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Abstract: Chemical fungicides can effectively prevent and control powdery mildew, but they can
also leave pesticide residues in the environment and on cucumbers. In this study, we added sulfur
powder to the soil where cucumbers were grown to see how it affected the occurrence of powdery
mildew. The results showed that adding sulfur increased sulfur absorption by the cucumbers,
improved plant immunity, and reduced the incidence of powdery mildew. Furthermore, adding
sulfur to the soil increased soluble protein content in cucumber leaves, enhanced photosynthesis, and
significantly increased fruit yield. Additionally, sulfur addition decreased soil dehydrogenase activity
and increased sucrase activity, potentially impacting soil microbial activity. In conclusion, this study
found that adding sulfur had a positive inhibitory effect on the occurrence of cucumber powdery
mildew while not significantly impacting the soil environment. These findings provide valuable
insights for developing new control methods that are easy to implement, cost-effective, reliable, and
environmentally safe.
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1. Introduction

Powdery mildew is a common fungal disease that affects approximately 10,000 types
of flowering plants, including many important fruit and vegetable crops [1,2]. When
cucumbers and melons are infected with powdery mildew in a controlled environment,
such as a greenhouse, large white colonies form on the surface of leaves, petioles, and
stems. These colonies hinder photosynthesis and cell viability, severely impacting plant
growth and fruit yield [3]. The pathogens responsible for powdery mildew are generally
Sphaerotheca cucurbitae and Erysiphe cichoracearum [4]. The occurrence of powdery mildew
is closely linked to environmental conditions, such as high temperatures and humidity in
greenhouses during summer and autumn. Under these conditions, the conidia reproduce
rapidly and spread through the air, invading leaf tissues within 24 h and rapidly spreading
within 7 days upon contact with cucumber plants [5].

Currently, various measures such as chemical, agricultural, and biological controls
are being used to prevent and manage powdery mildew. Chemicals commonly used
for controlling cucumber powdery mildew include chlorofluoroconazole, azoxystrobin,
tebuconazole, hexaconazole, etc. However, prolonged use of these chemicals can lead
to pesticide residues in agricultural products and soil, posing risks to food safety and
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environmental safety [6]. Reports indicate that powdery mildew pathogens have resisted
certain chemical agents, for example, difenoxystrobin, hexaconazole, and organophospho-
rus fungicides [7,8]. Breeding disease-resistant cucumber varieties has been an effective
agricultural control method. Many countries have developed powdery mildew-resistant
cucumber varieties, such as Jinzao 3, Jinyan 2, Zhongnong 8, GLE, Green Magic, etc. [9]
However, disease resistance in these varieties is usually controlled by a single dominant
gene, making them susceptible to losing resistance after widespread cultivation. Other
agricultural methods, such as intercropping, grafting, and growing in high-temperature
environments, can also contribute to powdery mildew prevention, but their effectiveness
is limited [10]. Biological control methods involve using biocontrol microorganisms and
plant extracts to combat powdery mildew. Studies have shown that extracts of Euphorbia
humifusa and Robinia pseudoacacia [11–13], and emodin from rhubarb root [14], have pre-
ventive and therapeutic effects on cucumber powdery mildew. Additionally, biocontrol
fungi (e.g., Fusarium solani, Trichoderma harzianum) and biocontrol extracts (e.g., ninamycin,
aminopyrimidine) have shown effectiveness against powdery mildew [15,16]. However, it
is important to note that prolonged use of biocides and their sources can become resistant
to pathogens.

The addition of mineral elements can improve plant resistance. For instance, incor-
porating 20 ppm of phosphorus in a hydroponic cucumber system enhanced the plants’
resistance to powdery mildew. Applying phosphate, potassium, and silica salts to the
leaves can effectively control powdery mildew [17–22]. Nitrate can strengthen cucumber
immunity to Fusarium wilt by controlling citrate exudation and inducing resistance to Fusar-
ium oxysporum in cucumbers [23,24]. Foliar spraying of CaCl2, MgCl2, KCl, and Ka2SO4
solutions or using high concentrations of N and Mg in irrigation water can reduce powdery
mildew disease in cucumbers. However, medium P and high K concentrations aggravated
powdery mildew [25]. Additionally, Mn–amino acid complex foliar sprays strengthen cell
wall structure, reduce water loss from infected leaves, and control the extent of cucumber
powdery mildew [26–28]. Furthermore, a high-carbon–silicon solution concentration can
notably alleviate the damage of powdery mildew to cucumbers [29].

