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Abstract

Salicylic acid (SA) is an important signal molecule, regulating oxidative stress response in plants. In this study, we evaluated
the influences of SA (1mg L-1, 10mg L-1 and 50mg L-1) on the accumulation of clothianidin (CLO), dinotefuran (DFN) and
difenoconazole (DFZ) (5mg L-1) and pesticide-induced (CLO-10mg L-1, DFN-20 mg L-1, and DFZ-10mg L-1) oxidative stress
in cucumber plants. Exogenous SA at 10mg L-1 significantly reduced the half-lives of three pesticides in nutrient solution and
prevented the accumulation of pesticides in roots and leaves. And the role of SA in reducing residues was related to the major
accumulation sites of pesticides. By calculating the root concentration factor (RCF) and translocation factor (TF), we found
that SA at 10mg L-1 reduced the ability of roots to absorb pesticides and enhanced the translocation ability from roots to
leaves. Roots exposed to high concentrations of three pesticides could reduce biomass, low chlorophyll content, promote lipid
peroxidation, and alter the activities of a range of antioxidant enzymes, respectively. Exogenous SA at low concentrations
significantly mitigated these negative effects. Hence, we speculated that application of exogenous SA at 10 mg L-1 could
effectively alleviate the accumulation of pesticides and induce stress tolerance in cucumber planting systems.

ABSTRACT:

Salicylic acid (SA) is an important signal molecule, regulating oxidative stress response in plants. In this
study, we evaluated the influences of SA (1mg L-1, 10mg L-1and 50mg L-1) on the accumulation of clothianidin
(CLO), dinotefuran (DFN) and difenoconazole (DFZ) (5mg L-1) and pesticide-induced (CLO-10mg L-1,
DFN-20 mg L-1, and DFZ-10mg L-1) oxidative stress in cucumber plants. Exogenous SA at 10mg L-1

significantly reduced the half-lives of three pesticides in nutrient solution and prevented the accumulation of
pesticides in roots and leaves. And the role of SA in reducing residues was related to the major accumulation
sites of pesticides. By calculating the root concentration factor (RCF) and translocation factor (TF), we
found that SA at 10mg L-1 reduced the ability of roots to absorb pesticides and enhanced the translocation
ability from roots to leaves. Roots exposed to high concentrations of three pesticides could reduce biomass,
low chlorophyll content, promote lipid peroxidation, and alter the activities of a range of antioxidant enzymes,
respectively. Exogenous SA at low concentrations significantly mitigated these negative effects. Hence, we
speculated that application of exogenous SA at 10 mg L-1 could effectively alleviate the accumulation of
pesticides and induce stress tolerance in cucumber planting systems.

Keywords: Pesticides, Cucumber, Uptake, Translocation, Salicylic acid, Oxidative stress

Introduction
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As a kind of plant protection product, pesticides play an important role in controlling diseases, insects,
weeds, and increasing yield of crops (J. Liang & Tang, 2010). However, its misuse has caused a series of
environmental safety and food safety problems. For example, some neonicotinoids have raised concerns about
their toxicity to bees, which put them at risk of being banned (Jiang et al., 2018; Jiang, Zhang, Lin, Liu, &
Mu, 2019). Moreover, overuse of pesticides may cause pesticide pollution in agricultural products as well as
soil and water (K. Wang, Wu, & Zhang, 2012). And once the excessive accumulation of pesticides will cause
phytotoxicity by injuring the physiological structure of plants (Mahapatra, De, Banerjee, & Roy, 2019).
Therefore, it is necessary to investigate the uptake, translocation and accumulation behaviors of systemic
pesticides in plants and make effective strategies to reduce pesticide stress.

The active expression of pesticides is closely related to its uptake and translocation behaviors in plants. On
the one hand, the uptake and translocation behaviors of pesticides affect the efficacy and duration, which
is beneficial to choose the application technology of pesticides (Huang et al., 2019); On the other hand, it
is helpful to further understand the dynamic distribution and accumulation of pesticides in various parts
of plants and clarify the dynamics residues of pesticides in the environment (Hingmire, Oulkar, Utture,
Ahammed Shabeer, & Banerjee, 2015; Utture et al., 2011). Previous studies have reported that the uptake
and translocation behaviors of systemic pesticides in plants are related to their physical and chemical prop-
erties, such as octanol/water partition coefficient (logKow ), water solubility and molecular weight (Y. Li,
Long, et al., 2018; Namiki, Otani, Motoki, Seike, & Iwafune, 2018; Qiu et al., 2016), but also are related to
the plant species, growth conditions, growth stage, application method and other factors (Ge et al., 2016;
Hwang, Lee, & Kim, 2015; Y. Li, Yang, et al., 2018).

