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Abstract: Propamocarb is a pesticide widely used to control cucumber downy mildew. The overuse
of propamocarb has resulted in residues and phytotoxicity. However, the detoxification and metabolic
process of propamocarb have not been documented well. Our previous work showed differences
in the propamocarb residues among the different genotypes of cucumber and their regulation by
multiple genes. Based on the already reported data on gene expression profiles under propamo-
carb treatment, we identified the glutathione pathway, including six different genes (Csa4M303130,
Csa3M133380, Csa5M409710, Csa7M395820, Csa3M597320, and CsalM571280), involved in propamo-
carb detoxification. The qPCR analysis showed that Csa1M571280 (CsGSH2) was most significantly
and differentially expressed at 48 h after propamocarb spray in the cucumber varieties Y3F604 (low
propamocarb residues) and M729 (high propamocarb residues). In Y3F604, CsGSH2 expression
increased from 6 to 48 h after spraying propamocarb, and the expression was positively correlated
with propamocarb residues, whereas M729 showed no significant difference in CsGSH2 expression.
Therefore, we presumed CsGSH2 as a key gene in managing propamocarb residues. Gene func-
tional analysis showed that propamocarb residues decreased in CsGSH2-overexpressing plants and
increased in CsGSH2-antisense plants. Overexpression of CsGSH2 enhanced glutathione (GSH) accu-
mulation and glutathione S-transferase (GST), glutathione reductase (GR), and glutathione peroxidase
(GPX) activities, probably for propamocarb detoxification. The activity of antioxidant enzymes (SOD,
POD, CAT, and APX) increased to maintain a high antioxidant capacity in CsGSH2-overexpressing
plants. The superoxide (0%), hydrogen peroxide (H,O,), and malondialdehyde (MDA) levels
decreased in CsGSH2-overexpressing plants, promoting the antioxidant system composed of ascorbic
acid and glutathione (AsA-GSH). Thus, we conclude that CsGSH?2 alleviates propamocarb residues
and phytotoxicity by enhancing cucumber’s antioxidant and glutathione detoxification potential.
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1. Introduction

Propamocarb is a highly effective bactericide used to control cucumber downy mildew.
It belongs to the carbamate pesticide family and restrains fungal growth by suppressing
the phosphoric acid and fatty acid synthesis pathways [1,2]. However, it easily results in
residues in cucumber leaves, fruits, and other tissues. Residues and phytotoxicity due to
propamocarb are unavoidable and threaten food safety. The propamocarb residues settle
in the soil, river, and sea, resulting in environmental pollution. These residues enter the
food chain and cause a potential threat to human health [3]. Meanwhile, an excessive
use of propamocarb results in yellow speckles on leaves and necrosis of the shoot apical
meristem [4,5]. However, little is known about propamocarb degradation and metabolism
in cucumbers.
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The overuse of propamocarb induces high levels of reactive oxygen species (ROS),
such as superoxide (O, ~) and hydrogen peroxide (H,O;) [4]. Typically, plants depend on
their antioxidant system, including enzymatic and nonenzymatic compounds, to protect
against ROS damage [6]. In the antioxidant enzymatic system, superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), and glutathione
peroxidase (GPX) are essential for ROS scavenging [7]. In the nonenzymatic system,
the ascorbate—glutathione (AsA-GSH) cycle plays a crucial role in ROS scavenging and
detoxification [8]. Glutathione (GSH) forms a redox cycle with AsA to consume H,O,
and act as a recycled intermediate for H,O, reduction [9]. APX consumes H,O, and
oxidizes AsA to monodehydroascorbate (MDHA), which gets reduced to AsA. Then,
dehydroascorbate reductase (DHAR) oxidizes GSH to glutathione disulfide (GSSG), and
DHA is reduced to AsA. Meanwhile, glutathione reductase (GR) restores GSSG as GSH
with NAD(P)H [10]. Therefore, enhancing the antioxidant systems for ROS scavenging is
crucial in protecting against propamocarb stress and phytotoxicity.

Studies have shown that the exposure to light and application of brassinosteroids
(BRs) and melatonin (Mel) alleviated pesticide phytotoxicity in plants [11-13]. However,
eliminating pesticide residues from the internal plant tissues is particularly difficult, regard-
less of the approach. Plants protect themselves from pesticides via complex mechanisms
including oxidation, reduction, hydrolysis, dehalogenation, and conjugation. In plants,
herbicides and pesticides become oxidized into water-soluble metabolites with high po-
larity by the hydrolytic action of cytochrome P450s and POD and reactions catalyzed by
GST and glycosyltransferases, which can convert toxic macromolecular pesticide groups
to metabolites with low toxicity and poor mobility. These metabolites become further
converted into secondary conjugates, transported to vacuoles, and stored in the cell wall or
degraded, leading to a complete loss of toxicity [5,13]. Nevertheless, plant genetic attributes
can be adopted to tackle pesticide residues effectively.

