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Abstract: Autotoxicity is a common problem being faced in protected vegetable cultivation system.
Phytoremediation of plant autotoxicity is an emerging concept to minimize deterioration of soil
environment and reduction of yield and quality of vegetable crops. Brassinosteroids (BRs) have been
reported as a potential phytohormone to assist phytoremediation. However, the effects of BRs-induced
autotoxicity stress on plant growth, photosynthesis and antioxidant defense system are poorly
understood. Hence, we focused on the changes in physiological characteristics and ultrastructure of
cucumber leaves in response to the application of 24-epibrassinolide (EBR) under autotoxicity stress
conditions. The results showed that leaf area, plant height, fresh weight and dry weight of cucumber
were obviously decreased under autotoxicity stress conditions. EBR application obviously improved
the phenotypic characteristics of cucumber seedlings. Chlorophyll content, net photosynthetic rate,
stomatal conductance and transpiration rate of cucumber leaves were markedly reduced under
autotoxicity stress conditions. Application of EBR improved the photosynthetic pigments (chlorophyll
a by 15.80%, chlorophyll b by 18.70% and total chlorophyll content by 17.30%), net photosynthetic
rate by 36.40% and stomatal opening of leaves under autotoxicity stress conditions. EBR application
also maintained the integrity of chloroplast and thylakoid structures under autotoxicity stress
conditions. The activity of catalase (CAT), peroxidase (POD) and ascorbate peroxidase (APX) and
antioxidative compounds ascorbate (AsA) and reduced glutathione (GSH) contents were markedly
decreased, however, these were obviously increased after EBR application under autotoxicity stress.
EBR application also increased the soluble sugar and protein, and proline concentration by 59.70%,
7.22% and 36.58%, respectively in the leaves of cucumber, decreased malondialdehyde by 24.13% and
reactive oxygen species contents (H2O2 by 35.17%, O2

− by 12.01% and •OH by 16.59%), and reduced
the relative permeability of the cell membrane by 14.31%. These findings suggest that EBR application
enhanced the photosynthetic capacity of leaves, maintained the integrity of chloroplast and thylakoid
structures, and effectively alleviated the damage of membrane caused by lipid peroxidation and root
damage under autotoxicity stress conditions. The growth inhibition effect of autotoxicity stress on
cucumber was reduced by EBR application.
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1. Introduction

The rapid developments in protected cultivation and intensive cropping pattern have led to
an increased index of multiple cropping [1,2]. The continuous cropping results in the deterioration
of soil environment, serious diseases and pests attack on vegetables, and reduction of yield and
quality of vegetable crops [3,4]. Continuous cropping has become the main factor limiting vegetable’s
production [5]. If the same type of vegetable is cultivated continuously, it affects the species and
quantity of soil microbes. The root system of the vegetable secrete the same substances (roots exudates)
for a long time that may affect microbial diversity and microbial population and increase the incidence
of soil-borne diseases [6]. Autotoxicity is a common problem being faced in protected vegetable
cultivation system because after harvesting the roots remains in the soil [7]. A range of secondary
metabolites in the residual root of vegetables, such as cinnamic acid (CA), flavones and terpenoids are
the potential autotoxins [8,9].

Cucumber (Cucumis sativus L.) is one of the main vegetable cultivated at a commercial scale across
the World. Likewise, cucumber is widely cultivated in solar greenhouses and plastic greenhouses
in northern China [10]. Principally, farmers annually grow the same crop for years to maximize
economic return [4,11,12]. Continuous cultivation of cucumber on the same piece of land is a major
hindrance for the further development of cucumber industry [12]. Grafting is an important technique
in a modern vegetable production system because it provides resistance against soil-borne diseases
leading towards increased yield [13–15]. At present, grafting is widely used to alleviate the obstacles
caused by continuous cropping of cucumber, but the production of grafted transplants takes time,
resources, and it is labor intensive [16,17]. Additionally, the use of rootstock during the process of
grafting has certain negative impacts on fruit shape, flavor, and quality of cucumber [18]. Thus, there is
a need to find a simple and labor-saving method that protects cucumber plants from stress without
altering the flavor and quality of the cucumber.

