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The induced resistance of cucumber leaves treated with
oligochitosan to the infection of the cucumber powdery
mildew, Sphaerotheca fuliginea, was investigated using
transmission electron microscopy. The results showed
that when the plants were treated with oligochitosan
and challenged with inoculum, a significant decrease of
the disease occurred. The mycelial development in the
treated leaves was markedly inhibited. The cytoplasm
of the powdery mildew mycelium was aggregated, with
its organelles disintegrated and the cytoplasm collapsed.
The protoplasm in haustoria became electron-dense.
Haustoria became malformed, their organelles disinteg-
rated, the hausterial wall thickened and eventually the
whole complex necrotized. The host cells produced
defence structures and materials associated with infection
and a hypersensitive response. The host cell wall was
thickened and deeply stained; several layers of papilla
structure were produced under the cell wall; dark
materials were deposited between the cell wall and
plasmalemma; extrahaustorial plasmalemma was deeply
stained and extrahaustorial matrix appositions had
large deposits of electron-dense material; the cytoplasm
was disordered, host organelles disintegrated and even-
tually the whole host cell disintegrated and necrotized.
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The cucumber powdery mildew, caused by Sphaerotheca

fuliginea (Schlecht) Poll., is one of the most widespread

and destructive diseases in greenhouse and field-grown

cucumber plants throughout the world. It occurs on the

leaves, stems and fruits, but is usually more abundant on the

upper surface of leaves. Measures for controlling this di-

sease currently include use of resistant cultivars and appli-

cations of sulphur and fungicides. The powdery mildew

was partially controlled by a single spray of aqueous

solutions containing various phosphates and potassium

salts (Reuveni et al., 1995, 2000). As the problems of the

pathogen resistance to fungicide and the pollution to the

environment have been becoming more and more serious,

alternative methods that could replace or partially replace

fungicides are desperately needed. Induced resistance

characterized by long-lasting and broad spectrum becomes

an alternative strategy in crop plant protection (Sticher et

al., 1997).

Resistance can be systemically induced in plants by

abiotic and biotic elicitors (Benhamou and Belanger, 1998;

Faoro et al., 2008; Goarlach et al., 1996; Reuveni and

Reuveni, 2000). Among the biotic elicitors, chitosan was

proved to induce resistance to fungal, bacterial and viral

pathogens in several plants (Amini, 2009; Benhamou, 1992;

Benhamou et al., 1994; El Ghaouth et al., 1994; Zhao et al.,

2007). The induction of systemic resistance in plants with

natural compounds such as chitosan is a promising ap-

proach to disease control (Gozzo, 2003). Chitosan could

induce systemic resistance in cucumber plants to Pythium

aphanidermatum (El Ghaouth et al., 1994). However, chitin

and chitosan are poorly soluble in water, making them

difficult to use as a bio-pesticide. Oligochitosan prepared

by enzymatic hydrolysis of the chitosan polymer, however,

is not only water-soluble, nontoxic, and biocompatible, but

also induces plant defense reactions (Côté and Hahn, 1994;

Shibuya et al., 2001; Uchida et al., 1989; Yin et al., 2006;

Zhao et al., 2004). Oligochitosan induced defense reactions

against Tobacco mosaic virus and S. fuliginea, suggesting

its effectiveness to various plant pathogens (Zhao et al.,

2007). However, the histopathological mechanisms of oligo-

chitosan induced resistance against plant pathogens are still

unclear. The objective of this research was to investigate the

induced resistance in the cucumber-S. fuliginea system and

to provide a basis for the application of oligochitosan.

Materials and Methods

Plant material and pathogen. The seeds of susceptible

cucumber cultivar Changcun Thorn were sown in pots with
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organic soil in a growth chamber at 20−25 oC with 60%

relative humidity and a 14 h photoperiod (60 µmol/m2/s

photon flux density). At the two-true-leaf stage, the plants

were inoculated with S. fuliginea. An isolate of the fungus,

obtained from naturally infected field-grown cucumber

plants, was maintained in a growth chamber-grown cucumber

cultivar Changcun Thorn, the leaves of which were shaken

24 h before application to dislodge old, nonviable spores.

