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Abstract

:

The CLE family (CLAVATA3/embryo surrounding region-related), a class of small secreted proteins, play important roles in plant development and stress responses. Members of the CLE family have been characterized in a number of plant species, including Arabidopsis and rice. However, limited information is available about CLE peptides in tobacco (Nicotiana tabacum) and related Nicotiana species. Here we report the identification of 84 CLE family members in three Nicotiana species based on sequence similarity. The newly identified CLE members, including 41 from N. tabacum, 19 from N. sylvestris, and 24 from N. tomentosiformis, together with 32 CLEs from Arabidopsis and 52 CLEs from tomato, formed 9 subgroups in a phylogenic tree. The unbalanced distribution of the Nicotiana CLEs in the subgroups suggested potential preferential gene family expansion during evolution. Expression of the NtCLE genes was analyzed and a number of the NtCLEs showed induced expression upon abiotic stress treatments. Synthetic peptides of several NtCLEs, when applied to detached tobacco leaf discs, were able to increase plants’ tolerance to osmotic and salinity stresses, suggesting potential roles of CLE peptides in the stress responses of tobacco.
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1. Introduction


Plant hormones are involved in the regulation of plant growth, development, senescence, stress responses, and other physiological processes. Traditional phytohormones are endogenous small molecules derived from secondary metabolism which are often present at very low concentrations. Small peptides derived from gene-encoded proproteins have also been characterized as signaling molecules similar to phytohormones [1]. Plant signaling peptide was first reported in tomato (Lycopersicon esculentum) in 1991 when systemin was identified as a hormonal peptide [2]. A large number of signaling peptides (or peptide hormones) from various plant species have been identified and characterized since then [3,4,5,6,7]. It is generally believed that plant peptide hormones are a class of mature peptide molecules with a length of fewer than 100 amino acids and special functions, and their concentrations are usually very low in plant cells [8,9].



The CLAVATA3/embryo surrounding region-related (CLE) gene family is one of the largest families encoding plant signaling peptides. CLE peptides are also the most studied group of plant peptides in the past decade. The first CLE gene was reported to be an endosperm-specific gene in maize in 1997, and the name was taken from two genes in the same family, CLAVATA3 (CLV3) from Arabidopsis [10] and embryo surrounding region (ESR) from maize [11]. CLE family members have been reported to participate in a variety of physiological and developmental processes in plants, and play an important role in regulating cell-to-cell communication [12,13].



Including CLV3, in Arabidopsis there are 32 CLE genes encoding CLE precursor proteins. In addition, 52 SlCLE genes from tomato [14], 41 CLE genes from potato (Solanum phureja DM-1-3 516R44) [15], 45 BnCLE genes from Brassica napus [16], 50 PtCLEs from Populus trichocarpa [17], 93 GhCLE genes from cotton [18], 26 CLE genes from cucumber [19], and 104 TaCLE genes from wheat [20] have been identified at the genome level. The CLE proproteins have a similar structure, typically with fewer than 100 amino acids, consisting of an N-terminal signal peptide (SP) of 15–69 amino acids, followed by a variable domain of 40–99 amino acids with significant sequence diversity, and a conserved C-terminal CLE domain with 12–14 amino acids [9,21,22,23]. A few CLE precursor proteins have multiple CLE domains, and some CLE precursor proteins contain a C-terminal extension region composed of 1–150 amino acids [23,24]. The minimum length of a mature CLE peptide has been reported to be 12 amino acids, and the functional CLE motif was suggested to be released from the CLE precursor protein via the function of a peptidase [9,25,26]. Fiers et al. showed that the deletion of most flanking sequences of the conserved CLE domain did not affect the function of the CLE peptide [27]. Domain exchange and deletion experiments with CLV3 showed that the signal peptide and CLE domain play a key role in the function of CLE proteins [28,29].