GSH performs multiple physiological activities, such as anti-oxidization, amino acid
transport, detoxification, and immune response, to enhance stress defense and regulate
growth and development [14]. Plants take advantage of the redox ability of GSH to
protect plants from pesticide stress; GSH acts as a substrate or co-factor to combine with
the pesticides and their metabolites and forms glutathione conjugates to detoxify [15].
Importantly, GSH is involved in the AsA-GSH cycle and directly reacts with HyO, under
the action of glutathione peroxidase (GPX) and enhances the ability of glutathione S-
transferase (GST) to scavenge ROS [16,17]. GSH2 is essential for GSH synthesis; therefore,
exploring GSH function contributes to understanding the plant’s molecular response to
toxic compounds. Meanwhile, in rice, glutaredoxin (OsGrxs) overexpression enhanced
GSH levels and reduced arsenite accumulation [18]. The GSH2 mRNA level in sugar
beet was associated with Cd concentration, and the overexpression of GSH2 enhanced
cadmium tolerance in tobacco [19,20]. Overexpression of y-GC enhanced chloroacetanilide
herbicide tolerance and degradation in poplar by promoting GSH accumulation and GST
activity [21]. However, the biological role of CsGSH2 in regulating propamocarb residues
and phytotoxicity remains unclear.

Previously a transcriptome expression profiling of cucumber under propamocarb
stress showed that the glutathione pathway played an important role in managing propamo-
carb residues and phytotoxicity [22]. We identified six differentially expressed genes
including Csa4M303130, Csa3M133380, CsabM409710, Csa7M395820, Csa3M597320, and
CsalM571280 in the glutathione pathway under propamocarb stress. Changes in the ex-
pression of glutathione-related genes in Y3F604 (low propamocarb residues) and M729
(high propamocarb residues) showed that CsalM571280 (CsGSH2) might be a key gene
in response to propamocarb stress. To further explore CsGSH2 function, we adopted the
CsGSH2 transformation approach and analyzed the antioxidant enzyme and AsA-GSH
cycle, which provided a foundation for the study of the molecular mechanism of low
propamocarb residues in cucumber.
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2. Materials and Methods
2.1. Plants and Treatments

Two cucumber varieties, M729 and Y3F0604, with different propamocarb residues,
were used in this study; the concentration of residues in the leaves was 5.05 mg/kg in
M729 and 1.95 mg/kg in Y3F0604 at 48 h after spraying propamocarb. The plants were
grown at 28/18 °C (light/dark) in an incubator with a 12 h photoperiod and 70% humidity.
Propamocarb (CAS:24579-73-5), obtained from Aladdin (Shanghai, China), was applied at
a 2 mM concentration on the seedlings at the three-true-leaf stage (25 d after germination).
All leaves were sprayed with 20 mL of propamocarb, and plants sprayed with an equivalent
volume of water were maintained as the control. To determine the propamocarb content in
cucumber, we collected leaves at 0.5,1, 2, 4, 6, 8, 10, 15, and 20 d after spraying propamocarb.
To assess malondialdehyde (MDA) and reactive oxygen species (ROS) levels, we collected
leaves at 2 d after spraying propamocarb [4]. We collected leaves at 6, 12, 24, 36, and 48 h
after spraying propamocarb for qPCR analysis.

The Arabidopsis thaliana plants of the Columbia ecotype were grown at 22/18 °C
with 16 h/8 h light/dark conditions for the transgenic experiments. The M729 genotype
was used for overexpression and antisense expression in cucumber. The T, generation
transgenic plants including OE lines (OE3, OE5, and OE7) and AS lines (AS1, AS2, and AS5)
were used for analyzing CsGSH2 function. To determine propamocarb residues between
transgenic plants and the control, we collected leaves at 6, 12, 24, 36, 48, and 72 h after
spraying propamocarb. To investigate antioxidant enzyme (SOD, POD, CAT, APX, DHAR,
and MDHAR) activities, glutathione cycle enzyme activities (GSH, GPX, GST, and GR),
and AsA-GSH content (AsA, DHA, GSH, and GSSG), we collected leaves of OE lines and
AS lines at 2 d after spraying propamocarb. We collected leaves at 2 d after spraying
propamocarb to measure MDA salary and ROS generation.

2.2. Determination of Propamocarb Residues

Five grams of the leaf sample were homogenized with 25 mL acetonitrile for 5 min.
The supernatant was filtered and mixed with 2 g NaCl under shaking for 5 min. The
sample was then placed in tubes for 30 min and concentrated using nitrogen gas blow
drying at room temperature. Finally, 2 mL of acetone was added to the concentrate to
analyze propamocarb residues using an Agilent 7890B-5977A gas chromatography system
(Agilent Technologies, Santa Clara, CA, USA). Here, a 30 m x 0.25 mm X 0.25 ym HP-5MS
capillary column was used. The oven temperature was programmed at 40 °C for 2 min,
increased to 200 °C at the rate of 25 °C/min, and held for 8 min; the sample inlet was set at
240 °C in a non-split injection mode allowing a flow rate of 1.0 mL min~!. The representative
gas chromatogram of propamocarb is presented in Supplementary Figure S1.