Preparation of oligochitosan. Oligochitosan was prepared

from chitosan. Chitosan (0.5 g) was dissolved in 2% acetic

acid (10 mL), and then the solution was adjusted with

NaOH to pH 5.6 (Zhang et al., 1999). An enzyme mixture

(5 mg) consisting of cellulose (0.8 U/mg), alpha amylase

(500 U/mg), and proteinase (4 U/mg) was added in 0.05

mol/L acetate buffer and incubated for 40 min at 40 oC. The

hydrolyzates were filtered on a hollow-fiber membrane

(cutoff 50,000 provided by Membrane Center, Dalian

Institute of Chemical Physics, China) to enrich the material

in oligochitosan with DP (Degree of polymerization)  greater

than three but less than ten.

Treatment application, inoculation, assessment of disease

severity. At the two-true-leaf stage, the first leaves were

sprayed with oligochitosan (200 µg/mL), while the secon-

dary leaves were bagged during spray to make sure that

secondary leaves remained untreated to determine the effect

of both local and systemic disease suppressions. Control

plants were sprayed with water. The applications were

performed with a hand sprayer until runoff. The whole

leaves were then inoculated with S. fuliginea 5 d after

application of oligochitosan by spraying the leaves with a

water suspension of 3 × 104 mL−1 freshly formed conidia.

Our preliminary experiment showed that the maximal

inducing effect was reached when plants were treated with

200 µg/mL of oligochitosan 5 d prior to inoculation. There-

fore this concentration and time interval, repectively, were

chosen for the main experiments. A randomized block

design was used with three replicates per treatment. Each

replicate consisted of 12 plants, and the experiment was

repeated three times.

Disease severity was quantified 10 days after inoculation

and was based on an arbitrary scale of 0−9 (where 0 repre-

sented no powdery mildew and a score of 9 meant that

approximately 80% of leaf surfaces were covered with

powdery mildew) as described by Adam et al. (1999) with

slight modification. Treatment effects on powdery mildew

severity were assessed by t-test using SPSS ver. 16 (SPSS

Inc., USA).

Sample preparation for transmission electron micro-

scopy (TEM). Based on our preliminary histological

observation, the first leaves were excised at 4 and 6 days

after inoculation for TEM. Five leaf samples of each treat-

ment were excised at the indicated time points. The experi-

ment was conducted twice. 

The leaf samples were cut into small pieces (1 × 2 mm)

and fixed with 4% (v/v) glutaraldehyde in phosphate buffered

saline (PBS, 0.1 M, pH 7.2). Thereafter, the samples were

rinsed thoroughly with the same buffer and post-fixed with

1% (w/v) osmium tetroxide. After thorough rinsing with

PBS, the samples were dehydrated in a graded acetone

series to 100%, embedded in pure Epon 812 resin and

polymerized at 60 oC for two days. The ultrathin sections of

the samples were cut with a glass knife, mounted on

uncoated copper grids, double-stained with aqueous uranyl

acetate and lead citrate, and examined with a JEM-200EX

transmission electron microscope.

Results

Effect of oligochitosan on the development of leaf lesions.

Five days after oligochitosan treatment, the cucumber leaves

were inoculated with the cucumber powdery mildew, S.

fuliginea. Oligochitosan induced both localized and systemic

protection against the powdery mildew. Direct application

of oligochitosan to cucumber plants produced significant

localized protection and reduced the disease severity

compared with controls (Table 1). Oligochitosan treatment

caused three days delay in appearance of lesions and sporu-

lation, and decreased markedly compared with controls.

Although some small lesions could be observed on the

leaves, their frequency and severity never reached the levels

comparable to those observed in control plants. The systemic

resistance was relatively weak after oligochitosan treatment

compared with localized protection.

