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Abstract

To examine the impact of pre-harvest fungicide applications on the postharvest storage per-

formance of tomato fruits, we measured the lycopene content, hardness, soluble solids con-

tent, rotting rate, and weight loss rate of the fruits, as well as conducted a sensory

assessment. Protective and systematic fungicides were sprayed on tomatoes 20 days

before harvest in order to prevent rotting and weight loss during storage. Our findings

showed that, the fungicide-treated tomatoes had a significantly lower rotting rate of 16.00%

and a weight loss rate of 3.96%. However the control group experienced 65.33% rotting rate

and 6.90% weight loss rate on 12th days of storage. Out of the pre-harvest applications,

‘Zineb’ a protective fungicide significantly delayed the loss of hardness and soluble solids

accumulation in tomato fruits during storage, but it had no significant effect on lycopene con-

tent. On the other hand, when comparing to the examined treatment, the systemic fungi-

cides did not have any significant effect on the postharvest storage performance of tomato

fruits. Sensory evaluation results indicated that systemic fungicides improved the aroma of

the fruits, while protective fungicides had a greater impact on the appearance and juiciness

of the fruits. This study offers a potential novel solution for preserving fruits and vegetables

which have been frequently infected by phytopathogens during storage, and consequently

mitigate/reduce postharvest losses.

Introduction

Fungicides play a crucial role in agricultural production [1–4]. They are primarily used to

manage plant diseases by inhibiting the growth and reproduction of the causal pathogens, aid-

ing crops in resisting against pathogens, and enhancing yield and quality [5–7]. Fungicides

can also boost plant resistance, enabling them to grow normally in unfavorable environmental

conditions [8]. Furthermore, fungicides can effectively manage the spread of diseases and min-

imize crop losses, thereby ensuring the stability and sustainable development of agricultural

production [9]. Fungicides are categorized into systemic fungicides and protective fungicides

[10, 11]. Systemic fungicides can be absorbed by plants and then transmitted to the lesions to

eliminate pathogens. Common systemic fungicides include propiconazole, methyl
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thiophanate, and thiophanate-methyl. Protective fungicides form a film on the surface of

plants to prevent fungal spores from invading [12–14]. These fungicides are highly effective in

preventing the occurrence of disease [13, 14]. Commonly known protective fungicides include

zinc dimethyldithiocarbamate, Bordeaux mixture, and chlorothalonil.

In addition to controlling plant diseases, fungicides can also regulate plant metabolism,

which may impact the preservation of fruits [15–17]. For example, triazole fungicides, in addi-

tion to their fungicidal function, can also affect the metabolism of cytokinins in plants [18].

They inhibit the biosynthesis of gibberellins and auxins, while promoting the synthesis of

abscisic acid and cytokinins [19]. However, improper or excessive use of triazole fungicides

may inhibit crop growth and lead to issues such as fruit cracking, fruit drop, and deformed

fruits [20]. Therefore, we hypothesized that fungicides may continually impact plants during

the mid-to-late stages of their phenological growth. These fungicides could then further inhibit

the development of postharvest diseases and consequently have a positive effect on the preser-

vation or storage of postharvest fruits and vegetables.

To verify the above defined hypothesis, this study focused on tomato fruits, and assessed

their key characteristics such as rotting rate, weight loss rate, hardness, soluble solids content,

and lycopene content. The study aimed to comprehensively assess the impact of different fun-

gicides applied before harvest on the quality of postharvest stored tomatoes. The preservation

mechanism of residual fungicides, along with conducting sensory evaluations was also investi-

gated. The main objective of this research was therefore to provide new insights into tomato

postharvest preservation and theoretical/knowledge support for the development of scientific

fungicide usage regimes.

Materials and methods

Pre-harvest fungicide treatment for tomatoes storage

Three types of systemic fungicides and three types of protective fungicides were selected for

this study (Table 1). The fungicides were obtained from Sinochem Agro LTD., and their active

ingredient and manufacturers are also summarized in Table 1. The fungicides were diluted

with distilled water according to the multiples dilution/application rates of a specific fungicide

as shown in Table 1. The tomato (Solanum lycopersicum) variety used in the experiment was

“Hongfen #3”, obtained from the Vegetable Research Laboratory in the College of Horticul-

ture, Fujian Agriculture and Forestry University. The tomato plants were grown in the green-

house at 25 ± 2˚C, relative humidity of 60 ± 5% and photoperiod of 12L: 12D in Zhangzhou,

China. The prepared or diluted fungicide solutions were sprayed directly onto the surface of

tomato fruits 20 days before harvesting. The fruit surface was sprayed until the liquid drips

from it. The control treatments were sprayed with only sterile distilled water at the same rate.

