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A B S T R A C T   

Hydrogen sulfide (H2S) has been reported as a significant gasotransmitter, which involved in a range of physi-
ological processes in plant, including growth, development and abiotic stresses resistence. Enzymatic activity 
assays showed that L-cysteine desulfhydrase (L-CD) was primarily responsible for the generation of endogenous 
H2S in plant. In this work, we identified two activated L-CDs from cucumber 9930 varieties. Firstly, three L-CD 
genes, CsaLCD, CsaDES1 and CsaDES2 were acquired from tBLASTn algorithm-based search of NCBI and a cu-
cumber genomic database (http://www.icugi.org), using the Arabidopsis LCD and DES1 protein sequences as the 
query. The CDS of CsaLCD (Csa2P034800.1) and CsaDES2 (Csa1P574810.1) were amplified successfully by PCR, 
while the CsaDES1 (Csa1P574800.1) could not be obtained in the case of cDNA as the template. The recombinant 
proteins His-CsaLCD and His-CsaDES2, which were purified from E.coli BL21 strain, exhibited evident L-CD 
activity. The mRNA level of CsaLCD was induced by 37 ◦C, low light or PEG8000 treatments, and CsaDES2 was 
induced by 4 ◦C or 37 ◦C treatments, while CsaDES1 itself has no expression. The CDS of CsaLCD or CsaDES2 with 
35S promoter were transformated into lcd/des mutant of Arabidopsis, and both their heterologous expression 
restored the H2S production rate, as well as enhancing the resistance to osmosis stress of the transgenetic 
seedlings. Therefore, CsaLCD and CsaDES2 are the main enzymes for endogenous H2S production in cucumber, 
and play a pivotal role in H2S generation during stresses responses.   

1. Introduction 

Hydrogen sulfide (H2S), a foul-smelling toxic gas, has been recog-
nized as a significant gastransmitter, which could be generated endog-
enously and cross cell membranes freely without relying on receptor 
(Wang, 2002; Gadalla and Snyder, 2010; Baskar and Bian, 2011; Wang, 
2014). For more than twenty years, H2S signal molecule has been re-
ported to regulate a range of physiological processes during plant 
development, including seed germination (Baudouin et al., 2016; Doo-
ley et al., 2013), root development and formation (Jia et al., 2015; Li 
et al., 2014b), florescence (Álvarez et al., 2012b) and fruit ripening (Huo 
et al., 2018; Ziogas et al., 2018). Exogenous H2S could alleviate oxida-
tive damage caused by multiple abiotic stresses, such as high or low 
temperature, drought, salt, and shading (Kabala et al., 2018; Zhou et al., 
2018; Jin et al., 2011; Chen et al., 2016a). H2S pretreatment could 

alleviate seedling root growth inhibition of cucumber caused by excess 
boron (Wang et al., 2010). H2S also increased germination percentage 
and survival percentage of maize seedlings upon heat stress, as well as 
alleviated electrolyte leakage in roots (Li et al., 2013a,b). On our recent 
report, H2S acted as a positive regulator during low temperature induced 
cucurbitacin C (CuC) synthesis increasing, which also improved the 
resistance of cucumber leaves to phytophthora blight (Liu et al., 2019). 

The previous researches on the physiological function of H2S in 
plants were mainly through the exogenous reagent treatment, such as 
H2S donors, H2S synthesis inhibitors, or H2S scavengers. Afterward, two 
kinds of enzymes, Cys desulphydrase and β-Cyanoalanine synthase, have 
been demonstrated responsible for endogenous H2S production in plant, 
while the former one plays a crucial role. Cys desulphydrases (CDes) 
catalyzes the desulfuration of Cys to release ammonia, pyruvate, and 
H2S (Rabeh and Cool, 2004; Chattopadhyay et al., 2007). In Arabidopsis, 
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two main types of L-CDes: LCD and DES1 have been identified playing 
important role in plant development and stress resistence (Papenbrock 
et al., 2007; Álvarez et al., 2010). LCD activity would be up-regulated to 
increase endogenous H2S production in Arabidopsis, so as to induce 
stomatal closure to improve drought resistance (Jin et al., 2011, 2013). 
The mutation of DES1 reduce the production of H2S in Arabidopsis, and 
both the des1− 1 and des1− 2 mutants exhibited premature leaf senes-
cence and increased autophagy progression compared with wild type 
(Álvarez et al., 2010; 2012b). These two mutants of des1 also failed to 
close the stomata with increasing concentrations of ABA (Denise Scuffi 
et al., 2014). The lcd/des mutant was more weakened than wild type 
under Cd2+ stress (Jia et al., 2016). 

