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Abstract [Objective] The effects of nano—TiO, semiconductors sol (nano—TiO, sol) on plant diseases prevention were studied. [Methods] The
antibacterial abilities of nano-TiO, sol were identified by using bacterial pathogens of Pseudomonos syringae pv. lachrymans and Xanthomonas
vesicatoria. The effects of nano-TiO, sol on plant diseases prevention were measured by method of artificial inoculation experiment with
cucumber plants inoculated with Pseudomonos syringae pv. lachrymans and field experiment with cucumber seedling naturally infected by
Pseudoperonospora cubensis. [Results] Results showed that nano-TiO, sol possessed strong antibacterial power by forming continuous and stable
antibacterial films on surface of substances. Artificial inoculation experiment and field experiment indicated that spraying cucumber leaves with
certain concentration of nano-TiO, sol could significantly reduce lesion areas, disease incidences and disease indexes. [Conclusion] It was
initially confirmed that nano—TiO, sol could effectively inhibit the development and pervasion of plant bacterial / fungal diseases.

Keywords: nanomaterial; TiOy; sol; semiconductor; plant diseases; prevention
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safety by application of nano-TiO, semiconductors on plant

epidemic diseases prevention.
2 Materials and methods
2.1 Materials

Cucumber seeds (Cucumis sativus L.) of Zhongnong No.
118 (susceptible to bacterial angular spot) and Jinlii No.2
(resistant to downy mildew) were purchased from the Insti-
tute of Vegetables and Flowers, Chinese Academy of Agri-
(CAAS). The seeds had been sowed in
breeding plugs with one seed per cell after germinated at
28°C for 12 h in the dark. At cotyledon fully expanded
stage, the seedlings

cultural Sciences

(Zhongnong No.118) were planted in
flowerpot (21 ¢m diameter, 18 e¢m deep), and used for in-
oculating experiments at 6" or 7" leaf—stage. The seedling
growth medium, which was a 3 : 1 mixture of peat—based
compost and vermiculite, was irrigated with Yamasaki cul-
ture solution and the seedlings were cultivated in green-
house with temperature between 28°C and 18°C. For field
experiments, the seedlings (Jinlii No.2) were planted in
seedling —raising pot (7 cm diameter), and finally trans-
planted in field at 3™ or 4" leaf— stage, with 0.25 m plant-
spacing and 0.65 m row-spacing.

Two kinds of bacterial pathogens, Pseudomonos sy-
ringae pv. lachrymans and Xanthomonas vesicatoria, pro-
vided by Plant Protection Institute of CAAS, were prepared
separately to bacterial suspension with the concentration of
approximate 10° bacterium per milliliter, and then stored
in refrigerator at 4°C.

Nano-Ti0, semiconductor sol (nano—TiO, sol) was syn-
thesized by sol —gel method in our laboratory. The main
characters of nano—Ti0, sol were given in Tab. 1.

(100 mm x 50 mm) used for
antibacterial experiments were prepared by dipping in

nano—Ti0, sol once and then being fired at 160°C for 3 h

in hot air oven.

TiO,—coated glass slides

Metalaxyl, a kind of fungicide used to prevent from
downy mildew in field experiment, was bought from a local

pesticide company.

2.2 Methods
2.2.1 Antibacterial ability assay

For evaluating the antibacterial properties of nano-TiO,
sol, 0.3 mL aliquots of bacterium suspension was trans-
ferred to a TiO,—coated glass slide and covered with a
translucent plastic thin film, followed by be irradiated un-
derneath 20 em from the black light (40 wattages) for 12
h. Subsequently the treated glass slide was rinsed with 3
ml sterile water repeatedly. Then 0.1 mL of the rinsing
solution was taken up to cultivate on nutrient agar (NA)
culture medium. Colonies were counted after incubation at
27°C for 36 h. Normal glass slides were used for the con-
trol and each treatment had three repeats. Relative an-
tibacterial rate of nano—TiO, sol was calculated according