CLE peptide ligands assist in different processes by interacting with different receptor kinases. In Arabidopsis, CLV3 is the most widely studied CLE peptide; it regulates the homoeostasis of stem cell division and differentiation in the shoot apical meristem (SAM) by suppressing the expression of transcription factor WUSCHEL (WUS) [10,30]. CLV3 acts as a ligand to activate the CLV1/CLV2 receptor complex to transmit CLV3 signals [30,31,32]. Similarly, CLE40 functions in maintaining the root apical meristem (RAM) via binding to the receptor ACR4 and suppressing the expression of WUSCHEL-related homeobox5 (WOX5) [33,34]. In vascular tissues, the tracheary element differentiation factor (TDIF) peptides encoded by CLE41, CLE42, and CLE44 regulate the expression of WOX4 by binding to the TDR/PXY receptor, stimulating cell proliferation and suppressing the differentiation of vascular elements [35,36].



In addition to stem cell division and differentiation, CLE peptides have also been characterized as being involved in several other processes. Zhang et al. reported that CLE14 peptides assist in the suppression of leaf senescence by regulating ROS homeostasis in Arabidopsis [37]. Thereafter, CLE42 has also been characterized as regulating senescence by communicating with the ethylene pathway [38]. A number of studies have indicated the regulatory role of CLE peptides in plants’ responses to abiotic stresses. The Arabidopsis CLE45-SKM1/SKM2 signaling pathway plays an important role in ensuring the normal mutual recognition of pollen and stigma at high temperature [39]. CLE25 peptides can be produced in roots under water deficit conditions, and the peptides move from roots to leaves through vascular bundles, regulating the accumulation of abscisic acid and inducing stomatal closure by binding to the BAM receptors in leaves [40]. Another study also showed that CLE9 peptides play a regulatory role in inducing stomatal closure. Exogenous application of CLE9 peptides or overexpression of CLE9 led to stomatal closure and enhanced osmotic stress tolerance, whereas CLE9 loss-of-function mutants were sensitive to osmotic stress [41]. Under the condition of N deficiency, the transcription level of CLE1/3/4/7 in roots increases. The receptor kinase CLV1 located in the phloem senses the CLE3 signal and inhibits the development of lateral roots [42]. Under the condition of sulfur (S) deficiency, the transcription levels of CLE2 and CLE3 in roots are repressed, resulting in a reduction in lateral root density [43]. CLE14 mediates low phosphorus stress signals in roots, triggering RAM differentiation through the CLV2/PEPR2 receptors, inhibiting primary root growth [44].



Tobacco (Nicotiana tabacum L.) is an important cash crop widely grown in the world. It also plays an important role in plant molecular biology as a model plant and can be used as a bioreactor for vaccine production [45,46]. In addition, due to the huge biomass of tobacco, it has been studied as a potential bioenergy plant [47,48]. Although CLE peptides have been studied in a large number of plant species, such as Arabidopsis, rice, tomato, and poplar, the CLE gene family in tobacco has not been reported. Tobacco is an allotetraploid (2n = 48) species originating through hybridization and chromosome doubling of N. sylvestris (2n = 24) and N. tomentosiformis (2n = 24), with a 4.5 Gb genome and more than 70% repetitive sequences [49,50]. In this study, the CLE genes of N. tabacum, N. sylvestris, and N. tomentosiformis were identified by comparing the published CLE peptide sequences of Arabidopsis and tomato, and the bioinformatics analysis of their gene structure, expression pattern, and protein characteristics were carried out. In addition, the CLE peptides (12 amino acids) identified in tobacco were synthesized, and their roles in osmotic stress and salinity stress of tobacco were determined through exogenous application. Several CLE peptides that can improve tolerance to osmotic stress and salinity stress in tobacco were identified.




2. Materials and Methods


2.1. Plant Materials


Common tobacco (N. tabacum) variety K326 was used for all analyses in this study. Tobacco plants were grown in a growth room at 23 °C with 16 h of light and 8 h of dark in a daily cycle.




