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Abstract: Fruit spine is an important quality trait of cucumber. To better understand the molecular basis of cucumber spine development and function, RNA-Seq was performed to identify differentially expressed genes (DEGs) in fruit spines of different development stages, namely, 8 days before anthesis (SpBA8), anthesis (SpA) and 8 days after anthesis (SpAA8). Stage-wise comparisons obtained 2,259 (SpBA8 vs. SpA), 4,551 (SpA vs. SpAA8), and 5,290 (SpBA8 vs. SpAA8) DEGs. All the DEGs were classified into eight expression clusters by trend analysis. Among these DEGs, in addition to the Mict, Tril, CsTTG1, CsMYB6, NS, and Tu genes that have been reported to regulate fruit spine formation, we found that the CsHDG11, CsSCL8, CsSPL8, CsZFP6 and CsZFP8 may also be involved in spine development in cucumber. Our study provides a theoretical basis for further research on molecular mechanisms of spine development in cucumber.
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1  Introduction

Plant trichomes, existed in almost all overground parts of terrestrial plants, are specialized epidermal appendages [1]. Depending on the morphology, trichomes can be divided into unicellular or multicellular, branched or unbranched, and glandular or non-glandular. Trichomes participate in a multitude of defence mechanisms to protect plants against biotic and abiotic stress such as drought, heat, insect predation and UV light [2].

Trichomes in Arabidopsis are large unicellular structures and the regulatory mechanisms of trichome development have been well studied. The GLABRA1 (GL1), encoding an R2R3 MYB transcription factor, plays a critical role in trichome initiation [3]. TRANSPARENT TESTA GLABRA1 (TTG1), a WD40 repeat protein, is essential for trichome formation [4]. Two bHLH regulators, GLABRA3 (GL3) and ENHANCER OF GLABRA3 (EGL3), formed a MYB–bHLH–WD repeat complex with GL1 and TTG1 [5]. This regulatory complex can activate the expression of GLABRA2 (GL2) and TRANSPARENT TESTA GLABRA2 (TTG2) to promote trichome initiation [6].

Cucumber (Cucumis sativus) is a major vegetable crop worldwide. The tubercules and trichomes (called spines) on its fruit are important traits that directly affect the appearance quality of fruit. Spines are composed of a base and a stalk [7]. Tubercules are formed by several layers of cells that lie near the spine base [8,9]. To date, several genes related to spines development in cucumber have been reported. The Cucumber GLABROUS3 (CsGL3), also called Trichome-less (Tril), encodes a homeodomain-leucine zipper (HDZip) family protein that plays a crucial role in the initiation of trichomes [10,11]. The Cucumber GLABROUS1 (CsGL1), also called Micro-trichome (Mict) and TINY BRANCHED HAIR (TBH), controls the development of trichomes in cucumber [12,13]. CsTTG1, a WD-repeat homolog protein, can directly interact with Mict to regulate the density of trichomes [14]. Tender spines (Ts) is involved in soft spine development in cucumber [15]. Tuberculate (Tu) encodes a C2H2 zinc finger transcription factor, which is required for the tubercule initiation. Tu binds directly to the CsTS1 promoter and promotes fruit tubercule formation in cucumber [9]. Yang et al. found that Tu not only affects the development of tubercule, but also regulates spine base size development by forming a complex with Mict and CsTTG1 [16].

Although extensive studies have been performed on cucumber spine, the initial differentiation and morphogenesis mechanism of spine are still unclear. To fully comprehend the transcriptional regulatory mechanism of cucumber spine development, we performed transcriptome analysis of spines in three stages and identified candidate genes responsible for the development of spine. Our study provides new insights into the regulatory molecular mechanisms of spine development in cucumber.

2  Materials and Methods

2.1 Plant Materials

The North China type cucumber inbred line WZ1 was used as plant material in the current study. First, the seeds of WZ1 were cultivated in plug trays under 16/8 h day/night conditions until two true leaves emerged. The seedings were then planted in a greenhouse of Shanghai Jiao Tong University under natural light conditions and were cultivated with standard horticultural conditions of watering and fertilizer management. The spines were collected from WZ1 cucumber fruits at approximately 8 days before anthesis (SpBA8), anthesis (SpA) and 8 days after anthesis (SpAA8) using fine tweezers. Among them, spines were isolated from cucumber fruit at SpBA8 under a dissecting microscope and spines from at least 10 fruits were pooled as one biological sample.

