of cavity spot. However,
P. ultimum secreted polygalacturonases and β-1,4-glucanases earlier and in larger
amounts than P. violae and caused maceration of tissues, and. P. ultimum also
produced a large diversity of proteins and cellulase isoenzymes (Campion et al.,
1997).

Controversially, it was well documented that in P. ultimum, the putative
cellulases belonged to families GH5, GH6 and GH7. All six GH6 candidate cellulases
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harbored secretion signals. Only one GH6 protein contained a CBEL domain at the
carboxyl terminus. Three possessed a transmembrane domain and one contained a
glycosylpho-sphatidylinisotol anchor, these features suggesting that these proteins
might be targeting the oomycete cell wall rather than plant cell walls. The P. ultimum
strain studied here could not grow when cellulose was the sole carbon source
(Lévesque et al., 2010).

The disease caused by the Oomycete pathogen in the host plant is a
complex, multi-stage process, with hydrolytic enzymes, toxic metabolites (Chérif
et al., 1991) or a complex repertoire of effector proteins involving in pathogenesis
(Liu et al., 2014; Lévesque et al., 2010). In order to discover which cellulases are
specific to the host plant or to the pathogen, further studies such as microscopic
observations combined with the use of different specific probes and analysis of the
mode of degradation by P. ultimum should be performed. Furthermore, additional
studies will also be conducted to investigate the cellulose degrading gene expression
between the normal and the infected leaf tissues using quantitative real-time PCR
assay later.
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