2.2. Identification of Tobacco CLE Proteins and Protein Feature Analysis


The genome sequences of N. tabacum, N. sylvestris, and N. tomentosiformis were searched via BLASTP and TBLASTN in the China Tobacco Genome Database (http://218.28.140.17/, accessed on 1 January 2020), the database is not publicly available) using the protein sequences of 32 AtCLEs and 52 SlCLEs [14,51] as queries. Genes with E values ≤ 10−10 were selected as candidate CLE genes. The protein sequences of obtained tobacco CLE candidate genes were used as new queries to search the databases repeatedly until no new candidates were found. Finally, genomic sequences, CDS sequences, and protein sequences of the candidate genes were obtained.



The N-terminal signal peptide prediction of tobacco CLEs was performed using the online prediction tool SignaIP4.1 Sever (https://services.healthtech.dtu.dk/services/SignalP-4.1/, accessed on 1 January 2020). The conserved CLE domain was analyzed via the online software MEME (https://meme-suite.org/, accessed on 1 January 2020). The maximum number of discoveries was set to five, and the other parameters were the default values. Physical and chemical characteristics of the tobacco CLEs were analyzed using the ExPASy Proteomics Server software (http://www.expasy.org/, accessed on 1 January 2020). The online prediction tool GSDSv2.0 (http://gsds.cbi.pku.edu.cn/, accessed on 1 January 2020) was used to analyze and map the gene structure of the tobacco CLE genes.




2.3. Multiple Sequence Alignment and Phylogenetic Analysis


Multiple sequence alignment of tobacco CLE protein sequences was performed using the MEGA7.0 software [52]. A phylogenetic tree was constructed by MEGA7.0 using the sequences of the CLE motifs. The maximum-likelihood algorithm was used, and the bootstrap replications were set to 500.




2.4. Expression Analysis of Tobacco CLE Genes


For gene expression analysis in different tissues, total RNA was extracted from whole plants at the seedling stage (4–5 true leaves) and from roots, stems, leaves, flowers, and fruits of mature plants (60 d old).



For gene expression analysis under stressed conditions, plants with 4 true leaves were subject to liquid culture treatments containing MS for the control, 300 mM mannitol in MS for osmotic stress, or 150 mM NaCl in MS for salinity stress. Samples were harvested 0, 1, 3, and 6 h after treatments. Leaf samples from 9 plants in each treatment group were used for RNA extraction.



Total RNA was extracted using the TRIzol reagent (Invitrogen, Shanghai, China) and first-strand cDNA was synthesized from 1 μg of total RNA using the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme, Q312, Nanking, China) according to the manufacture’s instructions. qRT-PCR was carried out on a Thermal Cycler Block 7500 (ABI) using the ChamQ SYBR® qPCR Master Mix (Vazyme, Q311). The primers were designed according to the CDS sequence of CLE genes in N. tabacum. The means of three biological and technical replicates were analyzed. The tobacco actin gene Ntab0037910 was used as an internal control in qPCR. The primer sequences are listed in Table S1 (Supplementary Materials). Relative expression levels were normalized using the housekeeping gene actin. The results were analyzed via the 2−ΔΔCt method. IBM SPSS Statistics 25 was used as the statistical analysis software, and the ANOVA test was used to determine the significance of difference. Multiple comparisons were performed using the Waller–Duncan and LSD tests.




2.5. Exogenous Application of Synthetic NtCLE Peptides under Osmotic Stress and Salinity Stress Conditions


NtCLE peptides with a purity of >90% were synthesized by the Biology Corporation of GenScript, Nanjing, China, and dissolved in sterilized ddH2O before use. Leaf discs were prepared from middle leaves of 60 d old tobacco plants grown in a greenhouse. Detached leaves were cut into small discs with diameters of 1.5 cm and incubated on filter paper in Petri dishes with ddH2O, 300 mM mannitol, or 150 mM NaCl. NtCLE peptides were added to the treatments at a concentration of 1 µM to test their effects on plants’ stress tolerance. Pictures were taken and tissues were harvested for analysis 4 d and 8 d after treatments. The chlorophyll content and Fv/Fm ratio were determined as described previously [53]. Three biological replicates were done for each treatment.





