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Abstract Sodium silicate (Si) at 100 mM was used as a

postharvest treatment agent of induction resistance on

muskmelon (Cucumis melon L. cv. Yindi) to investigate

the mechanism of controlling pink rot disease, which

caused by Trichothecium roseum. Si treatment significantly

reduced (P \ 0.05) the lesion diameter of melons inocu-

lated with T. roseum during storage. Si treatment increased

the content of superoxide (O2
•-) and could be further raised

by challenged with T. roseum inoculation. The content of

hydroxyl radical (�OH) in inoculated fruit was also

increased. Both malondialdehyde (MDA) and hydrogen

peroxide (H2O2) were also accumulated with Si treatment

and challenged inoculation. Si treatment maintained

membrane integrity in non-inoculated fruit, as compared to

untreated control. Si treatment and challenge inoculation

significantly (P \ 0.05) increased the activity of superox-

ide dismutase (SOD), glutathione reductase (GR), peroxi-

dase (POD), and polyphenoloxidase (PPO), while

markedly decreased the activity of catalase (CAT) and

ascorbic peroxidase (APX). Si treatment and challenge

inoculation also enhanced the content of ascorbic acid

(ASA) and glutathione (GSH). These findings suggested

that the effects of sodium silicate on postharvest disease in

muskmelon fruit may be associated with the elicitation of

antioxidant defense system in fruit.

Keywords Silicon � Disease resistance � Inducing
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Introduction

Muskmelon (Cucumis melo L.) is an economically impor-

tant crop in northwest of China. The fruit are susceptible to

postharvest decay caused by several pathogenic fungi. Pink

rot, caused by Trichothecium roseum, was reported as one

of the principal postharvest diseases of muskmelons. The

rot can be controlled by the use of synthetic fungicides.

However, due to problems related to fungicide toxicity,

development of fungicide resistance by pathogens, and

potential harmful effects on the environment and human

health, new strategies for controlling postharvest diseases

have been proposed.

Induction of fruit resistance to infection of pathogens

has been evaluated as a promising approach for control-

ling postharvest diseases [1]. Resistance in fruits and

vegetables can be induced through using chemical elici-

tors [2]. Silicon (Si) is the second most abundant element

in the Earth’s crust [3]. The ability of soluble silicon to

reduce the impact of fungal diseases has been amply

described in the plant of wheat [4, 7], dicots [5], rice [6],

cucumber [8], zucchini squash [9], and in the harvested

crop of cherry [10], muskmelon [11], and potato [12]. Si

is considered to be fungistatic in inhibiting the pathogens

[10], and it is also considered to be biologically active

and to trigger a faster and more extensive deployment of

plant natural defenses [13]. It is reported that Si may act

by eliciting biochemical defense reactions, including the

accumulation of lignin, phenolic compounds, aconitate,

methyl aconitate, and pathogenesis-related proteins in the

infected plants [7, 8, 10].
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Fawe et al. [5] suggested a model to explain how Si

would play a role in induced resistance. According to their

model, Si bioactivity was compared to that of known

activators/secondary messengers of SAR whereby it would

act as a modulator influencing the timing and extent of

plant defense responses. Reactive oxygen species (ROS)

have been found to play a critical role in activating defense

mechanisms during plant and pathogen interactions [14].

Production of ROS has been considered a central event in

the activation of disease resistance [15]. However, whether

Si treatment activated antioxidant defense responses in

plants and postharvested fruits was not found.

The objective of this study was to investigate whether Si

is responsible for the elicitation of the oxidative burst

during the storage after treatment and challenged by

inoculation with T. roseum. In addition, the possible role of

MDA content and membrane integrity involved in the

resistance of ‘‘Yindi’’ muskmelons to this pathogen were

also examined.

Materials and methods

Plant material

Muskmelon (Cucumis melo L. cv. Yindi) fruits were har-

vested at physiological maturity (45 days after full bloom)

from Minqin County in Gansu Province, China. After har-

vest, fruit were sorted for uniform size and absence of

obvious injuries, packed individually in 30-cm-long foam

net bag, put in the standard melon-shipping boxes (six

melons/box), transported to the laboratory arriving within

24 h of harvest, and stored at room temperature (22 ± 2 �C)

with a relative humidity (RH) of 55–60%.

