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Abstract

:

Plant-specific GRAS transcription factors play important roles in regulating growth, development, and stress responses. Castor beans (Ricinus communis) are important non-edible oilseed plants, cultivated worldwide for its seed oils and its adaptability to growth conditions. In this study, we identified and characterized a total of 48 GRAS genes based on the castor bean genome. Combined with phylogenetic analysis, the castor bean GRAS members were divided into 13 distinct groups. Functional divergence analysis revealed the presence of mostly Type-I functional divergence. The gene structures and conserved motifs, both within and outside the GRAS domain, were characterized. Gene expression analysis, performed in various tissues and under a range of abiotic stress conditions, uncovered the potential functions of GRAS members in regulating plant growth development and stress responses. The results obtained from this study provide valuable information toward understanding the potential molecular mechanisms of GRAS proteins in castor beans. These findings also serve as a resource for identifying the genes that allow castor beans to grow in stressful conditions and to enable further breeding and genetic improvements in agriculture.
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1. Introduction


The plant-specific GRAS gene family plays important roles in plant growth, development, and stress responses. The name GRAS is coined from the first three well-studied family members: GAI, RGA and SCR [1,2,3]. GRAS proteins typically range from 400–770 amino acid residues and contain a highly conserved sequence in their carboxyl termini. This conserved sequence is typically composed of several ordered motifs including LHR I, VHIID, LHR II, PFYRE, and SAW [4,5,6]. These conserved motifs significantly contribute to protein function [7,8], for instance, the mutation of PFYRE and SAW motifs in the RGA and SLR1 regions results in strong phenotypic changes in Arabidopsis [3,7]. The amino-termini of GRAS proteins are more divergent in length and sequence, suggesting their functional specificity [6].



With the rapid development of sequencing techniques, genome-wide scans for genes encoding GRAS domains have been conducted in many plant species, including Arabidopsis [6], rice [6], Populus [9], Chinese cabbage (Brassica rapa ssp. pekinensis) [10], Prunus mume [11], pine (Pinus radiata) [12], tomato (Solanum lycopersicum) [13], Jatropha curcas [14], and grapevine (Vitis vinifera) [15]. The GRAS gene family is generally divided into eight subfamilies—SCL3, SHR, PAT1, LISCL, DELLA, SCR, LS, and HAM—based on conserved motifs and sequence similarity. Each subfamily may have different functions in plant physiological processes [6]. For instance, the Arabidopsis SCR gene, the first identified GRAS member, is expressed in the cortex/endodermal initial cells and regulates the radial organization of the root [1]. Subsequent studies found that Arabidopsis SHR, another GRAS family member, is also essential for maintaining root development via a SCR/SHR complex [16,17]. There is evidence that AtSCL3 (SCARECROW-LIKE 3) can positively regulate the gibberellin (GA) pathway and functions as a repressor of DELLA, controlling GA homeostasis in root development [18,19]. Detailed studies on the regulatory mechanism of DELLA proteins have identified them as repressors of GA signaling [3]. The DELLA subfamily members including GAI, RGA, RGL1 (RGA-LIKE1), RGL2, and RGL3 are distinct from other GRAS proteins due to the conserved DELLA motif in their N-terminal region [20]. AtSCL13, belonging to the PAT1 subfamily, acts mainly as a positive regulator of the phytochrome B (phyB) signaling pathway [21], whereas other members within this subfamily such as PAT1 and SCL21 are involved in phytochrome A (phyA) signal transduction [21,22]. Rice MONOCULM 1 (OsMOC1), expressed in the axillary buds, plays an important role in the control of rice tillering [23]. Genes homologous to OsMOC1, in tomato (Ls) and Arabidopsis (LAS/SCL18), also function in the regulation of axillary meristem formation [24,25]. Some GRAS members such as NSP1 and NSP2 (or their protein complex) play a key role in nodulation, serving as possible regulators of Nod-factor-inducible gene expression in Medicago truncatula [26,27]. Furthermore, the NSP1 and NSP2 are required for strigolactone biosynthesis in Medicago truncatula and rice [28]. Recent studies have demonstrated that microRNA171 regulates several GRAS transcription factors including SCL6/SCL6-IV, SCL22/SCL6-III, and SCL27/SCL6-II in Arabidopsis [29,30,31]. In addition, GRAS members with stress-related functions have been found in Arabidopsis and cabbage (SCL13) [21,32], rice (CIGR1 and CIGR2) [33], tobacco (GRAS1) [34], and poplar (SCL7) [35].