3. Results


3.1. Identification and Sequence Analysis of CLE Proteins in Three Nicotiana Species


Using the CLE protein sequences in Arabidopsis and tomato, eighty-four CLE genes were identified in the three Nicotiana species studied, including forty-one CLE genes from N. tabacum, nineteen CLE genes from N. sylvestris, and twenty-four CLE genes from N. tomentosiformis, named NtCLE1~NtCLE41, NsyCLE1~NsyCLE19, and NtomCLE1~NtomCLE24, respectively (Table 1). The physical and chemical characteristics of the Nicotiana CLEs were analyzed (Table 1). The average length of the CLE proteins is 94.41463 amino acids, with the longest NtCLE6 and the shortest NtCLE5 consisting of 176 and 51 amino acids, respectively. The maximum and minimum molecular weights are 19,906.78 and 5321.6 Da, respectively. NtCLE41 has the lowest isoelectric point of 5.66 and NtCLE18 has the highest isoelectric point of 12.13, with an average isoelectric point of 9.89 between all the Nicotiana CLEs, indicating that these CLE proteins are alkaline. Signal peptide prediction using SignalP revealed that 28 NtCLEs, 10 NsyCLEs, and 12 NtomCLEs contain a signal peptide structure, suggesting that most of them are secreted proteins. The hydrophilicity of all the Nicotiana CLE proteins is negative, indicating that they are hydrophilic proteins. Instability index analysis indicated that the majority of the Nicotiana CLE proteins are unstable (index > 40). The aliphatic index of the CLE family proteins was 79.82 on average, ranging from 38.87 for NsylCLE3 to 106.95 for NtCLE36, suggesting large variations in thermo-stability among Nicotiana CLE proteins (Table 1). The coding sequences in eleven of the forty-one NtCLEs are interrupted by one or two introns (Figure 1).



The sequence characteristics of the 84 Nicotiana CLE proteins were analyzed using MEME online software, and 4 conserved motifs were identified (Figure 2A–C). Among them, Motif1, which contains the core functional sequence of the CLE peptide, is present at the C-termini of all 84 Nicotiana CLE proteins. By comparing the protein sequences of AtCLEs, SICLEs, and NtCLEs, the twelve conserved amino acids of CLE proteins in common tobacco, representing the CLE domain, were identified (Figure 2A). A sequence logo was built for tobacco CLE motifs to visualize the conserved residues, among which 5 residues including R (1), V (3), P (4), G (6), and P (9) are almost invariant over the whole NtCLE family. Residues at the other positions in the CLE domain are relatively variable, including positions 2, 5, 8, and 10 (Figure 2B). Some of the signature amino acids of CLE motifs in other plant species are also conserved in NtCLEs [9,23].




3.2. Phylogenetic Analysis and Categorization of Nicotiana CLE Proteins


A phylogenetic tree of 32 CLEs from Arabidopsis, 52 CLEs from tomato, and 84 CLEs from the 3 Nicotiana species was constructed through the neighbor-joining method using the MEGA7.0 software (Figure 3). These CLE proteins were divided into 9 sub-groups, namely, Groups A, B, C, D, E, F, G, H, and I. Some subgroups contain more CLE members, such as Group B (28 CLEs), Group E (28 CLEs), Group G (45 CLEs), and Group I (35 CLES), while Groups C, D, and H are relatively small subgroups, with only 2, 2, and 3 CLEs, respectively. Some of the subgroups contain more CLE members from the Nicotiana species. For example, there are 25 Nicotiana CLEs out of the 45 Group G members and 25 out of 35 CLEs are from Nicotiana species in Group I. It’s interesting to note that the NtomCLEs showed an unbalanced distribution among the subgroups. For example, Group A contains 5 NtomCLEs out of the 9 subgroup members, while Groups C and D do not contain any NtomCLEs. CLEs from N. sylvestris are mainly found in Groups B, G and H, containing 4, 6, and 4 NsylCLEs, respectively. Groups A, C, D and E did not contain NsylCLE genes. For N. tabacum, Group B (9), Group G (12), and Group I (10) contain more NtCLEs, while Groups A and F do not have any NtCLEs (Figure 3). As ancestor species of allotetraploid N. tabacum, diploid species N. sylvestris and N. tomentosiformis showed unbalanced distributions of CLEs among the subgroups, suggesting potential preferential gene family expansion during evolution. A number of the CLE genes from Arabidopsis and tomato have been characterized as being involved in plant development and stress response [1,13]. Biological functions of the Nicotiana CLEs can be partially predicted based on their sequence similarity to known CLE peptides.