When plants subjected to various biological and abiotic stresses, a large number of reactive oxygen species
(ROS) can accumulate in the cells, which can destroy the cell molecular structure and interfere with the
physiological process of plants (Noctor, Mhamdi, & Foyer, 2016). For defense, plants have a variety of
complex enzymatic and non-enzymatic antioxidant systems that they can resist oxidative stress including
superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX) and other
enzymes and non-enzymatic substances they can remove different types ROS (Safari, Akramian, Salehi-
Arjmand, & Khadivi, 2019). As a result of human production activities, many wastes remained in the
environment for a long time, which can produce stress responses to plants such as heavy metals, pesticides,
and engineered nanomaterials (Lian et al., 2020; Rodriguez-Serrano et al., 2006; Safari et al., 2019). Salicylic
acid (SA) is a well-known endogenous signaling molecule related to plants stress resistance (Q. J. Wang et
al., 2016; X. Y. Zhao et al., 2020; X. Y. Zhao et al., 2019). When plants are in adverse environments,
SA can regulate various physiological and biochemical processes of plants to alleviate stress (W. Y. Song,
Peng, Shao, Shao, & Yang, 2014; Q. Wang et al., 2013; Xu, Fan, Dong, Kong, & Bai, 2014). It is worth
noting that SA can inhibit the accumulation of pesticides in plants, which is vital for reducing pesticide
residues and ensuring the safety of agricultural products (Kaya & Yigit, 2014; C. Wang & Zhang, 2017). For
phytotoxicity caused by pesticides, most previous studies focused on exogenous SA to reduce the toxicity of
herbicides on nontarget plants (Akbulut, Yigit, Kaya, & Aktas, 2018; Kaya & Doganlar, 2016). However,
the regulatory functions of SA under commonly used systemic pesticide stress and the effects of exogenous
SA on the accumulation of pesticides in various parts of the plants were rarely investigated.

Cucumber(Cucumis sativus L. ) is a widely cultivated cash crop in China. In the present study, the three
pesticides, clothianidin (CLO), dinotefuran (DFN) and difenoconazole (DFZ) were selected as the represen-
tatives. CLO is a neonicotinoid insecticide with excellent systemic and osmotic activity that can be used
as a soil, spray and seed treatment, for control of sucking and chewing insects (Jeschke, Nauen, Schindler,
& Elbert, 2011). DFN is a systemic neonicotinoid insecticide with translaminar activity, and it can be
applied on foliage, soil and nursery boxes by spray, drench, broadcast and pricking-in-hole treatments (Cor-
bel, Duchon, Zaim, & Hougard, 2004). DFZ is a systemic fungicide of sterol demethylation inhibitors with
a novel broad-range activity protecting the yield and crop quality by foliar application or seed treatment
(Dong et al., 2013). The three pesticides all could be absorbed by plant roots, which can be used for soil
treatment, but there are significant differences in water solubility and logKow of the three pesticides. The
physical and chemical properties of these three pesticides are shown in Table S1 . We investigated the
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effects of exogenous SA on the uptake, translocation and accumulation behaviors of these three pesticides
in cucumber plants by measuring the concentration of pesticides in various parts of the cucumber plants
and calculating the root concentration factor (RCF) and translocation factor (TF) values. Moreover, the
effects of SA on oxidative stress induced by these three pesticides to the cucumber plants were also studied by
measuring biomass, photosynthetic pigment content, antioxidants content and antioxidant enzyme activities.
This study provides a new perspective to understand the uptake and translocation behaviors of pesticides
and pesticide pollution in plants.

2. Experimental Section

2.1. Chemicals and materials

Certified pesticide standards of CLO (97%), DFN (98%), DFZ (97%), and standards of SA (99.5 %) were
purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China)

Reagents: Sodium chloride (NaCl) and anhydrous magnesium sulfate (MgSO4) were purchased from
Sinopharm Chemical Reagent (Beijing, China). PSA (40-63 μm) was obtained from Tianjin Bonna-Agela
Technology Co., Ltd. (Tianjin, China). Acetonitrile (HPLC grade) was obtained from Fisher Chemicals
(Fair Lawn, NJ, USA).

2.2. Experiment design

Plant cultivation: The seeds of cucumber were provided by the Xintai Yuyuan Seed Industry Co., Ltd
(Shandong, China). Cucumber seeds were wrapped in wet gauze and placed in a petri dish to accelerate
germination. When the seeds germinating, we transferred the seeds into a seedling tray and put one seed
into each hole. The temperature of the greenhouse was 25 in the day and 20 at night. After growth 21 days,
the young plants were used in pesticides exposure trials.

2.2.1. Pesticide exposure experiments-uptake and translocation

Hydroponic experiments:The concentration of three pesticides was set at 5 mg L-1, and the concentrations
of SA were set at 1 mg L-1,10 mg L-1, and 50 mg L-1, respectively. CLO, DFN or DFZ was first dissolved
in acetonitrile to form the stock standard solution, respectively. And then the standard stock solutions
were diluted to the required concentration by ultrapure water. SA was dissolved and diluted with 20 %
methanol-water.

After germination, the cucumber seedlings were removed from the seedling tray, and the roots were washed
by deionized water before transferred to hydroponic cultivation buckets with 0.25 L modified Hoagland
nutrient solution in the greenhouse. The composition of the nutrient solution can be found inTable S2 .
The growth conditions were the same as the plant cultivation conditions. And a total of 12 treatments were
set in the experiment with 27 cucumber seedlings per treatment, the processing information for each test
can be found in Table 1 . The hydroponic cultivation buckets were covered with aluminum foil to prevent
algae growth and water evaporation. The nutrient solution was supplemented to the initial volume at 11 am
every day.

Control experiments: Two control groups were included: nutrient solution with cucumber seedlings
without pesticides was as the treatment of C1 group; and nutrient solution with CLO, DFN and DFZ but
without cucumber seedlings were as the treatments of CLO-C2, DFN-C2 and DFZ-C2 groups, respectively.

Sample collection: Cucumber seedlings were grown for 28 days, nutrient solution and plant samples were
collected at 0.25, 1, 3, 5, 7, 10, 14, 21, 28 days after the transfer. The plants were divided into roots, stems
and leaves for pesticide analysis. At each sampling time, three replicate samples were randomly taken. All
samples were stored at -20 until analysis.

