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Novelty statement

Efficient genetic transformation is vital to functional genomics as well as genetic improvement for cucumber. However, the genetic transformation of cucumber is still immature. In this study, based on optimizing the genetic transformation system, a mutant was generated from CsGCN5 knockout vector Cas9-sgRNA-2.
Abstract

The genetic basis of cucumber is very narrow, and there are severe incompatibility barriers to related species, which causes low breeding efficiency and a long breeding cycle. CRISPR/Cas9 system is characteristic of simple design, low cost, user friendly with high efficiency, has opened up a new path for cucumber functional genetics and genomics studies. However, the complex genetic transformation system is the main limiting factor for applying this technology in cucumber. In this study, a Histochemical β-glucuronidase (GUS) assay was used to analyze the effect of various parameters, including slight scratch of explants, pre-culture time, acetosyringone (AS) concentration, infection time in Agrobacterium solution, and co-culture period on the transformation efficiency. The results showed that the explants slightly scratched after cutting, pre-cultured for 1d, Agrobacterium infection solution containing AS and 20min length of infection could significantly increase the GUS staining rate of explants. On this basis, two sequences with high specificity (sgRNA-1 and sgRNA-2) targeted different loci of gene CsGCN5 were designed. The corresponding vectors Cas9-sgRNA-1 and Cas9-sgRNA-2 were constructed and transformed using the above optimized cucumber genetic transformation system, and three and two PCR positive lines were obtained from 210 and 207 explants, respectively. No sequence mutation at target loci of CsGCN5 was detected in the Cas9-sgRNA-1 transformed three PCR positive lines. However, one mutant line with targeted homozygous change was recognized from the Cas9-sgRNA-2 transformed two PCR positive lines. In this study, 2.40‰ of total explants had directed mutation in the CsGCN5 gene. The results in the present study would be beneficial to optimize further and improve the efficiency of the genetic transformation of cucumber.
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Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR) associated Cas9/sgRNA system (CRISPR/Cas9) is a powerful tools in genome editing in the scientific research (Chen et al.2017;Liang et al.2017; Liu et al.2017; Chen et al.2019; Li et al. 2021). The CRISPR/Cas9 system comprises a single guide RNA (sgRNA) (20 nucleotides in most cases) and a Cas9 endonuclease. They form a complex that recognizes and binds any genomic regions that contain a protospacer adjacent motif (PAM) sequence (predominantly 5'-NGG-3') and a sequence complementary to the sgRNA immediately upstream of the PAM sequence, leading to double-stranded DNA breaks (Jinek et al. 2012). Subsequently, the host double-stranded break (DSB) is repaired by one of the two innate DNA repair systems: non-homologous end-joining (NHEJ) or homologous recombination repair (HDR) mechanisms (Symington and Gautier 2011). The NHEJ pathway takes the dominant role in the repair process, it is not accurate and is easy to cause deletions, substitutions and insertions at the cleavage site (so-called targeted mutagenesis), which often leads to disrupt gene function, and thus this approach has been widely used for gene knockouts (Zhang et al. 2019; Shan et al.2020). The HDR pathway is the synthesis repair by using a fragment as the donor DNA template with sequence homology to the predict DSB region. It can generate accurate gene replacement or insertion（Kane et al.2017; Char et al.2017）. 

    The CRISPR/Cas9 system is a simpler, more versatile and precise method of genetic manipulation, which can produce gene-specific mutants or new germplasm materials in plants (Char et al.2017; Oliva et al.2019). Therefore, since CRISPR/Cas9 was built in model plant species in 2013 (Nekrasov et al.2013;Jiang et al. 2013; Shan et al. 2013), it have progressed rapidly and been applied successfully across no less than 24 angiosperm families by 2020, mostly in Poaceae, Asteraceae, Solanaceae, Brassicaceae and Fabaceae (Chen et al.2019; Oliva et al.2019; Shan et al.2020; Li et al.2021). Up to now, many CRISPR studies have focused on functional genomics and crop improvement with agronomic and economically beneficial traits (Liu et al. 2017; Shan et al.2020; Li et al.2021).