Pathogen source and inoculums production

T. roseum was isolated from infected melons and main-

tained on potato dextrose agar (PDA) at 4 �C. Conidia of

the pathogens were obtained from 10-day-old PDA cultures

incubated at 25 �C. To obtain conidia, the cultures were

flooded with sterile water containing 0.05% Tween 80 and

rubbed gently with a glass rod. The spore suspension was

filtered through four layers of sterilized cheesecloth and

adjusted to a concentration of 1 9 105 cfu/mL using a

hemocytometer. Mycelium was removed from the

suspensions by filtering through two layers of cheesecloth.

Postharvest treatment

Fruit were dipped for 10 min in sodium silicate solution at

100 mM and then air-dried in the shade. Control fruits

were similarly dipped in water. The treated fruit were

packed individually in net bags of foam plastic, put in the

standard melon-shipping boxes, and stored at room tem-

perature (22 ± 2 �C, RH 55–60%) for inoculation and

sampling.

In vivo assays

Fruits were sampled after 48 h of treatment with Si. Ten

spots (approximately 1 cm in diameter) were disinfected

with 70% ethanol around the equator of each melon.

Wounds were made on the disinfected spots with a sterile

needle (3 mm deep by 3 mm diameter). Spore suspensions

(20 lL, 1 9 105 CFU/mL) of T. roseum were pipetted into

each wound. After drying for approximately 1 h in air, the

melons were putted into boxes, covered with plastic film to

increase RH to 85–90%, and kept at 22 ± 2 �C. Lesion

diameter was measured at 6, 8, and 10 days after inocu-

lation. Each treatment contained three replicates of 12

fruits, and the entire experiment was repeated twice.

Preparation of the tissue samples from fruit

Accurately 3 g of tissue was removed from 0.5 to 1.5 cm

below the skin and 1 cm from the edge of the wound with a

stainless steel cork borer from 12 fruit of each treatment at

0, 2, 4, 6, 8, and 10 days after inoculation. Treated fruit

without inoculation were removed at 0, 2, 4, 6, 8, and

10 days after treatment. Water treatment was as the con-

trol. Each sample was packed, frozen in liquid nitrogen,

and kept at -80 �C until enzyme extraction.

Assays of lipid peroxidation determination

The malondialdehyde (MDA) content and membrane

integrity were measured by the methods of Hodges [16] and

Song [17], respectively.

The membrane integrity, expressed by percentage of

electrolyte leakage, was determined by the method of Song

[17]. Thirty discs, 10 mm diameter and 4 mm thick, from 12

fruits at 0, 2, 4, 6, 8, and 10 days after inoculation were

washed three times in deionized water for about 1 min each

time, dried with filter paper, and put together into 50-mL

conical flasks containing 40 mL of deionized water. Thirty

discs were rinsed twice and incubated in 25 mL of 0.3 M

mannitol solution at 25 �C, followed by shaking for 30 min.

Electrolyte leakage was determined with a conductivity

meter (Model DDS-307A, Shanghai Scientific Instruments).

Total electrolyte leakage was determined after boiling

another batch of 30 discs for 15 min and cooling rapidly to

25 �C (total electrolytes). Relative leakage was expressed as

a percentage of total electrolyte leakage.
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Assays of active oxygen determination

Hydrogen peroxide (H2O2), hydroxyl radicals (HO), and

superoxide anion (O2
•-) were measured according to the

method of Prochazkova [18], vonTiedemann [19], and

Wang and Luo [20], respectively.

Assays of antioxidase activities

Activity of catalase (CAT) and superoxide dismutase

(SOD) was measured according to the method of Wang

[21], while activity of ascorbic peroxidase (APX), gluta-

thione reductase (GR), peroxidase (POD), and polyphe-

noloxidase (PPO) was determined by employing the

methods of Yazici [22], Yazici [22], Yao and Tian [23],

and Zhang [24], respectively.