2.2.2. Pesticide exposure experiments- oxidative stress in cucumber plants

Single root exposure of CLO, DFN and DFZ:Hydroponic experiment conditions and plant growth
conditions were the same as the“uptake and translocation.” Given the tendency for repeated application
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of pesticides, a series of preliminary experiments using various concentrations of pesticides were carried to
evaluated the cucumber growth parameters. When the root application of CLO at 10mg L-1, DFN at 20mg
L-1 and DFZ at 10mg L-1, the fresh biomass of cucumber plants significantly decreased, respectively. We
estimated that at these concentrations, the three pesticides caused significant stress responses, respectively
(Fig S1 ). Therefore, we set the concentration of CLO at 10 mg L-1, DFN at 20 mg L-1 and DFZ at 10 mg
L-1, and with SA supplementation at 1mg L-1, 10mg L-1 and 50mg L-1, the root, stem and leaf samples were
collected after 10 days of growth, respectively. A total of 12 treatments were set in this part of experiment.
The plants were grown in blank nutrient solution as a control group. After the root, stem and leaf samples
were weighed, the root samples were stored at -80 until measured.

2.3. Determination of CLO, DFN and DFZ in cucumber plants

For “pesticide exposure experiments- uptake and translocation” part, the contents of pesticides in
plant tissue samples were analyzed. The QuECHERS method was used to prepare nutrient solution and
plant tissue samples (Ge et al., 2017). The specific sample preparation steps and instrumental analysis
conditions are shown in the supplementary materials .

The recoveries of three pesticides in nutrient solution and plant tissues were used to verify the feasibility of
the analytical method. External standard method was used for quantitative analysis. The results of quality
assurance and quality control are shown in the supplementary materials .

2.4.Determination of antioxidant enzyme activity

The extraction of enzyme liquid was carried out according to the method described by Andrews et al. (2005).
The method of SOD determination referred to Farouk and Al-Amri (2019). APX activity was determined by
the reduction value of absorbance at 290 nm per unit time using the method of Kaya and Doganlar (2016).
GST activity was tested according to Habig, Pabst, and Jakoby (1974). The specific measurement steps are
shown in the supplementary materials .

2.5. Determination of the total chlorophyll andH2O2content in cucumber plants

The pigment was extracted by methanol extraction following the method of L. Zhao et al. (2019). The
specific measurement steps are shown in thesupplementary materials . The content of H2O2 in cucumber
roots was determined by H2O2 kits.

2.6. Determination of the malondialdehyde (MDA) content

The level of lipid peroxidation was evaluated by the determination of malondialdehyde (MDA) content based
on the method of Heath and Packer (1968). The specific measurement steps are shown in thesupplementary
materials .

2.7. Determination ofproline content

The content of proline in plant roots was determined according to the method of Bates, Waldren, and Teare
(1973). The specific measurement steps are shown in the supplementary materials .

2.8. Data processing and statistical analysis

In order to compare the difference in the behaviors of three pesticides between supplementing different
concentrations of SA and without SA, the root concentration factor (RCF) and translocation factor (TF)
were calculated. The root concentration factor (RCF) was used to indicate the ability to absorb target
compounds by plant roots in nutrient solution, RCF > 1 indicates that the compound is easily absorbed by
the roots, and calculated as follows (Qiu et al., 2016): (Eqn 1)

RCF = concentration in root (mg/kg)
concentration in nutrient solution (mg/L)

Translocation factors (TF) was used to indicate the ability of leaves and stems to transport target compounds
from roots, TF>1 indicates that the excellent capacity for stems and leaves to translocate the pesticides
from roots, and calculated as follows (Ge et al., 2016): (Eqn 2 and Eqn 3)
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TFstem = concentration in stem (mg/kg)
concentration in root (mg/kg)

TFleaf = concentration in leaf (mg/kg)
concentration in root (mg/kg)

The concentration of pesticides in nutrient solution was calculated using the first-order equation Ct=C0e-kt.
The half-life was calculated by the equation t1/2 =ln2/k, where Ct is the concentration of target pesticides
at time t (days), C0 is the concentration of target pesticides at the initial time, and k is the first-order rate
constant (day -1).

An independent sample t-test was used to compare the differences between different treatments and pesti-
cides. All statistical analyses were statistical significance at the 0.05 level.

3. Results

3.1 Dissipation dynamics of pesticides in nutrient solution.

The dissipation dynamic of CLO, DFN and DFZ in nutrient solution during the experimental period were
shown in Fig 1 A , and the half-lives (t1/2) of the pesticides in nutrient solution were shown in Table 2
. None of the target pesticides were detected in the control group C1. The three pesticides showed the
same dissipation trend, and all of them followed the first-order kinetics. Approximately 80-90% of pesticides
were degraded in nutrient solution during the 28-day experimental period, and the dissipation half-lives of
CLO, DFN and DFZ were 6.3, 11.5 and 13.8 days, respectively. However, in unplanted nutrient solution,
the dissipation half-lives of CLO, DFN and DFZ were 12.4, 15.8 and 18.2 days, respectively.

The effects of exogenous SA on the dissipation dynamics of pesticides are shown in Fig 1 B, C, D and the
half-lives (t1/2) are shown in Table 2 . For CLO, the half-lives decreased by 8% and 35% with supplementing
SA at 1mg L-1 and 10 mg L-1, respectively, compared with the without SA treatments. For DFN, the half-
lives decreased by 14% and 40% with supplementing SA at 1mg L-1 and 10 mg L-1, respectively, compared
with the without SA treatments. For DFZ, the half-lives decreased by 8%, 61% and 28% with supplementing
SA at 1mg L-1, 10 mg L-1 and 50 mg L-1, respectively, compared with the without SA treatments.