Cucumber is one of the most important vegetable crops in the world (Rong et al. 2019). According to FAO statistics, the global cucumber output in 2019 reached 87.81 million of tons, ranking fifth position in vegetable production (http://www.fao.org /faostat/en). Cucumber plants often suffer from biotic and abiotic stresses throughout the cultivation period,  cause yield loss and compromised fruit quality (Wang et al.2015). However, due to narrow genetic basis and severe incompatibility barriers to related species, the cucumber improvement program fo rresistance against stresses or other agronomic traits based on conventional breeding strategy is limited (Kho et al. 1980;Wang et al.2015). In order to make cucumber production more safe and efficient, the acceleration of research to improve agronomic traits of cucumber is a problem that needs to be addressed (Wang et al.2015 ).

The whole-genome sequencing of cucumber with diploid genetics and small genomes provides a platform for molecular breeding (Huang et al.2009). The fast development and prevalent implementation of CRISPR/Cas9 technology offer a new way for functional genomics study and genetic improvement of cucumber plants. However, the difficulties in cucumber genetic transformation due to its lower efficiency makes it a daunting task (Nanasato et al.2012;Wang et al.2015;Hu et al.2017;Fonseca 2021). Although many scholars have optimized some key factors influencing cucumber regeneration and genetic transformation such as genotype of explants, seedling age, bacteria cell density, pre-culture time, length of infection, co-cultivation period, and concentration of antibiotics, acetosyingone concentration (Hiei et al.1997; Rajagopalan et al.2005; Vengadesan et al.2005; Nanasato et al.2012; Wang et al.2013; Wang et al.2015; Hu et al.2017). Highly efficient and broad-spectrum genetic transformation system in cucumber has not been established yet due to long period and variety of other factors (Selvaraj et al. 2010；Wang et al. 2015). The appropriate genetic transformation methods for different genotypes of cucumber still need to be explored. The immature genetic transformation system of cucumber restricts the application of CRISPR/Cas9. Fewer studies concerning the application of CRISPR/Cas9 in cucumbers have been reported, however, both have the same bottleneck of low mutation efficiency (Chandrasekaran et al.2016; Hu et al.2017).

As a member of the GANT (GCN5-related N-acetyltransferase) gene family, GCN5 (General Control Nonderepressible protein5), a vital catalytic component of multiple acetyltransferase complexes, is the key factor of histone acetylation and plays a very important role in gene transcription and plant development (Benhamed et al.2008;Kim et al. 2009;Gan et al. 2021). At present, studies on GCN5 mainly focus on animals and microorganisms. Researches on GCN5 in plants are only limited to Arabidopsis thaliana (Wang et al. 2016). It has been reported that GCN5 is closely related to meristem functions and the organogenesis of leaves and flowers (Vlachonasios et al. 2003;Cohen et al.2009; Kornet and Scheres 2009; Servet et al.2010; Wang et al.2016;Gan et al. 2021). In addition, GCN5 is also involved in the resistance to abiotic stresses (Mao et al.2006; Hu et al.2015) and maintaining the iron homeostasis in the plant (Xing et al. 2015;Wang et al.2019).
In this study, the effect of cucumber genetic transformation was quickly detected by GUS staining, and the optimal parameters for genetic transformation were studied. Based on the optimization of the genetic transformation system of cucumber, the gene GCN5 of cucumber was used as the target gene. Two knockout vectors (Cas9-sgRNA-1 and Cas9-sgRNA-2) of CsGCN5 were constructed by CRISPR/Cas9 technology and transformed into cucumber germplasm CCMC by the agrobacterium-mediated method. According to our analysis of mutant line with a mutation in specific loci of CsGCN5, targeted knockout of CsGCN5 in cucumber was confirmed in some degree.
Materials and methods 

Plant material and vector

Seeds of cucumber cultivar Changchunmici (CCMC) were used for transformation experiments. Agrobacterium EHA105 and the plant expression vector pCAMBIA3301 contained GUS selective marker was used in this study. The vector pHSE401 (Addgene Plasmid # 62201) with hygromycin resistance as a selection marker was donated by Dr. Qi-Jun Chen from China Agricultural University. 
Acquisition of explants