2.3. Lipid Peroxidation and ROS Levels

The levels of MDA in the leaf samples were measured at 532 and 600 nm using
the MDA kit (Meimian, China), following the thiobarbituric acid colorimetric method.
Meanwhile, H,O, and O, levels were assayed using sulfuric acid peptide oxidation at
415 nm and hydroxylamine hydrochloride at 530 nm, using the corresponding kits from
Solarbio (Solarbio, Beijing, China).

2.4. Real-Time Quantitative PCR

Total RNA was isolated from Y3F604 and M729 leaves using the Plant RNA rapid
extraction reagent (Dining, China). Agarose gel (1%) electrophoresis and NanoPhotometer
N60 (Germany) were used to examine the RNA quality and concentration. Isolated RNA
was reverse transcribed into cDNA using a cDNA kit (Toyobo, Japan), and qRT-PCR was
performed to analyze the gene expression patterns using the SYBR mixture (Dining, China)
on an AriaMx Real-Time PCR System (Agilent Technologies, USA). The 20 uL reaction
mixture contained 50 ng cDNA (2 uL), 2x Fast gPCR Master Mix (10 uL), forward primer
(0.4 pL), reverse primer (0.4 pL), and DEPC water (7.2 pL). The PCR was run as follows:
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94 °C for 2 min, then 40 cycles of 94 °C for 15 s, 60 °C for 30 s. Primer sequences are shown
in Supplementary Table S1. The relative expression levels of the genes were calculated
following the 2742¢T method [23], using the cucumber EF1a as an internal reference
gene [24]. Three biological and four technical replicates were used for the analysis.

2.5. Subcellular Localization

The sequences of CsGSH2, excluding the termination codon (TAG), were amplified
by PCR, and the purified PCR product was fused into the linearized pGll-eGFP at the
HindIll and BamHI restriction sites by homologous recombination kit (Dining, Beijing,
China). The high-purity recombinant plasmid (30 pg) and pGII-eGFP were transformed
into Arabidopsis protoplasts, as reported earlier [25]. The GFP expression was captured at
16 h with light using a confocal laser scan microscope (Leica, Weztlar, Germany).

2.6. CsGSH2 Gene Construction and Transformation

The full-length CDS of CsGSH2 was isolated from Y3F604 leaves by PCR. GSH sequences
of cucumber, melo, pepo, durian, Zisnnia elegans, Cynara cardunculus var. scolymus, Lupinus
angustifolius, and Helianthus annuus were obtained from the NCBI database and aligned using
DNAMANS.0 software. Phylogenetic analysis was performed using Megall software. The
three-dimensional molecular structure of CsGSH2 was determined using the SWISS-MODEL
server (https://www.swissmodel.expasy.org/, accessed on 1 September 2021).

The pCAMBIA1303 vector with a CaMV35S constitutive promoter was linearized
using BgIII and Spel restriction enzymes. Further, the purified 3565:CsGSH2 PCR product
was inserted into the pPCAMBIA1303 via homologous recombination (Dining, China).
The recombinant plasmid was transferred into Agrobacterium tumefaciens LBA4404 using
the freeze—thaw method and infected into Arabidopsis using floral dipping [26]. The T3
generation transgenic plants were obtained by screening using 50 mg-L~! hygromycin and
confirmed using PCR and qPCR.

Furthermore, the p1250 vector with a CaMV35S constitutive promoter was linearized
using the Xcml restriction enzyme. The purified PCR product of CsGSH2 was fused into
the p1250 vector using a TA cloning kit (Dining, China). The forward insertion of the
recombinant plasmid for the overexpression of CsGSH2 and reverse insertion for silencing
CsGSH2 (antisense expression of CsGSH2) were verified using Sanger sequencing. Finally,
the cotyledon nodes of M729 were infected with A. tumefaciens LBA4404. The T, generation
transgenic plants were obtained by screening with 1 mg-L~! L glufosinate and confirmed
using PCR and qPCR [27].

2.7. Determination of Enzyme Activities and AsA-GSH Cycle

Approximately 0.1 g of the leaf sample was ground in a tube (1:10; leaf: 0.01 mol L~!
PH = 7.4 PBS extracting solution (w/v)), and the antioxidant enzyme activities and AsA-
GSH content were measured following the micro kit instructions (Meimian Industrial
Co., Ltd., Meimian, China) on an Epoch microplate reader (BioTek, Shoreline, WA, USA).
The activity of SOD was assessed based on the reduction of nitro blue tetrazolium (NBT)
at 560 nm [28]. The activity of POD was measured following the guaiacol method at
470 nm [29]. The CAT activity was determined based on the reduction of H,O, at
240 nm [30]. The activity of APX was measured based on the rate of ascorbate (ASA)
oxidation (10 and 130 s) at 290 nm [31]. The GPX activity was assayed based on the oxi-
dation of glutathione at 412 nm [32]. Additionally, the activity of GST was determined by
measuring the rate of conjugation between GSH and 1-chloro-2,4-dinitrobenzene (CDNB),
and that of GR based on NADPH oxidation at 340 nm [32]. DHAR and MDHAR activities
were analyzed as Sun et al. [33] described. ASA and DHA levels were determined based
on the rate of AsA oxidation in 30 and 150 s and generation in 10 and 110 s, respectively, at
265 nm [34]. Leaves were washed twice with PBS, ground in liquid nitrogen, and mixed
with a 10-fold extracting solution. GSH and DTNB formed a complex with a characteristic
absorption peak at 412 nm, which was used to determine the GSH content [35]. Glu-
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tathione disulfide (GSSG) content was determined at 412 nm following the 2-vinylpyridine
method [35].