3.2 Dynamic distribution, translocation and accumulation of pesticides in cucumber plants

The dynamic distribution and accumulation of CLO, DFN and DFZ in cucumber plants are shown in Fig.
2A under hydroponic experiments. For CLO and DFN, the concentrations of pesticides in leaves were much
higher than those in roots and stems, indicating that CLO and DFN were mainly accumulated in leaves,
and these have great upward conductivity, respectively. For DFZ, the concentration of pesticide in roots was
much higher than that in stems and leaves, indicating that DFZ could be mainly accumulated in roots, and
its upward conductivity was poor.

The effects of exogenous SA on the distribution of three pesticides in the roots, stems and leaves of cucumber
plants are shown in Fig. 2 B, C, D . From the charts, it can be seen that with SA supplementation the
concentrations of three pesticides in roots, stems and leaves of cucumber plants basically showed a decreasing
trend during the 28 days of growth. To assess the overall effects of SA on the distribution of three pesticides
in different parts of cucumber plants, the mean residues of three pesticides in different parts of cucumber
plants after 28 days of growth were calculated, respectively (Fig. 3 ). With SA supplementation at 1mg L-1,
the concentration of CLO and DFN in roots and leaves significantly decreased by 27%, 18% and 23%, 19%,
respectively, compared with the treatments of CLO and DFN alone; with SA supplementation at 10mg L-1,
the concentration of CLO and DFN in roots and leaves significantly decreased by 56%, 28% and 46%, 25%,
respectively, compared with the treatments of CLO and DFN alone. With SA supplementation at 50mg L-1,
the concentration of CLO in roots and leaves significantly decreased by 23% and 20%, respectively, compared
with the treatment of CLO alone. For DFZ, the concentration in roots significantly decreased by 11% and
40% after addition of SA at 1mg L-1 and 10mg L-1, respectively, compared with the treatment of DFZ alone.

3.3 Root concentration factor and translocation concentration factor
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To further explore the difference in the uptake and translocation of three pesticides with SA or without SA
in the cucumber plants, the root concentration factor (RCF) and translocation factor (TF) were analyzed.
The average RCF values of three pesticides are summarized inTable 3 , and the dynamic RCF values of
three pesticides during 28-days of exposure are shown in Table S5 . The RCF value ranged from 0.15 to 3.12
for CLO, from 0.2 to 1.11 for DFN, from 26.10 to 148.30 for DFZ during 28-days of exposure. The average
RCF values for CLO, DFN, DFZ were 1.07, 0.64 and 52.19, respectively. Whereas with SA supplementing,
the average RCF values for the three pesticides were all decreased. For CLO, the average RCF values were
significantly decreased by 49%, 35% and 26% with addition of SA at 1mg L-1, 10 mg L-1 and 50 mg L-1,
respectively, compared with the treatment of CLO alone. For DFN, the average RCF values were decreased
by 6.25% and 11% with addition of SA at 1 mg L-1 and 10mg L-1, respectively, compared with the treatment
of DFN alone. For DFZ, the average RCF value was significantly decreased by 16% with addition of SA at
10mg-1 compared with the treatment of DFZ alone.

The average TF values of three pesticides are summarized inTable 4 , and the dynamic TF values of three
pesticides during 28-days of exposure are shown in Table S6 and S7 . The average TFstem and TFleaf of
CLO, DFN, DFZ were 0.98, 0.69, 0.02 and 8.81, 8.03, 0.005, respectively. In addition to CLO, no significant
differences were found for TFstem between the treatment groups with SA supplementation and the groups
without SA supplementation, which again demonstrated that pesticides migrated up via the transpiration
stream and eventually accumulated in the leaves, and the stems were just a bridge for pesticides upward
conduction and reached equilibrium with transpiration stream (Volpe, Marani, Albertson, & Katul, 2013).
For CLO, the TFleaf values were significantly increased by 102%, 130% and 31% after adding SA at 1 mg
L-1, 10 mg L-1 and 50 mg L-1, respectively, compared with the treatment of CLO alone. For DFN, the TFleaf

values were significantly increased by 77% and 43% after adding SA at 10 mg L-1 and 50 mg L-1, respectively,
compared with the treatment of DFN alone. For DFZ, the TFleaf values were significantly increased by 160%
and 120% after adding SA at 10 mg L-1 and 50 mg L-1, respectively, compared with the treatment of DFZ
alone.

3.4 Effects of exogenous salicylic acid on oxidative stress in cucumber plants

3.4.1 Fresh biomass and total chlorophyll content

Single root exposure of CLO (10 mg L-1), DFN (20 mg L-1) and DFZ (10 mg L-1) significantly affected the
fresh biomass of plants and total chlorophyll content (Fig. 4 A and B ). Compared with the controls, for
CLO, DFN and DFZ, the values of fresh biomass of plants decreased by 15.4 %, 24.5 % and 53.8% after
single root exposure, respectively (Fig. 4 A ); the values of total chlorophyll content decreased by 26.2
%, 28 %, 31 %, respectively (Fig. 4 B ). As shown in Fig. 4 Aand B , among the treatments with SA
supplementation, the fresh biomass of plants increased compared with the without SA treatments. With SA
supplementation at 1mg L-1, the fresh biomass of plants increased by 25.5 %, 1.18 %, 66.7 % compared to
the single root exposure of CLO, DFN and DFZ treatments, respectively. With SA supplementation at 10
mg L-1, the fresh biomass of plants significantly increased by 33.8 %, 18.9 %, 74.6 % compared to the single
root exposure of CLO, DFN and DFZ treatments, respectively. (Fig. 4 A ). Similarly, compared with the
treatments with CLO, DFN or DFZ alone, SA at 1mg L-1 and 10 mg L-1 significantly improved the total
chlorophyll content, which increased by 47. 1%, 124 %, 144 % and 41.1 %, 150 %, 113 % (Fig. 4 B ).