The castor bean (Ricinus communis L. Euphorbiaceae) is an important non-edible oilseed crop. Its seed oils have a wide range of industrial applications [36], such as ideal feedstock for biodiesel production [37,38]. Increasing demand for castor bean oil, coupled with a strong ability to thrive in inferior growth conditions, has led to widespread castor bean cultivation in tropical, sub-tropical, and temperate regions. Breeding and improvement of castor beans have gained a great deal of attention in the scientific arena [39] and have prompted sequencing of the genome of the cultivated castor bean variety “Hale” [37]. The molecular mechanism underlying the adaptability of castor beans to grow under stressful conditions such as inadequate water and high temperatures remains unknown. Here, we investigated and characterized the GRAS gene family members based on the castor bean genome sequence. The expression profiles of these GRAS genes were examined among different tissues and a variety of stress conditions. These findings provide insight into the molecular functions of GRAS transcription factors in the castor bean plant.




2. Results


2.1. Identification of the GRAS Gene Family in Castor Beans


We identified a total of 48 distinct GRAS proteins based on a genome-wide search of the castor bean (Supplementary Table S1). To confirm these predicted proteins containing a bona fide GRAS domain, we evaluated them using SMART software [40] and analyzed their homologs in Arabidopsis. We found that all predicted proteins had a typically conserved GRAS domain, with the exception of one member (28166.m001040) that had two GRAS domains and two members (28966.m000535 and 29957.m001404) with partial domain sequences. The genes encoding proteins with partial domains were excluded from further analyses, while the other 46 members were considered as GRAS family members. These GRAS genes had open reading frames (ORFs) ranging from 1008 to 2532 bp and encoded proteins ranging from 335 to 843 amino acid (aa) residues in length. The molecular weights of those proteins ranged from 38 to 90 kDa, and most were weakly acidic, with a mean predicted theoretical pI (protein isoelectric point) of 5.8. In addition, we also searched for tandem duplication events in regions of GRAS members based on PTGBase analysis of the castor bean genome [41]. Tandem duplication events were identified in four different regions in nine GRAS members (28650.m000186 and 28650.m000187; 28650.m000189, 28650.m000190, and 28650.m000191; 29820.m000985 and 29820.m000986; 29889.m003284 and 29889.m003285).



To further validate the predicted GRAS genes in castor beans, we mapped and assembled genomic GRAS sequences to reads from our previous deep RNA-sequencing (RNA-seq) data [42]. A total of 28 genes were evaluated, with at least 10 reads coverage, and 25 showed nearly identical gene structures to predicted gene models. Three GRAS genes with discrepancies contained introns, despite reads mapped throughout the genes (29692.m000540 and 29916.m000544), or had an alternative splice site in the first intron and a misannotated second intron instead of the two predicted introns (29949.m000124) (Supplementary Figure S1). The corrected GRAS sequences were used for further analyses.