2.8. Statistical Analysis

All experiments were arranged in a randomized complete block design with three
replicates (five plants in each replicate). Data are represented as mean values (£SE) of
three replicates at least. Statistical analysis was performed using SPSS 18.0 (Chicago, IL,
USA) software. Significant differences between the mean values were determined using
Duncan’s Multiple Range Test at p < 0.05.

3. Results
3.1. Propamocarb Stress Induces Lipid Peroxidation and ROS Accumulation in Cucumber

Our previous work showed that different genotypic varieties of cucumber differ
significantly in terms of propamocarb residues [22]. An initial analysis of the propamocarb
content in M729 and Y3F604 showed different amounts of residues from 2 to 20 days after
propamocarb spray. The maximum residue detected in M729 was 5.07 mg/kg, and that
in Y3F604 was 1.95 mg/kg. The propamocarb content decreased from 2 to 10 days. At
20 days, 1.83 and 0.46 mg/kg propamocarb residues were detected in M729 and Y3F604,
respectively (Figure 1A). Compared with two cucumber genotypes in the control group,
the MDA content and H,O, content were not significantly different (Figure 1B,C), the O?~
content was higher in M729 than Y3F604 (Figure 1D). However, the MDA, H,0O,, and
O?~ contents were increased in two varieties under propamocarb stress. M729 showed a
40.18% increase in MDA content, while Y3F604 showed a 34.23% increase at 48 h under
propamocarb stress compared with the control (Figure 1B). Additionally, H,O, content
increased by 41.67% in M729 and 32.28% in Y3F604 following propamocarb application
(Figure 1C); the 02~ content increased by 44.90% in M729 and 37.95% in Y3F604 (Figure 1D).

These results indicate that the stress due to propamocarb induced MDA and ROS damage
in cucumber plants.
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Figure 1. Propamocarb residues and phytotoxicity in the leaves of M729 and Y3F604 cucumber
varieties. (A) Propamocarb residues at 0.5, 1, 2, 4, 6, 8, 10, 15, and 20 d; (B) MDA content at 2 d;
(C) H,O, content at 2 d; and (D) O?~ content at 2 d after application of 2 mM propamocarb. Data are
the means of three replicates with SEs, and different letters indicate significant differences (p < 0.05).

3.2. CsGSH2 Regulates Glutathione Metabolism under Propamocarb Stress

Transcriptome analysis revealed genes encoding glutathione synthetase (Csa1M571280),
glutathione-S-transferases (Csa4M303130, Csa3M133380, Csa5M409710, and Csa7M395820),
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and ribonucleoside-diphosphate reductase (Csa3M597320) of the glutathione pathway,
only CsalM571280 and Csa4M303130 were differentially expressed genes ( |log2 ratio > 21

and FDR < 0.01) under propamocarb stress (Table 1). The qRT-PCR analysis of this study
revealed that Csa5M409710 (2.87), CsalM571280 (4.06), and Csa3M597320 (2.53) were signif-
icantly upregulated in Y3F604 compared with the control, while no significant difference
was observed in M729. Csa4M303130, Csa7M395820, and Csa3M133380 were significantly
upregulated in M729 and Y3F604; however, no significant difference was observed between
the two cultivars, which indicates that they are generally expressed under propamocarb
stress (Figure 2A). By integrating the transcriptome data and qRT-PCR results, Csa1M571280
(CsGSH2) was selected as a candidate for further research.

Table 1. List of six genes of the glutathione pathway.

log2 Ratio FDR (False

Gene ID TPM/Control =~ TPM/Propamocarb (Propamocarb/Control) Discovery Rate) Blast Annotation Enzyme NO.
Csa4M303130 47.19 111.91 2.04 1.63 x 10712
Csa3M133380 8.56 35.24 1.25 1.56 x 10711

sa x Glutathione S-transferase (GST) 25.1.18
Csa5M409710 2291 86.82 1.92 6.84 x 10712
Csa7M395820 11.04 40.59 1.88 6.45 x 10712

Ribonucleoside-diphosphate
-5 phosp

Csa3M597320 10.49 25.65 1.29 229 x 10 reductase small chain (RDR) 1.17.4.1
CsalM571280 2.21 13.81 2.64 5.71 x 107¢ Glutathione synthetase (GSH) 6.3.2.2

Note: TPM: transcripts per million.

Furthermore, the analysis of the dynamic expression of CsGSH2 in leaves showed high
expression at all time points; the expression rapidly increased from 6 to 24 h and slightly
decreased at 36 and 48 h in Y3F604 (Figure 2B). Meanwhile, the transcript level of CsGSH2
was high at 12, 24, and 48 h in the leaves of M729, with no difference between propamocarb
treatment and control (Figure 2C). Significantly, CsGSH2 was upregulated at 6, 12, 24, 36,
and 48 h in Y3F604 with low propamocarb residues, while there was no difference in M729
at 6,12, 24, 36, and 48 h with high propamocarb residues, indicating that CsGSH2 might
play a crucial role in glutathione metabolism under propamocarb stress.