Protein content of enzyme extracts was measured

according to the method of Bradford [25], using bovine

serum albumin (BSA) as the standard protein. The specific

activity of enzyme was expressed as U mg-1 protein.

Assays of antioxidants

The concentration of ascorbic acid (ASA) and glutathione

(GSH) concentration was measured according to the

method of Law [26] and Guri [27], respectively.

Statistical analysis

All experiments were performed in triplicate, and statistical

analysis of variance analysis was conducted with SAS

software version 9.1 (SAS software Institute, Cary, NC,

USA).

Results

Effects of Si treatment on lesion diameter

of inoculated melons

Si treatment significantly reduced (P \ 0.05) the lesion

diameter of melons inoculated with T. roseum during

storage. The lesion diameter decreased by 22.8 and 12.4%

after 8 and 10 day of storage after treatment compared with

the control (Fig. 1).

Effect of Si treatment on MDA content and membrane

integrity in melons challenged by T. roseum

The membrane integrity gradually decreased in all musk-

melon fruit during storage, and this decrease was remarkably

accelerated by Si treatment. The maximum membrane

integrity was found at the 4th day of storage after treatment.

A more significant decrease in membrane integrity of the

control fruits was found after challenged with T. roseum,

however, failed to in treated fruits. The membrane integrity

percentage in fruits of Si-treated and control was 44.5 and

21.5% on day 8 of experiment, respectively (Fig. 2a). As a

result, Si treatment delayed the velocity of membrane

integrity decrease in treated fruit inoculated with T. roseum.

Si treatment significantly increased MDA content in

fruit during storage. The MDA content in treated fruit was

72.6 and 37.7% higher than that in control fruit after 4 and

8 days of treatment, respectively. Si caused a progressive

and significant increase in MDA content in fruit challenged

by T. roseum. The maximum content of MDA was found

after 8 days of storage after treatment, with 45.9% higher

in Si-treated fruit than that in the control (Fig. 2b).

Effect of Si treatment on levels of H2O2, O2
•-,

and �OH generation

Hydrogen peroxide concentration in the muskmelon sig-

nificantly increased as a result of sodium silicate treatment,

and the increased H2O2 concentration persisted during the

whole experiment. The most difference in H2O2 level

between control and Si treatment appeared at 6th day after

treatment, Si-treated fruit was 43.6% higher than the con-

trol fruit. T. roseum challenge inoculation provoked rapid

H2O2 accumulation in both control and Si-treated fruits

from the 4th day, and the H2O2 content in sodium silicate

treatment fruits was greater than that in control, the max-

imum difference appeared at 6th day, which was 42.6%

higher than control (Fig. 3a).
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Fig. 1 Effect of sodium silicate with concentration of 100 mM

treatment on lesion diameter of fruit inoculated with T. roseum in

storage time. Bars with the different letters represent values that are

significantly different (P \ 0.05). Bar indicated standard error (± SE)
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Some small increase in superoxide anion generation was

observed in the muskmelon fruits as a result of sodium

silicate treatment during the studied period, and its pro-

duction rate increased gradually with the extension of

experiment time. In addition, O2
•-concentrations did not

change significantly as a result of sodium silicate treat-

ment. However, inoculation of fruit with T. roseum resulted

in the increase of O2
•-content, but failed to increase in

control fruit. O2
•- content in T. roseum-inoculated Si-trea-

ted fruit was 33.8% higher than that in the controls on the

day 8 (Fig. 3b).

Sodium silicate treatment markedly increased hydroxyl

radicals content in muskmelon fruits at the first 2 days, but

its content has no significantly difference between Si

treatment and control at the following period during the

whole experiment. Challenge inoculation with T. roseum

significantly increased the content of �OH in Si-treated

fruit, while failed to control. The maximum content of �OH

was found at the 8th day of storage after treatment, with the

contents 1.04 times higher in Si-treated fruit than those in

the control at the same time (Fig. 3c).

Effect of Si treatment on antioxidant enzymes activities

Sodium silicate treatment markedly decreased CAT activ-

ity in muskmelon fruits during the whole experiment per-

iod. The maximum difference of CAT activity was found at

the 2nd day of storage after treatment, with the activity in

fruit treated with Si was 34.8% lower than that in control at

the same time. CAT activity in control fruit was signifi-

cantly increased after challenge inoculation with T. rose-

um, while CAT activity in Si-treated fruit was maintained

at a lower level after challenge (Fig. 4a).