2.2. Phylogenetic Analysis and Functional Divergence of the GRAS Gene Families


Generally, the conserved sequences within characteristic domain regions play an important role in the basic functions of transcription factors. Multiple sequence alignments of GRAS proteins in castor beans showed a low overall similarity in the N-termini regions but relatively conserved domain regions in the C-termini including the five characteristic GRAS-domain motifs: LHR I, VHIID, LHR II, PFYRE, and SAW (Supplementary Figure S2). To explore the evolutionary relationships within the GRAS gene family, 129 full-length proteins (46 from castor beans, 33 from Arabidopsis, and 50 from rice) were aligned to construct an unrooted tree with 14 distinct subfamilies (Figure 1). Consistent with previous studies, GRAS members from castor beans were found in 13 distinct clusters within the phylogenetic tree; specifically PAT1 (six members), SHR (four members), LISCL (seven members), SCL3 (three members), DELLA (four members), DLT (one member), Os43 (one member), Os4 (three members), Os19 (one member), SCR (three members), SCL4/7 (one member), HAM (six members), and Rc_GRAS (six members) subfamilies [6,12,13]. Interestingly, we found that the Rc_GRAS subfamily (including 29889.m003281, 29889.m003282, 29889.m003284, 29889.m003285, 29910.m000940, and 30076.m004651) contained only proteins from castor beans, whereas no LAS subfamily members were detected (Figure 1). Additionally, five GRAS members from castor beans lacked Arabidopsis homologs and were grouped with the rice-specific protein subfamilies “Os4”, “Os19”, and “Os43” previously reported [6]. The other nine subfamilies clustered with members of each species, indicating evolutionary and functional conservation among these subfamily members.



To test whether there is a functional divergence between GRAS subfamilies, we calculated the coefficients of Type-I (θI) and Type-II (θII) functional divergence using the DIVERGE (v3.0) software [43] that can rule out the influence of saturation of synonymous sites. The Type-I functional divergence is often used to examine the aa residues that occurred significantly at site-specific changes of evolutionary rates. Type-I functional divergence between two subfamilies means that some aa residues are highly conserved in one subfamily but highly variable in the other at same sites. The Type-II functional divergence is used to assess those residues that were due to site-specific shifts in aa properties. Type-II functional divergence between two subfamilies means that some aa residues are highly conserved in both subfamilies, but have different biochemical properties. The coefficients of functional divergence of Type-I (θI) and Type-II (θII) can reflect which factor is the main force for the functional divergence between any two GRAS subfamilies. In this analysis, six GRAS subfamilies were excluded because of their small size (Os4, Os19, Os43, LAS, DLT, and SCL4/7), and the remaining subfamilies were evaluated using the DIVERGE software based on the maximum mikelihood algorithm. Our results indicated that the coefficient of θI, between any two subfamilies, was greater than 0 and varied from 0.33 to 0.98 (Table 1). Six pairs, LISCL/DELLA, LISCL/HAM, PAT1/HAM, SHR/LISCL, LISCL/SCR, and DELLA/HAM, were markedly divergent with statistically significant LRT (likelihood ratio test, p < 0.01). This is consistent with observations in the phylogenetic tree (see Figure 1), implying that some specific site changes may be subject to functional constraints. The coefficient of Type-II functional divergence (θII) had considerable variation, ranging from −1.83 to 0.60, with about half smaller than 0 (Table 1). Interestingly, the coefficients of both θI and θII were significant between PAT1/HAM, SHR/DELLA, SHR/SCR, and SHR/LISCL, suggesting that these GRAS subfamilies, particularly PAT1/HAM, might have experienced both Type-I and Type-II functional divergence. The other paired comparisons between subfamilies with negative θII value most likely adopted Type-I functional divergence. Additionally, we calculated the posterior probability (Qk) value to evaluate the possibility of functional divergence between two subfamilies, and considered 0.9 as the Qk cutoff in this study. The result showed that the LISCL/DELLA, LISCL/HAM, LISCL/SCR, PAT1/HAM, SHR/LISCL, and SHR/SCR pairs contained 24, 19, 24, 22, 24, or 37 significantly altered aa sites, respectively, by Type-I functional divergence analysis (Table 1). In sum, our findings revealed the significant Type-I functional divergence and some substantially site-specific aa residue changes among GRAS subfamilies.