Brassinosteroids (BRs) widely exist in plant species and are involved in the regulation of plant
growth and development [19]. Brassinosteroids are involved in plant metabolism; promote cell
division and cell elongation, and key physiological processes, such as photosynthesis and antioxidant
system leading towards improved plant growth and development [20–23]. BRs maintain a high level
of chlorophyll content and improve the photosynthetic performance of plants [24]. BRs enhance
the activity of protective enzymes in plants and help reduce oxidative damage caused by reactive
oxygen species (ROS) thereby improving resistance against disease and other kinds of environmental
stresses [25,26]. Additionally, BRs promote water absorption capacity of plants under drought stress,
maintain the stability of the cell membrane, regulate physiological and biochemical process within
cells, and improve the yield and quality of crops [27]. According to a report, the application of BRs
alleviates hypoxia stress on mitochondria and ultrastructure of melon roots [28].

Liu et al. [29] found that 24-epibrassinolide (EBR) promotes the growth of bamboo by improving
the activity of antioxidants, enhancing the antioxidant capacity of plants, and increasing the proline
and soluble protein contents. BRs also alleviate membrane damage caused by lipid peroxidation under
low temperature stress conditions.

The alternate techniques to improve stress tolerance of plants, such as the use of BRs are getting
attention plant biologist [21]. BRs play an important role in hormonal homeostasis particularly
under stress conditions [20]. Cinnamic acid (CA) is a major autotoxin secreted from the roots
in cucumber plant. CA has an inhibitory effect on the regulation of plant morphogenesis and
development [30]. The information regarding the physiological changes in cucumber under autotoxicity
stress conditions, particularly in the antioxidant system and photosynthetic characteristics is limited.
Here, we hypothesized that EBR alleviates the CA-induced stress by improving photosynthesis and
strengthening antioxidant systems. The findings reported in this study may provide a theoretical basis
for BRs as a potential phytohormone that can be utilized to alleviate autotoxicity stress of cucumber.
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2. Materials and Methods

EBR was purchased from Sigma-Aldrich (St.Louis, MO, USA), and dissolved in a small quantity
of ethanol and then the final volume was made by adding distilled water. The seeds of cucumber
cultivar Changlu No. 1 were soaked in water at 28–30 ◦C for 6 h and then placed in an incubator for
germination. After germination, the seeds were planted in seeding trays and the trays were placed in
a growth chamber. The temperature of growth chamber was set at 28 ± 1 ◦C for day and the night
temperature was maintained at 18 ± 1 ◦C having a 12 h photoperiod (500 µmol m−2 s−1) and relative
humidity was adjusted to 70–80%. After the second leaf emerged, uniform seedlings were transferred
to a container filled with half-strength Hoagland solution. The plants were kept in the growth chamber
for seven days. Plants were exposed to four treatments: 1/2 Hoagland’s nutrient solution as the control
group (C); application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution (C + EBR); application of
100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution (CA); application of 100 mM cinnamic acid
and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution (CA + EBR). In this study, 27 plants were used
for every treatment. The concentration of CA and EBR were determined according to the procedure
described in our previous studies [31]. The nutrient solution was replaced every three days to avoid
deficiency of any specific ion.

2.1. Determination of Morphological Characteristics

Three cucumber seedlings were selected from each treatment; ruler and vernier caliper were used
to measure the plant height and stem diameter, respectively. The leaf area was assessed by using leaf
area meter. Second true leaf from the top was selected to measure leaf area. The data for all these
parameters were measured after seven days of treatment.

2.2. Measurement of Biomass

Three uniform cucumber seedlings were harvested from all treatments. Plants were washed with
clear water and surface dried by an absorbent paper, the fresh weight of shoot (above ground part of
the plant) and root (underground part of the plant) was measured by an electric balance. The samples
were placed in paper bags, labeled and dried in an oven initially at 105 ◦C for 15 min and then at 80 ◦C,
until the samples maintained a constant dry weight. The dry weight of shoot and root was measured
by electronic balance. The data were measured after seven days of treatment.

2.3. Determination of Root Morphology and Root Activity

The root length from root tip to rhizome junction was measured with a ruler and the root
morphology analysis was performed using root scanner (Epson Expression 1180XL, Seiko Epson Corp.,
Nagano-ken, Japan) and WinRHIZO root analysis system (Regent Instruments, Quebec, Canada).
The root activity of cucumber seedlings was determined by TTC chloride method with 0.5 g fresh
sample after 7 days of treatment.

2.4. Determination of Photosynthetic Pigments and Observation of Stomatal Opening

The acetone (80%) extraction method was used to determine the photosynthetic pigments [32].
The stomatal opening of leaves was observed using a light microscope at 40×magnification.