2.2 Scanning Electron Microscopy (SEM) Analysis

The cucumber fruits at approximately 8 days before anthesis, anthesis and 8 days after anthesis were fixed in a formaldehyde/acetic acid/ethanol (FAA) at 4°C approximately 24 h. The samples then dehydrated through an ethanol series (30%, 50%, 60%, 70%, 85%, 90%, 95%, and 100%) for 3 min at each step, critical-point dried with liquid CO2 and coated with gold palladium using Leica EM SCD050. Images were taken with an ALTO 1000 SEM (Gatan, USA).

2.3 RNA Extraction Library and Illumina Sequencing

We used OminiPlant RNA Kit (DNase I) (CWBIO, China) extracting the total RNA of fruit spines at DBA8, anthesis, and DAA8. Three biological replications were carried out for each developmental period. The quality and concentration of RNA was assessed. RNA concentration was measured using a Nanodrop 2000c Spectrophotometer (Thermo Scientific, USA) and the quality of the RNA was assessed with agarose gel electrophoresis. RNA-Seq sequencing was performed individually using Illumina HiSeq 2000 (Personal Biotechnology, China).

2.4 Analyses of RNA-Seq Data

Firstly, the raw reads were processed to obtain high quality clean reads through removing the adaptor sequences, ambiguous and low-quality reads. The clean reads from nine libraries were then mapped to the cucumber (Chinese Long) V2 reference genome using HISAT2 and the transcript abundance of each gene was normalized by fragments per kilobase of exon per million fragments mapped (FPKM) [17]. The R package DESeq was used to perform differentially expressed genes (DEGs) of three groups (SpBA8 vs. SpA, SpBA8 vs. SpAA8, SpA vs. SpAA8) on the basis of absolute log2 fold change > 1 and adjusted p-value ≤ 0.05. The trend analysis was performed by MeV (4.9). To further investigate these DEGs, GO and KEGG enrichment analyses were performed using the topGO package and KEGG database [18,19].

2.5 Quantitative Real-Time PCR (qRT-PCR)

First-strand cDNA was synthesized using a HiFiScript cDNA Synthesis Kit (CWBIO, China). qRT-PCR was implemented with the UltraSYBR Mixture (CWBIO, China) with a CFX96 Touch™ Real-Time PCR System. The cucumber CsACTIN2 (Csa6G484600) gene was selected as an internal control. Relative gene expression level of mRNA was analysed using the 2–ΔΔCT method [20]. All the primer sequences used for qRT-PCR were given in Table S1.

3  Result

3.1 Spine Phenotypic Analyses

To characterize the spine phenotype, we conducted a scanning electron microscopy (SEM) assay. When the fruit length was about 1 cm long (approximately 8 d before anthesis), the spine consisted of a sharp stalk on the top and an inconspicuous base (Fig. 1A). Subsequently, the spine base expanded rapidly and developed to the maximum at anthesis (Fig. 1B), after which the shape and size of spine remained relatively constant (Fig. 1C).
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Figure 1: The morphologic observation of fruit spines at approximately 8 days before anthesis (SpBA8) (A), anthesis (SpA) (B) and 8 days after anthesis (SpAA8) (C). (A1, B1, C1) The phenotype of fruit. (A2, B2, C2) SEM images of the spine. Bars, 0.5 cm (A1, B1); 2 cm (C1)

3.2 Sequencing and de novo Assembly

To understand the mechanism of fruit spine development in cucumber, nine transcriptome libraries were constructed from samples of SpBA8, SpA and SpAA8 groups. The data processing results were generalized in Table S2. After removing low-quality and primer/adapter containing reads, 51.39 Gb clean reads were generated with an average of 5.71 Gb per sample. The Q30 contents were 97.80%~98.03%. These data showed that the sequencing results were accurate. To evaluate the quality of the RNA-Seq data, the reads were mapped to cucumber (Chinese Long) V2 reference genome. Among them, 67.4%~95.4% clean reads in each sample were successfully mapped to the reference genome. The relatively low mapping rate in stage SpBA8 may be caused by the poor quality of RNA due to the smaller spines and the difficulty of sampling in that period.

To further validate the reliability of the transcriptome data, ten DEGs were selected and quantified through qRT-PCR. The results indicated that the expression patterns of the ten selected genes were consistent with those generated by RNA-Seq analysis (Fig. S1). Therefore, the qRT-PCR results confirmed that the transcriptome data were reliable.