2.3. Conserved Motifs and Gene Structure Analyses


All GRAS proteins identified in castor beans were subjected to MEME analysis [45] to identify conserved motifs. A total of 20 conserved motifs were found (named Motifs 1–20), and most of motifs displayed similar patterns within the same subfamily (Figure 2). Detailed information for each motif is listed in Supplementary Table S2. Motifs were ordered according to the domain arrangement, with Motifs 8 and 6 corresponding to the LHR I domain, Motifs 4 and 1 corresponding to the VHIID domain, Motifs 7 and 10 corresponding to the LHR II domain, Motifs 3 and 12 corresponding to the PFYRE domain, and Motifs 2, 13, 20, and 5 corresponding to the SAM domain (see Figure 2). Conserved Motif 14 was located between the VHIID and LHR II domains, while Motif 9 was nested between the LHR II and PFYRE domains (see Figure 2). Interestingly, the six other motifs were located outside the GRAS domain regions and nested within specific subfamilies in the phylogenetic tree. For instance, Motifs 15 and 19 were distributed within the DELLA subfamily; Motifs 11, 17, and 18 were within the LISCL subfamily, and Motif 16 was nested in the PAT1 subfamily (see Figure 2 and Figure 3).



Based on the sequence alignment between coding sequences and genomic sequences for each GRAS member, exon and intron splicing patterns were identified (Supplementary Figure S3). Most GRAS genes (78.3%) had no intron, while seven members contained just one intron, and three members (29648.m001919, 29889.m003282, and 29889.m003284) contained more than one intron. Since recent studies have shown that some GRAS members are regulated by microRNA 171 [29,30,31], we investigated the binding sites targeted by Rco-miRNA 171 from castor beans previously reported [46] for each member of the GRAS gene family. It was shown that three genes from the HAM subfamily (29646.m001070, 29916.m000544, and 30174.m008828) were unambiguously complementary to the Rco-miRNA 171 sequence (see Figure 4).




2.4. Expression Profiles of GRAS Genes in Different Tissues or Organs


Increasing evidences demonstrate the critical roles of GRAS genes in plant developmental processes. To explore the potential functions of these genes in castor beans, we investigated the expression levels of each GRAS member in leaf, root, seed1 (early seed development), seed2 (late seed development), and endosperm using our previous Tag-seq data [47]. Transcripts were detected in at least one of the five tissues for 34 GRAS genes, but were not detected in our dataset for the other 12 genes. A total of 31 GRAS genes were transcribed in leaf, 25 in root, 27 in seed1, 19 in seed2, and 22 in endosperm (Figure 5A). Expression levels of individual GRAS gene varied widely in different tissues. For example, 17 genes (30174.m008828, 29646.m001070, 28650.m000191, 28677.m000055, 29916.m000544, 28650.m000187, 29949.m000124, 29648.m001919, 28650.m000190, 29692.m000540, 30169.m006225, 29661.m000923, 27529.m000047, 27613.m000642, 30024.m001746, 29634.m002156, and 30073.m002204) were highly expressed in leaf, and eight genes (30174.m008828, 29949.m000124, 29916.m000544, 29661.m000923, 28650.m000191, 30169.m006225, 29661.m000901, and 30190.m011131) were highly expressed in root tissue. During seed development, many of the GRAS genes (14 members) exhibited a high expression level in early development (seed1), whereas all genes were significantly downregulated later in seed development (seed2). Only six genes (28677.m000055, 30174.m008828, 30169.m006225, 28650.m000191, 29916.m000544, and 29949.m000124) were identified with high expression from endosperm tissues dissected from immature seeds (Figure 5A).



Gene expression analysis of castor bean GRAS members was enhanced by screening Brown et al.’s [48] database (accession number ERA047687) in addition to our library [47]. In total, 35 of 46 GRAS genes were detected in at least one library. Furthermore, GRAS gene expression was compared between these two databases. The results showed that most genes (32) were detected in both and five with very low expression were identified in only one of the databases. Three genes (30131.m007029, 29889.m003285, and 29790.m000809) were absent in our library, whereas two genes (29820.m000986 and 29889.m003282) were not detected in Brown et al.’s database (Figure 5B). Within the same tissue, GRAS members generally exhibited similar expression patterns (Figure 5C) between databases, consistent with our previous data [47]. Similar to the results observed in seed development, most of the genes with high expression in endosperm II/III were downregulated in the late endosperm stage (endosperm V/VI) (Figure 5C). Moreover, we also identified ten GRAS genes that were highly transcribed in male flowers, and 15 genes highly expressed in germinating seeds (Figure 5C). Interestingly, few genes exhibited a tissue-specific expression pattern, and members from Os4, Os19, and Rc_GRAS subfamilies were not detected in any of the tested tissues. Collectively, expression was detected from 38 GRAS genes in diverse tissues or organs.