3.4.2 ROS generation and proline content

The values of H2O2 content and proline content are shown in Fig. 4 C, D . From the data in Fig. 4 C , it
could be seen that after single root exposure to CLO, DFN and DFZ, the values of H2O2 content increased by
313 %, 300 % and 424 %, respectively, compared with the controls. Also, the low concentration (1mg L-1 and
10 mg L-1) of SA have significant effects on reducing the H2O2 content of roots. With SA supplementation
at 1mg L-1, the H2O2 content in roots significantly decreased by 74%, 62% and 52%, respectively, compared
with the single root exposure of CLO, DFN and DFZ treatments. With SA supplementation at 10mg L-1,
the H2O2 content in roots significantly decreased by 78%, 82% and 62%, respectively, compared with the
single root exposure of CLO, DFN and DFZ treatments (Fig. 4 C ).
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In the present study, it was found that the three pesticides all enhanced accumulation of proline and more
increased when the SA at 1mg L-1 and 10 mg L-1 were supplemented. With SA supplementation at 1mg L-1,
the proline content in roots significantly in- creased by 35%, 29% and 35%, respectively, compared with the
single root exposure of CLO, DFN and DFZ treatments. With SA supplementation at 10mg L-1, the proline
content in roots significantly increased by 44%, 52% and 83%, respectively, compared with the single root
exposure of CLO, DFN and DFZ treatments (Fig. 4 D ).

3.4.3.Antioxidant enzymes assays and lipid peroxidation

The activities of SOD, APX and GST in roots were markedly affected under CLO, DFN and DFZ treatments
compared with the controls, respectively. The SOD activity increased by 150 %, 191 % and 210 % at the
single root exposure of CLO, DFN, and DFZ treatments, respectively, compared with the controls, while
APX activity was significantly inhibited (Fig. 4E, F ). Similarly, single root exposure to CLO, DFN, and
DFZ also led to increasing GST activity, respectively (Fig.4 G ). From the dates in Fig. 4 E, F, G ,
exogenous SA also could alter the antioxidant enzyme activities. The SOD activity significantly decreased
in the roots of cucumber plants treated with 1mg L-1and 10 mg L-1 SA compared with the treatments with
pesticides alone, and it was similar to the control groups (Fig. 4 E ). Similarly, SA at 1 mg L-1 and 10 mg L-1

also increased the APX activity, suggesting that the phytotoxicity caused by three pesticides were alleviated,
respectively (Fig. 4 F ). With supplementing exogenous SA (1mg L-1 and 10mg L-1), GST activity in roots
was elevated, which was beneficial to promoting pesticide metabolism and alleviating phytotoxicity (Han,
Mhamdi, Chaouch, & Noctor, 2013; Kaya & Doganlar, 2016).

As for single root of CLO, DFN, and DFZ exposure, MDA contents in cucumber roots significantly increased
by 40%, 59% and 67%, respectively, compared with the unstressed plants (Fig. 4H ). With SA supplemen-
tation at 1mg L-1, the MDA content in roots significantly decreased by 56%, 57% and 37%, respectively,
compared with the single root exposure of CLO, DFN and DFZ treatments. With SA supplementation at
10mg L-1, the MDA content in roots significantly decreased by 61%, 61% and 56%, respectively, compared
with the single root exposure of CLO, DFN and DFZ treatments.

4. Discussion

4.1. The dissipation and accumulation behaviors of pesticides

In this study, the half-lives of individual pesticides in planted nutrient solution were significantly shorter
than that in unplanted nutrient solution. Plant intake was an important factor, and previous studies have
shown that the half-lives of pesticides were relevant to the factors as the cultivation modes of plants, the
existence of plants, and soil types (Lockridge, Verdier, & Schopfer, 2019; Šudoma et al., 2019). Lv et al.
(2016) found that during the experimental period, the pH level of the unplanted systems keep constant, but
the pH of the planted systems significantly decreased. Plants can secrete secondary metabolites during the
growth period, including low-molecular-weight substances (e.g., organic acids, amino acids, and fatty acids)
and high-molecular-weight substances (e.g., polysaccharides and proteins) (L. Zhao et al., 2016). Substances
that produced by plant roots metabolism might be responsible for changes in pH of nutrient solutions.
Therefore, the pH level of nutrient solution might be one reason for the change of half-lives.

The CLO and DFN were mainly accumulated in leaves, and the DFZ was mainly accumulated in roots,
which could be attributed to the water solubility and partition coefficient octanol/water (logKow) of the
pesticides and differences in physiological structure between organs (Ge et al., 2016; Qiu et al., 2016). This
finding was in agreement with the previous result, which showed that the concentrations of imidacloprid
and thiamethoxam detected in rice leaves were higher than roots, but for difenoconazole, the concentration
detected in rice roots was higher than leaves (Ge et al., 2017).