After harvesting, the fruits were stored separately as per the various treatments at room tem-

perature (20 ± 5˚C) with 25% relative humidity in a dark environment. The harvest (the

Table 1. Fungicides used in the experiment.

Fungicide type Effective ingredient and concentration Abbreviation Formulation type Application rate (dilution ratio) Manufacturer

Systemic fungicides 70% Methyl Thiophanate MT Water dispersible 800 Nippon-Soda

20% Propiconazole PZ Emulsion concentrate 1500 Syngenta

2% Kasugamycin FM Aqueous solution 500 Hokko Chemical

Protective fungicides 80% Bordeaux Mixture BM Wettable powder 800 UPL

80% Zineb DN Wettable powder 800 Bayer

40% Carbendazim CD Suspension concentrate 800 Syngenta

https://doi.org/10.1371/journal.pone.0308670.t001
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collected tomato samples) was done at 1–2 days post-ripening of the fruits. The experiment

was repeated five times at five different farms in randomized complete block design.

Measurement of postharvest characteristics of the stored tomato fruits

Rotting rate. Twenty healthy, pest-free tomatoes of similar size were selected from differ-

ent treatment groups and placed in a storage room at 20 ± 5 ˚C with relative humidity not

exceeding 30%, in darkness, for 15 days. The number of rotten tomatoes was counted every

three days, and the rotten tomatoes were removed daily to prevent re-infection until the end of

the 15 days. The experiment was repeated five times under a randomized complete block

design.

In addition, to assess the effect of low temperature, 20 healthy, pest-free tomatoes of similar

size were also selected from the different treatment groups and placed in a storage room at

20 ± 5 ˚C with a relative humidity of 30%, in darkness, for 12 days. Total tomatoes in each

group were weighed prior to the storage and every three days until the 12 experimental days,

and the mean value was calculated from the recorded data. At 2-day intervals, five tomato sam-

ples were randomly selected from each experimental group. Two positions were selected at the

equator of each fruit as measurement points, and the firmness of each fruit was measured

three times using a texture analyzer (ST-16A, Shandong, China) where prop size was used.

The average value was then calculated to represent the fruit hardness. The experiment was

repeated five times.

Content of soluble solids and lycopene of the stored tomatoes. Three tomatoes were

randomly selected from each treatment group and homogenized at every two days until the

end of the experiment. The soluble solids content of the juice was measured using a digital

refractometer (DigiPol-R200, Shanghai, China). In addition, the three randomly selected

tomatoes from each group for homogenization at 2-day intervals, were also weighed at approx-

imately 0.80 g. After homogenization, 4 mL of extraction solution (n-hexane: acetone: ethanol,

2:1:1 by volume) was added to the tomato juice. After complete dissolution, the solution was

left to stand in an ice bath for 10 minutes. The supernatant was then tested using n-hexane as a

blank, and the absorbance was measured at a wavelength of 472 nm to determine the lycopene

content using a spectrophotometer (SH-6600, Jiangsu, China).

Sensory evaluation. Ten adults’ panelists (5 males and 5 females) were chosen as sensory

assessors. Each portion of tomato fruits was divided into five parts and given to each member

of the panelists. The panelists rated each fruit based on the different sensory attributes: color,

shape, aroma, taste, and juice, and then submitted the average value of the various assessed

parameters. The scoring criteria for evaluating tomato sensory attributes were presented in

Table 2.

Statistical analysis. The significant differences in the mean values of the measured/

assessed post-harvest characteristics or parameters were analyzed using an analysis of variance

Table 2. Sensory traits and scores for tomato.

Sensory traits Score

Color Bright to dull color, 9–1 point

Aroma intensity Very strong to very week, 9–1 point

Taste Very delicious to acor, 9–1 point

Mouth feeling Very delicate to coarse, 9–1 point

Juice abundance Juicy to juiceless

https://doi.org/10.1371/journal.pone.0308670.t002
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(ANOVA) with GraphPad Prism 9.0 software. The Tukey test was performed to separate the

means whenever there were significant differences between treatments (P� 0.05).

Results

Impact of pre-harvest fungicide application on tomato decay incidence

during storage

The results showed that the decay rate of tomato fruits increased during the storage period for

all treatments (Fig 1). However, the rate of decay escalation was notably slower in tomato fruits

Fig 1. Impact of the various fungicides on the rot rate of tomato fruits during storage at room temperature (20 ± 5 ˚C) for 15 days post-

treatment.

https://doi.org/10.1371/journal.pone.0308670.g001
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treated with protective fungicides such as Zineb, Bordeaux mixture, and carbendazim, com-

pared to the control and systemic fungicide treatments. A comprehensive comparison of the

tomato fruits treated with systemic fungicides and those exposed to protective fungicides for