2.5. GRAS Gene Responses to Different Stress Treatments


The change of expression level of each GRAS gene was measured in response to different abiotic stresses. In the current study, four stress treatments including drought, salt, cold, and heat were imposed on castor bean seedlings to elucidate the potential role of these genes under stress. Using quantitative RT-PCR, we detected a total of 36 GRAS genes that were responsive to at least one abiotic stress treatment. The remaining members (10 genes) from Os4, Os19, Os43, and Rc_GRAS subfamilies were unable to be detected and showed no response (Figure 6). Increased expression levels were observed in 16 GRAS members following drought condition, among which eight genes (29706.m001281, 30169.m006225, 29908.m006159, 29872.m000537, 30156.m001710, 28650.m000186, 29634.m002156, and 29916.m000544) significantly increased their expression at least twofold, while only four genes (28492.m000479, 30190.m011131, 29661.m000901, and 30076.m004651) exhibited obvious downregulation. Salt stress treatment showed an induction of 12 genes, and five genes (28650.m000189, 28650.m000187, 28166.m001040, 29706.m001281, and 30170.m013590) were significantly upregulated more than twofold. The expression levels of six genes (30024.m001746, 29790.m000809, 29807.m000482, 30190.m011131, 28677.m000055, and 28492.m000479) underwent the obvious downregulation during salt treatment. Cold stress treatment affected 14 GRAS genes, among which 12 and 2 genes exhibited an obvious increase and decrease, respectively. Genes 28650.m000189 and 29790.m000809 had the greatest change in expression levels following stress. By contrast, nine genes (28650.m000187, 28650.m000190, 30190.m011131, 28650.m000189, 28166.m001040, 28650.m000191, 28650.m000186, 27529.m000047, and 29820.m000986) were substantially upregulated, and 18 genes were markedly downregulated in seedlings subjected to heat stress. For example, the expression levels of two genes (28650.m000187 and 28650.m000190) were elevated more than tenfold under heat treatment relative to that in control plant. In addition, we found that five genes (30190.m011131, 28650.m000187, 28650.m000190, 28650.m000191, and 27529.m000047) could be induced, and two genes (29790.m000809 and 29661.m000901) were repressed in all five stress treatments, implying that these genes might have a potential role in response to various stress treatment.





3. Discussion


GRAS transcription factors play pivotal roles in regulating plant growth, development, and stress responses and have been widely investigated in a number of plants [6,9,10,11,12,13,14,15]. In this study, we identified and confirmed the gene structure of 48 putative GRAS genes from the current castor bean genome. The number of GRAS members identified in castor beans is higher than in Arabidopsis (33 members) [6], comparable to Jatropha curcas (48 members) [14], Prunus mume (46 members) [11], and Chinese cabbage (46 members) [10], and lower than the number identified in rice (57 members) [6], Populus (106 members) [9], and tomato (53 members) [13]. Taking genome size variation into consideration, we examined the density (number/Mb) of GRAS genes for each species. The density of GRAS genes in the castor bean genome (0.15) is less than Arabidopsis (0.24) and Populus (0.25), but nearly equal to other species, including rice (0.15), Jatropha curcas (0.15), Prunus mume (0.16), and Chinese cabbage (0.17). The variation in GRAS gene number and density among these species might be related to gene duplication events or the aforementioned genome size.