3.3 Identification of Differentially Expressed Genes (DEGs) and Trend Analysis

To identify differentially expressed genes (DEGs) among spines at three different stages, the FPKM values of each gene was calculated (Fig. 2A). We identified a total of 6,831 DEGs, of which 2,259 DEGs were found in SpBA8 vs. SpA (1,005 upregulated, 1,254 downregulated) (Fig. 2A1, Table S3). 4,551 DEGs were found in SpA vs. SpAA8 (2,684 upregulated, 1,867 downregulated) (Fig. 2A2, Table S4). 5,290 DEGs were found in SpBA8 vs. SpAA8 (3,063 upregulated, 2,227 downregulated) (Fig. 2A3, Table S5). The results show that there is much difference during the three stages of fruit spine development. We than analyzed the trend and clustering of the DEGs in the samples from the three comparison groups. 6,831 genes were divided into eight clusters, namely, cluster 1–8 (Fig. 2B, Table S6). Clusters 1, 4 and 8 had the largest numbers of DEGs (1,471, 1,375 and 1,632, respectively).
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Figure 2: Volcano plot (A) and cluster analysis (B) of DEGs. (A1) SpBA8 vs. SpA. (A2) SpA vs. SpAA8. (A3) SpBA8 vs. SpAA8. The red dots indicate upregulated genes and the blue dots indicate downregulated genes. (B) Cluster analysis. The number of genes belonging to each pattern is indicated above the cluster. The genes in the red boxes represent the reported genes involved in spine development, while the genes in the blue boxes represent the genes that may regulate the formation of spine

Clusters 1, 2 and 4 included genes showing higher expression in SpBA8 stage, suggesting that the DEGs in the three clusters are mainly involved in the initiation of spines. Two important transcription factors for the initiation of spines, Tril and Mict, belong to clusters 1 and 2, respectively. We also found several genes in these clusters whose Arabidopsis orthologs are involved in the development of trichome, including two zinc finger proteins (ZFP6 and ZFP8), an R2R3 transcription factor (MYB16), and a squamosa promoter binding protein (SPL8) [21–23].

In clusters 3 and 7, the DEGs are highly expressed in SpA stage than in the other two stages. Clusters 5, 6 and 8 included genes showing higher expression in SpAA8 stage than in the other two stages. Notably, in cluster 8, the expression pattern of DEGs increases with the development of fruit spines. In this cluster, Tu gene regulates the development of spine and also determines the formation of tubercule. HOMEODOMAIN GLABROUS 11 (HDG11) and SCARECROW-LIKE 8 (SCL8) participate in trichome patterning in Arabidopsis [24,25], and their homologs in cucumber have similar expression patterns to Tu, suggesting that they may have similar function.

3.4 Functional Analysis

GO is a useful tool for the functional categorization of genes [26]. The DEGs in the fruit spine of SpBA8 vs. SpA, SpBA8 vs. SpAA8 and SpA vs. SpAA8 were annotated (Fig. 3, Table S7). GO terms included biological process (BP), cellular component (CC) and molecular function (MF), and the top 10 terms of the three categories are presented in descending order based on their p-value. The 310 GO terms were found to be significantly enriched with the DEGs of SpBA8 vs. SpA. The largest two subcategories in each of the BP, the cellular component CC, and the MF categories were ‘oxidation-reduction process’ and ‘anion transport’, the ‘membrane’ and ‘intrinsic component of membrane’, and the ‘oxidoreductase activity’ and ‘cofactor binding’, respectively (Fig. 3A). The DEGs in SpBA8 vs. SpAA8 and SpA vs. SpAA8 stage could be classified into 310 and 353 functional categories, respectively. The largest subcategories in these two stages were similar to the subcategories of SpBA8 vs. SpA (Figs. 3B and 3C).
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Figure 3: GO classification of DEGs. x-axis shows the number of DEGs in each category and y-axis shows the specific GO term. (A) SpBA8 vs. SpA. (B) SpA vs. SpAA8. (C) SpBA8 vs. SpAA8. The x-axis presents the number of DEGs in a category. The y-axis shows the specific GO term. The blue, orange and green histograms represent the biologic process, cellular component and molecular function, respectively

The pathway enrichment analysis of DEGs was annotated, and the top 20 KEGG pathways of the three comparison groups were displayed in descending order based on their Richness factor (Fig. S2, Table S8). The similar pathways of DEGs were observed in three groups, including ‘plant hormone signal transduction’, ‘phenylpropanoid biosynthesis’, ‘starch and sucrose metabolism’, ‘cysteine and methionine metabolism’ and ‘glutathione metabolism’.