Powdery mildew is highly susceptible to sulfur, and sulfur fumigation has been
proven as effective in controlling powdery mildew during production [30]. A combination
of Trichoderma afroharzianum and sulfur in foliar sprays has been reported to be effective
in controlling powdery mildew in vineyards [31]. A spray treatment using 3 g·L−1 of
sulfur mixed with vegetable oil effectively reduced the severity of powdery mildew on
grape bunches [32]. However, it remains unverified whether adding sulfur to the soil can
control the powdery mildew of cucumber. In this study, we conducted a pot experiment
to investigate the impact of sulfur on the occurrence and severity of powdery mildew in
cucumbers by introducing sulfur powder to the soil where the cucumbers were cultivated.
This study aimed to preliminarily assess the preventive effect of soil sulfur application on
the development of powdery mildew in cucumbers.

2. Materials and Methods
2.1. Plant Materials

The experiments were implemented in the solar greenhouse of Zhaoxian Experimental
Station, located at 114.83′13.18′′ E, 37.83′28.12′′ N, part of the Shijiazhuang Academy of
Agriculture and Forestry Sciences. Pots with a bottom diameter of 15 cm, top diameter of
20 cm, and height of 17.5 cm were used for potting. The cucumber variety used was Jin You
301, obtained from Tianjin Kerun Agricultural Science and Technology Co., Tianjin, China.

2.2. Cultivation Conditions

The experiment took place between March and October 2023. There were five groups,
each with 40 pots containing 2.6 kg of soil. The nutrient content of the tested soil was
total nitrogen at 2.52 g·kg−1, total phosphorus at 2.31 g·kg−1, and total potassium at 1.42
g·kg−1. The sulfur powder (Qingdao Luchuan Chemical Co., Ltd., Qingdao, China) used



Agronomy 2024, 14, 1799 3 of 14

had a purity of 99.99%. In the control group, no sulfur was added. In the four treatment
groups, sulfur was added in different amounts (in g·kg−1): 0.2 (T1), 0.4 (T2), 0.6 (T3), and
0.8 (T4), respectively. The dosage was determined according to the method outlined by
Jiang et al. [33]. The experiment was conducted twice in 2023. The first round started on 5th
March, with powdery mildew inoculation on 7th April, and ended on 5th May. The second
round started on 17th August, with powdery mildew inoculation on 18th September, and
ended on 9th November. The inoculation was conducted 33 days after cucumber planting.
Measurements and statistics of powdery mildew and photosynthetic parameters were
taken every 10 days after inoculation. The fruit quality parameters, antioxidant indexes,
and leaf active oxygen indexes were sampled 20 days after inoculation. At the end of the
experiment, measurements were taken for cucumber leaves, soil sulfur content, and soil
enzyme activity.

The pathogenic fungal spores causing cucumber powdery mildew were collected
from the diseased leaves of fresh cucumbers in the greenhouse at Zhaoxian Experimental
Station. The pathogen was identified as Sphaerotheca fuligenea. The leaves were washed
with distilled water and filtered through 2–4 layers of gauze to obtain a spore suspension.
The pathogenic fungal spores in the culture medium were counted using a hemocytometer.
The concentration of the spore suspension was adjusted to 1 × 107 spores per mL, and the
suspension was evenly sprayed on the front and back of cucumber leaves using a nebulizer.

2.3. Detection of Morbidity

After the plants were inoculated, 10 plants per treatment were randomly selected at
10-day intervals, following the reported method [6]. The 4th or 5th leaf of the cucumber
plant was then photographed, and the images were processed using Photoshop 2023
software, based on the approach outlined by Cui et al. (2017), to measure the area of
lesions on the leaves [34]. The disease level on the entire plant was assessed by examining
all the leaves. Based on the extent of leaf damage, the grading criteria were as follows:
grade 0 for no spots, grade 1 for spots covering less than 5% of the leaf area, and so on
up to grade 11 for spots covering more than 75% of the leaf area. The disease index was
calculated using the following formula: disease index = Σ (number of diseased leaves
at each level × relative level value)/(total number of leaves surveyed × 11) × 100. The
control effect was calculated as control effect (%) = (control disease index − treatment
disease index)/control disease index × 100.

2.4. Detection of Photosynthetic Indicators

Photosynthetic measurements were conducted using an instrument (1102G, Yaxin Liyi
Technology, Beijing, China). The instrument was used to measure the top new leaves of the
cucumber, starting from the 4th or 5th leaf, to determine the net photosynthetic rate of the
leaves, transpiration rate, intercellular CO2 concentration, and stomatal conductivity.