The GRAS members from castor bean, rice, and Arabidopsis were clustered into 14 clades in this study. Interestingly, we found that the Rc_GRAS subfamily only contained the members from castor beans, and rice-specific subfamilies were not detected in Arabidopsis. As previously reported, these species-specific subfamilies such as the Rc_GRAS subfamily in castor bean and the Pt20 subfamily in Populus [9] were present in many dicotyledons but absent in Arabidopsis or in some Poaceae species [14]. These results indicated the loss of some GRAS subfamilies from some plant species during evolution [14]. Moreover, our analysis showed the probable functional divergence and diversification of GRAS evolution among different subfamilies, consistent with reports in other plant species [9,49]. Among the subfamilies, LISCL was the largest subfamily with seven members. The HAM, Rc_GRAS, and PAT1 subfamilies also consisted of multiple members. Interestingly, tandem repeats of GRAS members were observed in these four subfamilies, corresponding with the results from other plant species [49] and indicating that tandem duplication may be a mechanism for expanding GRAS member numbers in these subfamilies.



The distribution of conserved motifs in castor bean GRAS proteins further supports the categorization of the GRAS family. Conserved motifs and amino acid residues were found within the GRAS domain regions that might play an important functional role. For instance, Motif 8 contained a relatively conserved leucine repeat, and Motif 6 contained a putative nuclear localization signal (NLS) located between two arginine residues within the LHR I domain (Supplementary Table S2), a region previously described [6,8]. Within the LHR II region, Motif 10 was present in more than half of GRAS members and contained the conserved LXXLL pattern (Supplementary Table S2) that participates in protein interactions [3,8,50,51]. Residues D (Asp)/E (Gln) have also proven pivotal for protein function within the PFYRE region [3]. In addition, there is evidence that the conserved linker sequences, located between LRII and PFYRE domains, as was observed in conserved Motifs 9, are important for the LYHLL motif (Motif 10)—in particular, flexibility and substrate binding [8]. Outside the GRAS domains, some conserved motifs including Motifs 11 and 15–19 (Figure 3) had subfamily-specific distribution patterns that may endow the GRAS members with specific functions. Similar to reports from other plants, most GRAS members from castor beans lacked an intron (78.3%), which may be a reflection of their ancient origin from prokaryotic genomes of bacteria and horizontal gene transfer [52]. In addition, studies showed that the expression level of some GRAS members could be regulated by microRNA 171 during plant development [29,30,31]. In this study, three GRAS genes within the HAM subfamily contained potential target sites for binding Rco-miRNA 171, suggesting a potential regulatory mechanism for these genes in castor beans.



The expression profiles demonstrated that a total of 38 GRAS members could be detected in castor beans. These members exhibited a broad range of expression patterns among different tissues. Interestingly, eight GRAS members from four subfamilies (Os4, Os19, Os43, and Rc_GRAS) were not expressed in any tissue or organ, suggesting the loss of their underlying function during evolution. By contrast, a high expression of GRAS members in some tissues pointed to their functional roles in development. For example, two genes (29661.m000923 and 30073.m002204) were highly expressed in root tip tissue, which is consistent with the expression of their homologous genes AtSHR and AtSCR, participating in root development in Arabidopsis [1,16,17]. Three genes in the PAT1 subfamily (29949.m000124, 27529.m000047, and 27613.m000642) were highly transcribed in leaf tissue; their Arabidopsis homologs (AtPAT1, AtSCL13, and AtSCL21) are functionally involved in phytochrome signal transduction [21,22]. Four members of the LISCL subfamily (27568.m000253, 28650.m000187, 28650.m000190, and 28650.m000191) were strongly expressed in male flowers, which is in agreement with research showing LISCL protein serves as a transcriptional activator in the microsporogenesis of the lily anther [53]. Interestingly, we identified two DELLA genes (28677.m000055 and 9692.m000540) that are present and expressed in all tested tissues, consistent with their role as the main signaling hub in the control of a variety of growth and developmental processes [54,55]. It is worth noting that most GRAS members were downregulated during the transition from early to mature seed development, suggesting that these genes are likely related to early seed development.