The CCMC seeds were disinfected by following the protocol of Nanasato et al (2013). The sterilized seeds were placed on 1/2 MS solid mediums containing 30g/L sucrose and 7g/L agar (pH 5.8) at 28 ℃ under dark conditions for 3-5d. After that, 1/3 of distal cotyledons, hypocotyledonary axis and the growing point were removed from the seedlings with the help of a sterile knife. The remaining 2/3 of the cotyledons were placed on MS medium to get infected from the cultured Agrobacterium tumefaciens.
Preparation of Agrobacterium solution

A single colony of Agrobacterium tumefaciens which carries plant expression vector pCAMBIA3301, was selected and inoculated onto a 50mL YEB liquid medium containing 50mg/L Kan and 50mg/L Rif. The bacterial solution was then incubated at 200rpm/min for 12h at 28℃ until OD600 value to 0.6-0.8. Subsequently, the solution was centrifuged, and the supernatant was discarded. The bacterial solution was then resuspended into MS medium (1/2 MS liquid medium, 30g/L sucrose with pH 5.8) and diluted until the final concentration reach OD600 to 0.2.
Sensitivity of cotyledon explants to the concentration of Hygromycin B (HygB) in cucumber

Explants were pre-cultured for 1d in regeneration medium containing different HygB contents from 0 mg/L to 10mg/L under a 16 h photoperiod with an irradiance of 30 μmol (m2 s)-1, irradiated by cool-white fluorescent lamps in a culture room. , The growth state of the explants in regeneration medium was observed after 30d.
Factors affecting transformation efficiency

Gus gene expression was used to analyze five genetic transformation parameters, including slight scratch on the explants, preculture time of the explants, with and without acetylsyringone (AS) in agrobacterium infection solution, agrobacterium infection time and co-cultivation time. All the steps were repeated three times for every 30 treated explants. 
Light scratch treatment of explants  
After obtaining the explants, it surface w scratched with a dissecting needle, while the control was left unscratched. After 1-day pre-culture (MS+30g/L sucrose +7g/L agar +1.5mg/L 6-BA + 1mg/L ABA, pH 5.8), the Agrobacterium cultured solution containing pCAMBIA3301 vector, was used to infect the explants for 15 minutes. Later, the Agrobacterium infected solution was discarded and these explants were dried with sterile filter papers. After that, the explants were placed in a co-culture medium (MS+30g/L sucrose +7g/L agar +1.5mg/L 6-BA + 1mg/L ABA, pH 5.8), under dark condition for 2d and then transferred to regeneration medium (MS+30g/L sucrose +7g/L agar +1.5mg/L 6-BA + 1mg/L ABA + 300mg/L Cefotaxime, pH 5.8). After seven days of culturing time, glucuronidase (GUS) activity in these explants was performed, and the staining rate was counted according to Vasudevan et al. (2007). Data were statistically analyzed using SPSS software. Significance was determined at p<0.05 level.  
Explant pre-cultivation time  
The pre-cultivation time was set to 0, 1, 2 and 3 days. All the above treatments were cultured in the dark. The rest of the operation is the same as the scratching treatment of the explants.
Addition of acetosyringone (AS) solution to infection solution  
Two treatments were designed for this purpose. In one tube, 50 mg/L AS was added to the infection solution while the other tube was left as it is. The rest of the operation is the same as the scratching treatment of the explants.
Agrobacterium infection time  
The infection time was set to 5, 10, 15, 20, 25, and 30 min, and the rest of the operations were the same as the scratching treatment of the explants.

Co-cultivation time  
The dark treatment time in the co-cultivation medium was set to 0, 1, 2 and 3d, and the other operations were the same as the scratching treatment of the explants.
Target selection and vector construction of CsGCN5 gene for CRISPR/Cas9