2.5. Detection of Yield Indicators

Ten plants were labeled for each treatment, and the average yield per plant was
recorded after each harvest. The total yield was calculated after the final harvest and
converted into yield per hectare.

2.6. Detection of Fruit Quality Indicators

Detection of soluble solids: After grinding the cucumber into a homogenate, it
was tested using a hand-held digital Brix meter refractometer (PAL-1, ATAGO CHINA
Guangzhou Co., Ltd., Guangzhou, China) to measure the soluble solid content.

Detection of soluble protein: 0.2 g cucumber fruit tissue was ground into a homogenate.
Then, distilled water was added to the homogenate to make a total volume of 10 mL. After
centrifugation at 5000 rpm for 10 min, a 0.1 mL supernatant was mixed with 0.9 mL of
a Coomassie brilliant blue G-250 solution (0.1 g·L−1). The absorbance of the mixture at
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595 nm was measured using a spectrometer (Evolution One Plus, ThermoFisher Scientific,
Waltham, MA, USA).

Detection of vitamin C: A mixture was made by adding 4 g of cucumber fruit tissue
to 5 mL of 2% oxalic acid. The mixture was then ground into a homogenate, filtered,
and adjusted to 50 mL. After that, 10 mL of the filtrate was taken and titrated with a
2,6-dichloroindophenol solution until the solution turned pink, and the volume of 2,6-
dichloroindophenol used was recorded as V1. Subsequently, 10 mL of a 2% oxalic acid
solution was titrated with 2,6-dichloroindophenol until the endpoint, and the amount of
2,6-dichloroindophenol used (V2) was recorded. Then, V1 and V2 were used to calculate
the vitamin C content.

Detection of soluble sugar: 0.5 g of cucumber fruit tissue was mixed with 5 mL of
80% ethanol and ground into a homogenate. The homogenate was placed in a water bath
at 80 ◦C for 30 min and centrifuged at 3500 rpm for 10 min. The collected supernatant
was mixed with an anthrone–H2SO4 reagent, heated at 100 ◦C for 10 min, and then cooled
to room temperature. The absorbance of the solution at 620 nm was measured using
a spectrometer.

Detection of titratable acid: 5 g of cucumber fruit tissue was ground into a homogenate.
Then, distilled water was added to the homogenate to make a total volume of 50 mL. The
homogenate was placed in a water bath at 80 ◦C for 30 min and then cooled to room
temperature. The mixture was filtered using a filter paper, and 20 mL of the filtrate was
titrated using a NaOH solution. The amount of NaOH used was recorded to calculate the
total acid content.

2.7. Detection of Reactive Oxygen Species in Leaf Cells

The DAB (3,3-diaminobenzidine) staining method was utilized to visualize ROS.
Cucumber leaves were soaked in a DAB solution with a pH of 3.8. Following a 24 h
incubation period in the dark, the leaves were immersed in warm ethanol until fully
decolorized. Subsequently, the leaves were photographed using a stereo microscope
(SZX16, Olympus Corporation, Tokyo, Japan).

2.8. Detection of Antioxidant Enzymes’ Activity

Detection of peroxidase (POD) activity: 0.5 g of cucumber leave tissue was ground
into a homogenate in an ice bath, and distilled water was added to make a total volume of
50 mL. The homogenate was centrifuged at 5000 rpm for 10 min at 4 ◦C. In total, 1 mL of
the supernatant was mixed with 1 mL of a guaiacol solution, 6.9 mL of water, and 1 mL of
H2O2. The mixture was incubated at 25 ◦C for 10 min. Then, the reaction was terminated
by adding 0.2 mL of a 5% metaphosphoric acid solution. The absorbance of the solution at
470 nm was measured.

Detection of superoxide dismutase (SOD) activity: 0.5 g of cucumber leaf tissue was
ground into a homogenate in an ice bath, and a phosphate buffer was added to make
a total volume of 10 mL. The homogenate was centrifuged at 10,000 rpm for 15 min
at 4 ◦C. A 0.1 mL supernatant was mixed with 0.5 mL of distilled water, 1.5 mL of a
phosphate buffer, 0.3 mL of a methionine solution, 0.3 mL of an NBT (nitrogen chloride
blue tetrazolium) solution, 0.3 mL of a riboflavin solution, and 0.3 mL of an EDTA-Na2
solution. A fluorescent lamp illuminated the mixture for 20 min. The absorbance of the
solution at 560 nm was measured.