2.5. Determination of Gas Exchange Parameters

The net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr) and intercellular
CO2 concentration (Ci) of the cucumber leaves were determined by using a portable photosynthesis
analysis system (Li-6400, Li-COR Company, Lincoln, NE, USA) on a sunny day at 09:00 to 11:00.
The temperature of the leaf chamber was controlled at 25 ± 1 ◦C, PPFD was 600 µmol m−2 s−1, and the
CO2 concentration was adjusted to 360 ± 10 µmol mol−1.
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2.6. Ultrastructure of Chloroplast and Thylakoid

The ultrastructure of chloroplast and thylakoid of cucumber leaves were observed using
transmission electron microscope (TEM-100CX, JEOL Company, Tokyo, Japan) at an accelerating
voltage of 75 kV as explained by Zeng et al. [33]. The cucumber leaf was cut into 1 mm × 5 mm
pieces in the midsection on both sides of the mid rib of the leaf, and the cut rectangular pieces were
immersed into the 4% glutaraldehyde at 4 ◦C and fixed for 12 h. After washing with phosphoric acid
buffer, the samples were fixed with 1% osmic acid at 4 ◦C for 6 h. Then, the samples were dehydrated
by ethanol with different concentration gradients and then immersed and embedded in epoxy resin.
The samples were cut into 1 µm slices by an ultrathin microtome. The sections were stained with uranyl
acetate and lead citrate and then observed and photographed using a transmission electron microscope.

2.7. ROS and Lipid Peroxidation Detection and Quantification

The stained images of H2O2 and O2
− were taken according to the procedure described by Ma

et al. [34]. For H2O2, the cucumber leaves were infiltrated with 0.1 mg mL−1 DAB working solution in
50 mM Tris-acetate (pH 3.8) under dark conditions and incubated for 24 h at 25 ◦C. Then the leaves
were faded with the 80% ethanol for 15 min at 90 ◦C. Finally, the cucumber leaves were mounted with
a mixture of ethanol/acetic acid/glycerol (3:1:1, v/v) at 4 ◦C and photographed. For O2

−, the cucumber
leaves were infiltrated with 0.1 mg mL−1 NBT working solution in 25 mM K-HEPES buffer (pH 7.8)
under dark conditions and incubated for 2 h at 25 ◦C. The steps for fading and mounting were the same
as described for H2O2. Schiff’s reagent was utilized for histochemical detection and quantification of
aldehydes produced from the lipid peroxide that was the malondialdehyde (MDA). Their contents
were quantified using spectrophotometer by a peroxidase-coupled assay. The chopped leaves in
ice bath were ground with 0.1% trichloroacetic acid (TCA). The homogenates were centrifuged at
12,000× g for 15 min at 4 ◦C. The centrifugal supernatant with 0.1 M phosphate buffer solution (PBS)
(pH 7.0) was placed in darkness for 1 h and then determined by spectrophotometer at 390 nm to
calculate the concentration of H2O2 in the leaves. The O2

− production rate (nitrite formation from
hydroxylamine) was monitored in the presence of O2

− and calculated as a standard curve with NO2
−.

For the quantification of •OH, the samples were homogenized in 50 mM PBS buffer (pH 7.0) and
centrifuged at 10,000× g for 10 min at 4 ◦C. The supernatant with 2.5 mM 2-deoxyribose was developed
at 35 ◦C in the dark for 1 h. The mixture with 1% (w/v) thiobarbituric acid (TBA) and acetic acid was
boiled for 30 min and immediately cooled for 10 min on ice, and then absorbance was measured at
532 nm. MDA content was measured as an end product of lipid peroxidation via 2-thiobarbituric acid
(TBA) reaction. The absorbance of the red adduct was recorded at 450, 532, and 600 nm to calculate the
concentration of MDA in the leaves.

2.8. Activity of Antioxidant Enzymes and Contents of Proline, Soluble Sugar, and Protein

The antioxidant enzyme activities of superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), and ascorbate peroxidase (APX) were measured using the procedure described
by Li et al. [35]. To measure the antioxidant activities and contents, frozen leaf samples (0.5 g) were
ground and homogenized using 5 mL ice-cold 25 mM HEPES buffer with a pH of 7.8 containing
0.2 mM ethylene diamine tetraacetic acid (EDTA), 2 mM AsA, and 2% polyvinylpolypyrrolidone at
4 ◦C. This homogenate was centrifuged at 4 ◦C at 12,000× g and supernatant was utilized for enzymes
analysis and quantification. The SOD activity was measured by assessing its ability to inhibit the
photochemical reduction of nitroblue tetrazolium (NBT). One unit of SOD was considered when
it inhibited the photochemical reduction of NBT by 50%. For the measurement of POD activity,
guaiacol method was followed, and one unit of POD activity was 0.01 increases per minute at 470 nm.
The CAT activity was measured by adding H2O2, and immediately measuring the decrease rate of
H2O2 at 240 nm. One unit of CAT activity was the amount of enzyme required to decompose 1 µmol
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H2O2 in 1 min. APX was measured by calculating the rate of decrease in absorbance at 290 nm, and one
unit of APX activity was the reduction in AsA in 1 min.