We have proved that H2S treatment increased the persulfidation 
level of transcription factors to enhance their binding activity to the 
promoter of target gene in vitro (Liu et al., 2019). However, the cu-
cumber L-CDes have not been identified. In this work, the cucumber 
varieties of 9930 was used to clone and characterize L-CDes genes, as 
well as their expression pattern under multiple stresses, which would 
provide some guidance for cucumber resistance resources breeding. 

2. Materials and methods 

2.1. Plant material and growth conditions 

Seeds of cucumber 9930 were obtained from Dr. Huang (Institute of 
Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing). The 
LCD and DES genes double mutants lcd/des, which was formed by hy-
bridization of lcd (SALK-082,099) and des1 (SALK-205358C) with Col- 
0 as background, generously provided by Dr. Xue (Huazhong Agricul-
ture University). 

Plant seeds were sowed in substrate comprised by soil and vermic-
ulite on a scale of 1:1 (v/v), and grown under 23 ◦C with 16/8 h (light/ 
dark) photoperiod conditions and 160 μE ∙ m− 2 ∙ s-1 light illumination. 
The cucumber seedlings with three leaves stage were treated at 4 ◦C for 
2, 4, 6 or 8 h respectively as low temperature stress, while treated at 37 
◦C for 2, 4, 6 or 8 h as heat stress. For osmotic stress, the seedlings were 
treated by 40 % PEG 8000 for 2, 4, 6 or 8 h. As for low light environment, 
the seedlings were shielded by black shade net (80 mesh) to block out 75 
% of the light, which were under 40 μE ∙ m− 2 ∙ s-1 light illumination for 
2, 4, 6 or 8 h. Five seedlings were detected at every time point of the 
stresses mentioned above, and three independent biological replications 
were conducted. 

The LCD and DES genes of cucumber were digested and cloned into 
pCAMBIA 1310 vector between EcoRI and SalI site, and then transferred 
to agrobacterium EHA105 strains. The cucumber LCD or DES genes, 
driven by 35S promoters, were introduced into lcd/des mutant of Ara-
bidopsis respectively. 

2.2. Protein production and purification of cucumber LCD and DES 

The CDS sequences of cucumber LCD and DES genes were acquired 
from tBLASTn algorithm-based search of NCBI (https://www.ncbi.nlm. 
nih.gov/) and a cucumber genomic database (http://www.icugi.org), 
using the protein sequences of Arabidopsis LCD and DES1 as the query. 
The amplification primers were designed by PRIMER5 software and 
listed in Table S1. The CDS of LCD and DES were amplified by PCR, and 
the PCR products were digested and cloned into pET28a vector between 
EcoRI and SalI site. The C-terminal 6×His-tagged fusion proteins of LCD 
or DES were expressed in E. coli BL21 (DE3) strains under the condition 
of 0.2 mM IPTG, 150 rpm, 16 ◦C and 20 h, and then purified by Ni2+- 
chelating chromatography (Novagen) according to the supplier’s 
instructions. 