The conserved domain of the CsGCN5 gene was retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/cdd). Two sequences with good specificity to sgRNA were selected from the conserved domain of the CsGCN5 gene near the ATG region (Figure 3A). Further, the off-target efficiency evaluation of selected sgRNA sequences was checked using CRISPR-P (http://crispr.hzau.edu.cn/cgi-bin/CRISPR/) online server. The sequences of sgRNA-1 and sgRNA-2 are GCCCCGTCGCGTGTTTCGG and ACTCGACGACGATTCTGA, respectively. The sgRNA amplification primers were designed according to the target site and the sgRNA construction method. The upstream and downstream primers of sgRNA-1 and sgRNA-2 are: sgRNA-1L: 5'-ATTGGCCCCGTCGCGTGTTTCGG-3’, sgRNA-1R: 5'-AAACCCGAAACACGCGACGGGGC-3'; sgRNA-2L: 5'-ATTGTCAGAATCGTCGTCGGAGT-3 ' and sgRNA-2R: 5'-AAACACTCCGACGACGATTCTGA-3 ', respectively. The underlined part is an artificially introduced cohesive end adaptor, which is complementary to the cohesive end of the vector after the digestion. Bsa I was used for single enzyme digestion of the vector pHSE401. The double strands of sgRNA and the linearized vector pHSE401 were connected and then transformed into Escherichia coli competence cells Top10. Positive clones were screened after showing resistance to 50mg/L Kana and 150mg/L Spectinomycin. The accuracy of the inserted fragment was verified by sequencing. The recombinant plasmid of Cas9-sgRNA-1 and Cas9-sgRNA-2 were extracted from bacteria solution and was then transformed to EHA105 Agrobacterium competent cells using the freeze-thaw method. They were further used for the genetic transformation of cucumber after screening and detection.
Genetic transformation of cucumber
Agrobacterium-mediated CsGCN5-sgRNA-Cas9 was transformed into cucumber by using the above optimized genetic transformation system. The subculture and rooting culture of explants was carried out by following the protocol of (Ren et al. 2017).

Detection of transgenic cucumber lines
Genomic DNA was isolated from young leaves of control and transformed plants with sgRNA-Cas9 vector by CTAB method. For PCR analysis, DNA samples from putative transformants were amplified by HygB specific primers. The HygB gene fragment (1090bp) was amplified by using the forward primer (HygB-L)5'-ACTCACCGCGACGTCTGT-3 ' and reverse primer (HygB-R) 5'-TTTCTTTGCCCTCGGACG-3 ' following the method of Li et al (2011). After confirming the insertion of the foreign DNA fragment into the cucumber genome, the PCR primers, including the CsGCN5 target sequence (CsGCN5-L: 5’-TCGGCTCACCTCACTGCTAC-3’；CsGCN5-R: 5’-CCAAACCATATGCTCATCAACA-3’) was designed for detecting the mutation in target genes. Mutation of target sequences was detected by sequencing the positive plants using the services of Tsingke Biotech (China).

Results 

Sensitivity of cotyledon explants to Hygromycin B
In order to effectively screen transformed shoots in the CCMC, we employed different concentrations of HygB during cotyledon explants production. The etiolation symptom of explants is positively correlated with HygB concentration. Control explants were green and healthy in the selective agent-free medium (Fig.1). All explants died of etiolation at 3mg/L HygB. In fact, according to shoot production, all explants could not produce normal regenerated shoots even at 1mg/L of HygB concentration. These results suggested that cotyledon explants are extremely sensitive to HygB. Therefore, in the subsequent tests, we screened the transformed shoots through PCR analysis instead of the screening pressure of antibiotics HygB. 

Optimization of genetic transformation system of cucumber
To optimize conditions for transformation, cucumber cotyledons as the explant was used to investigate the effect of transformation efficiency evaluated by the transient GUS expression. 

   In the present study, 1d pre-culture of cucumber cotyledon explants achieved the highest rate of GUS expression (22.7%), followed by the pre-cultured for 0 d (20.1%), while the 3d pre-culture period showed the lowest GUS staining rate (12.0%) (Table 1). The effect of scratch on transformation efficiency was also evaluated. Compared with no scratch treatment, the GUS staining rate of explants after the slight scratch was significantly increased to 56.7%, suggesting that slight scratch may increase effective contact between Agrobacterium tumefaciens and explants. The Agrobacterium solution supplemented with 50mg/L AS can significantly increase the GUS staining rate, indicating that the addition of AS is beneficial to Agrobacterium infection. Among the different infections, time tested, 20 min was found optimal for CCMC, beyond which contamination rate is difficult to control during the regeneration period due to the excessive reproduction of Agrobacterium tumefaciens. The Co-cultivation period was assessed from 0 days to 3 days. A 3-day co-cultivation was found suitable for effective transformation for CCMC, which caused significantly higher GUS staining rate compared to other days of co-cultivation (Table 1).