The fruit treated with sodium silicate presented higher

SOD activity during experiment in comparison with the

control. SOD activity in the treated fruit increased at the

beginning of storage time and reached maximum activity at

4th day of storage after treatment and then markedly

declined. After inoculation with T. roseum, a more pro-

gressive and significant increase in SOD activity was found

both in control and in Si-treated fruits during experiment,

and the fruit treated with Si presented relatively higher

activity in comparison with the control (Fig. 4b).

APX activity was significantly inhibited after treatment

with sodium silicate. APX activity in control fruits increased

during storage time and reached a maximum level at the 6th

day of storage after treatment, while it remained lower

activity in Si-treated fruits compared to control. After chal-

lenge inoculation with T. roseum, APX activity increased in

both control and Si-treated fruits, and the control was more

effective than Si treatment. The maximum APX activity was

found at 6th day after inoculation in the control fruit, APX

activity in water-treated (control) fruit was 34.2% higher

than that in the Si-treated fruits at the same storage time

(Fig. 4c).

Treatment of sodium silicate significantly induced the

activity of GR in muskmelon fruit from 6 days after treat-

ment, when it declined in control fruit. GR activity reached

its highest value at 6th day in Si-treated fruit, and the level

was almost 4.4 times higher than that in control fruit. GR

activity significantly increased in both Si-treated and con-

trol fruits after challenge inoculation with T. roseum, but

GR activity in Si-treated fruit was higher than that in control

fruit. GR activity in Si-treated fruit was 44 and 45% higher

than that in the controls on days 6 and 8, respectively, after

challenge inoculation (Fig. 4d).

Activity of POD in fruit was notably enhanced by

sodium silicate treatment. POD activity in Si-treated fruit

showed a sustained increase before 8 days of storage and

then declined, and the POD activity in Si-treated fruit was

81.6 and 96.9% higher than those in the control on days

4 and 8, respectively. After T. roseum inoculation, POD

activity increased in both the control and Si-treated fruits

during the whole experiment, the increase was greater for
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Si-treated fruit than for control fruit. The maximum POD

was found at 8th day after inoculation, which was over 2.36

times higher in the fruit treated with sodium silicate than

that in the control at the same of storage time (Fig. 4e).

Treatment of sodium silicate caused a significant

increase in PPO activity in the muskmelon fruit. The rel-

ative maximum PPO activity in Si-treated fruit was found

at 4th day of storage after treatment, with the activities in

the fruit treated with sodium silicate were 2.96 and 2.92

times higher than that in the control on the days 4 and 8,

respectively. A more progressive increase in PPO activity

was observed in both Si-treated and control fruits after

challenged by T. roseum, and Si-treated fruit was more

effective than control. PPO activity in Si-treated fruit was

5.7 and 3.4 times higher than that in the control on days

4 and 8, respectively, after challenge inoculation (Fig. 4f).

Effect of Si treatment on antioxidant contents

Treatment of sodium silicate significantly induced an

accumulation of the ASA in fruits. The content of total

ASA in Si-treated fruit increased quickly and reached a

peak at the 6th day after treatment, and the level was about

1.7-fold higher than that of control. Challenge inoculation

with T. roseum enhanced the ASA content in both

Si-treated and non-treated fruits, and it was higher in the

latter. A slight increase in ASA content was noted in

inoculated relative to non-inoculated control fruit,

increasing with storage time, whereas in Si-treated fruit,

inoculation caused a rapid decline, which was maintained

from 6 days after inoculation, at a level above the non-

inoculated control (Fig. 5a).

Sodium silicate markedly increased the contents of

GSH. The maximum content of GSH was found at 6th and

8th day after treatment, with the contents were 3.8 times

and 2.9 times higher in Si-treated fruit than those in the

control, respectively. Challenge inoculation with T. roseum

caused a more progressive increase in GSH in Si-treated

fruit. However, the content of GSH in the control fruit was

higher only on day 6 after T. roseum inoculation. Si-treated

fruit was more effective than control. The maximum

content of GSH was found at the 6th day of storage after

treatment, with the content was 4.19 times higher in

Si-treated fruit than that in the control (Fig. 5b).