3.3. Expression of Tobacco CLE Genes in Different Tissues


Since the function of NtCLEs is often dependent on precise expression in specific locations, the expression of the 41 NtCLE genes in various tissues, including roots (from 20-day-old seedlings), stems (at the bolting stage), leaves (from 20-day-old seedlings), flowers, 14-day-old fruits, and whole plants at the seedling stage, were analyzed using qRT-PCR. Expression of the NtCLE genes showed significant differences in different parts of tobacco plants (Figure 4). Among the NtCLE genes, expression of NtCLE2, NtCLE16, NtCLE24, NtCLE26, and NtCLE27 was detected in all tested tissues. NtCLE11 seemed to be expressed specifically in leaves, but not in the other tested tissues. Expression of NtCLE11, NtCLE21, NtCLE25, and NtCLE32 was not detectable in roots. Expression of NtCLE1, NtCLE11, NtCLE12, and NtCLE32 was not detected in stems. Expression of NtCLE4, NtCLE17, and NtCLE22 was not detected in leaves. Expression of NtCLE11 and NtCLE31 was not detected in flowers and fruits (Figure 4).




3.4. Expression of Tobacco CLE Genes in Response to Stress Treatments


We further analyzed the expression levels of the NtCLE genes under different stress treatments via qRT-PCR. The results showed that several NtCLE genes showed differential expression in response to stress treatments (Figure 5). The expression levels of NtCLE3, NtCLE12, NtCLE16, and NtCLE29 continuously increased under osmotic stress, reaching the highest level 6 h after treatments. On the other hand, the expression of NtCLE15, NtCLE18 and NtCLE27 decreased continuously under osmotic stress treatments (Figure 5A). The expression of NtCLE12 and NtCLE41 increased gradually under salinity stress treatments, and NtCLE37 was down-regulated by salinity treatments (Figure 5B). Under salinity stress, NtCLE18 was upregulated 1 h after treatments and down-regulated afterward (Figure 5B). The NtCLEs showing differential expression after stress treatments are likely to be involved in stress responses of tobacco.




3.5. Function of NtCLE Peptides in Response to Osmotic Stress and Salinity Stress in Tobacco


To mimic mature plants grown under stress conditions in the field, we used leaf disc treatments in evaluating the stress responses of tobacco plants. Suitable concentrations of NaCl and mannitol were determined in pre-experiments mimicking salinity and osmotic stresses. To test the effects of CLE peptides on stress tolerance, synthetic peptides were added into Petri dishes with 1.5 cm-diameter leaf discs incubated in 15 mL of 150 mM NaCl or 300 mM mannitol for stress treatments (Figure S1).



The results showed that after 4 days’ mannitol treatments, in comparison with mock treatments, the leaf discs started showing chlorophyll loss, and more profound leaf yellowing was observed 8 days after osmotic stress treatments (Figure 6). The treamtns co-inoculating with NtCLE29 or NtCLE12 peptides were able to significantly delay the osmotic stress-induced yellowing process of the leaf discs (Figure 6A,B). Exogenous addition of NtCLE4 peptides, however, did not have significant effects on the osmotic stress responses of the leaf discs (Figure 6C). The leaf-yellowing phenotypes of different treatments were well reflected by chlorophyll contents and photosynthetic rates represented by the Fv/Fm ratio.



For salinity stress treatments, significant leaf yellowing was observed 4 d after treatments. Among the three peptides tested, NtCLE12 showed a significant effect in delaying salt-induced chlorophyll loss in leaf discs (Figure 7).





4. Discussion


Compared to peptide signals in animals, research in plant peptides is lagging. However, in the past twenty years, with the further development of genetics and molecular biology, plant peptides have drawn much attention, and significant progression has been made in the identification and characterization of plant peptides and in related signal transduction [1,13]. CLE peptides are the largest family of peptide signals identified in plants by far [1,12]. CLE family members have been characterized as being involved in a large number of developmental and stress response processes through mediating intercellular signal transduction [12,13].