3.3. CsGSH2 Is a Cytosolic Protein

Arabidopsis protoplast was transfected with the 3565:CsGSH2 and 355:GFP plasmids to
determine CsGSH2 subcellular localization. After 16 h of light culture, the GFP fluorescent
signal was detected throughout the cell due to the 355:GFP plasmid. Conversely, the signal
was mainly detected in the cytoplasm of Arabidopsis cells transfected with the 3565:CsGSH2
construct (Figure 3), indicating CsGSH2 as a cytosolic protein.

3.4. Cloning and Bioinformatic Analysis of CsGSH2

The open reading frame (ORF) of CsGSH2 was 1650 bp, encoding 549 aa with an eu-GS
domain; therefore, this protein belongs to the eu-GS superfamily (Supplementary Figure S2A).
The further analysis predicted Cyp737H4341N7500819519 as the molecular formula of the pro-
tein, with a molecular mass of 61.59 kDa and an isoelectric point of 6.98. The fat index was
91.79, while the total average hydrophilicity was —0.291, which indicates that CsGSH2 is a
hydrophilic protein. Phylogenetic analysis based on GSH proteins of cucumber and other
plant species revealed CsGSH2 protein and the GSH proteins of Cucurbitaceae crops (melon
and pumpkin) in the same evolutionary branch, with 90% homology (Supplementary
Figure S52B). Additionally, the three-dimensional molecular structure of the CsGSH2 protein
was found to be composed of 27 3-folds (yellow) and 23 «-spirals (pink) (Supplementary
Figure 52C).
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Figure 2. CsGSH2 expression analysis in cucumber under propamocarb stress. (A) Expression levels

of six genes of the glutathione pathway. Dynamic expression of CsGSH2 in the leaves of (B) Y3F604
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Figure 3. Subcellular localization of the CsGSH2 protein in Arabidopsis thaliana protoplasts. Green
fluorescence indicates the localization of the fusion protein. (A) Bright-field illumination. (B) GFP
fluorescence. (C) Chlorophyll fluorescence. (D) The overlay of GFP and chlorophyll fluorescence.
Bar = 10 um.

3.5. Overexpression of CsGSH2 Alleviates Propamocarb Residues in Cucumber and Arabidopsis

The overexpression construct CsGSH2-p1250 (OE lines) and the antisense expression
construct CsGSH2-p1250 (AS lines) were generated for transgenic experiments in cucumber,
using the empty vector p1250 as the control. LBA4404 Agrobacterium-mediated infection
was performed in the cotyledon nodes of M729, after differentiation culture and rooting
culture, we obtained 12 transgenic plants (Figure 4). Eventually, T, transgenic plants,
including seven OE lines, five AS lines, and two empty lines, were identified using PCR.
The PCR results showed that a 1900 bp fragment contained CsGSH2 (1650 bp) and a 250 bp
fragment from the p1250 vector (Supplementary Figure S3). Three OE lines with the highest
CsGSH?2 transcript expression levels (OE3, OE5, and OE7) and three AS lines with the
lowest CsGSH2 transcript expression levels (AS1, AS2, and AS5) were screened using qPCR
for further analysis (Figure 5A,B). Subsequently, 2 mM of propamocarb was sprayed onto
the OE lines, AS lines, and control plants with three true leaves. The analysis revealed
35.1%, 36.2%, and 32.17% lower propamocarb residues in OE3, OE5, and OE?7, respectively,
and 13.4%, 7.8%, and 11.9% higher residues in AS lines AS1, AS2, and AS5, respectively,
compared to the control plants (Figure 5C). Further analysis revealed that the residues
rapidly increased at 0—48 h and declined at 48-72 h in OE, AS, and control lines. Notably,
from 6 to 72 h, the propamocarb residues in the OE line were significantly lower than those
in CK, while higher than those in AS1 (Figure 5D).

These observations imply that the overexpression of CsGSH?2 alleviates propamocarb
residues in cucumber. Meanwhile, the overexpression of CsGSH2 in Arabidopsis plants
enhanced the tolerance and reduction of propamocarb residues (Figure S3).

3.6. Overexpression of CsGSH2 Helps Propamocarb Detoxification

To further analyze the CsGSH2 function, we measured GSH content in transgenic
plants and controls. GSH content increased by 38.9%, 32.6%, and 35.3% in the OE3, OES5,
and OEY? lines, while it decreased by 15.1%, 16.6%, and 17.1% in the AS1, AS2, and AS5
lines compared with the control plants (Figure 6A). Furthermore, the activity of the major
glutathione pathway enzymes significantly increased in the CsGSH2-overexpressing plants.
We observed a 54.2%, 36.5%, and 46.5% increase in the OE3, OE5, and OE7 plants and
33.3%, 23.7%, and 28.7% decrease in the AS1, AS2, and AS5 plants (Figure 6B). GPX and GR
activities also considerably increased in the CsGSH2-overexpressing plants, while lower
activities were detected in the antisense plants compared with the control (Figure 6C,D).