3.5 Genes Related to Spine Development

Fruit spine is an important appearance quality of cucumbers, and extensive genes regulating fruit spine formation have been identified. To study the roles of these genes in different stages of fruit spine development, the expression levels of ten genes at different stages were analyzed (Fig. 4, Table S9). CsMYB6, Mict, Tril, NS, CsTTG1, these five genes were highly expressed in the SpBA8 stage spines. CsTS1, Ts and Tu were highly expressed in the SpA stage spines. Significantly, Tu gene was the only one highly expressed in spines at SpAA8 stage. However, the expression levels of CsHEC2 and CsTRY were lower in the three stages. The differential expression of these genes at three stages suggested their different functions during fruit spine development.
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Figure 4: Expression patterns of the genes related to spine development. Genes highly expressed in spines are colored red and genes slightly expressed in spines are colored blue

To date, phytohormones have been shown to play important role in regulating the development of trichomes [27]. In this study, the DEGs involved in signal transduction and response contain almost all main types of phytohormones (Table S10), including auxin, cytokinin (CTK), abscisic acid (ABA), gibberellin (GA), brassinolide (BR), jasmonic acid (JA), ethylene (ET) and salicylic acid (SA). Specifically, auxin and CTK-related processes contain the largest number of genes, 76 and 32, respectively, indicating their important function in the development of cucumber spine. The tomato Aux/IAA gene SlIAA15 (the homolog in cucumber, Csa1G397130) regulates trichome formation and axillary shoot development [28]. The auxin response factor genes SlARF3 (the homolog in cucumber, Csa6G518210) and SlARF4 (the homolog in cucumber, Csa6G106780) are involved in the formation of trichome and epidermal cells [29,30]. Previous studies have also reported that meristem genes may play a crucial role in the development of spine [7]. We found several DEGs regulating the activity of vegetative and reproductive meristems in Arabidopsis, including CTK-related genes cytokinin oxidase 1 (CKX1), CKX3, CKX5, CKX6 and the GA-related gene gibberellin 2-oxidase 2 (GA2OX2) [31–34].

4  Discussion

Cucumber is one of the most economically important vegetable crops in the world. Plants can be protected by trichomes from high temperature, excessive transpiration, UV light, pathogen infection and herbivore attack [2]. In cucumber, spines are still of important commercial quality. Although several key genes regulating spine development have been discovered, the initial differentiation and morphogenesis mechanism of spines are still unclear.

In this study, we sampled cucumber spines at three important development stages and measured the transcriptomics. Through quality assessment of clean datas, combined with qRT-PCR validation, we concluded that the sequencing data could be used to mine for fruit spine-related genes. Finally, 6831 genes were differentially expressed during spine development.

Transcription factors play an important role in plant trichome development. C2H2 zinc finger protein (C2H2-ZFP) was found to be involved in trichome formation in Arabidopsis [23]. The first-reported C2H2-ZFP that involved trichome initiation is GLABROUS INFLORESCENCE STEMS (GIS), which acts upstream of the complex (GL1-GL3-TTG1) to regulate inflorescence trichome initiation [35]. Subsequently, GIS2, GIS3, ZFP5 and ZFP6 were found to participate in regulating the density of trichome [36–38]. The HD-ZIP transcription factor is also critical in trichome development. GL2 is the first member of the HD-ZIP family identified to be involved in trichome development. In addition to GL2, a mutation of Arabidopsis HDG11 resulted in a decrease in the number of trichomes [24]. The Tril and Mict genes in cucumber play an important role in early spine development [11,39]. CsHDG11, whose expression increases consistently with spine development, is also likely to be involved in spine development [24]. R2R3MYB family members MYB106 and MYB16 can affect epidermal cell differentiation and trichome morphogenesis [22,40]. In cucumber, we found that CsMYB6 homologs from Arabidopsis MYB16 were highly expressed in the SpBA8 stage spines, and they play a key role in cucumber fruit spine formation [41].

In addition to transcription factors, the development of epidermal trichome is also regulated by a variety of plant hormones. C2H2-ZFPs GIS, GIS2, GIS3, ZFP5, ZFP6 and ZFP8 regulate epidermal hair initiation on floral organs by responding to GA and CTK signaling [23]. In cucumber, the physical interaction of Tu and CsHEC2 activates the expression of CTK hydroxylase-like1 gene (CsCHL1) [42]. Arabidopsis SPL8 acts as a positive regulator in GA-mediated trichomes density development [21]. We found CsSPL8 was significantly up-regulated in stage SpBA8, which may be involved in the GA-mediated spine development in cucumber.