TEM observations. Pretreatment of cucumber plants with

oligochitosan before inoculation with the powdery mildew

did not prevent the pathogen from penetrating into the leaf

tissues and forming haustoria. However, colony extension

of the pathogen was inhibited in the oligochitosan-treated

Table 1. Assessment of the efficacy and systemicity of oligo-
chitosan treatments against powdery mildew on cucumber leaves

Treatment Local Systemic

Mean 
disease 
severity

% 
reduction

Mean 
disease 
severity

% 
reduction

Inoculated control 8.4 − 7.9 −

Oligochitosan treatment 1.6** 81.0 5.8* 26.6

*and **indicate that the statistical test was significant at the 5% and
1% probability level, respectively.
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leaves and the host cells produced defense structures and

materials associated with infection as well as showed a

hypersensitive response reaction.

The cytology of the infection process with S. fuliginea in

the oligochitosan-treated leaves was similar to that in un-

treated control. At the fourth day after pathogen inoculation,

the mycelia of the pathogen on untreated leaves extended

normally and contained numerous ribosomes, mitochondria,

endoplasmic reticulum and nuclei. The conidia produced

germ tubes that formed appressoria adhering to the host cell

surface. Successful epidermal penetration was associated

with the formation of narrow penetration pegs that crossed

the cuticle and the underlying epidermal cells (Fig. 1A).

Enlargement of the infection pegs in epidermal cells result-

ed in the elaboration of multilobed structures, the haustorial

bodies. The haustorium consisted typically of a neck and an

oval central body, flanked by lobes. The protoplasm in the

haustorium was distributed evenly with a large nucleus,

other organelles such as mitochondria being embedded in

ribosome-rich cytoplasm (Fig. 1B). No nucleus was detect-

ed in the lobes, but dense ribosomes and mitochondria were

the main organelles. The pathogen pierced through the

epidermal cell wall to form a haustorium, resulting in the

invagination of the plasmalemma and plasmolysis. The host

cell plasmalemma invaginated to surround the haustorial

neck and the outer part of the haustorial body, forming

extrahaustorial plasmalemma to separate the protoplasm of

the host epidermal cell from the fungal huastorium. At the

penetration site, a papillary structure was produced under

the host cell wall against the invasion of the penetration

pegs (Fig. 1A). Other organelles such as mitochondria were

found alongside the haustorium (Fig. 1C). As the huastoria

developed, the extrahaustorial matrix became wider and

was deposited with a little materials (Fig. 1D). At the sixth

day after inoculation with the pathogen, the fungal and host

plant cells still developed normally. 

The fungus had extensively colonized the untreated

control leaves at four days after inoculation, forming large

amount of mycelia and haustoria. However, the coloni-

zation of the fungus was limited on the oligochitosan-

treated leaves; and the mycelia that developed on the

epidermal cells were inhibited markedly. Organelles such as

mitochondria became vacuolated, with abundant electron-

dense granular deposits (Fig. 2A). Mycelial cell wall thick-

ened inconsistently, with cytoplasm aggregated, plasma-

lemma retracted, and organelles disaggregated (Fig. 2B). In

some cases thorough structural collapse was the typical

feature of the powdery mildew cells on the leaves treated

with oligochitosan, indicating that fungal development

ceased (Fig. 2C).

The haustoria in leaves treated with oligochitosan were

difficult to locate and approximately 80% of those that were

observed were markedly distorted compared with those in

control plants. The organelles of the haustoria became di-

sorganized, the cytoplasm was electron-dense and undistin-

guished (Fig. 3A), and some haustoria were detached from

the extrahaustorial membrane (Fig. 3B). The collapsed

Fig. 1. Fungal development and host cell responses in the untreat-
ed control leaves inoculated with S. fuliginea on the fourth day
after inoculation. (A) Penetration peg crossed the cuticle and
formed haustorium. (B) A mature haustorium with nucleus in the
epidermal cell consisting of a fully developed oval central body
and flanked by multi-lobes. (C) Organelles such as mitochondria
are alongside the haustorium. (D) Haustorium with smooth extra-
haustorial plasmalemma and narrow extrahaustorial matrix. EM,
Extrahaustorial membrane; ER, endoplasmic reticulum; EX,
extrahaustorial matrix; H, haustorium; HCW, host cell wall; L,
haustorium lobe; M, mitochondria; N, nucleus; P, papilla; Pe,
penetration peg.