to the following formula.
Antibacterial rate (%) =

(Clone numbers of control-Clone numbers of NTSS) «100%

Clone numbers of control

2.2.2 Plant inoculation experiment

The cucumber seedlings, Zhongnong No.118 (20
flowerpots), at stage of 6"—7" leaves were sprayed with
0.35% nano -TiO, sol and with distilled water as the
control. Each treatment was replicated three times, with
the experiments arranged in randomized blocks. After
nano-Ti0, sol formed a continuous translucent film on the
surfaces of leaves, bacterium suspensions of P. s. pov.
lachrymans were inoculated by using a high pressure
sprayer, then incubating the seedlings in a growing
chamber with a controlled environment of (22 +1)C in
in  humidity for 48 h.

seedlings  were

temperature and 80 —100%
Subsequently  the transferred  into
greenhouse and cultivated according to normal production
processes. After 7 days of inoculation, cucumber leaves
were secondly sprayed with the same sol to mend the splits
of TiO,—films which were caused by enlarged leaf areas.
About 18 days after inoculation, lesion numbers and

areas on the leaves of individual plant were investigated by

randomly selecting 15 —seedlings from each block. The

Tab. 1 Main characters of nano-TiO, sol

Content of TiO, particles (%) Water content (%)

Grain pattern Average grain sizes (nm) pH value

1.4 98.6

anatase 30.6 7.0
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Tab. 2 Relative antibacterial rate of nano-TiO, sol

Bacterial pathogens Treatments Survival (CFU) Antibacterial rate(%)
Control 1944 +45.6A -
P. s. pv. lachrymans
Nano-Ti0O, sol 1.6 £0.5B 99.9
Control 1393.7+£37A -
X. vesicatoria
Nano-TiO, sol 0B 100

Note: The values indicated with different letters are significantly different at P=0.01 by using t—test; Values

are means+SE of 9 measurements.

severe degrees of bacterial diseases were assessed by using
nine score to describe leaf infection and penetration (0:
uninfected; 1: less than 5% lesion areas; 3: 6% ~ 10%
lesion area; 5: 11% ~ 20% lesion area; 7: 21% ~ 50%
lesion area; 9: more than 50% lesion area). The control
efficiency of nano-TiO, sol to cucumber bacterial angular
evaluated by leaves” disease

spots  was comparing

incidences and disease indexes between blocks with
different treatments. The methods of investigation and
calculation referred to GT/B 17980.110-2004 ™. Besides,

lesion areas of leaves between different treatments were

compared by taking top 4" ~ 6" leaves as example.
2.2.3 Field experiment

At 7" or 8" leaf—stage, cucumber leaves (Jinlii No.2) in
treated blocks were sprayed with 0.35% nano-TiO, sol us-
ing a manometric sprayer. Contrast experiments were con-
ducted by spraying Metalaxyl and water respectively in
different blocks.

square of 2.7 m X 2.0 m in random distribution, and each

Each treatment set three blocks with

block with 40 plants. The spraying interval was 7 days.
After being treated three times later, the investigation of
plant fungal diseases was taken by randomly selecting 20
seedlings in each block. Methods of investigation and cal-
culation were according simultaneously to GB/T 17980.26—
2000 " and the counterpart was at 1.2.2 portion.

2.2.4 Statistical analysis

Statistical analysis was done using SAS ver. 6.12 learn
(SAS Systems, Cary, NC, USA). For evaluation the an-
tibacterial properties of nano-TiO, sol, results were shown

in the manner of (x+SE). Significance of differences be-

tween control and nano-TiO, sol treated samples was de-
termined by analysis of variance followed by ¢—test at the
0.01 level of significance. For inoculating experiment and
field experiment, results were analyzed statistically by
analysis of variance (ANOVA). When analyzing variance
(P =0.05), the least standard deviation

(LSD) test was applied to make a comparison between mea

treatment effect

ns at the 0.05 level of significance.