In tomato, interfering with the Aux/IAA proteins SlIAA15 and SlARF3 both resulted in a decrease in the number of trichomes, suggesting that the auxin is also involved in the regulation of tomato trichomes [28,29]. In cucumber, NS encodes an auxin transport protein, and auxin levels in the spines were significantly lower and the density of fruit spines was significantly increased in the ns mutant [43]. We found a strong enrichment of categories involved in auxin-activated signaling pathway, but the expression of the NS gene did not change significantly in the three stages. However, another gene, CsTS1, can increase auxin levels in fruit tubercules, suggesting that it may respond to auxin signaling [8]. Lv et al. [44] analyzed the transcriptome of spines from cucumber fruits with a length of 0.2, 0.35, and 0.6 cm (approximately SpBA8). The number of DEGs related to the auxin response was the largest at different fruit spine developmental stages. This observation is consistent with the findings of this study, indicating that auxin may played a dominant role in the formation of cucumber spine.

The phytohormone ethylene has an important effect of promoting root hair growth. Ethylene induces root hair formation through activating the ethylene activated transcription factors EIN3/EIL1 and down-regulation of GL2 expression [45]. In cucumber, Mict can directly bind to the promoters of cucumber 1-Aminocyclopropane-1-Carboxylate Synthase (CsACS) genes and regulate their expression, which regulates the development of fruit spines by affecting ethylene accumulation [39]. JA treatment increases trichome density and number of Arabidopsis, whereas salicylic acid treatment has the opposite result [46]. In Artemisia annua, HOMEODOMAIN PROTEIN 1 (AaHD1) positively controls trichome initiation via the JA signalling pathway [47]. HOMEODOMAIN PROTEIN8 (SlHD8) is a downstream regulator of JA signaling that promotes trichome elongation in tomato [48]. The DEGs related to diverse phytohormone signaling pathways changed in this study, including auxin, CTK, ABA, GA, ET, JA, SA, and BR, suggesting that these phytohormones may play an important role in the spine development of cucumber.

Thus, we proposed a working model to explain the possible mechanisms of spine and tubercule development in cucumber (Fig. 5). During spine development, the Tril gene play an important role in spine initiation [10,11,49]. CsTTG1 directly interacts with Tu and Mict functions in spine differentiation [7,16]. Mict regulates spine development by promoting ethylene biosynthesis [39]. Besides, NS regulates the fruit spine density by promoting auxin biosynthesis. Genetic analyses showed that Tril is epistatic to Mict, and Mict is epistatic to NS and Tu [43]. During tubercule development, Tu binds directly to the CsTS1 promoter and promotes fruit tubercule formation through the auxin pathway [8]. CsHEC2 interacts with Tu and CsTTG1 to regulate fruit wart initiation by promoting CTK biosynthesis [42]. The genes CsZFP6, CsZFP8, CsHDG11, CsMYB6, CsSCL8 and CsSPL8, identified in this study, may also be involved in spine development, but their functions still need further validation.
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Figure 5: Working model of spine and tubercule development in cucumber

5  Conclusion

In this study, nine transcriptome libraries were constructed from samples of SpBA8, SpA and SpAA8 groups. Based on the comparative transcriptome analysis, 6831 DEGs were identified. A significant number of genes are involved in cucumber spine development. These results provide new insights into the regulatory molecular mechanisms of spine development and also contribute to breeding spineless cucumber varieties.
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Appendix:

Figure S1: qRT-PCR verification of ten differentially expressed genes (DEGs) from RNA-Seq. The relative expression level of each gene is expressed as the fold change among fruit spines at three stages in the RNA-Seq (blue bar) and qRT-PCR (red bar). Error bars represent the SD

Figure S2: The bubble chart of KEGG pathway enrichment

Table S1: Primers used for qRT-PCR

Table S2: Summary of sequenced RNA libraries

Table S3: List of identified DEGs identified in SpBA8 vs. SpA comparison

Table S4: List of identified DEGs identified in prickleless SpA vs. SpAA8 comparison

Table S5: List of identified DEGs identified in SpBA8 vs. SpAA8 comparison

Table S6: Clusters of DEGs

Table S7: GO enrichment analysis of DEGs identified in the pairwise comparisons

Table S8: KEGG enrichment analysis of DEGs identified in the pairwise comparisons

Table S9: List of DEGs involved in spine development of cucumber

Table S10: List of DEGs related to phytohormones
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