In this study, 84 CLE genes were identified in three Nicotiana species, including forty-one from N. tabacum, nineeteen from N. sylvestris, and twenty-four from N. tomentosiformis. The Nicotiana CLEs were compared with CLE proteins from Arabidopsis and tomato through sequence alignment and phylogenetic analysis, and all the CLE proteins were classified into 9 subgroups. Gene expansion in certain subgroups was revealed by the unbalanced distribution of Nicotiana CLEs in different subgroups (Figure 3).



The CLE domain of CLE family members in N. tabacum was found to be highly conserved (Figure 2). Fiers et al. showed that most of the flanking sequences of the CLE domain in the CLV3 gene were deleted without affecting the function of CLV3 [27]. Further studies showed that the treatment of Arabidopsis seedlings with synthetic CLE peptides reduced the root apical meristem and inhibited root growth, showing a phenotype similar to the overexpression of CLE genes [25,26]. In addition, studies have found that ectopic expression of CLE19 and CLE40 in Arabidopsis roots can promote the differentiation of root apical meristem stem cells, and the in vitro application of CLE19 and CLE40 peptides has the same effects [54,55]. These studies have shown that the core sequence of twelve amino acids in the CLE domain is the true active form of the CLE proteins and the smallest structural form required for their functions [56,57,58]. In this study, by comparing the twelve amino acid core domain of tobacco CLEs with other species, it was found that eight residues within the CLE motif sequences were more conservative (Figure 2B), which is similar to CLE domain sequences from other plant species [9,23].



Osmotic stress and salinity are abiotic stress factors affecting plant growth and crop yield [59]. Studying the mechanisms of plants’ responses to osmotic stress and salinity for the improvement of agricultural production and ecological harmony is of great significance. At present, many genes related to osmotic stress tolerance and salinity stress tolerance in plants have been cloned and used in transgenic technology for increasing stress tolerance in crops [59]. As important regulatory signals in stress response, synthetic peptides can be applied to plants to improve stress tolerance without genetic modification of the plants.



Several plant peptide signals have been characterized as being involved in stress responses [7,13,60]. In addition to CLE members CLE25, CLE9, and CLE14, which function as regulators of stress tolerance in Arabidopsis [37,40,41], members in the CEP family [61], RALFL family [62], Pep family [63], CAPE family [64], PIP family [65], and SCREW family [66] have been reported to be involved in plants’ responses to abiotic stresses. Chemically synthesized peptides with regulatory roles in stress responses can be potentially used as plant protection agents to improve stress tolerance. In a recent study, StPep1 peptides were synthesized in Bacillus subtilis, and the application of the biosynthesized peptides promoted potato resistance against root-knot nematodes [67]. The biosynthetic approach of producing peptides significantly reduced costs, and this could greatly foster the use of peptide agents in agriculture. In this study, the exogenous application of CLE peptides enhanced tobacco’s tolerance to osmotic stress and salinity (Figure 6 and Figure 7). These peptides can be potentially used in tobacco production for agricultural improvement.