Detection of catalase (CAT) activity: 1.0 g of cucumber leaf tissue was ground into
a homogenate in an ice bath, and a phosphate buffer was added to make a total volume
of 10 mL. The homogenate was centrifuged at 10,000 rpm for 15 min at 4 ◦C. A 0.1 mL
supernatant was mixed with 1 mL Tris-HCl buffer and 1.7 mL distilled water. The mixture
was incubated at 25 ◦C for 3 min. After that, 0.2 mL of H2O2 was added, and the absorbance
of the solution at 240 nm was measured every 30 s for 3 min. The data obtained were used
to calculate the enzyme activity.
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2.9. Detection of Sulfur Content in Cucumber Leaves

In total, 0.3 g of dried cucumber leaf tissue was soaked in 3 mL concentrated HNO3
for 12 h and then boiled at 150 ◦C for 1 h. After adding 2 mL of 70% HCIO4, the solution
was boiled at 235 ◦C for 2 h. Then, 1 mL of concentrated HCl was added, and the solution
was boiled at 150 ◦C for 20 min. After cooling, 35 mL of water and 10 mL of a buffer (1 L of
buffer containing 40 g MgCl2·6H2O, 4.1 g NaOAc, 0.8 g KNO3, and 28 mL ethanol) were
added to make a final volume of 50 mL. Finally, 0.3 g of BaCl2·2H2O was added, and the
absorbance of the solution at 440 nm was measured.

2.10. Detection of Soil Sulfur Content

In total, 0.5 g soil was placed in a high-temperature tube electric furnace with a silicon
carbon rod for complete combustion. The gas produced was then passed through a 5%
copper sulfate solution, 5% potassium permanganate solution, and concentrated sulfuric
acid. Finally, it was introduced into a hydrochloric acid–sweet potato starch absorption
solution. The absorption solution was titrated with 0.001 mol·L−1 potassium iodate (KIO3).
The amount of sulfur present was calculated based on the consumption of KIO3.

2.11. Detection of Soil Enzymes’ Activity

Detection of sucrase activity: 5 g soil was mixed with 0.25 mL methylbenzene, 5 mL
8% sucrose solution, and 5 mL phosphate buffer (pH 5.5). The mixture was incubated at
37 ◦C for 24 h and then centrifuged at 2000 rpm for 5 min. A 1 mL supernatant was mixed
with 3 mL 0.5% 3,5-dinitrosalicylic acid solution and then boiled in a 100 ◦C water bath for
5 min. The absorbance of the solution at 508 nm was measured.

Detection of dehydrogenase activity: 5 g soil was mixed with 5 mL of a reaction buffer
(containing 0.5% TTC (2,3,5-triphenyl tetrazolium chloride) and 0.5% glucose). The mixture
was incubated at 37 ◦C for 24 h. After adding 5 mL methanol, the mixture was centrifuged
at 2000 rpm for 5 min. The absorbance of the supernatant at 485 nm was measured.

Detection of urease activity: 5 g soil was mixed with 1 mL methylbenzene, 10 mL 10%
urea solution, and 20 mL citrate buffer (pH 6.8). The mixture was incubated at 37 ◦C for
24 h and then centrifuged at 2000 rpm for 5 min. A 1 mL supernatant was mixed with
4 mL 1.35 mol·L−1 sodium phenolate and 3 mL 1% sodium hypochlorite. After 20 min, the
absorbance of the supernatant at 485 nm was measured.

Detection of phosphatase activity: 5 g soil was mixed with 0.25 mL methylbenzene
and 20 mL 0.5% disodium phosphate phenyl solution. The mixture was incubated at 37 ◦C
for 24 h and then centrifuged at 2000 rpm for 5 min. A 5 mL supernatant was mixed with
0.5 mL 2% 4-aminoantiflavine solution and 0.5 mL 8% potassium ferrocyanide solution.
After 15 min, the absorbance of the solution at 510 nm was measured.

Detection of protease activity: 5 g soil was mixed with 25 mL Tris-HCl buffer (50 mM,
pH 6.8) and 25 mL 2% casein solution. After being incubated at 40 ◦C for 2 h, the mixture
was mixed with 25 mL 15% trichloroacetic acid solution and centrifuged at 2000 rpm for
5 min. A 5 mL supernatant was mixed with 7.5 mL solution (5% NaOH-Na2CO3, 0.01%
CuSO4, 0.02% potassium tartrate, and 5 mL of 33% Folin reagent). After 1 h, the absorbance
of the solution at 700 nm was measured.