20 days before harvesting revealed significant differences starting from the 6th day post-storage

time. At day 6, the decay rates of the analyzed tomato fruits showed a gradient from low to

high as follows: Zineb group (2.00%) < Bordeaux mixture group (3.33%) < carbendazim

group (3.45%) < methyl thiophanate group (13.33%)< propiconazole group (14.00%)<

kasugamycin group (16.67%)< control group (17.33%). On the 12th and 15th days post-stor-

age, the decay rates in the Zineb group were 16.00% and 30.67%, respectively, which were sig-

nificantly (P< 0.0001) lower than the rates obtained in the other groups during the same

period (Fig 1). These findings showed that applying protective fungicides 20 days before har-

vest has a beneficial inhibitory effect on post-harvest tomato decay. Zineb showed superior

long-term antibacterial effects compared to Bordeaux mixture and carbendazim, which were

also found to be protective fungicides. Given that both the systemic fungicides and control

groups experienced decay rates exceeding 75.00% within the first 15 days of storage, subse-

quent measurements were limited to the 12th day.

Impact of pre-harvest fungicide application on the rate of weight loss in

stored tomato fruits

As represented in Fig 2, starting from day 6 post-storage, the rate of weight loss in the stored

tomato fruits was significantly lower in the Zineb group as compared to the other treatment

groups, while the weight loss rate in the kasugamycin group was significantly higher than the

ones recorded in the other groups (P< 0.0001). On day 12, the weight loss rates of the tested

tomatoes were raged from the lowest to the highest as follows: Zineb group (3.96%) < Bor-

deaux mixture group (6.16%)< carbendazim group (6.19%) < methyl thiophanate group

(6.86%) < control group (6.90%) < propiconazole group (7.14%) < kasugamycin group

(7.94%). The weight loss rate of the Zineb group was significantly lower than that of the other

groups, while the kasugamycin and propiconazole groups showed significantly higher rates

than the control group (Fig 2). These results indicate that the pre-harvest application of Zineb

has a significant inhibitory effect on the weight loss of the stored tomatoes, while systemic fun-

gicides such as kasugamycin and methyl tolylfluoroacetate could contribute to the tomato

fruits weight loss during storage.

Impact of pre-harvest fungicide application on the firmness of stored

tomato fruits

As reported in Fig 3, starting from day 9 post-storage, the firmness of the tomato fruits treated

with protective fungicides was significantly higher than that of the control and systemic fungi-

cide groups (P< 0.05). Especially on day 12, the hardness of the stored tomato fruits in Zineb

and Bordeaux mixture groups was 62.00 g and 57.60 g, respectively, which were significantly

higher than that of the other groups (P< 0.0001). This indicated that the pre-harvest applica-

tions of protective fungicides significantly inhibited the softening of the stored tomato fruits.

Impact of pre-harvest fungicide application on the soluble solids content of

stored tomato fruits

The results also showed that the soluble solids content of the stored tomatoes decreased over

time in storage (Fig 4). However, the Zineb treatment group exhibited a slower rate of decline

compared to the other treatment groups. The soluble solids content of the tomato fruits
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sprayed with Zineb on days 6, 9, and 12 of storage were 8.59%, 7.83%, and 7.01%, respectively,

which were significantly (P< 0.05) higher than that of the fruits sprayed with systemic fungi-

cides during the same storage period (Fig 4). These results indicate that Zineb has a significant

inhibitory effect on the loss of soluble solids in the stored tomato fruits compared to the con-

trol and other fungicides.

Fig 2. Impact of the various fungicides on the weight loss of tomato fruits during storage at room temperature (20 ± 5 ˚C) for 12 days post-

treatment.

https://doi.org/10.1371/journal.pone.0308670.g002
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Impact of pre-harvest fungicide application on the lycopene content of

stored tomato fruits

As observed in Fig 5, the lycopene content of tomato fruits decreased over time in storage. The

results indicated that there was no significant difference in the lycopene content of the stored

tomato fruits among the various treatment groups at the different storage times (P> 0.05).

This result suggests that the application of different types of fungicides 20 days before harvest

did not have any impact on the lycopene content of the tomato fruits during storage.

Fig 3. Effect of the various fungicides on the firmness of tomato fruits during storage at room temperature (20 ± 5 ˚C) for 12 days post-

treatment.

https://doi.org/10.1371/journal.pone.0308670.g003
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Sensory analysis

The results of the sensory analysis, as indicated in Fig 6, revealed distinct variations among the

various treatment groups. However, the Zineb-treated tomato fruits were rated the highest for

color, achieving a score of 8.4, surpassing the propiconazole and kasugamycin treatments,

which scored 5 and 4.5, respectively, and outperformed the control group’s score of 6.2.