AsA and GSH contents were measured from the leaf samples. Samples were ground and
homogenized in a cold mortar placed on ice using 5% ice-cold meta-phosphoric acid. AsA was
measured by grinding leaf samples in liquid nitrogen, and 1 gram of grounded powder was mixed
with 600 µL of 6% trichloroacetic acid. Samples were then centrifuged at 12,000× g for 15 min at 4 ◦C.
AsA was calculated using standard curve prepared according to the method described by Stevens
et al. [36]. The GSH content was measured on the basis of reduction of 2-nitrobenzoic acid (DTNB)
according to the method of Griffith [37].

After seven days of treatment, proline, soluble sugar and protein contents of the leaves were
measured. Briefly, proline content was measured using 3% 5-sulphosalicylic acid as an extraction
solution at room temperature according to the method of Bates et al. [38]. Soluble sugars were
determined using anthrone colorimetry and estimated on fresh weight basis according to the method of
Buysse and Merckx [39]. The soluble protein was measured on a fresh weight basis using the method
described by Bradford [40].

2.9. Statistical Analysis

The data were subjected to ANOVA using SPSS statistical package (13.0, SPSS Institute Ltd,
New York, NY, USA). The treatment means were compared by using Duncan’s multiple range test
(p < 0.05). The data were expressed as means of three replicates (± standard error (SE) 3).

3. Results

3.1. Morphological Changes

No difference for morphological characteristics, such as plant height, stem diameter and leaf area of
cucumber seedlings was observed with or without the exogenous EBR application under normal growth
conditions. Application of EBR improved plant height and leaf area by 31.7% and 44.4%, respectively
compared with CA treatment under autotoxicity stress conditions (Figure 1 and Table 1). The fresh
weight and dry weight of shoot were improved by 32.90% and 30.10%, respectively in EBR treated
plants compared with CA treatment. Fresh weight and dry weight of the root (underground part) of
EBR-treated cucumber plants were higher compared with CA treatment; however, the differences were
non-significant (Table 2). Under normal growth conditions, there was no significant difference in fresh
and dry weight of aboveground and underground parts between the EBR-treated and non-EBR treated
cucumber seedlings.
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Figure 1. Phenotypic changes (A) in autotoxicity-stressed cucumber seedlings with or without
the application of 24-epibrassinolide (EBR); the root phenotype (B) after 7 d of stress treatment.
C, 1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient
solution; CA, application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA + EBR,
application of 100 mM cinnamic acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.
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Table 1. Morphological changes of cucumber seedlings after treatment with EBR under autotoxicity
stress conditions.

Treatment Plant Height (cm) Stem Diameter (cm) Leaf Area (mm2)

C 16.07 ± 0.53 a 0.65 ± 0.14 a 2434.31 ± 25.94 a
C + EBR 16.97 ± 0.23 a 0.59 ± 0.01 a 2545.29 ± 67.98 a

CA 9.65 ± 0.61 c 0.40 ± 0.02 b 879.72 ± 35.41 c
CA + EBR 14.13 ± 0.94 b 0.49 ± 0.03 ab 1583.58 ± 29.81 b

Different lowercase letters in the same column indicate a significant difference between the treatments at p < 0.05.
Data are the mean ± standard error of the mean of at least three different replicates of each treatment. C,
1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA,
application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA + EBR, application of 100 mM cinnamic
acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.

Table 2. Effects of exogenous EBR on the biomass of cucumber seedlings under autotoxicity
stress conditions.

Treatment
Fresh Weight (g) Dry Weight (g)

Above-Ground Underground Above-Ground Underground

C 6.67 ± 0.69 a 0.74 ± 0.12 a 0.49 ± 0.03 a 0.054 ± 0.008 a
EBR 7.14 ± 0.70 a 0.83 ± 0.31 a 0.48 ± 0.06 a 0.065 ± 0.012 ab
CA 3.74 ± 0.24 c 0.63 ± 0.04 a 0.28 ± 0.03 c 0.041 ± 0.007 ab

CA+EBR 5.57 ± 0.37 b 0.73 ± 0.06 a 0.40 ± 0.01 b 0.052 ± 0.003 b

Different lowercase letters in the same column indicate a significant difference between the treatments at p < 0.05.
Data are the mean ± standard error of the mean of at least three different replicates of each treatment. C,
1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA,
application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA + EBR, application of 100 mM cinnamic
acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.