2.12. Data Processing and Analysis

The data were statistically analyzed using Microsoft Office 2021 (Microsoft Corpora-
tion, Redmond, WA, USA) and SPSS22.0 (SPSS Inc., Chicago, IL, USA) and graphed using
GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) software.

3. Results
3.1. Adding Sulfur to the Soil Promoted Photosynthesis and Fruit Yield of Cucumber

Several photosynthetic parameters were measured to assess the impact of sulfur
addition on photosynthesis. In groups T1 and T2, there were no significant differences in
stomatal conductance compared to the control. However, the T1 and T2 treatments showed
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higher intercellular CO2 levels, lower transpiration rates, and higher net photosynthetic
rates than the control. In groups T3 and T4, stomatal conductance was significantly higher
than in the control, while intercellular CO2 levels showed no significant difference. The
transpiration and net photosynthetic rates were significantly higher than the control group
(Figure 1A–D). These results indicate that adding sulfur promotes the absorption and
assimilation of CO2.
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Figure 1. Adding sulfur to the soil enhanced the process of photosynthesis and the yield of cucumber
plants. During the mid-growth period of the cucumber, the photosynthesis-related parameters,
includingstomatal conductance (A), intercellular CO2 concentration (B), transpiration rate (C), and
net photosynthetic rate (D), of the 4th or 5th leaf (counting from the top) were measured using a
portable photosynthesis system. (E) The total fruit yield after the final harvest. In (A–D), 5 plants
were detected. In (E), 10 plants were detected. Results from three replicates were calculated to obtain
the mean ± SE and statistically analyzed using one-way ANOVA. The different lowercase letters
indicate that differences between treatments were significant at the p < 0.05 level.

The differences in fruit yield between the T1, T2, and T4 groups and the control group
were insignificant. However, the fruit yield of the T3 group increased by 8.86% (p < 0.05)
compared with the control group (Figure 1E). This indicates that adding sulfur promotes
the fruit-productive ability of cucumber plants to a certain extent.

3.2. Adding Sulfur to the Soil Increased the Nutrient Content in Cucumber Fruit

The impact of sulfur addition on the quality of cucumber fruits was investigated by
analyzing the nutrient content. In comparison to the control group, the T1, T2, T3, and T4
groups showed the following changes: Titratable acid content increased by 14.58 ± 0.85%,
15.67 ± 0.80%, 15.50 ± 0.85%, and 17.17 ± 0.80% (Figure 2A). Soluble protein content
increased by 45.2 ± 0.58%, 66.38 ± 3.50%, 56.9 ± 6.50%, and 23.84 ± 5.05% (Figure 2B). Vita-
min C content decreased by 11.86 ± 2.84%, 20.34 ± 3.57%, 35.59 ± 2.41%, and 32.2 ± 8.42%
(Figure 2E). Soluble solids’ content increased by 9.54 ± 2.02% and 12.37 ± 1.75% in the
T1 and T2 groups (Figure 2C). Soluble sugar content decreased by 24.26 ± 4.76% and
36.24 ± 5.76% in the T3 and T4 groups (Figure 2D).
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Figure 2. Adding sulfur to the soil altered the content of several nutrients in cucumber fruits. Fruits
with commerciality were taken as material. The content of five nutrients, including titratable acid
(A), soluble protein (B), soluble solid (C), soluble sugar (D), and vitamin C (E), were measured. In
each experiment, 5 fruits were detected. Results from three replicates were calculated to obtain the
mean ± SE and statistically analyzed using one-way ANOVA. The different lowercase letters indicate
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3.3. Adding Sulfur into Soil Reduced the Incidence of Powdery Mildew in Cucumber

Ten, twenty, and thirty days after the inoculation of powdery mildew, disease onset
was detected on the leaves. The control group exhibited severe symptoms, with many large
spots. The powdery mildew condition in the T1 and T2 groups was significantly reduced,
showing a decrease in the number and size of spots on the leaves compared to the control
group. The T3 and T4 groups displayed milder symptoms, significantly decreasing the
number and size of spots (Figure 3).
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Figure 3. Adding sulfur to the soil significantly reduced powdery mildew damage to cucumber
leaves. Photographs were taken of the 4th or 5th leaf (counted downwards from the top of the plants)
ten, twenty, and thirty days after the powdery mildew fungus was introduced. (A) shows a complete
leaf, and (B) shows an enlarged view of the portion framed in red in (A).
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To compare the degree of incidence more accurately, 10 plants were randomly selected
from each group of mid-epidemic plants, and the degree of incidence grading and disease
index calculation were carried out. The disease index for the control group was 89, while
the disease index for the T1–T4 groups was significantly lower than that of the control
group (Table 1). The lowest disease index was observed in the T3 group (17.27), suggesting
that the optimal sulfur addition level may be 0.6 g·Kg−1.