2.3. Enzymatic activity of LCD, DES or endogenous H2S production rate 
detection 

The activity of cucumber LCD or DES recombination proteins and the 
endogenous H2S production rate were determined according to the 
methylene blue method (Qiao et al., 2015). 100 μL purified fusion 
protein or protein extraction of plant leaves were incubated with 900 μL 
reaction buffer (100 mM Tris− HCl (pH 9.0), 10 mM L-cysteine, 2.5 mM 
DTT) at 37 ◦C for 15 min, during which process the released H2S was 
absorbed by 500 μL Zn (AC) 2 solution. 100 μL DPD (20 mM in 7.2 M 
HCl) and 100 μL FeCl3 (30 mM in 1.2 M HCl) were added into reacted Zn 
(AC) 2 solution. The reactant was kept in darkness for 15 min, and the 
absorbance at 670 nm was measured. The enzymatic activity and 
endogenous H2S production rate were shown in terms of nmol H2S per 
milligram protein per minute. 

2.4. Measurement of endogenous H2S content 

The endogenous H2S content was determined according to the 
method described earlier (Tian et al., 2017). 0.1 g leaves were homog-
enized in 1 mL PBS buffer (50 mM pH7.0, 200 mM ASA, 100 mM EDTA). 
The homogenate was incubated with 1 mL HCl at 22 ◦C for 30 min, and 
the released H2S was absorbed by Zn (AC) 2 solution. After adding 200 
μL DPD and FeCl3 solution respectively, the same steps executed as 
described above. The endogenous H2S content was shown in terms of 
nmol H2S per milligram fresh plant material. 

2.5. Determination of gene expression level 

Total RNA was extracted from the third true leaf of cucumber using 
TRIzol (TaKaRa, Japan), and cDNA was generated using All-In-One RT 
MasterMix (abm, Nanjing, China). Real time-qPCR was performed on a 
7500 fast real-time PCR system (Applied Biosystems, USA). The relative 
expression level of each gene was calculated according to the 2− ΔΔCt 

method (Livak and Schmittgen, 2001). The primers used were listed in 
Table S1, and all analyses were performed with three technical and three 
biological replicates 

2.6. Stomatal aperture assay 

Four-week-old rosette leaves of Col-0, lcd/des and transgenic plants 
were used to observe PEG8000 induced stomatal closure. Leaves were 
floated in the buffer containing 10 mM MES and 50 mM KCl (pH 6.15) 
under light for 2 h followed by addition of 10 % PEG 8000. Apertures 
were recorded after 15 min of further incubation to estimate PEG 8000- 
induced closure. 

Each experiment was performed three times at least. The data were 
expressed as the mean ± standard error (SE). Data were analyzed using 
SPSS (version 17, IBM SPSS, Chicago, IL), and error bars were calculated 
according to Tukey’s multiple range test (P < 0.05). 

2.7. Phylogenetic analysis 

Multiple protein sequence alignments were performed using ClustalX 
(Thompson et al., 2002), and GenDoc was used before phylogenetic tree 
constructed. A phylogenetic tree was constructed with the aligned LCD 
and DES of different species using MEGA 7 (Kumar et al., 2016), 
respectively. To infer phylogenetic relationships, neighbor-joining (NJ) 
method was used. 

3. Results 

3.1. Stresses induce cucumber endogenous H2S generation 

A large number of studies have demonstrated that endogenous H2S 
signal would be activated when plant suffered environmental stresses, 
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such as drought, heat, salinity, heavy metal, and so on. We have iden-
tified that H2S involves in low temperature induced cucurbitacin C 
(CuC) synthesis increasing (Liu et al., 2019), which would also be 
induced by low light, high temperature or drought stress (Zhou et al., 
2016). Hence, the endogenous H2S contents were measured every 2 h 
when the three-leaves stage cucumber treated with these four kinds of 
stresses for 8 h (drought stress was simulated by PEG treatment). As 
shown in Fig. 1A, H2S content kept higher than control when cucumber 
was treated by 4 ◦C or PEG 8000 from 2 to 8 h, or treated by 37 ◦C or low 
light from 4 to 8 h. Endogenous H2S of plant is mainly produced through 
enzymes catalyzing. Therefore, the enzymes activity was estimated by 
determining the H2S production rate. As shown in Fig.1B, H2S produc-
tion rate rised after 37 ◦C or low light treated for 4 h, or PEG 8000 
treated for 2 h. In the case of 4 ◦C treatment, the H2S production rate 
showed a similarly rhythm changes from 0 h to 8 h, but the statistical 
analysis showed that the H2S production rate rised when the seelings 
were treated about 4 h, while there was no significant difference at 2 h, 6 
h or 8 h with 0 h. 