3.2. Root Morphology and Root Activity

Under normal growth conditions, no significant differences for root morphology (total root length,
root surface area, root volume, and root tips) were observed between EBR-treated and non- EBR
treated cucumber seedlings. The total root length and root surface area under CA + EBR treatment
were increased by 41.50% and 34.20%, respectively, and the root volume and root tips were decreased
compared with CA treatment (Figure 1, Table 3). Under normal growth conditions, the root activity
of cucumber seedlings treated with EBR was not affected compared with control. The root activity
in CA-treated plants was decreased by 45.80% compared with control. However, the application of
EBR obviously increased the root activity (35.40%) compared with CA-treated cucumber plants under
autotoxicity stress (Figure 2).

Table 3. Effect of EBR on root morphology of cucumber seedlings under autotoxicity stress conditions.

Treatment Total Root Length
(mm)

Root Surface
(cm2)

Root Volume
(cm3) Root Tip Number

C 1642.6 ± 162.0 a 354.9 ± 27.3 a 1.42 ± 0.14 a 161 ± 12 a
C + EBR 1770.3 ± 198.8 a 331.1 ± 27.3 a 1.25 ± 0.33 a 150 ± 22 a

CA 588.2 ± 41.1 c 169.0 ± 29.2 c 0.69 ± 0.07 b 100 ± 7 b
CA + EBR 1005.0 ± 8.5 b 257.0 ± 40.5 b 0.32 ± 0.08 c 69 ± 8 c

Different lowercase letters in the same column indicate a significant difference between the treatments at p < 0.05.
Data are the mean ± standard error of the mean of at least three different replicates of each treatment. C,
1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA,
application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA+EBR, application of 100 mM cinnamic
acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.
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3.3. Photosynthetic Pigments and Stomatal Opening

EBR application improved the chlorophyll a (15.80%), chlorophyll b (18.70%) and total chlorophyll
contents (17.30%) compared with non-EBR treated cucumber plants under autotoxicity stress conditions
(Table 4). Under normal growth conditions, there was no significant difference regarding stomatal
opening between the control and EBR-treated cucumber plants. The stomatal opening of cucumber
leaves was obviously increased by the application of EBR compared with CA-treated plants under
autotoxicity stress (Figure 3).

Table 4. Effect of EBR on photosynthetic pigments of cucumber seedlings under autotoxicity stress
conditions (mg/g FW).

Treatment Chl a Content Chl b Content Total Chl Content Carotenoid Content

C 27.19 ± 0.07 a 31.70 ± 1.03 a 58.89 ± 1.07 a 9.93 ± 1.03 a
C + EBR 27.30 ± 0.58 a 31.80 ± 2.18 a 59.10 ± 1.83 a 10.41 ± 1.45 a

CA 21.14 ± 0.05 c 22.83 ± 1.74 c 43.97 ± 1.69 c 6.64 ± 0.47 b
CA + EBR 25.11 ± 1.77 b 28.09 ± 0.61 b 53.19 ± 1.54 b 8.64 ± 0.32 ab

Different lowercase letters in the same column indicate a significant difference between the treatments at p < 0.05.
Data are the mean ± standard error of the mean of at least three different replicates of each treatment. C,
1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA,
application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA + EBR, application of 100 mM cinnamic
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Figure 3. Stomatal opening of cucumber leaves exposed to autotoxicity conditions with or without
the application of EBR. C, 1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR
in 1/2 Hoagland’s nutrient solution; CA, application of 100 mM cinnamic acid in 1/2 Hoagland’s
nutrient solution; CA + EBR, application of 100 mM cinnamic acid and 0.1 µM EBR in 1/2 Hoagland’s
nutrient solution.
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3.4. Gas Exchange

Under normal growth conditions, no difference was observed for photosynthetic parameters
(Pn, Ci, Gs, and Tr) between the control and EBR-treated cucumber plants. However, exogenous EBR
application obviously increased the Pn by 36.40% compared with CA-treated cucumber plants under
autotoxicity stress. Ci, Gs and Tr were not affected by the application of EBR under autotoxicity stress
conditions (Table 5).

Table 5. Effect of EBR on the Pn, Ci, Gs and Tr of cucumber leaf under autotoxicity stress conditions.