Table 1. The powdery mildew incidence of leaves in different treatments.

Treatment
Level Classification

Disease Index
Control

Efficiency (%)0 1 3 5 7 9 11

Mock 0 0 0 0 1 4 5 89.09 ± 0.05 a 0.00 ± 0.00 e
T1 0 0 1 1 2 2 4 76.36 ± 1.13 b 14.28 ± 1.27 d
T2 2 2 2 2 1 1 0 30.91 ± 0.39 d 65.31 ± 0.44 b
T3 3 2 4 1 0 0 0 17.27 ± 0.95 e 80.61 ± 1.06 a
T4 1 1 2 3 2 1 0 40.91 ± 0.42 c 54.08 ± 0.47 c

Note: Ten plants were randomly selected from each group 30 days after inoculation with powdery mildew fungus.
The data in the table show the number of plants at different disease levels. The disease index and control efficiency
were also counted. Data from 3 replicates were calculated to obtain the mean ± SE and statistically analyzed using
one-way ANOVA. The different lowercase letters indicate that differences between treatments were significant at
the p < 0.05 level.

3.4. Adding Sulfur to the Soil Increased the Antioxidant Capacity of Cucumber Plants

To verify the effect of sulfur addition on the antioxidant capacity of cucumber cells,
the 5th leaf (counted from the top) was used to detect the activity of SOD, POD, and CAT.
Compared with the control group, SOD activity was significantly enhanced in the T1, T2,
T3, and T4 groups. Additionally, POD activity was significantly enhanced in T1 and T2
groups. Furthermore, CAT activity increased gradually with the increase in sulfur dosage
(Figure 4).
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Figure 4. Adding sulfur to the soil increased the activity of antioxidant enzymes in cucumber leaves.
The activities of SOD (A), POD (B), and CAT (C) were measured. Five leaves were tested in each
experiment. Data from three replicates were calculated to obtain the mean ± SE and statistically
analyzed using one-way ANOVA. The different lowercase letters indicate that differences between
treatments were significant at the p < 0.05 level.

Leaves were stained with DAB to observe the accumulation of ROS. Compared to the
control leaves, which exhibited numerous brown spots, leaves in the T2 and T3 groups
showed a reduced number of brown spots (Figure 5).
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Figure 5. Adding sulfur to the soil reduced ROS accumulation in cucumber leaves. The 4th or 5th
leaf (counted downwards from the top) was taken 10 days after the inoculation of powdery mildew
fungus. ROS content was visualized using DAB staining. (A) shows a photograph of a leaf, and
(B) shows an enlarged view of the portion framed in red in (A).

3.5. Cucumber Plants Absorbed Added Sulfur

To analyze the sulfur absorption of cucumber plants, the sulfur content in both the soil
and leaves was measured. The soil sulfur content in each treatment group decreased signif-
icantly after cucumber harvesting compared to the pre-planting soil. The reductions were
as follows: 58.02 ± 2.61% in the T1 group, 56.98 ± 1.62% in the T2 group, 53.81 ± 2.42% in
the T3 group, and 41.08 ± 7.26% in the T4 group. Additionally, there was a slight increase
in leaf sulfur content. The T2 and T3 groups showed slightly higher leaf sulfur content than
the control group, while the T4 group exhibited a significant increase (Figure 6).
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Figure 6. The sulfur content in soil and cucumber leaves. Five leaves or soil samples were detected in
each experiment. Data from 3 replicates were calculated to obtain the mean ± SE and statistically
analyzed using one-way ANOVA. The different lowercase letters indicate that differences between
treatments were significant at the p < 0.05 level.