We also detected the endogenous H2S content and H2S production 
rate in cotyledon and the first euphylla after seedlings treated by these 
stresses for 2 h, and the activation of endogenous H2S signal was also 
detected (Fig.S1). 

3.2. Cloning of cucumber LCD and DES genes, protein sequence and 
enzyme activity analysis 

So far, based on the researches in Arabidopsis, the main enzymes 
responsible for H2S generation were LCD and DES, which were used to 
identify their respective potential homolog proteins in cucumber. One 
CsaLCD and two CsaDES proteins were identified in cucumber and their 
CDS and protein sequences were downloaded from NCBI (as shown in 
Tables S2 and S3), named CsaLCD (Csa2P034800.1), CsaDES1 
(Csa1P574800.1) and CsaDES2 (Csa1P574810.1). The CDS and amino 
acid sequence similarity of AtLCD and CsaLCD are 62.81 % and 60 % 
(Fig.S2A and S2B). The similarities of CsaDES1 or CsaDES2 with AtDES1 
are 58.36 % and 67.14 % in CDS (Fig.S2C), and 60 % and 69 % in amino 
acid identity (Fig.S2D), respectively. 

The CDS sequences of CsaLCD and CsaDES2 genes were amplified by 
PCR successful, while the CsaDES1 could not be obtained in the case of 
cDNA as a template. Using genomic DNA as a template, gene of CsaLCD, 
CsaDES1 and CsaDES2 can be amplified (Fig.S3A). To investigate the 
functions of CsaLCD and CsaDES2 proteins, CDS of these genes were 
independently inserted into pET28a vector. The fusion proteins were 
expressed in E. coli BL21 strain and purified by Ni2+-NTA agarose col-
umn. After executing SDS-PAGE assay (Fig.S3B and S3C), CsaLCD and 
CsaDES2 activity, decomposing L-Cys to relase H2S, were measured. As 
shown in Fig.2, the recombinant proteins of CsaLCD and CsaDES2 
exhibited a strong ability to produce H2S. 

3.3. Stresses induce CsaLCD and CsaDES genes expression 

Since the H2S content and H2S production rate of cucumber were 
increased by low or high temperature, low light or drought stress, the 
genes expression of CsaLCD and CsaDES under these stresses were 
detected. The mRNA relative level of CsaLCD was lifted under 37 ◦C 
from 2 to 8 h, or under PEG 8000 treatment for 4, 6, or 8 h. It was also 
rised under low light condition for 2 h, and then back to the level of 
control. After 2 h of 4 ◦C treatment, there was a significant enhancing in 
CsaDES2 expression, and then back to the level of control. 37 ◦C treat-
ment also induced CsaDES2 expression. CsaDES1, which was failed 
being amplified in the genes cloning process, had no significantly 
expression change under stresses as well as fluorescence signal in qRT- 
PCR detection (Fig. 3). 

3.4. Identification and phenotype observation of CsaLCD and CsaDES 
transgenic Arabidopsis 

To investigate the effect of CsaLCD and CsaDES2 on endogenous H2S 
generation in plants, CsaLCD or CsaDES2 was transformed into Arabi-
dopsis lcd/des mutant independently by agrobacterium tumefaciens- 
mediated method. The transgenic plants were screened with hygrom-
ycin resistance and identified by PCR detection in the case of DNA as the 
template (Fig. S4A and Fig. S4B). Three CsaLCD transgenic lines (CsL-1, 
CsL-2 and CsL-3) and two CsaDES2 transgenic lines (CsD-1 and CsD-2) 

Fig. 1. The effect of stresses on cucumber endogenous H2S generation. The cucumber seedlings with three leaves stage were treated with 4 ◦C, 37 ◦C, 40 % PEG 8000 
or black shade net (80 mesh) for 2, 4, 6 or 8 h respectively, and 0 h represents the control. A. H2S contontent of seedling leaves. B. H2S production rate of the seedling 
leaves. The Data represent the mean ± SE of three independent replicates. "*" indicate a significant difference (Tukey’s multiple range test, P < 0.05). 