Discussion

In this study, we found that postharvest dipping with

sodium silicate at 100 mM significantly reduced lesion

diameter of muskmelon fruit inoculated with T. roseum.

The effect of Si treatment for inhibiting decay was related

with involvement of induced resistance in oxidative stress.

The ability of Si to elicit an oxidative burst and inducement

of its scavenging system have already been demonstrated

in some crops, such as wheat [28] and spinach [29].

However, this is the first report that Si participate in the

induction of an oxidative burst in postharvest fruit.

ROS has been suggested to be the first defense line against

pathogen invasion either directly killing the pathogen or

slowing down its ingress due to the rapidity of production

and cytotoxicity [30]. ROS also participates in other resis-

tance mechanisms, e.g. reinforcement of the plant cell wall

(lignification, cross-linking of cell wall structural proteins),

phytoalexin production, the hypersensitive response, and in
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SAR [31]. The excess H2O2 production has been related to

lipid peroxidation in plant tissue [32]. In our study, some

positive relationships were found between Si-induced

resistance and higher generation of ROS in the muskmelon

fruits. Treatment of the muskmelon fruit with sodium silicate

caused the increases in ROS generation, including H2O2,

�OH and O2
•-. Rapid accumulation of ROS in Si-treated fruits

as well as pathogen-challenged fruits may be a critical step in

the containment of the pathogen. This period immediately

after the pathogen attack might be important in determining

whether protection will be successful in induced fruits. The

increase in ROS generation seemed to be an important ele-

ment in muskmelon fruit defense system and may play a role

in restricting the development of disease symptoms infected

with the T. roseum.

Meanwhile, ROS can seriously disrupt normal metabo-

lism through oxidative damage to membrane lipids, pro-

teins, and nucleic acids [33]. It is already known that free

radical induced peroxidation of lipid membranes. MDA, a

decomposition product of polyunsaturated fatty acids

hydroperoxides, has been utilized as a suitable biomarker

for lipid peroxidation [34], which has an effect of oxidative

damage at the cellular level [35]. In the present work,

MDA content was significantly increased in Si-treated and

pathogen-challenged fruits, while the membrane integrity

decrease was remarkably restrained by sodium silicate

treatment, which suggested a better protection from oxi-

dative damage.

The accumulation of ROS resulted from altered balance

between ROS production and capacity of scavenging for

them [36]. While plants have evolved a complex antioxi-

dant system to protect cellular membranes and organelles

from damaging effects of ROS, the major ROS-scavenging

activities include complex non-enzymatic antioxidant

molecules, such as ASA, GSH, and antioxidant enzymes

including CAT, APX, GR, SOD, and POD [37]. In the

present work, we observed increased activities of SOD,

GR, POD, and PPO, and decreased activities of CAT and

APX after Si treatment and challenge inoculation. Besides,

the content of ASA and GSH was increased as well after

treatment. CAT is one of the main H2O2-scavenging

enzymes that dismutates H2O2 into water and O2 [38].

SOD catalyzes the disproportion of superoxide radical to

molecular oxygen and H2O2 [39]. However, H2O2 would

be scavenged by CAT, APX, and different classes of POD

[40], which decreased the risk of hydroxyl radical forma-

tion from superoxide via the Haber–Weiss-type reaction.

APX activity plays a major role in maintaining the balance

between free radical production and elimination. GR is

known to act in conjunction with APX to metabolize H2O2

to water through an ASA–GSH cycle, and APX catalyzes

the breakdown of H2O2 at the expense of oxidizing

ascorbate to MDA [41]. High levels of O2
•- disumutation

should be followed by the peroxidation of H2O2 catalyzed

by APX activity. PPO catalyzes the O2
•--dependent oxi-

dation of phenolics to quinones, has been proposed as a

component of elaborate plant defense mechanisms, and

plays a critical role in disease resistance [42]. The ascor-

bate plays a crucial role in complex antioxidation processes

[43]. Ascorbate is also an important cosubstrate of many

enzymes; it has the capacity to directly eliminate several

different ROS, including singlet oxygen, superoxide, and

hydroxyl radicals [41]. GSH is often the first line of

defense against oxidative stress; however, a severe oxida-

tive stress may suppress GSH levels due to the loss of

adaptive mechanisms and the oxidation of GSH to its

oxidized form, GSSG [17].