Taken collectively, slightly scratched after cutting explants, pre-cultured for 1d, containing 

AS in Agrobacterium infection solution, 20min infection time, and 3-day co-cultivation was appropriate for effective transformation for CCMC. Therefore, we used these optimized genetic parameters to carry out CsGCN5 gene editing in cucumber CCMC.

Construction of a CsGCN5-sgRNA-Cas9 knockout vector 
In the present study, a full-length cDNA sequence of CsGCN5 (Csa6G527060) was cloned from a North China fresh market type inbred line CCMC. The CsGCN5 cDNA sequence was 1686 bp in length encoding 561 amino acid residues. Gene structure predicted it consists of 13 exons and 12 introns, with a total length of 10395 bp according to the reference genome 9930 v2.0. Two specific target sequences (sgRNA-1 and sgRNA-2) were screened on the first exon of CsGCN5 through sequence alignment analysis. The recombinant plasmids (pHSE401-sgRNA-1 and pHSE401-sgRNA-2) were sequenced after connecting the two target sequences with linearization vector pHSE401, respectively. Results demonstrated that these two target sequences were inserted into the accurate position of the vector pHSE401, which proved the successful construction of pHSE401-sgRNA-1 and pHSE401-sgRNA-2(Fig.2).

Selection of transformants
Using the above optimized genetic transformation system; the pHSE401-Cas9-sgRNA-1 and pHSE401-Cas9-sgRNA-2 were used to transform cotyledonary nodes of cucumber by the Agrobacterium-mediated method. The transgenic plants were gained after pre-culture, infection, co-culture, regeneration culture and rooting culture. To detect whether foreign gene was integrated into cucumber genomes, Cas9-sgRNA recombinant plasmid of CsGCN5 was used as the positive control and the regeneration plants that haven’t been transformed were used as the negative control. Leaf genomic DNA of the transformed plants was extracted, and HygB was used as the detection gene. For the PCR analysis, two specific primer sequences for the HygB coding region were amplified to a 1090 bp fragment, where 3 and 2 positives lines were observed from the Cas9-sgRNA-1 and Cas9-sgRNA-2 transgenic plants from 210 and 207 explants, respectively. Hence, preliminary PCR analysis indicated that a knockout vector sequence was inserted into the genomes of these transgenic plants.

In order to detect mutation in target sequences, leaf genomic DNA was extracted from these PCR positive lines and the target gene amplification primers CsGCN5-L and CsGCN5-R were used to amplify the target sequences. The results reveal that no mutated sequences were found at the target site from the Cas9-sgRNA-1 vector among three PCR positive lines, while one mutated sequence at the target site was observed in P104 with Cas9-sgRNA-2 vector from two PCR positive lines. P104 line has a homozygous mutation of single-base substitution (from T to C) at the target sequence, which caused the conversion of Asp into Asn at 82nd amino acid of CsGCN5 protein. Significant phenotypic changes also occurred in the P104, displaying extremely dwarf characteristics with small leaves and fascicled, tiny small flowers. 