3.6. The Effect of Sulfur Addition on Soil Vitality

The effects of sulfur addition on soil vitality were studied by measuring the activ-
ity of several enzymes in the soil after different treatments. The results indicated that
protease and urease activity remained unchanged after sulfur addition. However, dehydro-
genase activity decreased significantly (13.66 ± 3.63%, 41.97 ± 4.50%, 35.36 ± 2.68%, and
25.58 ± 4.26% in T1-T4 groups, respectively), while sucrase activity increased significantly
(41.46 ± 4.03%, 49.69 ± 8.80%, 69.54 ± 2.26%, and 84.85 ± 3.54% in T1–T4 groups, respec-
tively). Additionally, alkaline phosphatase activity was increased dramatically in the T3
group (Figure 7).
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Figure 7. The effect of sulfur addition on soil enzymes’ activity. The activities of protease (A), alkaline
phosphatase (B), urease (C), dehydrogenase (D), and sucrase (E) were measured. Five soil samples
were detected in each experiment. Data from 3 replicates were calculated to obtain the mean ± SE and
statistically analyzed using one-way ANOVA. The different lowercase letters indicate that differences
between treatments were significant at the p < 0.05 level.

4. Discussion

Various methods have been used to control cucumber powdery mildew, but the control
has been unsatisfactory due to the frequent and widespread infestation of powdery mildew
organisms [35]. Additionally, the frequent use of chemicals increases the risk to food and
environmental safety [36]. Applying specific mineral elements to plants or cultivated soil
can improve crop resistance to powdery mildew. For example, foliar sprays of soluble
silicon enhanced resistance to powdery mildew in cucumber and wheat [29,37]. Foliar
sprays of KH2PO4, K2HPO4, and MgSO4 reduced the incidence of powdery mildew in
sunflowers [38]. Treatments such as lithium chloride on cucumber leaves infected with
powdery mildew reduced the spore production and infectivity of the powdery mildew
fungus [39]. Foliar spraying of Mn–amino acid complexes (Mn–methionine (Mn-Met) and
Mn–lysine (Mn-Lys)) strengthened plant defenses and helped prevent powdery mildew
development [26]. Using 0.02 g·day−1·m−3 sulfur fumigation for 2 h daily has eliminated
powdery mildew fungi. However, this fumigation method also damaged cucumber leaves,
elevated levels of proline and triglycerides, and involved changes in the carbon and nitrogen
metabolism within the leaves [40]. The application of sulfur to the soil was found to be
effective in controlling powdery mildew. The powdery mildew in lentils decreased when
sulfur and zinc were added to the soil [41]. Adding bio-sulfur to the soil enhanced the
tomato’s immunity to powdery mildew [42]. The results here showed that adding sulfur
to the soil significantly increased cucumber’s resistance to powdery mildew, indicating
that sulfur application to the soil may effectively enhance multiple plants’ immunity to
powdery mildew.

High concentrations of sulfur in the soil may have negative effects by increasing soil
acidification. However, the proper dose benefits soil enzyme activities, positively affecting
the abiotic environment [43]. Sulfur addition can increase the activities of urease, neutral
phosphatase, and polyphenol oxidase by enhancing microbial activity in the soil [44]. In
this work, adding sulfur to the soil reduced sulfur residues in the plant. This addition had
no significant effect on soil protease and urease, but it did reduce dehydrogenase activity
and increase sucrase activity. Soil dehydrogenase activity reflects the abundance of active
microorganisms in the soil and their ability to degrade organic matter. Sucrase, secreted
by microorganisms, is mainly used to break down sucrose in the soil. Adding sulfur
monomers to soil may affect the soil’s microbial degradation properties and potentially
impact plant health in the long term. However, it can also assist plants in absorbing sucrose
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and promote their growth and development to some extent. Therefore, further study is
needed to understand the overall impact of sulfur monomers on the soil environment.

When plants are under stress from pathogens, they produce and accumulate ROS.
ROS can help destroy pathogenic microorganisms and activate internal disease-resistant
mechanisms. However, an excessive buildup of free radicals can also harm the plant
cells. Plant cells have an antioxidant system to prevent excessive ROS accumulation and
maintain normal cellular metabolism. Antioxidant enzymes within the cells play a crucial
role in preventing the excessive accumulation of ROS. Research has demonstrated that
the antioxidant system becomes active in cucumbers infected with powdery mildew. This
results in a decrease in chlorophyll content in the leaves, while the activities of peroxidase
(POD) and superoxide dismutase (SOD), along with malondialdehyde (MDA) content,
increase [45]. When D-pinitol was sprayed on cucumber leaves infected by powdery
mildew, the levels of secondary metabolites, e.g., total phenols, GAD, and flavonoids,
increased in the plant. This treatment also boosted the activity of antioxidant enzymes
like PPO and SOD and activated defense-related genes, ultimately enhancing the plant’s
resistance to the disease [46]. Similarly, balsam pear (Momordica charantia) exhibited a
significant increase in the activity of POD, CAT, and SOD following powdery mildew
infection. Additionally, there was a notable rise in the accumulation of ROS, leading
to an enhanced rate of lignin accumulation in the cell wall. Spraying of Bacillus cereus
significantly inhibited the germination of powdery mildew spores and induced JA pathway-
dependent disease resistance in balsam pear [47]. In this experiment, adding sulfur to
the soil significantly increased SOD and CAT activities in cucumber leaves dealing with
powdery mildew infection. Preliminary results from ROS staining suggest that sulfur
addition influenced the accumulation of ROS in leaf cells. The results indicate that sulfur
enhances the antioxidant capacity of cucumber leaf cells, possibly contributing to the plant’s
improved immunity against powdery mildew fungus.