Interestingly, our results show that the sodium silicate

treatment increased the levels of MDA and decelerated

velocity of integrity decline (Fig. 3), and MDA is the oxi-

dative enzymic product of the membrane, so this seemingly

to be contradictory, that might increase antioxidant enzyme

activity. In our experiments, sodium silicate treatment and

challenge inoculation lowered CAT and APX activities.

However, a higher level of H2O2 was found in Si-treated

fruit; it is the result of dual function of H2O2, and H2O2 is a

signal molecule in the environment stress response, while

excess H2O2 production related to lipid peroxidation. The

disease resistance will be enhanced after sodium silicate

treatment, and the ROS content should be maintained at a

certain level. In general, an appropriate intracellular balance

between ROS generation and scavenging exists in all cells in

any case. The production and scavenging of activated oxy-

gen species are interactive, which maintain the plants in a

relatively stable state.

Results of current study seemingly showed that both Si

treatment and pathogen challenge have the same effect to

enhance resistant reaction. In fact, compared to the latter

which was just a kind of compatible interaction between

pathogen and host, only the former involved in induce

resistance through eliciting the fruit against pathogen. It

can be elucidated that Si treatment not only disrupts the

infection through directly effect on pathogen, but also

promotes host to enhance resistance. Moreover, it could be

proved by significantly augmenting the effective of induce

resistance in the fruit if it was treated by sodium silicon

treatment combine with pathogen inoculation. However,

the exact mechanisms involved in how to produce the

synergistic reaction keep unclear and need further study.

Conclusions

Postharvest treatment with sodium silicate could reduce the

decay caused by T. roseum in muskmelon fruit. It may be

due to increase the content of ROS and stimulation of the
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activities of antioxidant system, including enzymatic and

non-enzymatic antioxidant molecules. Reactive oxygen

species play a key role in disease resistance, at the same

time, and an effective defense system has developed to

control its content to avoid harmful effects on muskmelon

fruit. These results suggested that antioxidants system is

important in defense response to pathogen infection and

resistance inducing. Future study is necessary to investigate

the molecular biology mechanism of the role of sodium

silicate-induced resistance in postharvest fruits.

Acknowledgments This work was financially supported by National

Natural Science Foundation of China (30671465 & 31071835). Thanks

are also given to Mr Xu (president of muskmelon production and

promotion association of Quanshan, Minqin County in Gansu Province,

China) for his enthusiasm help to provide us testing materials.

References

1. Terry LA, Joyce DC (2004) Elicitors of induced resistance in

postharvest horticultural crops: a brief review. Postharvest Biol

Technol 32:1–13

2. Bi Y, Li YC, Ge YH (2007) Induced resistance in postharvest

fruits and vegetables by chemicals and its mechanism. Stewart

Postharvest Rev 6:1–6

3. Ma JF (2006) Silicon and sodium. Encyclopedia Soil Sci

1:1568–1573

4. Bélanger RR, Benhamou N, Menzies JG (2003) Cytological

evidence of an active role of silicon in wheat resistance to

powdery mildew (Blumeria graminis f. sp. tritici). Phytopath

93:402–412

5. Fawe A, Menzies JG, Cherif M, Bélanger RR (2001) Silicon and

disease resistance in dicotyledons. In: Datnoff LE, Snyder GH,

Korndofer GHE (eds) Silicon in agriculture. Elsevier, Amster-

dam, pp 159–170

6. Rodrigues FA, McNally DJ, Datnoff LE, Jones JB, Labbe C,

Benhamou N (2004) Silicon enhances the accumulation of

diterpenoid phytalexinsin rice: apotential mechanism for blast

resistance. Phytopath 94:177–183
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