Discussions
The CRISPR/Cas9 technology has been used in the plant to achieve the optimum genetic transformation system (Char et al. 2017;Shan et al.2020; Li et al.2021). However, the genetic transformation system in cucumber is time-consuming and laborious (Wang et al. 2013；Hu et al. 2017). In order to improve the validity of CRISPR/Cas9 technology in cucumber genome editing, the transient GUS expression assay was employed for screening the appropriate genetic transformation parameters. Based on the optimal genetic transformation system, one direct target site edited mutant P104 of the CsGCN5 gene was obtained using the CRISPR/Cas9 system. The P104 was somewhat similar to Arabidopsis thilana CsGCN5 mutants, such as dwarfism, seedling malformation and fertility declination (Vlachonasios et al. 2003). 
The pre-culture step is applied to the explants before the Agrobacterium tumefaciens inoculation, making the explants better suited to the new environment. Zhu et al. (2005) believed that the pre-culture time should not be too long; otherwise the growth and metabolism of explants will be slowed down due to the large amount of ethylene produced in the pre-culture process will affect the infection effect of Agrobacterium tumefaciens. In this study, the explants with pre-cultured for 1d achieved the highest rate of GUS expression, consistent with the results of Liu et al. (2012). Our results showed that the treatment of slight scratches could significantly improve the transformation efficiency of Agrobacterium tumefaciens. The same result was also presented by Selvaraj et al. (2010) and Vasudevan et al. (2007). It has been reported that phenolic compounds secreted from the wounding site of explants can mediate Agrobacterium cells around the wounding site by the expression of virulence genes of Agrobacterium (Janani et al. 2019). Hence, the enhancement of the transformation efficiency may be due to the wounding of explants. AS is a known inducer of vir genes; it can induce the transcriptional activity of genes presented in the Agrobacterium tumefaciens vir region, which promotes the processing and transferring of T-DNA (Hiei et al. 1997). Our result showed that adding 50mg/L AS in infection solution can improve the infection efficiency of Agrobacterium to cotyledon explants of cucumber (Table 1). However, in cucumber, some studies demonstrated that AS is insignificant to the efficiency of genetic transformation (Nanasato et al. 2013;Baskaran et al. 2016). Such contradiction might be caused by the different requirements of explants and genotypes for the concentration of AS in the infection solution. Co-culture time also significantly affects the genetic transformation efficiency of cucumber (Wang et al. 2015). Short co-culture time can decrease the infection efficiency of Agrobacterium tumefaciens to explants, but co-cultivation beyond a certain time might lead to bacterial overgrowth and leaching of bacteria from explants (Vasudevan et al. 2007). Our results showed that a 3-day co-cultivation was optimal for CCMC. Additionally, infection time is another crucial factor that influences the transformation efficiency during cucumber genetic transformation. For instance, Wang et al（2015）believed that infection time of 10 mins is beneficial to hasten the genetic transformation efficiency in cucumbers. There, we found that 20 mins of infection time were sufficient to significantly increase the infection efficiency of Agrobacterium tumefaciens to cucumber explants, which is in line with the reported studies of Wang et al. (2013) and Cao et al. (2011).

Chanderasekaran et al. (2016) obtained three edited plants of the eIF4E gene with Cas9/sgRNA from 5 PCR positive cucumber strains. However, this paper did not mention the number of explants, thus failing to compare genetic transformation efficiency. In another study, Hu et al. (2017) used CRISPR/Cas9 technology to make directional editing of four genes of cucumber, and the target gene editing plants detected in the T0 generation accounted for 0.25‰ to 1.32‰ of the total number of explants. In our study, 417 explants were used, from which one editing plant of CsGCN5 was obtained. The proportion of mutation was 2.40‰, which was slightly higher than the report of Hu et al. (2017). The editing efficiency employing Cas/sgRNA reached 100% in the detected positive lines in cucumber (Hu et al.2017); however, only 20% of the PCR positive plants were edited in our study. This may not be surprising because the efficiency of the CRISPR/Cas9 can be influenced by various factors, such as sequence, length, the genomic locus, and other components around gRNA-binding sites. It has been demonstrated that the differences in editing efficiency varied greatly among the different species and sometimes the same crop even by using the same CRISPR/Cas9 system. For example, the mutation efficiency was relatively low (5.6%) in monocotyledon wheat (Wang et al. 2014). On the contrary, much higher mutagenesis rates (up to 100%) have been reported in rice (Ma et al. 2015; Romero and Gatica-Arias 2019). The transgenic maize lines developed through CRISPR/Cas9 showed 2% to 100% mutation efficiency using the same CRISPR/Cas9 system (Char et al. 2017). 
In order to increase the success chance of Cas9/sgRNA editing, we designed two sgRNA sequences for CsGCN5; however, the mutation only occurred in the explants carrying the sgRNA-2 vector. Such phenomenons that different sgRNA sequences designed for the same target gene had significantly different editing efficiency are common in CRISPR/ cas9-mediated editing techniques (Liang et al.2016; Janga et al.2017; Bao et al. 2019). This may be related to the sgRNA base composition, GC content and secondary structure of sgRNA, and folding strength of chromosomes at the target site (Ma et al.2015; Kui et al. 2016；Liang et al 2016).