5. Conclusions


Through genome-wide analysis, we identified 41 NtCLE genes, 19 NsylCLE genes, and 24 NtomCLE genes from three Nicotiana species. Phylogenic analysis showed that the Nicotiana CLEs, together with CLEs from Arabidopsis and tomato, could be divided into 9 subgroups. A number of NtCLEs showed differential expression upon osmotic stress and salinity treatments. Synthetic peptides of several NtCLEs improved stress tolerance of tobacco leaf discs when exogenously applied.
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Figure 1. Schematic diagram of the genomic structures of common tobacco CLE family members (exons are shown as green boxes and introns are shown as grey lines). 
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Figure 2. Characteristics of the tobacco CLEs. (A) Multiple sequence alignment of tobacco CLE proteins. The conserved CLE domains are marked in the red box. (B) Weblogo of conserved motifs identified in tobacco CLEs. The height of the bars indicates the number of identical residues per position. (C) Conserved motifs of tobacco CLEs. 
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Figure 3. Phylogenetic analysis of Nicotiana CLEs, AtCLEs, and SICLEs. The tree was generated from the aligment of the CLE motifs of all the CLE proteins from Arabidopsis, tomato, and three Nicotiana species. The 9 distinct identity subgroups are shown by colored branches. Homoeologous genes consistently cluster together with high confidence (indicated by high bootstrap values). The 9 subgroups (Group A–I) were assigned based on clustering in the tree, in addition to sequence similarity. The tree is shown with bootstrap confidence values expressed as a percentage from 500 bootstrap replications. 
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Figure 4. Expression of representative NtCLEs in different tissues. WP is an abbreviation of “whole plant at the seedling stage”. Different lowercase letters indicate significant differences at the level of p = 0.05. 
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Figure 5. qRT-PCR analysis of NtCLEs under different stress treatments. (A) Osmotic stress treatments. (B) Salinity treatments. Different lowercase letters indicate significant differences at the level of p = 0.05. 
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Figure 6. The role of CLE peptides in osmotic stress responses. Tobacco leaf discs were used in tesing whether the synthesized CLE peptides have an effect on tobacco osmotic stress tolerance. Pictures in the left column (A1,E1,I1) (A2,E2,I2) (A3,E3,I3) represent the results of adding ddH2O as a control. Pictures in the second column (B1,F1,J1) (B2,F2,J2) (B3,F3,J3) represent the results of adding 300 mM mannitol only, and pictures in the third column (C1,G1,K1) (C2,G2,K2) (C3,G3,K3) represent the results of adding 300 mM mannitol plus 1 µM of peptide. Pictures in the fourth column (D1,H1,L1) (D2,H2,L2) (D3,H3,L3) represent the results of adding 1 µM of peptide only. Photographs were taken 0 days (A1–D1) (A2–D2) (A3–D3), 4 days (E1–H1) (E2–H2) (E3–H3), and 8 days after treatments (I1–L1) (I2–L2) (I3–L3). NtCLE29 (HVVPGGPDPLHN). NtCLE12 (RLVPTGPNPLHH). NtCLE4 (RRVPTGPNAIHN). Different lowercase letters indicate significant differences at the level of p = 0.05. 
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Figure 7. The role of CLE peptides in salinity stress responses. Tobacco leaf discs were used in tesing whether the synthesized CLE peptides have an effect on tobacco salinity stress tolerance. Pictures in the left column (A1,E1) (A2,E2) (A3,E3) represent the results of adding ddH2O as a control. Pictures in the second column (B1,F1) (B2,F2) (B3,F3) represent the results of adding 150 mM NaCl only, and pictures in the third column (C1,G1) (C2,G2) (C3,G3) represent the results of adding 150 mM NaCl plus 1 µM of peptide. Pictures in the fourth column (D1,H1) (D2,H2) (D3,H3) represent the results of adding 1 µM of peptide only. Photographs were taken 0 days (A1–D1) (A2,D2) (A3,D3) and 4 days after treatments (E1–H1) (E2,H2) (E3.H3). NtCLE29 (HVVPGGPDPLHN). NtCLE12 (RLVPTGPNPLHH). NtCLE4 (RRVPTGPNAIHN). Different lowercase letters indicate significant difference at the level of p = 0.05. 
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Table 1. Detailed characteristics of tobacco CLEs.
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	Gene Number
	Protein ID
	Number of Amino Acids
	Molecular Weight
	Theoretical pI
	Signal Peptide
	Grand Average of Hydropathicity
	Instability Index
	Aliphatic Index