Fig. 2. Fungal mycelial development in the treated leaves inocu-
lated with S. fuliginea on the fourth day after inoculation. (A)
Vesiculated fungal mycelial cell. (B) Fungal mycelial cell wall
thickened inconsistently. (C) Mycelial cytoplasm aggregated,
collapsed, and necrotized. FM, fungal mycelium; HCW, host cell
wall.
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electron-dense fungal haustoria were observed with angular

outline and surrounded by dark osmiophilic substance

(Fig. 3C). A few were unable to expand normally, with the

thickness of the haustorial walls markedly increased double

or three times than that of the haustoria in control leaves

(Fig. 3D). Another marked change of the haustoria in treat-

ed leaves was the widening of the extrahaustorial matrix

with a large amount of electron-dense granular materials

deposited (Fig. 3A). The extrahaustorial membrane was

deeply stained and became wrinkled (Fig. 3B). 

At the penetration site, a papillary structure was also

produced under the host cell wall in oligochitosan treat-

ments as well as in the untreated controls. Papilla formation

is a general defence reaction at infection sites. In our study,

there were funnel, semispherical and cylindrical papillae

formed under the host cell walls, and these were associated

with the formation of haustoria in both the oligochitosan

treatment and the untreated control (Fig. 4A−D). However,

more haustoria did not develop normally in the oligo-

chitosan treatment than in the untreated control. Penetration

pegs were encased in an electron-dense material surround-

ed by multi-textured lamellar appositions (Fig. 4D).

After treatment with oligochitosan, the host cells pro-

duced defense structures and materials associated with

infection as well as hypersensitive responses. Dark granular

material was observed to be deposited between the host cell

wall and plasmalemma in the epidermal cells of the treated

leaves (Fig. 5A). The haustorial neck was surrounded by a

Fig. 3. Fungal haustorial development in the treated leaves
inoculated with S. fuliginea on the fourth day after inoculation.
(A) Organelles in the haustorium disintegrated into vesicles, extra-
haustorial matrix widening, filled with electron-dense granular
material. (B) Haustorial protoplasm deeply stained, extrahaustorial
membrane markedly thickened. (C) Haustorium distorted and
necrotized. (D) Haustorium distorted with wall thickened incon-
sistently and unable to expand. EM: Extrahaustorial membrane;
EX: extrahaustorial matrix; H: haustorium; HCW: host cell wall;
L: haustorial lobe; M: mitochondrium.

Fig. 4. Papilla in the treated leaves inoculated with S. fuliginea on
the fourth day after inoculation. (A−C) Funnel, semispherical and
cylindrical papillae under the host cell with haustoria. (D) Cylin-
drical papilla with accumulation of an electron-dense material
under the host cell wall, successfully inhibited the development of
a haustorium. EM, Extrahaustorial membrane; EX, extrahaustorial
matrix; FM, fungal mycelium; H, haustorium; HCW, host cell
wall; L, haustorial lobe; P, papilla; Pe, penetration peg.

Fig. 5. Host cell responses in the treated leaves inoculated with S.
fuliginea. (A) Accumulation of electron-dense material under the
host cell wall, 4 d after inoculation. (B) Haustorium surrounded
by host papillary material and necrotized, 6 d after inoculation.
(C) Host organelles vesiculated and collapsed, the small hau-
storium is necrotized, 4 d after inoculation. (D) Host organelles
vesiculated and collapsed, the haustorium also collapsed, 6 d after
inoculation. FM, fungal mycelium; H, haustorium; HCW, host
cell wall; M, mitochondrium.
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multi-layered collar (Fig. 5B). Few organelles exist normally