3 Results

3.1 Loss of viability under nano-TiO, photocatalytic
reaction

It was observed that nano-TiO, sol synthesized in ex-
periments had a perfect adhesive and film forming ability
and it could form continuous and stable films on the glass
surfaces. The viabilities of TiO,—treated pathogenic bacte-
ria (P. s. pv. lachrymans and X. vesicatoria) were deter-
mined by colony counting after 36 hours of incubation. It
showed clearly in Tab. 2 that more than 99% of bacterial
cells (approximately 10°® cfu-mL™) lost their viabilities after
being illuminated for 12 h on the surface of TiO,-coated
glass. The relative antibacterial ability of nano-TiO, sol to
P. s. pv. lachrymans and X. vesicatoria was 99.9% and
100% respectively. It was confirmed in the experiment that
nano—Ti0, semiconductors had a powerful antibacterial a-
bility without significant selectivity concerning to tested

pathogenic cells.
3.2 Effects on preventing from plant bacterial diseases

The effects of nano-TiO, sol on preventing from plant
bacterial diseases was examined through spraying TiO, sol

before inoculating pathogenic bacteria on the leaves of
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Tab. 3 Investigation of control efficiency of nano-TiO, sol to P. s. pv. lachrymans (unit: %)

Lesion areas

Experimental Disease . . Control
eid Disease indexes ffici
treatments 4" leaves 5t Jeaves 6" leaves 1ncidences etficiency
Control 133 a 18.0 a 12.07 a 68.34 a 14.5 a -
Nano-Ti0O, sol 3.87b 6.47 b 56b 42.68 b 6.29 b 56.62

Note: The value indicated with different letters were significantly different at P=0.05 by using LSD. The same as below.

Zhongnong No.118. Fully expanded leaves, after infected
with pathogen of P. s. pv. lachrymans, appeared water —
soaked lesions and progressive development of disease
symptoms, even the perforating lesions. Results in Tab. 3
showed that lesion areas of 4" to 6 leaves, disease inci-
dences and disease indexes in TiO,—treated blocks were
significantly less than that of contrast blocks. The control
efficiency of nano -TiO, sol to P. s. pv. lachrymans is
56.62%. It was also observed that the procedure of local-
ized cell death was more quickened on TiO,—treated leaves
than untreated ones. By this means, nano-TiO, films de-
stroyed the invasive bacterial cells and prevented the de-
velopment and pervasion of P. s. pv. lachrymans at the

surrounding healthy tissues.
3.3 Effects on preventing from plant fungal diseases

For field experiment, cucumber plants (Jinlii No.2) had
been transplanted in fields on Aug. 27, 2005, and started
to spray TiO, sol on Sep. 15, 2005. Before the spraying
treatments, no diseased phenomenon was observed on cu-
cumber leaves in fields. Cucumber plants treated three
times later, had been investigated the downy mildew on
Oct. 9, 2005. It was showed in Tab. 4 that leaf disease in-
cidences, indexes and lesion areas and numbers on 7"-9"
leaves in water —treated blocks were significantly higher
than TiO, and Metalaxyl treated blocks. The control effi-
ciency of nano-TiO, sol and Metalaxyl to P. s. pv. lachry-

mans were 80.09% and 87.52% respectively. ANOVA
showed no significant differences between blocks treated
with TiO, sol and Metalaxyl. Furthermore, it was observed
that the disease spreading speed from lower leaves to top-
pers had also been slowed down in TiO,—treated blocks. It
was confirmed that nano—TiO, sol had the same efficiency
with Metalaxyl to prevent the development of plant fungal

diseases.