Treatment Pn (µmol (CO2) m−2 s−1) Ci (µmol mol−1) Gs (mmol (H2O) m2 s−) Tr (mmol m−2 s−1)

C 12.7 ± 1.0 a 341.3 ± 4.7 a 32.2 ± 3.9 a 443.3 ± 31.0 a
C + EBR 11.3 ± 1.1 a 306.7 ± 43.4 a 23.9 ± 16.3 a 319.3 ± 146.0 a

CA 4.2 ± 0.3 c 202.3 ± 51.3 b 3.5 ± 0.7 b 71.0 ± 4.2 b
CA + EBR 6.6 ± 1.4 b 167.0 ± 36.3 b 4.5 ± 1.4 b 115.3 ± 20.3 b

Different lowercase letters in the same column indicate a significant difference between the treatments at p < 0.05.
Data are the mean ± standard error of the mean of at least three different replicates of each treatment. Pn,
net photosynthetic rate; Gs, stomatal conductance; Tr, transpiration rate; Ci, intercellular CO2 concentration. C,
1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA,
application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA + EBR, application of 100 mM cinnamic
acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.

3.5. Ultrastructure of Chloroplast and Thylakoid

The ultrastructural difference of chloroplast and thylakoid between the C and C + EBR treatment
was not obvious, chloroplast was fusiform, the outer membrane was clear, starch granule was clear
and plump, and thylakoid grana lamellae were clear and folded regularly. Under autotoxicity stress
conditions, chloroplast swelling, chloroplast outer membrane degradation, starch granulocyte blurring,
and thylakoid granulocyte lamellae disappeared. Under CA + EBR treatment, the chloroplast presented
fuzzy thylakoid granulocyte lamellae. Exogenous EBR markedly alleviated the damage caused by
autotoxicity to chloroplast and thylakoid. Autotoxicity induced the degradation of the cell membrane;
however, EBR application improved the cell membrane stability (Figure 4).
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Figure 4. Chloroplast and thylakoid ultrastructure of cucumber leaves exposed to autotoxicity
conditions with or without the application of EBR. MC, Mesophyll cell; Chl, chloroplast; CW, cell wall;
GL, grana lamellae; SL, stroma lamellae; P, plastoglobules. C, 1/2 Hoagland’s nutrient solution; C+EBR,
application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA, application of 100 mM cinnamic
acid in 1/2 Hoagland’s nutrient solution; CA+EBR, application of 100 mM cinnamic acid and 0.1 µM
EBR in 1/2 Hoagland’s nutrient solution.

3.6. ROS, MDA and Relative Membrane Permeability

Exogenous EBR application did not affect the ROS (i.e., H2O2, O2
−, •OH) and MDA contents of

cucumber seedlings under normal growing conditions. CA treatment significantly increased ROS and
MDA contents and relative electrical conductivity compared with control. However, EBR application
markedly reduced ROS and MDA contents and relative electrical conductivity compared with CA
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treatment under autotoxicity stress conditions (Figure 5). Similar effects of EBR on leaf H2O2

accumulation, O2
− production rate and lipid peroxidation were observed by an independent staining

method (Figure 5B,D,F).Agronomy 2018, 8, x FOR PEER REVIEW  10 of 16 
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Figure 5. Change of ROS (A,C,G), lipid peroxidation (E) and relative conductivity (relative membrane
permeability) (H) in control condition, autotoxicity-stressed treatment, and autotoxicity-stress with EBR
of cucumber seedlings. (A,C,E,G) are the quantitative measurements of H2O2, O2

−, MDA and •OH
levels, respectively, in cucumber leaves under different treatments. Values are means of 6 replicates ± SE
(n = 6). Letters in the column diagram indicate significant differences at p < 0.05. (B,D,F) are in
situ detection of H2O2, O2

− and lipid peroxidation in cucumber leaves via histochemical detection
respectively. C, 1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s
nutrient solution; CA, application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution;
CA + EBR, application of 100 mM cinnamic acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.

3.7. Antioxidant System

Under normal growing conditions, no significant differences were observed for POD, CAT and
APX activity in cucumber seedlings by the application of EBR compared with control. However,
EBR application improved the SOD, POD, APX and CAT activities by 4.40%, 11.10%, 17.50% and 35.80%,
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respectively, in EBR-treated cucumber plants compared with CA-treated plants (Figure 6A,B,C,D).
The contents of AsA and GSH in CA-treated cucumber seedlings were decreased by 26.40% and 30.10%,
respectively, compared with control. However, EBR application improved the AsA and GSH contents
by 8.40% and 23.00%, respectively compared with CA treatment under autotoxicity stress conditions
(Figure 6E,F).
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Figure 6. Changes of antioxidant system in leaves of cucumber seedlings under control or autotoxicity
stress conditions with or without EBR. Letters in the column diagram indicate significant differences
at p < 0.05. (A–F) respectively is the activity of superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), ascorbate peroxidase (APX) and antioxidative compounds ascorbate (AsA) and reduced
glutathione (GSH) contents. C, 1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM
EBR in 1/2 Hoagland’s nutrient solution; CA, application of 100 mM cinnamic acid in 1/2 Hoagland’s
nutrient solution; CA+EBR, application of 100 mM cinnamic acid and 0.1 µM EBR in 1/2 Hoagland’s
nutrient solution.