Agriculture 2022, 12, 1528 90f17

These results indicate that the overexpression of CsGSH2 contributed to the accumulation
of GSH and increased the activity of key enzymes of the glutathione pathway involved in
propamocarb detoxification.

Figure 4. Genetic transformation of cucumber by CsGSH2-p1250. (A) Seeds of M729. (B) Seed
germination. (C) Agrobacterium-mediated infection of cotyledon nodes. (D,E) Differentiation culture.
(F) Rooting culture. (G) Domestication culture. (H) Transplanting in the greenhouse.

A B

Relative expression level
Relative expression level
=
o
!

0
CKICK21 2 3 4 5 6 7 00
OE lines CKICK2 1 2 3 4 35
C 7 D AS lines
B 61 6 —*— CK
] i e :
£ 54 £ s t
£ Y £ ]
3 =
2 31 g N/
E ) g 3 / ] //’ ‘\\\
2 2 z ) a7 / \
i § “] ‘iu l/ .
& 11 g e %: o
[-» g e
CKOE3 OESOE7  CK ASIAS2AS5 & . .

6 12 24 36 48 72(h

Figure 5. Effects of CsGSH2 overexpression in cucumber. (A) CsGSH2 mRNA levels in the control
and CsGSH2-overexpressing (OX) plants. (B) CsGSH2 mRNA levels in the control and antisense
(AS) plants. (C) Propamocarb residues in the control, OX, and AS plants at 48 h after propamocarb
application. (D) Changes in propamocarb residues in control, OX, and AS plants at 6, 12, 24, 36, 48,
and 72 h after propamocarb application. Data are the means of three replicates with SEs, and different
letters indicate significant differences (p < 0.05).
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Figure 6. Content of glutathione (GSH) and activities of enzymes of the glutathione pathway in the
leaves of the control, CsGSH2-overexpressing (OX), and antisense (AS) plants at 48 h after propamo-
carb application. (A) GSH content. (B) Glutathione S-transferase (GST) activity. (C) Glutathione
peroxidase (GPX) activity. (D) Glutathione reductase (GR) activity. Data are the means of three
replicates with SEs, and different letters indicate significant differences (p < 0.05).

3.7. Ouverexpression of CsGSH2 Enhances Antioxidant Enzyme Activities in Response to
Propamocarb Phytotoxicity

Compared with the control, the OE3, OE5, and OE7 lines showed a significant increase
in the activities of SOD, POD, CAT, and APX under propamocarb stress (Figure 7A-D). The
POD activity was not significantly different between the antisense lines and the control
plants; however, the SOD, CAT, and APX activities markedly decreased in AS1, AS2, and
ASS lines. These results collectively indicate that the overexpression of CsGSH2 enhanced
antioxidant enzyme activities in response to propamocarb phytotoxicity.

3.8. Overexpression of CsGSH2 Moderates the AsA-GSH Cycle to Reduce ROS Levels

As shown in Table 2, GSH, GSSG, and total glutathione content significantly increased
in the OE3, OE5, and OE7 plants and decreased in the AS1, AS2, and AS5 plants. The
GSH/GSSG ratio increased by 32%, 21%, and 26% in the OE3, OE5, and OE7 lines, respec-
tively, and decreased by 13%, 17%, and 8% in the AS1, AS2, and AS5 plants, respectively,
compared with the control. Similarly, the content of AsA and total ascorbate significantly
increased in the OE3, OE5, and OEY? lines, while the content decreased in AS1, AS2, and
AS5 lines. However, the DHA content was lower in the OE3, OE5, and OE7 lines than in
the AS1, AS2, and AS5 lines and the control. The AsA/DHA ratio increased by 13%, 19%,
and 12% in OE3, OE5, and OE? lines, while it decreased by 18%, 10%, and 7% in AS1, AS2,
and AS?5 lines compared to the control; these observations indicate that the conversion of
DHA to AsA was promoted in CsGSH2-overexpressing plants. In addition, the CsGSH2-



Agriculture 2022, 12, 1528

11 of 17

overexpressing plants demonstrated increased MDHAR and DHAR activities, while the
antisense plants demonstrated decreased activities (Figure 7E-F). These results indicate
that the overexpression of CsGSH2 regulated propamocarb metabolism by moderating
the AsA-GSH cycle. Furthermore, HyO, and O, ™ accumulation significantly decreased
in the OE3, OE5, and OE?7 lines; however, the HyO; content was higher in the AS lines
than that in control (Figure 8A). No significant difference in the O,~ content was observed
between the AS lines and control (Figure 8B). MDA levels were consistent with the ROS
levels in CsGSH2-overexpressing plants (Figure 8C). These results collectively indicate that
the overexpression of CsGSH?2 alleviated ROS accumulation and MDA levels.
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Figure 7. Antioxidant enzyme activities in the leaves of the control, CsGSH2-overexpressing (OX),
and antisense (AS) plants at 48 h after propamocarb application. (A) Superoxide dismutase (SOD)
activity. (B) Peroxidase (POD) activity. (C) Catalase (CAT) activity. (D) Ascorbate peroxidase (APX)
activity. Data are the means of three replicates with SE, and different letters indicate significant
differences (p < 0.05). (E) Monodehydroascorbate reductase (MDHAR) activity. (F) Dehydroascorbate
reductase (DHAR) activity. Data are the means of three replicates with SE, and different letters
indicate significant differences (p < 0.05).
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Table 2. Ascorbate—glutathione (AsA-GSH) cycle in the leaves of control, CsGSH2-overexpressing
(OX), and antisense (AS) plants 48 h after 2 mM propamocarb application.