in the epidermal cells of the host leaves, indicating inactive

metabolism. As the formation and development of the

haustoria took place, however, some organelles such as

mitochondria, polyribosomes, endoplasmic reticulum, and

Golgi bodies congregated around the haustoria in leaves

both in oligochitosan and untreated control (Fig. 1C). The

mitochondria in host cells were rounded, with cristae

swollen and deformed, and gradually disintegrated from the

centre leading to collapse. The double membrane became a

single or partially ruptured and vesiculated. The endoplasmic

reticulum within host cells was irregular in shape, and

gradually vesiculated. The polymerized ribosomes in the

cytoplasm were depolymerized into single units. The other

host organelles disintegrated into vesicles and granular

materials (Fig. 5C). Eventually the whole host cell disinte-

grated and necrotized. The haustoria in these host cells were

also disintegrated and necrotized (Fig. 5D). At the sixth day

after pathogen inoculation, even more intercellular hyphae

and haustoria had collapsed or were necrotized, and more

necrotic host cells were detected in infected leaves, indicat-

ing that fungal development had been inhibited.

Discussion

Five days after oligochitosan treatment, resistance to the

powdery mildew was demonstrated in the inoculated

cucumber leaves. From the present study, it can be conclud-

ed that oligochitosan reduces powdery mildew severity in a

highly susceptible cucumber cultivar.

In general, genetic resistance based on expression of one

or more resistant genes will be overcome by pathogens

sooner or later with high race-producing rates (Johnson,

2000; Ma and Shang, 2009). Therefore, genetic resistance

in combination with elicitor-induced resistance should be

one of the promising approaches. The elicitor-induced

resistance is able to prevent the adaptation of pathogens to

resistant cultivars, maintain the stability of cultivars, and

increase their lifespan. 

Our results show that oligochitosan confers a good

protection for cucumber leaves against powdery mildew.

The cytological characteristics observed in this study are

similar to that in cucumber plants treated with BTH against

S. fuliginea (Wurms et al., 1999). Oligochitosan can also

induce defense reaction against Tobacco mosaic virus and

stimulate the production of NO and H2O2 in tobacco cells

(Zhao et al., 2007). The roles of H2O2 in defense responses

during plant-pathogen interactions include triggering localized

hypersensitive response (HR) (Levine et al., 1994) and

inducing resistance responses (Neuenschwander et al.,

1995). In previous ultrastructural studies of cereal powdery

mildews, HR was reported as a common phenomenon in

incompatible interactions (Hippe-Sanwald et al., 1999). In

the study of HR of Blumeria graminis f. sp. hordei-barley

pathosystem, phenolic compounds were released and

accumulated on the cell walls of epidermal cells undergoing

fungal ingression (Koga et al., 1988). In our research, the

host cells produced defence structures and materials

associated with infection and had the same HR characters

as resistant cultivars against powdery mildew in cytological

features, further revealing the similarity in resistant mechanism

between genetic and induced resistances. In the inducing

resistance of 2,6-dichloroisonicotinic acid against the powdery

mildew fungus (Erysiphe graminis f. sp. hordei), Kogel et.

al (1994) found that the host cell death and high-level

accumulation of defense-related gene transcripts are com-

monly controlled not only in certain types of race-specific

resistance, but also in acquired resistance, conferring pro-

tection to a broad spectrum of different pathogens.

Oligochitosan not only has induced plant resistance

against diseases, but also has shown some direct inhibition

effects (unpublished data). The antifungal activity of

chitosan reduces the in vitro growth of many fungi (El

Ghaouth et al., 1992; Munoz et al., 2009; Trotel-Aziz et al.,

2006), implying that it might be promising as a new bio-

logical pesticide.

Since chitin is the major component of the cell walls in

many fungi (Bartnicki-Garcia, 1970), plants may produce

many degrading enzymes such as chitinases, a group of PR

proteins that are activated during the process of pathogenic

infection, even a direct activity against pathogen has been

proposed (Derckel et al., 1999). In our study, oligochitosan

treatment suppressed disease devolpment and sporulation

by S. fuliginea and hence decreased the source of the

secondary inocula. These studies might contribute to the

development of unique disease management systems to

control powdery mildew diseases using oligochitosan. As

for the specific oligochitosan recognition and the partici-

pation in signaling transmission, this remains to be

studied.
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