3.8. Proline, Soluble Sugar and Protein Contents

Under normal growing conditions, there was no significant difference in the proline, soluble sugar
and protein contents among the EBR-treated and non-EBR treated cucumber plants. However,
under autotoxicity stress conditions, EBR application markedly improved soluble protein, soluble sugar
and proline contents (Table 6).

Table 6. The changes in proline, soluble sugar and protein contents of cucumber leaves under
autotoxicity stress conditions.

Treatment Soluble Protein
(mg g−1 Fresh weight)

Soluble Sugar
(mg g−1 Fresh weight)

Proline
(µg g−1 Fresh weight)

C 15.90 ± 0.48 c 0.44 ± 0.02 c 19.66 ± 3.16 c
C + EBR 17.76 ± 0.74 c 0.46 ± 0.02 c 16.37 ± 1.80 c

CA 23.67 ± 0.25 b 0.67 ± 0.08 b 68.83 ± 3.16 b
CA + EBR 25.38 ± 1.07 a 1.07 ± 0.10 a 94.01 ± 2.89 a

Different lowercase letters in the same column indicate a significant difference between the treatments at p < 0.05.
Data are the mean ± standard error of the mean of at least three different replicates of each treatment. C,
1/2 Hoagland’s nutrient solution; C + EBR, application of 0.l µM EBR in 1/2 Hoagland’s nutrient solution; CA,
application of 100 mM cinnamic acid in 1/2 Hoagland’s nutrient solution; CA + EBR, application of 100 mM cinnamic
acid and 0.1 µM EBR in 1/2 Hoagland’s nutrient solution.
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4. Discussion

BRs act as a positive regulator under stressful environmental conditions [19]. BRs are reported
to alleviate temperature stress [41], drought stress, salinity stress [42], and heavy metals stress [43].
However, the role of BRs to alleviate autotoxicity stress for cucumber seedlings was not reported. In our
study, we observed the effect of BRs on cucumber seedling under autotoxicity stress conditions. Root,
as an important organ to absorb water and nutrients from the soil and transport them to aboveground
plant parts, directly affects the morphogenesis and biomass accumulation of aboveground plant
parts [44]. Under stress conditions, plant roots sense the stress signal, plants make adjustments in the
metabolic pathways, change the carbon distribution ratio and direction of carbon assimilation products,
and finally, root morphology is altered to adapt to the environmental stress [45]. Müssig et al. [46]
reported that exogenous EBR application at 0.05–0.1 nM stimulated the growth of the taproot of
Arabidopsis thaliana, however, at higher concentration root growth inhibition was observed. In our
study, exogenous application of EBR at 0.1 µM improved the growth and biomass of root (Tables 2
and 3). Li et al. [47] showed that 0.1 µM EBR treatment promoted the accumulation of rhoptry protein
2 (ROP2) in the root system from the central column to the elongation zone to respond to gravity
and improved the polar distribution of ROP2 and actively regulated lateral root development. In the
present study, exogenous application of 0.1 µM EBR increased leaf area, plant height (Table 1) and
aboveground biomass accumulation (Table 2), root activity (Figure 2), and root morphology (Table 3)
as an important indicator of direct contact between roots and environmental conditions and reflected
plant growth, suggesting that BRs can effectively promote the growth of cucumber seedlings under
autotoxicity stress conditions. EBR increased root absorption area exposed to the nutrient medium,
and enhanced the nutrients and water absorption ability to maintain their functional behavior.