. AsA Total GSSG Total
Lines Content DHA Content Ascorbate AsA/DHA GSH Content Content Glutathione GSH/GSSG
CK 1.42 4+ 0.015° 1.37 +0.031 P 2.79 +0.016 ¢ 1.04 4 0.037 0.66 + 0.029 b 0.28 + 0.009 P 0.94 4+ 0.024° 2.36 +0.052 ¢
OE3 221400382 1.01 +£0.019 4 3.224+0.0322 2.19 +0.0222 1.08 £ 0.056 2 0.31 +£0.0152 1.39 4+ 0.076 2 3.48 +0.043 2
OE5 234400132 1.14 +0.021 ¢ 3.48 £ 0.0472 2.05+0.0162 0.98 + 0.0332 0.33 £ 0.007 2 1.34 +0.046 2 297 4+0.032P
OE7 215400472 1.02 4 0.027 4 3.17 +0.026 2 211 +0.0132 1.02 £ 0.017 2 0.32 +0.0102 1.34 4+ 0.028 2 3.19 +0.0222
AS1 1.02 +0.011 ¢ 1.58 4 0.020 2 2.60 + 0.009 P 0.65 + 0.045 © 0.37 + 0.008 0.17 4 0.004 € 0.54 +0.014 ¢ 218 +0.045 9
AS2 092 +0.009 143 +£0.015° 2354 0.028"P 0.64 £ 0.023 ¢ 0.39 =+ 0.006 0.19 £0.011°¢ 0.58 + 0.015 ¢ 2.05 + 0.024 ¢
AS5  0.97+0.026° 1.56 + 0.008 2 2534 0.018P 0.62 £ 0.021 ¢ 0.41 £ 0.016 ¢ 0.21 £ 0.012°¢ 0.62 £ 0.031¢ 1.95 +0.033

The levels of AsA, DHA, GSH, GSSG, total ascorbate, and glutathione are presented in pmol g1 FW. Data are the
means of three replicates with SE, and different letters indicate significant differences (p < 0.05).
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Figure 8. Reactive oxygen species (ROS) and malondialdehyde (MDA) levels in the leaves of control,
CsGSH2-overexpressing (OX), and antisense (AS) plants at 48 h after propamocarb application.
(A) Peroxide (H,O;) content. (B) Superoxide (O%7) content. (C) MDA content. Data are the means of
three replicates with SE, and different letters indicate significant differences (p < 0.05).

4. Discussion

Pesticide residues severely affect the quality of agriculture products, resulting in food
insecurity, environmental pollution, and phytotoxicity [36]. Thus, how to reduce pesticide
residues in crops has become a global problem and garnered research attention. Research
recently showed that melatonin, brassinosteriods, cytochrome P450, glutathione, and ATP-
binding cassette (ABC transporter protein) decrease herbicide and chlorothalonil residues
in crops [13,37,38]. However, little has been reported about the molecular mechanisms
regulating propamocarb residues in cucumber by glutathione. Propamocarb is a low-
toxicity bactericide that gets absorbed internally, and it is more likely to accumulate in
crops such as cucumber and result in residues above the permissible limit [39,40]. Here, we
focused on the function of CsGSH2 in detoxification via the glutathione pathway; it might
be a new method of reducing propamocarb residues in cucumber.

Under propamocarb stress, the ATP-Binding cassette transporter CsABC19 was upreg-
ulated in the leaves, fruit peels, and other tissues of cucumber [41]. Furthermore, Zhang
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et al. showed that mitochondrial carrier family protein CsMCF is involved in propamocarb
stress and detected differences in expression patterns in two cucumber varieties. The
mRNA abundance of the high-mobility-group protein CsHMGB in cucumber fruits and
leaves consistently increased from 0 to 36 h and declined from 2 to 4 d under propamocarb
stress [42]. Our previous study showed that propamocarb residues increased from 3 to 48 h
after propamocarb application. The present study found that the propamocarb residues
gradually declined from 2 to 8 d after propamocarb application. Notably, CsGSH2 expres-
sion increased from 6 to 48 h, while propamocarb accumulation consistently increased
during the first 48 h after propamocarb application. CsGSH2 expression showed a positive
correlation with CsMCF/CsHMGB/CsABC19, indicating a crucial role of CsGSH2 in manag-
ing propamocarb residues and phytotoxicity. In higher plants, the cytoplasm is considered
the major site of GSH synthesis [43]. In the present study, CsGSH2 protein expression was
detected in the cytoplasm, indicating the significance of CsGSH2 for GSH synthesis.