4 Discussion

The experimental evidences show that nano-TiO, semi-
conductors have intensive antibacterial ability without sig-
nificant selectivity concerning to tested pathogenic cells.
This results from the properties of TiO, semiconductor,
which can be excited under irradiating and produce an
electron and a hole on its CB and VB respectively (1).
Meanwhile, a single semiconductor can be thought as a
short —circuited photoelectrochemical cell providing both
oxidizing and reducing sites for the reaction . At the oxi-
dizing site, a water molecule is oxidized to hydroxyl radical
(OH-)

photogenerated electrons mainly react with molecular oxy-

(2). At the reducing site, it is speculated that the

gen to form O,” under aerial condition (3) . The OH-,
more reactive among ROls, can react with various chemi-
cal species and drive chemical reactions. It is presumed

that OH+ can directly photodegrade bacterial cell wall and

Tab. 4 Investigation of control efficiency of nano-TiO, sol to P. cubensis (unit: %)

Lesion areas

Experimental Disease . . Control
neid Disease indexes ffici
treatments 7 Jeaves 8" leaves 9" Jeaves mcldences etriciency
Water 18.77 a 26.43 a 335a 76.19 a 39.17 a -
Nano-TiO, sol 447 b 6.37 b 85b 26.78 b 7.8 b 80.09 a
Metalaxyl 233 b 4.27 b 537b 18.24 b 4.89 b 87.52 a

4
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B8, Once the integrity of the cell

cytoplasmic membrane
envelope becomes compromised, intracellular components
begin to leak from the cell. Therefore, pathogenic cells will
soon lose viability when attached to the irradiating TiO,—
film. In general, photocatalytic produced O, is less reac-
tive and has a short lifetime™ ™. Tt is assumed that O, can
be catalyzed to become more reactive hydrogen peroxide

(H,0,) with the aid of superoxide dismutase (SOD) enzyme

existing in the plasma membranes of plant cells (4) ™",

TiO; + hv = h* + e~ (1)

H,O + h* — OH-+ H* (2)

0, +e — 0y (-0y) (3)
SOD

0, + Oy + 2H* —> H,0, + O, 4)

Furthermore, it has been interestingly found that 0,7
15718200 ig the first product of the oxidative burst in plant re-
sponding to pathogen attack. Although it is a poor candi-
date for the cell executioner, because it has a short half—
life, being rapidly converted to H,0,, and it does not read-
ily diffuse, nevertheless as a trigger, O,” may ignite the
signal transduction to establish plant immunity. In this
case, cell permeant radicals, e.g., H,0,, accumulating at
the site of oxidative burst"") diffusing between and through
cells and rapidly metabolizing, plays a central and inte-
grative role in orchestrating the expression of hypersensi-
tive response [7: (a) as the substrate driving the cross—
linking of cell wall structural proteins to slow microbial
ingress and to trap pathogens in cells destined to undergo
hypersensitive cell death ', (b) as a local threshold trigger
of programmed death in challenged cells, and (c) as a dif-
fusible signal for the induction in adjacent cells of genes
encoding cellular protectants. Accumulation of H,0, to a
threshold level sufficient to trigger local cell death requires
a rapid and massive activation of the oxidative burst ma-
chinery "2 Thus, induction of massive and prolonged
ROIs by photoexcited TiO,~films on the surfaces of leaves,
which closely resemble the oxidative burst produced by
cells undergoing pathogen attack, may induce the pro-
longed hypersensitive disease resistance in plants. Whether
these functional similarities reflect similar mechanisms is
not understood well. And it is still not clearly whether the
nano—Ti0, sol sprayed on leaves prevents the plant dis-

eases directly (by killing cells * '), indirectly (by signal-

ing further cellular responses), or both. Further studies
may therefore give insights into the resistant mechanism of
agricultural plants by supplying with the nano-TiO, semi-

conductor sol.

5 Conclusions

The following conclusions were confirmed in the resea—
rching experiments:
(1) The nano-TiO, semiconductor sol can form a succes-
sive, adhesive and transparent film on surfaces of leaves
after spraying treatment;
(2) The film of nano-TiO, semiconductor has powerfully
antibacterial effects to pathogens;
(3) No significant difference exists in selectivity of TiO,
semiconductor to various tested pathogens;
(4) The TiO, semiconductor sol can delay and control the
development of cucumber diseases of bacterial angular
spot and downy mildew.

These results indicate that nano -TiO, semiconductor
sol may be developed as environment—{riendly fungicide in
preventing and controlling the development of plant bacte-

rial / fungal diseases.
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