Regarding juice content, the Zineb group also outperformed all the other treatment groups

Fig 4. Effect of the various fungicides on the soluble solids content of tomato fruits during storage at room temperature (20 ± 5 ˚C) for 12 days

post-treatment.

https://doi.org/10.1371/journal.pone.0308670.g004
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with a score of 8.1, notably higher than the propiconazole and kasugamycin groups, which

scored 4.7 and 4.1, respectively, and exceeded the control’s score of 5.8. In the category of

aroma intensity, the propiconazole group was rated superior, scoring 7.4, which was over 1.5

points higher as compared to the scores of the other groups. While the propiconazole group

also had the highest ratings for taste and texture, the margin was not considerably different

from the other treatments. These findings suggested that protectant fungicides such as Zineb

Fig 5. Effect of the various fungicides on the lycopene content of tomato fruits during storage at room temperature (20 ± 5 ˚C) for 12 days post-

treatment.

https://doi.org/10.1371/journal.pone.0308670.g005
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have a greater influence on the visual attributes of the stored tomato fruits, whereas systemic

fungicides like propiconazole affected more profoundly the aroma (Fig 6).

Discussion

The use of pre-harvest and post-harvest fungicides is essential in agricultural products quality,

with post-harvest application having the greatest impact on consumers. Studies have shown

that most fungicides used for post-harvest product preservation have a certain level of chronic

toxicity to human body/health, including fruit wax [21–23]. The combined impact of residual

of pre-harvest fungicides and post-harvest fungicides has led to significant improvements in

food safety [24]. This study investigated the impact of various pre-harvest fungicides on the

storage quality of tomato fruits. The results indicated that the application of protective fungi-

cides before harvest successfully prevented rotting and weight loss of the stored tomato fruits.

Zineb exhibited superior antibacterial effects compared to Bordeaux mixture and carbenda-

zim. These results are consistent with previous research findings, which demonstrated that the

pre-harvest application of Zineb significantly reduced rotting of tomato fruits during storage

[25]. Furthermore, the study also found that the tomatoes treated with Zineb had higher firm-

ness, soluble solid content, and higher sensory analysis scores [26]. This may be attributed to

the preserving effect of Zineb on the tomato fruit quality.

Fig 6. Sensory evaluation of tomatoes harvested immediately after application of the different fungicides using

synthetical score method.

https://doi.org/10.1371/journal.pone.0308670.g006
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Compared to systemic fungicides, protective fungicides primarily create a protective film

on the plant surface to prevent pathogen invasion [12]. The effectiveness of preservation

achieved using protective fungicides before harvest may be attributed to the formation of a

protective layer on the fruit surface. This layer might effectively prevent pathogen invasion

through the skin, as most post-harvest diseases are caused by environmental pathogens [27].

Additionally, the protective fungicide layer could also prevent fruit moisture evaporation,

which may explain the reduced weight loss and delayed softening of the stored fruits [28]. Sys-

temic fungicides are absorbed by plants and transported within the plant, inhibiting or killing

pathogens inside the plant. However, their effectiveness or protection efficacy against patho-

gens that have already entered the plant is limited [29]. This is consistent with previous

research findings, such as the study conducted by Weitan et al. (2024), which demonstrated

that systemic fungicides had limited effects in inhibiting pathogens, while protective fungicides

effectively reduced rotting rates [30].

Furthermore, in addition to its fungicidal effect, the protective fungicide Zineb also provide

plants with essential zinc elements [31, 32]. Zinc is an essential trace element for plants, play-

ing a key role in the synthesis of various enzymes and the regulation of gene expression [33–

35]. The zinc ions in Zineb can bind to the cell walls of pathogens, disrupting their structure

and inhibiting their growth as observed in our study. This may be therefore one of the key fac-

tors contributing to Zineb’s ability to preserve the quality of tomato fruits during storage.

The results of this study indicate that the pre-harvest use of protective fungicides, particu-

larly Zineb, could significantly improve the post-harvest storage time and preservation of the

fruits quality. These findings imply that applying fungicides using the appropriate techniques

or at the right time could be an effective strategy to minimize their application frequencies.

Consequently, this research contributes to potential novel perspectives and approaches to

quality improvement/preservation of tomatoes.

However, it is important to recognize that the experimental outcomes were obtained under

controlled conditions, which might affect the efficacy of the approach or introduce certain

constraints to their applicability under different field conditions [36]. Therefore, future studies

should aim to replicate these experiments across different geographical or agroecological loca-

tions, using a range of tomato varieties, and under varying climatic conditions to establish the

robustness, effective application and wider relevance of these findings. Additionally, there is a

scope to delve deeper into the specific effects Zineb has on tomato fruit quality, nutritional val-

ues, and to evaluate the potential synergistic benefits of using Zineb in combination with other

fungicides.
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