As a physiological detoxification molecule in the glutathione pathway, GSH directly
regulates plants” growth and metabolic activities. GSH protected maize plants against
herbicide residues and phytotoxicity by enhancing GSH accumulation and GST and P450
activities [44]. GSH also reacts with heavy metal ions or toxic substances to form a binding
complex with low toxicity (GSH-X). GSH-X is then transported to the extracellular envi-
ronment or metabolized by hydrolytic enzymes [45]. In Auxenochlorella protothecoides, GSH
had chelated with Cd and balanced intracellular redox homeostasis to defend against Cd
stress and toxicity [46]. In addition, GSH reacted with nitric oxide (NO) to form nitrosog-
lutathione (GSNO) and alleviated aluminum (Al) and Cd phytotoxicity in plants [47,48].
In the present study, overexpression of CsGSH2 promoted low propamocarb residues in
cucumber. Here, GSH might combine with propamocarb to form GSH-X for degradation
and transportation. Overexpression of bacterial y—glutamylcysteine synthetase in poplar
induced higher GSH levels and GSH-dependent reactions for herbicide detoxification [21].
Exogenous application of GSH enhanced chromium (Cr*®) and lead (Pb) stress tolerance,
relieving heavy metal toxicity in oilseed rape and castor bean [49,50]. These earlier studies
implied that GSH contributes to the metabolism and detoxification of toxic substances
in plants. In the present study, overexpression of CsGSH2 enhanced GSH accumulation.
The higher GSH levels probably promoted GSH involved in propamocarb detoxification,
thereby decreasing residues and phytotoxicity.

Propamocarb application might lead to two kinds of damage to cucumber, including
ROS damage and phytotoxicity. Under propamocarb stress, overexpression of CsGSH2
plants significantly decreased ROS damage by increasing the SOD, POD, CAT, and APX
activities (Figure 7A-D). Additionally, ROS scavenging was effectively achieved through
promoting the AsA-GSH cycle, accompanied by the total ascorbate and glutathione content
under the action of DHAR and MDHAR, following with the higher ratios of AsA/DHA
and GSH/GSSG (Table 2). On the basis of the role of GSH in the glutathione pathway,
GSH combined with toxic substances under the action of GST to enhance plant tolerance
and detoxification [51,52]. Our results showed that overexpression of CsGSH2 decreased
propamocarb residues by increasing GSH content, GR and GST activities. We conjectured
that GSH might play a more important role in the glutathione pathway for propamocarb
metabolism. A hypothesis model was proposed that, under propamocarb stress, the
antioxidant enzymes and AsA-GSH cycle were upregulated by overexpression of CsGSH2
for ROS scavenging. At the same time, GSH might bind to propamocarb under the action
of GST to form the low-toxicity conjugates, and which are transport to the extracellular by
transporters for reducing propamocarb residues and phytotoxicity in cucumber (Figure 9).
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Figure 9. Hypothetical model of propamocarb metabolism and detoxification in cucumber.

GSH has strong antioxidant properties that maintain high redox potential in plants.
As a nonenzymatic antioxidant, GSH is directly involved in the AsA-GSH cycle for ROS
scavenging. Overexpression of CsDIR16 and CsMAPGE increased SOD, POD, CAT, and
GST activities and reduced ROS levels, enhancing propamocarb stress tolerance in cucum-
ber [39,53]. The combined administration of hydrogen sulfide and silicon detoxified arsenic
stress by modulating the AsA-GSH cycle and GST, GR, and DHAR activities in tomato
plants [54]. In cucumber, the overexpression of CsHMGB alleviated propamocarb residues
and phytotoxicity by promoting GST, GR, MDHAR, and DHAR activities and mRNA levels,
AsA-GSH system, and antioxidant enzyme activities [4]. In the present study, GST, GR,
MDHAR, DHAR activities and the AsA/DHA and GSH/GSSG ratios increased in the
CsGSH2-overexpressing cucumber plants, which implies that the GST enzyme enhanced
GSH conversion into GSSG consuming the HO, and reducing the oxidative stress induced
by propamocarb.

5. Conclusions

The present study identified CsGSH2, a key gene of the glutathione pathway, in re-
sponse to propamocarb residues and phytotoxicity. The full-length CsGSH2 gene was
1650 bp long, and the protein was found localized in the cytoplasm. Overexpression of
CsGSH2 contributed to GSH accumulation and GST, GR, and GPX activities for propamo-
carb detoxification. Overexpression of CsGSH2 regulated MDHA, DHAR, and antioxi-
dant enzyme activities and the AsA-GSH system to reduce ROS and MDA levels under
propamocarb stress. Thus, we conclude that overexpression of CsGSH?2 alleviates propamo-
carb residues and phytotoxicity by enhancing cucumber’s antioxidant and glutathione
detoxification potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture12101528/s1, Figure S1: The representative gas chro-
matogram of propamocarb; Figure S2: Cloning and bioinformatic analysis of CsGSH2. Figure S3:
Identification of CsGSH2-overexpressing cucumber plants by PCR. Figure S4: Effects of CsGSH2
overexpression in Arabidopsis thaliana. Table S1: Sequences of the primers used in this study.
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