	NtCLE1
	Ntab0794960.1
	94
	10,569.39
	11
	Yes
	−0.251
	65.2
	95.43



	NtCLE2
	Ntab0439970.1
	94
	10,514.36
	10.7
	Yes
	−0.22
	57.61
	98.51



	NtCLE3
	Ntab0614790.1
	94
	10,575.46
	9.78
	Yes
	−0.029
	89.44
	101.7



	NtCLE4
	Ntab0869460.1
	83
	9544.96
	10.38
	No
	−0.846
	28.37
	75.3



	NtCLE5
	Ntab0636720.1
	51
	5408.03
	9.96
	No
	−0.835
	32.44
	51.57



	NtCLE6
	Ntab0578590.1
	176
	19,906.78
	10.42
	No
	−0.226
	35.31
	98.64



	NtCLE7
	Ntab0047380.1
	158
	17,155.33
	9.27
	No
	−0.833
	43.2
	59.87



	NtCLE8
	Ntab0059110.1
	106
	11,922.76
	10.65
	Yes
	−0.283
	51.84
	87.45



	NtCLE9
	Ntab0437050.1
	107
	12,226.19
	11.67
	No
	−0.388
	47.97
	80.84



	NtCLE10
	Ntab0468120.1
	90
	10,261.69
	10.28
	No
	−0.906
	40.71
	68.33



	NtCLE11
	Ntab0806210.1
	109
	12,760.83
	9.84
	No
	−0.413
	42.42
	84.86



	NtCLE12
	Ntab0572710.1
	111
	12924
	10
	No
	−0.456
	43.77
	85.14



	NtCLE13
	Ntab0797810.1
	105
	11,621.32
	10.03
	Yes
	−0.319
	34.72
	78



	NtCLE14
	Ntab0422310.1
	105
	11,621.32
	10.03
	Yes
	−0.319
	34.72
	78



	NtCLE15
	Ntab0788230.1
	121
	13,530.58
	9.08
	Yes
	−0.401
	78.93
	70.99



	NtCLE16
	Ntab0955370.1
	81
	8988.41
	6.25
	Yes
	−0.125
	59.97
	75.8



	NtCLE17
	Ntab0954490.1
	86
	10,045.67
	10.28
	Yes
	−0.655
	69.63
	79.3



	NtCLE18
	Ntab0467670.1
	86
	10,045.67
	10.28
	Yes
	−0.655
	69.63
	79.3



	NtCLE19
	Ntab0710930.1
	93
	10,708.6
	11.49
	No
	−0.59
	59.28
	79.57



	NtCLE20
	Ntab0916110.1
	93
	10,716.71
	11.67
	No
	−0.427
	67.77
	87.96



	NtCLE21
	Ntab0110010.1
	71
	8186.58
	10.17
	Yes
	−0.362
	79.04
	76.9



	NtCLE22
	Ntab0776730.1
	71
	8439.04
	10.28
	Yes
	−0.306
	71.19
	85.21



	NtCLE23
	Ntab0923360.1
	71
	7813.12
	12.31
	Yes
	−0.132
	64.43
	89.3



	NtCLE24
	Ntab0197240.1
	72
	8023.35
	12.01
	Yes
	−0.072
	72.18
	85.42



	NtCLE25
	Ntab0962310.1
	78
	8993.41
	11.64
	Yes
	−0.397
	56.85
	65.13



	NtCLE26
	Ntab0934300.1
	78
	8929.43
	12.13
	Yes
	−0.253
	53.37
	65.49



	NtCLE27
	Ntab0086070.1
	83
	9162.92
	12.02
	Yes
	−0.089
	60.33
	76.39



	NtCLE28
	Ntab0219740.1
	95
	10,837.58
	10.42
	Yes
	−0.653
	44.29
	68.95



	NtCLE29
	Ntab0218060.1
	88
	9559.11
	9.87
	No
	0
	39.07
	95.45



	NtCLE30
	Ntab0643500.1
	79
	8823.01
	6.23
	Yes
	−0.227
	79.73
	92.53



	NtCLE31
	Ntab0293510.1
	85
	9889.42
	9.69
	Yes
	−0.307
	62.75
	82.59



	NtCLE32
	Ntab0933210.1
	93
	10,837.71
	10.06
	Yes
	−0.328
	28.71
	85.91



	NtCLE33
	Ntab0701160.1
	106
	11,238.62
	8.14
	Yes
	−0.179
	30.5
	73.77
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