In this study, we provided evidence that endogenous EBR played a positive role and improved
photosynthetic pigments under autotoxicity stress in cucumber (Table 4). Chlorophyll is the main
photosynthetic pigment which has the function of absorbing, transferring and converting light
energy into chemical energy, and changes in photosynthetic pigments can be used as photosynthesis
indicators [48]. Interestingly, application of exogenous EBR apparently increased the total chlorophyll,
chlorophyll a, and chlorophyll b contents of cucumber leaves under autotoxicity stress. The increased
photosynthetic pigments are beneficial to capture more light energy and increase the rate of conversion
of light energy to chemical energy [49]. We also observed increased stomatal opening by EBR
application, indicating that BRs could help improve the availability of carbon for photosynthesis
(Figure 3). Meanwhile, our evidence for gas exchange parameters showed the importance of BRs in
regulating photosynthesis, an apparent increase in the net photosynthetic rate under autotoxicity stress
conditions was observed (Table 5). We also found that autotoxicity caused damage to membrane system
and organelles of cucumber leaves, and eventually, the chloroplasts were swollen, the outer membrane
of chloroplast was degraded, the starch granules were fuzzy, thylakoids lamellae disappeared,
and cell membrane degradation was increased (Figure 4). These damages reduced the photosynthetic
efficiency of cucumbers and also caused damage to the antioxidant system. In this study, exogenous EBR
apparently reduced the damage of chloroplast and thylakoids in cucumber leaves caused by autotoxicity,
and maintained the relative stability of the organelle system (Figure 4).

It was reported that the level of ROS in the plants remains lower [50]. Plants could clean up excess
reactive oxygen species through the antioxidant system and maintain the active oxygen homeostasis
under normal circumstances. ROS are considered important for the growth and development
of plants [51]. Under stress environment, plants produce ROS that causes normal active oxygen
metabolism disorder in vivo [52]. In this study, we observed that EBR positively regulated H2O2,
superoxide radical (O2

−) and the hydroxyl radical (•OH) under autotoxicity stress conditions (Figure 5).
It proved that BRs could remove excessive ROS produced by autotoxicity stress in order to reduce
ROS damage to the membranes. It was confirmed that antioxidant enzymes in plants work together
and a single protective enzyme did not maintain the balance of active oxygen metabolism in cells [50].
Under stress conditions, because of changes in physiological and biochemical reactions, the activities
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of antioxidant enzymes, including POD, SOD, and CAT are reduced and excess reactive oxygen
species, MDA, and other harmful substances generated in the plant are not removed in a timely
fashion [53]. CAT was a major H2O2 scavenging enzyme, and SOD acted as an early defense against
ROS, particularly H2O2 [22,54]. According to a report, EBR-mediated resistance could be attributed to
the up-regulation of antioxidants-related genes (SOD, CAT, POD, GR, and APX) [22]. In our study,
cucumber seedlings treated with EBR under autotoxicity conditions obviously enhanced the activities
of antioxidant enzymes, such as SOD, CAT, POD, and APX (Figure 6). AsA and GSH are two important
non-enzymatic antioxidants, they participate in the removal of free radicals and peroxidation products
in plants, quench active oxygen, and protect enzymes and structural proteins to protect cell membrane
of plants under stressful conditions [35]. Our findings showed that BR increased the AsA and GSH
contents and helped cells to reduce ROS damage (Figure 6). The findings of MDA content and relative
conductivity of cucumber leaves suggested that BRs have a positive effect and decrease cell membrane
injury (Figure 6).

In order to further understand the mechanism of BRs alleviating the damage of cell membrane
induced by autotoxicity, we measured the concentration of osmotic substances (soluble protein,
soluble sugar and proline). In this study, we observed that EBR application enhanced the soluble
protein, soluble sugar and proline contents in the cells indicating that EBR improved plant capacity
to withstand autotoxicity stress. One of the major responses of autotoxicity on plant damage was
the increased permeability of the cell membrane. In this experiment, autotoxicity stress significantly
increased the membrane permeability of cucumber leaves. However, EBR treatment improved soluble
protein, soluble sugar and proline contents of cucumber leaves, and improved membrane stability of
cucumber (Table 6).

5. Conclusions

Autotoxicity affects normal metabolism of plants because of the accumulation of ROS and
lipid peroxidation under autotoxicity stress conditions. ROS accumulation and lipid peroxidation
leads to the destruction of cells structure and reduced plant growth. Under autotoxicity stress
conditions, EBR application improves antioxidant contents (AsA and GSH) and the activities of
antioxidant enzymes (POD, APX and CAT) and proline, soluble sugar, and soluble protein contents;
resultantly •OH, H2O2 and MDA content are reduced, thus root damage is reduced and the integrity
of chloroplast and thylakoid structure is maintained. Photosynthetic pigments and photosynthetic
capacity of the cucumber leaves is improved. All these events lead to improved plant growth and
development of cucumber seedlings under autotoxicity stress conditions. To further clarify the
mechanism of EBR application to alleviate autotoxixity stress, gene expression analysis and genome
wise transcriptome profiling can be considered. Based on the findings of this study, EBR application
can help improve plant growth and development of cucumber under protected cultivation system.
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