The RCF values of DFZ was highest, followed by CLO and DFZ. The larger the logKow of pesticide, the
easier it is to accumulate in the organs with more lipids. The order of lipid content of root, stem and
leaf was root > stem >leaf (Qiu et al., 2016). Thus, DFZ was more easily accumulated in the roots of
cucumber plants. Previous studies have shown that the RCF values increased with increasing logKow values

7



P
os

te
d

on
A

u
th

or
ea

13
M

ay
20

20
—

C
C

-B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

9
3
85

17
.7

95
15

07
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

of pesticides, which was in accord with our results (Namiki et al., 2018; Qiu et al., 2016). Moreover, among
the three pesticides, the highest TF value was the CLO followed in declining order by DFN and DFZ. The
higher the solubility of pesticide, the easier it is to accumulate in the leaves (Qiu et al., 2016). The logKow

of DFZ was higher, while water solubility was poorer than CLO and DFN. Thus, the TFstemand TFleaf of
DFZ were all lower than CLO and DFN, which again indicating that DFZ mainly accumulated in roots,
and its upward migration ability was weak. The logKow of CLO and DFN was comparative, and the TFstem

and TFleaf was similar, respectively. For CLO and DFN, TFleaf were much higher than TFstem, indicating
that both had stronger ability to migrate to the leaves, which could possibly be related to the higher water
content in the leaves.

4.2. The effect of exogenous SA on the behaviors of pesticides

The effect of exogenous SA on pesticides half-lives depended on its concentrations. In the present study,
when the exogenous SA was 10 mg L-1, it had the greatest impacts on the half-lives of the three pesticides.
In addition, among the three pesticides, addition of SA at three concentrations all reduced the half-lives of
DFZ in nutrient solution. And with supplementing SA at 10 mg L-1, the half-lives were reduced by more
than half compared with the without SA treatments, which indicating that exogenous SA has the strongest
effects on promoting the degradation of DFZ in nutrient solution. This might be related to the physical and
chemical properties of pesticides. Importantly, the lower half-lives of individual pesticides mean that they
keep shorter time in the environment, which can alleviate environmental pressure (Mohapatra et al., 2019).

Addition of SA at three concentrations all could block the accumulation of three pesticides in various parts of
cucumber plants except for DFZ with SA supplementation at 50mg L-1. When the SA was 1mg L-1 and 10mg
L-1, the inhibition of accumulation of the three pesticides was the most significant. Therefore, exogenous
SA could prevent the accumulation of pesticides in plants, but had a dose effect. Previous study had shown
that SA could reduce residues by promoting the intracellular herbicides catabolism (Y. C. Lu, Zhang, &
Yang, 2015). Noteworthy, addition of SA at 1mg L-1 and 10mg L-1 significantly reduced the concentrations
of CLO and DFN in roots and leaves, respectively; but for DFZ, the concentration was significantly reduced
in roots. For these phenomena, we speculated that it might be related to the accumulation behaviors of
three pesticides in various parts of cucumber plants. And the effects of SA suppressing the pesticide entry
into plant tissues might be related to the concentrations of pesticides (Kaya & Yigit, 2014). Exogenous SA
played the strongest role in promoting the degradation of pesticides in the sites with high concentration of
pesticides. This idea could be proved again by showing that when SA was 10mg L-1, the concentration of
DFZ in the root was 18.70mg kg-1, equivalent to 60% of the without SA treatments, which also indicated
that exogenous SA had the greatest effect on reducing the DFZ residue in cucumber plants. In summary,
the role of SA in reducing pesticide residues in a particular plant might be related to the major sites of
accumulation, which provided a basis for selecting the application site of SA on the plants.

Addition of SA at 10 mg L-1, the RCF values of three pesticides all decreased, indicating that SA can
inhibit pesticide uptake by roots and impaired the ability to accumulate pesticides. The TFleaf values of
three pesticides all improved after application of SA, indicating that the pesticides moved faster in cucumber
plants than the without SA treatments. In our study, we found that SA can improve the upward migration
ability of three pesticides. It was difficult to explain this result, but it might be related to the change of
pesticide behavior and pesticide metabolism level in plants after the addition of SA (Kong, Dong, Xu, Liu, &
Bai, 2014). This finding also accorded with the earlier research, which showed that with SA supplementation,
the TF value of isoproturon in wheat plants was higher than the without SA treatments (Yi Chen Lu et al.,
2014).

4.3. The role of exogenous SA in pesticide-induced oxidative stress in cucumber plants

Previous studies indicated that excessive long-term application of pesticides could produce phytotoxicity
once it exceeds the limits of non-target plant, which would affect plant growth by decreasing biomass and
chlorophyll content and so on (Kaya & Yigit, 2014; C. Wang & Zhang, 2017). The roots system could absorb
and transport water and nutrients to ensure the growth of the plants (Yu et al., 2020). When the plant roots
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are exposed to excessive pesticides, the physiological structure of the roots can be damaged, resulting in
slow growth (C. Wang & Zhang, 2017). Notably, compared with CLO and DFN, the fresh biomass of plants
decreased by more than half when single root exposure of DFZ, which possibly due to the more residue
of DFZ in the roots. After single root exposure of DFZ, the root morphology of cucumber plants changed
compared with the control groups, which mainly showed that the lateral root decreased, the root volume
increased, the diameter increased, and the root length became shorter (Fig. S2 ). In this study, the fresh
biomass and total chlorophyll content significantly increased with SA supplementation at 1mg L-1 and 10mg
L-1 compared with the treatments of pesticides alone, respectively. Previous studies have demonstrated that
low concentration of SA promoted plants growth, while high concentration of SA inhibited plants growth and
low concentration of SA also could increase chlorophyll content (Kong, Dong, Zhang, et al., 2014; Pasternak
et al., 2019; Y. Song et al., 2016).