During CRISPR/Cas9 mediated gene editing, mutations generated through NHEJ repaired target sites were mainly composed of single-base insertions (mostly A and T) and small deletions (1-50 bp), with relatively low frequency in single base substitution (Ma et al. 2016; Kane et al. 2017; San et al.2020). The occurrence frequency of point mutation varies from crop to crop and sometimes even different target sequences of the same crop. For instance, Kui et al. (2016) edited five genes of Dendrobium Officinale by using CRISPR/Cas9, 54.5% targeted mutation was single-base alteration, and the proportion of the type of point mutation caused by different sgRNA sequences of the same target gene is significantly different, ranging from 0% to 100%. In rice, the proportion of target point mutation varied from 0% to 16% (Liang et al. 2016). In our study, target sequences of P104 have point mutations, which might be closely related to the chosen target sequence.

Zhang et al. (2014) revealed that homozygous mutation occurred in almost 3.8% of T0 generation in rice transgenic lines along with target point mutation in sgRNA. Ma et al. (2015) reported that 27.8% transgenic rice lines with target sequence mutation of sgRNA had the homozygous mutation. Pan et al（2016） reported that 11.36% of T0 generation of tomato plants with target point mutation of sgRNA had the homozygous mutation. Based on cotton's CRISPR/Cas9 study, Janga et al.(2017) reported 16.7% homozygous mutation in mutant lines. These results reflected that CRISPR/Cas9 directed gene editing can develop homozygous mutants in the T0 generation of some plants. Our study also showed that one homozygous mutant was obtained, suggesting that CRISPR/Cas9 technology can be a suitable tool for generating homozygous mutations in cucumbers in the T0 generation. Such homozygous mutation type is of great significance for the follow-up studies of mutants.

Conclusion


Although the genetic transformation system proposed in this study was feasible and efficient, the gene mutagenesis frequency is extremely low in cucumber. The low efficiency of genetic transformation is still the main factor restricting the application of Cas9 technology on cucumber, suggesting that some difficulties maybe have to be overcome to establish an efficient genetic transformation system in the future. 
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	Transformation  parameters
	Treatment
	The GUS staining frequency of explants (%) 

	Pre-incubation period (day)
	0
	20.13 b

	
	1
	22.67 a

	
	2
	14.01 c

	
	3
	12.00d

	Fine scratch explants with a needle
	Yes
	56.70 a

	
	No
	24.13 b

	Acetosyringone (mg/L))
	0
	70.21b

	
	50
	90.04 a

	Infection times(min)
	5
	30.67 c

	
	10
	42.12b

	
	15
	44.52 b

	
	20
	55.32a

	
	25
	39.19b

	
	30
	52.00a

	Co-cultivation duration(day)
	0
	13.96 c

	
	1
	43.59b

	
	2
	42.11b

	
	3
	68.89 a
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Fig. 1: Effect of different concentration of Hygromycin on regeneration bud in cotyledon explants of the cucumber 








Table 1: Effect of various parameters on transformation efficiency of cotyledonary nodes explants of cucumber





Fig.2  Detection of the vector construction of pHSE401-sgRNA-1 and pHSE401-sgRNA-2


A and B represent the results of positive clone sequencing of pHSE401-sgRNA-1 and pHSE401-sgRNA-2，respectively. The shadow part represents the sequence of sgRNA, and the flanking sequence is the partial carrier sequence of pHSE401.
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Fig.3 : The gene editing construct and editing detail of CsGCN5-mutant. 


(A) The construct ( pHSE401-sgRNA )used in CRISPR/Cas9 technology. Vertical lines indicate Bsa Ⅰ restriction sites; RB and LB, Right border of T-DNA and Left border of T-DNA,respectively; U6-26p-Arabidopsis U6 gene promoters；CaMV 35S promoter: Cauliflower mosaic virus(CaMV) 35S prometer; Hyg: Hyg gene; (B) Gene editing analysis of sgRNA-1 and sgRNA-2. Exon-intron display of the CsGCN5 gene and target site were also showed. The black bar represents the exons. The green bar represents the upstraeam/downstream; Blue letters represent the protospacer adjacent motif (PAM). Red letters represent the sgRNA sequence; (C) Sequences in sgRNA from P104 plant and corresponding region of the sequencing chromatograms. Sequences in black box and underlined nucleotides represents target sites and PAM sequences for the sgRNAs. The red arrow indicate the mutational base. (D) Phenotypes of the mutant generated from the CRISPR/Cas9 targeting.