Fig. 2. Enzymatic activity of CsaLCD and CsaDES2 proteins. H2S production 
rate was measured by the methylene blue method using L-cys as substrate.The 
empty pET28a vector was used as a negative control. Data represent the mean 
± SE of three independent replicates. "*" indicate a significant difference 
(Tukey’s multiple range test, P < 0.05) (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article). 
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were identified. As shown in Fig. S4C, the mRNA level of LCD in CsL-1 
and CsL-3 were higher than Col-0, and the mRNA level of DES in CsD- 
1 and CsD-2 were higher than Col-0. Enzymatic activity assays showed 
that both the CsL-1 and CsD-1 transgenic plants showed significantly 
higher ability to produce H2S than Col-0 and lcd/des, while CsL-2, CsL-3 
and CsD-2 performed at the same level as Col-0, but higher than lcd/des 
(Fig. S4D). 

Since endogenous H2S is involved in PEG-induced stomatal closure, 
the stomatal aperture of the transgenic plants was detected. As shown in 
Fig. 4B, the stomata aperture of Col-0, lcd/des and transgenic plants was 
not obvious without PEG 8000 treatment, while the stomatal aperture of 
lcd/des mutant was larger than Col-0 or the transgenic plants after 10 % 
PEG 8000 treatment. 

4. Discussion 

H2S is essential for plant growth and development, as well as 

regulating abiotic stress tolerance and biotic stress resistance. Studies on 
exogenous H2S treatment to improve plant resistance to stress have been 
verified in many plants (Shi et al., 2015; Jin et al., 2011; Chen et al., 
2016a; Ma et al., 2016), while the mechanism of endogenous H2S 
signaling and the identification of major endogenous H2S production 
enzymes were performed only in Arabidopsis (Guo et al., 2016). On cu-
cumber, it has been reported exogenous H2S could alleviate oxidative 
damage under excess nitrate stress through MAPK/NO signaling (Qi 
et al., 2019), enhance the active oxygen scavenging ability to reduce the 
effect of low temperature stress on photosynthesis of cucumber leaves 
(Zhou et al., 2016), induce CuC synthesis and improve phytophthora 
blight (Liu et al., 2019). Here, we identified the major enzymes for 
endogenous H2S production of cucumber, CsaLCD and CsaDES2. Their 
recombined protein catalyzed the decomposition of L-Cys to release H2S, 
which were consistent with AtLCD and AtDES1. And their heterologous 
expression respectively in Arabidopsis lcd/des mutant restored the H2S 
production rate and the phenotype of PEG inducing stomatal closure. 

Fig. 3. The effect of stresses on expression level of cucumber LCD, DES1 and DES2. The cucumber seedlings with three leaves stage were treated with 4 ◦C, 37 ◦C, 40 
% PEG 8000 or black shade net (80 mesh) for 2, 4, 6 or 8 h respectively, and 0 h represents the control. The mRNA relative level of Csa-LCD, Csa-DES1 and Csa-DES2 
in leaves were detected by real time-qPCR. Data represent the mean ± SE of three independent replicates. Bars with different asterisks indicate a significant difference 
(Tukey’s multiple range test, P < 0.05). 