Single root exposure of CLO, DFN and DFZ, the H2O2 content in cucumber roots significantly increased,
indicating that the ROS balance in the plants was out of balance and might have a toxic effect on the
plants(J. Xu et al., 2014). Similarly, it was also reported that some herbicides markedly increased the H2O2

content in non-target plants (Q. Li et al., 2019; Spormann, Soares, & Fidalgo, 2019). However, the ROS
imbalance of cucumber plants was alleviated by exogenous SA (1mg L-1 and 10mg L-1). Similarly, the
research showed that application of 5 mg L-1 exogenous SA significantly eased the phytotoxicity of wheat
inducing by isoproturon and also reduced the abundance of O 2.- and H2O2 (L. Liang, Lu, & Yang, 2012).
Consistent with our results, exogenous SA had also been reported to increase the content of free proline in
a variety of stressed plants (Q. Li et al., 2019; S. Liu, Dong, Xu, & Kong, 2013; Safari et al., 2019). Proline
is a small molecular organic solvent, which is widely found in plants in a free state. It can regulate cell
osmotic pressure, stabilize sub-cellular structures such as membranes and proteins, remove reactive oxygen
species and other (Ashraf & Foolad, 2007). It also has been proved that free proline can remove reactive
oxygen species caused by heavy metal Hg contamination (F. Wang, Zeng, Sun, & Zhu, 2008). This fact
was in accord with our study that as low concentration of SA-induced the increasing level of free proline
coincided with the decreasing trend of H2O2 content in pesticides-stressed plants. Hence, increasing proline
accumulation appeared to be an adaptive response which enhanced plants resistance to the pesticide stress.

Adverse environmental conditions stimulated the plants to induce oxidative stress and increased the activity
of antioxidant enzymes to withstand stress (Akbulut et al., 2018; Lian et al., 2020). Exogenous SA at low
concentrations also regulated antioxidant enzyme activities to resist stress (Kong, Dong, Xu, et al., 2014).
In this study, after addition of SA at 1mg L-1 and 10mg L-1, the activities of APX and GST increased
compared with the treatments of pesticides alone, respectively, and the SOD activity returned to the control
level. Malondialdehyde (MDA) is the primary substance produced during lipid peroxidation, serving as an
indicator of oxidative damage of membrane lipids. Under pesticide stress, cucumber plants treated with
exogenous SA had lower MDA content than untreated ones. These results indicated the critical role of SA
in plants resistance to stress and reduction of oxidative damage. This finding was further verified by the
positive role of exogenous SA on the antioxidant enzyme activities and proline content. It has also been
reported that exogenous SA can lower MDA content in other plants under stress of pesticides, heavy metals
and nanomaterials (Safari et al., 2019; C. Wang & Zhang, 2017).

4.4. Mechanisms of alleviates phytotoxicity by exogenous SA

In our study, three concentrations of exogenous SA were supplemented to assess the effects of SA on
pesticides-induced oxidative stress in cucumber plants. Based on the above results, we found that low
concentration of SA (1mg L-1 and 10mg L-1) had significant effects on relieving oxidative stress of cucumber
plants induced by the three pesticides. Whereas, high concentration of exogenous SA (50 mg L-1) had little
effect on alleviating oxidative stress of cucumber plants. Therefore, the effects of exogenous SA on reducing
oxidative stress depends on its concentrations. In accordance with the present results, previous studies have
demonstrated that low concentration of SA can improve the tolerance of plants to adversity. In contrast,
high concentration of SA induced a higher level of oxidative stress, leading to a decrease in tolerance to
environmental stress (Bai, Dong, Kong, Xu, & Liu, 2014; Z. Liu, Ding, Wang, Ye, & Zhu, 2016; Pasternak
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et al., 2019). In the previous part of this study, we found that exogenous SA could impair the absorption
capacity of roots to pesticides and thus reduce the accumulation of pesticides in cucumber plants. These
results matched those observed in earlier studies. SA could reduce the accumulation of chlorpyrifos in wheat
plants by decreasing uptake and translocation abilities of chlorpyrifos (C. Wang & Zhang, 2017). SA could
reduce the accumulation of isoproturon in wheat by promoting its degradation (L. Liang et al., 2012; Yi
Chen Lu et al., 2014). SA could reduce the residual of flurochloridone in sunflower leaves by the foliar
treatment (Kaya & Yigit, 2014). SA was able to reduce the concentration of thiamethoxam, hymexazol and
chlorantraniliprole in roots and leaves of cucumber plants and the uptake ability of roots, the bioconcentra-
tion ability of plants, and the translocation ability from roots to leaves were weakened (T. Liu et al., 2020).
Taken together, we speculated that SA mitigated phytotoxicity by weakening the uptake ability of pesticides
in plants and enhancing the capacity of antioxidative stress. However, the exact mechanism of SA on plant
stress resistance needs to be further illuminated.

5. Conclusions

This study showed that exogenous SA (10mg L-1) could promote the degradation of three pesticides in nu-
trient solution and suppress the accumulation of three pesticides in roots and leaves. Noteworthy, the role
of SA in reducing pesticide residues was related to the accumulation sites of cucumber plants. Through the
calculation of root concentration factor (RCF) and translocation factor (TF), it was found that exogenous
SA (10mg L-1) significantly weakened the absorption capacity of roots to the three pesticides. Whereas, the
translocation capacity of the three pesticides in cucumber plants were enhanced with three concentrations of
SA supplementation. According to our study, single root exposure of three pesticides all caused phytotoxicity,
which showed that the plants biomass decreased, chlorophyll synthesis was inhibited, proline accumulation
increased, lipid peroxidation was promoted, and the activities of antioxidant enzyme (SOD, APX and GST)
was destroyed, respectively. However, these adverse effects could be alleviated by supplementing with ap-
propriate concentration of exogenous SA (1mg L-1 and 10mg L-1). This present study provided evidence
that SA could reduce the accumulation of pesticides in plants and provided a basis for the application of
exogenous SA in agricultural production. However, the exact interaction mechanism between pesticides and
SA in plants needs to be further elucidated.
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Figure captions