Sulfur is an essential element that synthesizes proteins, chlorophyll, and vitamins [48].
Research has shown that adding sulfur-containing fertilizers to soil can activate sulfur-
related metabolic processes in plants and boost their resistance to pathogens. Sulfur is
also involved in the synthesis of GSH (glutathione), which helps to scavenge ROS [49],
and in the synthesis of Glucosinolates, which are important for triggering defensive re-
sponses [50]. Moreover, certain sulfur-rich proteins have essential roles in defending against
pathogens [51]. Adding sulfur to the soil at a rate of 0.5 g·kg−1 can effectively alleviate sul-
fur deficiency in maize. The sulfur content of maize leaves, stems, and roots progressively
increased with increasing sulfur application [52]. Additionally, sulfur application in the soil
significantly increased the sulfur content in the straw and kernels of the wheat–soybean
cropping sequence [53]. Furthermore, the application of sulfur fertilizer in the soil, along
with fungicide spraying, significantly increased crop yield [54]. In this experiment, it was
revealed that the sulfur content of the soil decreased significantly during cucumber growth
while the sulfur content in the plant increased significantly. This suggests that the plant
absorbed the added sulfur, stimulating metabolic reactions and enhancing resistance to
powdery mildew.

Sulfur contributes to improved crop yield and quality. Research has shown that sulfur
fertilizer increases wheat seeds’ weight and protein content [55]. Additionally, applying
sulfur to the soil led to higher levels of soluble solids and vitamin C in cucumber fruits [56],
and increased yield and protein content in pepper [57]. Here, it was also found that adding
sulfur to the soil significantly increased the levels of soluble protein, titratable acid, and
soluble solids in cucumber fruits while also enhancing disease resistance. Vitamin C can
be used as a reducing agent [58]. The addition of sulfur led to a decrease in the vitamin C
content of cucumber fruits, so further research may be required to determine its impact on
resistance to powdery mildew.

Compared to traditional methods such as breeding resistant varieties, developing
microbial fungicides, various chemicals, and soil high-temperature abatement [59–61],
adding sulfur to soil can enhance the resistance of cucumber to powdery mildew. It has
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no significant negative impact on soil activity, cucumber yield, and quality. Furthermore,
the cost is also lower. In the future, research on how plants absorb soil sulfur and how it is
transported and transformed in plants will help reveal the mechanism of sulfur’s action
further. This will provide more valuable clues for developing new measures for powdery
mildew control. The impact of adding sulfur to soil on microbial communities must be
studied more. The research will provide insights into how sulfur affects the structure of
soil microbial communities, their metabolic pathways, and soil pH and will help create a
theoretical framework for properly utilizing sulfur’s nutritional and ecological functions in
vegetable cultivation.

5. Conclusions

Adding 0.2–0.8 g/kg of sulfur to the soil can effectively increase the sulfur content of
cucumber plants. This increase in sulfur content significantly promotes photosynthesis,
leading to the synthesis and accumulation of organic matter and a significant increase in
fruit yield. It also increases titratable acid and soluble protein content in cucumber fruits,
improving their nutritional value. Furthermore, adding sulfur to the soil improves the
resistance of cucumber leaves to powdery mildew, significantly reducing the incidence
rate of powdery mildew and the area of disease spots. Additionally, the activities of
SOD and CAT in cucumber leaves increase with the addition of sulfur, improving the
antioxidant capacity of leaf cells and counteracting the adverse effects of excessive reactive
oxygen species accumulation. The application of sulfur has minimal impact on the soil
environment, with a decrease in dehydrogenase activity and an increase in sucrase activity,
which may affect the degradation performance of soil microorganisms but can help plants
absorb sucrose. These results suggest that adding sulfur to the soil can be used as an
effective measure for controlling cucumber powdery mildew.
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