Fig. 4. The effect of PEG8000 treatment on stomatal aperture of Col-0, lcd/des and Csa-CDes-overexpressing plants. A. Microscopic observation of stomata. The 
epidermal strips of four-week-old rosette leaves of Col-0, lcd/des and transgenic plants were observed using microscopy. B. Measurement of stomatal aperture after 
PEG8000 treatment. Data represent the mean ± SE of three independent replicates. Bars with different asterisks indicate a significant difference (Tukey’s multiple 
range test, P < 0.05). 
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Although the function of CDes has been thoroughly studied in Ara-
bidopsis, relatively little attention has been given to the history of plant 
evolution. The Arabidopsis protein sequence of LCD (At3g62130) and 
DES (At5g28030) were used as template to perform BLASTP searching 
potential homolog proteins of AtLCD and AtDES1 from algae to seed 
plants. In Arabidopsis, only one DES gene existed, AtDES1, which should 
catalyze the biogenesis of cysteine based on sequence homology, while 
the actual enzyme activity assay found that it could catalyze the 
decomposition of L-Cys. Two homologous genes of DES were obtained 
by alignment in the cucumber genomic database, CsaDES1 and CsaDES2, 
while only CsaDES2 were cloned. Both CsaDES1 and CsaDES2 are 
located on chromosome 1, and the annotation (XM_011661645.1 and 
XM_011661646.1) suggest they may locate adjacently. As far as the CDS 
sequences, CsaDES2 from 1bp to 974bp is almost the same as CsaDES1 
from 157bp to 1300bp, which means that CsaDES1 owned additional 
156 bases before the ATG of CsaDES2. However, the CsaDES1 gene has 
no expression activity according to our results. 

To further analyze the evolutionary relationship between CsaDES1 
and CsaDES2, a multiple protein sequence alignment with DES of 
different plant species was made, from low to high species in evolu-
tionary terms. On the basis of NCBI database, the phenomenon of tan-
dem repeats on DES genes appeared in Amborella firstly, as well existed 
in Helianthus, Malus, Juglans, Sorghum bicolor and cucumber species. 
DES originated in Klebsormidium nitens of Charophyta (Fig.S5). 
Phylogenetic analysis showed that DES existed in prototheca of chlar-
ophyta firstly, disappeared from ferns to gymnosperm during the 
evolutionary of plants, and did not appear until the angiospermae. 
Amino acid sequence comparison of DES showed that CsaDES2 of cu-
cumber has higher similarity with DES in other species than CsaDES1, 
thus we speculated that CsaDES2 appeared earlier than CsaDES1. 
Interestingly, we found there were also tandem repeats of LCD in the 
genomes of Millet GLEAN (Millet GLEAN _10033926 and Millet GLEAN 
_10033927). 

By regulating gene expression and alleviating oxidative damage, H2S 
enhances tolerance to drought and high temperature (Li et al., 2013a), 
low temperature (Liu et al., 2019), salt (Lai et al., 2014; Da Silva et al., 
2017), and heavy metal (Fang et al., 2014; Kabala et al., 2018). The 
expression levels of the three genes were different under different stress 
treatments, further illustrating the specificity of the three genes (Fig.2). 
The base sequences, comprising ~2000 nucleotides of LCD, DES1, and 
DES2 gene promoters were analysed, and multiple cis-acting elements 
related to adversity were found, such as MYC recognition site that 
located in CBF3 promoter.Binding site of ICE1 (inducer of CBF expres-
sion 1) that regulates the transcription of CBF/DREB1 genes in the cold 
in Arabidopsis (Chinnusamy et al., 2004); "CCAAT box", found in the 
promoter of heat shock protein genes; GT-1 binding site, T-box and 
I-box, conserved sequence upstream of light-regulated genes. Although 
there is no drought stress element, a gibberellin element that responds 
indirectly to drought stress existed. Furthermore, kinds of TATA box 
elements are critical for accurate initiation distributed in this sequences 
(Fig.S6). 

5. Conclusion 

Hydrogen sulfide (H2S) has been reported involved in a range of 
physiological processes in plant, including growth, development and 
abiotic stresses resistence. In this work, we identified two activated L- 
CDs (CsaLCD and CsaDES2) are the main enzymes for endogenous H2S 
production in cucumber, and play a pivotal role in H2S generation 
during stresses responses. This research would provide some guidance 
for cucumber resistance resources breeding. 
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