Figure. 1 The dissipation dynamic curves of CLO, DFN and DFZ after application of exogenous SA in
nutrient solution. The dissipation dynamic curves of CLO, DFN and DFZ in nutrient solution without SA
supplementation were shown in fig.1(A); the dissipation dynamic curves of CLO in nutrient solution with SA
supplementation were shown in fig.1(B); the dissipation dynamic curves of DFN in nutrient solution with
SA supplementation were shown in fig.1(C); the dissipation dynamic curves of DFZ in nutrient solution with
SA supplementation were shown in fig.1(D).

Figure. 2 The dynamic distribution and accumulation of CLO, DFN and DFZ in roots, stems and leaves of
cucumber plants. The dynamic distribution and accumulation of CLO, DFN and DFZ in roots, stems and
leaves of cucumber plants without SA supplementation were shown in fig.2(A); the dynamic distribution and
accumulation of CLO in roots, stems and leaves of cucumber plants with SA supplementation were shown in
fig.2(B); the dynamic distribution and accumulation of DFN in roots, stems and leaves of cucumber plants
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with SA supplementation were shown in fig.2(C); the dynamic distribution and accumulation of DFZ in
roots, stems and leaves of cucumber plants with SA supplementation were shown in fig.2(D).

Figure. 3 The effects of exogenous SA on the mean concentrations of pesticides in roots, stems and leaves
of cucumber plants 28-days of exposure. The effects of exogenous SA on the mean concentrations of CLO
in roots, stems and leaves of cucumber plants 28-days of exposure were shown in fig.3(A); the effects of
exogenous SA on the mean concentrations of DFN in roots, stems and leaves of cucumber plants 28-days of
exposure were shown in fig.3(B); the effects of exogenous SA on the mean concentrations of DFZ in roots,
stems and leaves of cucumber plants 28-days of exposure were shown in fig.3(C).

Figure. 4 Effects of exogenous SA on fresh biomass (A), chlorophyll content (B), H2O2 content (C), proline
content (D), SOD activity (E), APX activity (F), GST activity (G)and MDA content (H)of cucumber plants
after roots exposure to CLO (10mg L-1), DFN (20mg L-1) and DFZ (10mg L-1), respectively. Asterisks (*)
indicate significant differences between the control groups and the treatment groups without supplementing
SA (p< 0.05).

Tables

Table 1

Test designs and experimental treatments code of “pesticides uptake and translocation part”

Analyte Without SA SA-1mg L-1 SA-10mg L-1 SA-50mg L-1

CLO CLO-C CLO-SA-1 CLO-SA-2 CLO-SA-3
DFN DFN-C DFN-SA-1 DFN-SA-2 DFN-SA-3
DFZ DFZ-C DFZ-SA-1 DFZ-SA-2 DFZ-SA-3

Table 2

The half-life (t1/2; d) of three pesticides in nutrient solution. Values represent the mean ± SD (n=3). The
different letters are significantly different between the treatments (P<0.05) for each pesticide according to
independent samples T test.

Analyte t1/2(d) t1/2(d) t1/2(d) t1/2(d) t1/2(d)

C2 C SA-1 SA-2 SA-3
CLO 12.4±0.98b 7±0.7c 5.78±0.55cd 4.07±0.92d 17.3±2.23a
DFN 15.8±0.56b 11.5±0.85c 9.9±0.80c 6.93±0.45d 23.1±2.14a
DFZ 18.2±0.8a 13.8±0.98b 12.6±0.78b 5.33±0.61d 9.9±0.79c

Table 3

Mean RCF values of CLO, DFN and DFZ in cucumber plants cultivated under hydroponic conditions during
28-days of exposure. Values represent the mean ± SD (n=3). The different letters are significantly different
between the treatments (P<0.05) for each pesticide according to independent samples T test.

Analyte Mean root concentration factor (RCF) Mean root concentration factor (RCF) Mean root concentration factor (RCF) Mean root concentration factor (RCF)

C SA-1 SA-2 SA-3
CLO 1.07±0.14a 0.55±0.053d 0.7±0.02c 0.79±0.024b
DFN 0.64±0.015b 0.6±0.017c 0.57±0.022d 0.7±0.019a
DFZ 52.19±3.29b 57.4±4.76a 43.92±5.77c 55.94±4.41a
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Table 4

Mean TFstem and TFleaf values of CLO, DFN and DFZ in cucumber plants cultivated under hydroponic
conditions during 28-days of exposure. Values represent the mean ± SD (n=3). The different letters are
significantly different between the treatments (P<0.05) for each pesticide according to independent samples
T test.

Translocation factor (TF) Analyte C SA-1 SA-2 SA-3

CLO 0.98±0.15b 1.57±0.19a 1.44±0.28a 1.1±0.19b
TFstem DFN 0.69±0.14a 0.76±0.07a 0.88±0.095a 0.85±0.095a

DFZ 0.02±0.003a 0.03±0.002a 0.05±0.003a 0.03±0.002a
CLO 8.83±0.84d 17.35±1.77b 20.27±1.81a 11.6±0.83c

TFleaf DFN 8.01±0.64c 9.05±0.67bc 14.16±0.67a 11.53±0.79b
DFZ 0.005±0.0003b 0.007±0.0004b 0.013±0.001a 0.011±0.003a
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