Many studies have described the potential regulatory roles of GRAS genes under various abiotic stresses [55]. In our study, we found that most of castor bean GRAS genes (about 78.2%) can be affected by different stress conditions. For instance, the gene 27529.m000047 could be induced under different stress treatments and its homolog in Arabidopsis, AtSCL3, has been found to respond to various abiotic stresses and phytohormones [21]. In another example, over-expression of SCL7 from poplar improved salt and drought tolerance in transgenic Arabidopsis plants [35]. Gene 29634.m002156 from castor beans was significantly induced by drought treatment and encodes an identical protein sequence as Arabidopsis genes AtSCL7 and AtSCL4. DELLA proteins have shown the functional role in regulating stress tolerance in plants [56]. The DELLA member 28677.m000055 was upregulated under cold condition but was downregulated under salt and heat treatment; expression of the 28677.m000540 gene was also repressed following heat stress. In addition, we observed that several castor bean GRAS genes had dramatic changes in expression level under more than one abiotic stress treatments, indicating a coordinated response of these members. In particular, the LISCL and PAT1 subfamily showed response to four abiotic stresses, suggesting a wide role in tolerance. Taken together, these results show the potential for castor bean GRAS proteins to function under adverse growth environments.




4. Experimental Section


4.1. Identification of GRAS Gene Family in Castor Beans


An extensive search was carried out to detect all members of the GRAS transcription factors based on the castor bean genome database (downloaded from the website http://castorbean.jcvi.org/index.php). All Arabidopsis and rice GRAS proteins (described by Tian et al. [6]) were downloaded and respectively designed as query sequences against the castor bean protein database by running the ncbi-blast-2.2.24+ software (version 2.2.24+, NCBI, 2011, downloaded from ftp://ftp.ncbi.nih.gov/blast/executables/blast+/2.2.24/). Subsequently, all hit protein sequences were extracted using a custom Perl script based on their gene/protein ID number, and these sequences were then confirmed by the presence of the characterized GRAS domain in the candidate sequences by SMART tools [40]. Further, the CDS (coding sequence) and gene sequences of candidate members of GRAS family were obtained from the website (https://phytozome.jgi.doe.gov/pz/portal.html) for further analyses.




4.2. Phylogenetic and Evolutionary Analyses of the GRAS Gene Family


All GRAS protein sequences from Arabidopsis, rice, and castor beans were subjected to Clustal W software [44]. Subsequently, an unrooted phylogenetic tree was constructed using neighbor-joining criteria in MEGA 5.0 with 10,000 bootstrap replicates [57]. GRAS members in castor beans were further divided into different subfamilies based on the homologs in Arabidopsis and rice. The functional divergence between any two subfamilies was estimated using the DIVERGE v3.0 package [43]. In addition, conserved motif analysis in castor bean GRAS proteins was performed by the MEME tools with 20 motif numbers. The exon–intron patterns were also examined by the online GSDS 2.0 tools (Gene Structure Display Server [58]) based on the CDS and corresponding to genic sequences.




4.3. Gene Expression Profiles among Different Organs


The global expression profiles of GRAS genes identified in castor beans were analyzed based on our previous Tag-seq data [47]. In brief, all clean reads from leaf, root, seed1 (15 days after pollination), seed2 (35 days after pollination), and endosperm tissues (40 days after pollination) described earlier were mapped to the castor bean genome (http://castorbean.jcvi.org/index.php) using SOAP2 software [59]. The reads mapping to GRAS gene regions were extracted by a custom Perl script and the transcription level of each gene in the different tissues was normalized to the number of transcripts per million clean (TPM). Finally, the expression levels of all GRAS genes were visualized by the Multi-Experiment View (MEV) cluster software.




4.4. Abiotic Stress Treatments in Castor Bean Seedlings


Castor bean seeds were surface sterilized and germinated in MS medium at 28 °C for two weeks. Afterward, the seedlings were transferred to various conditions for stress treatment. Under drought condition, the seedlings were placed on the filter paper for 12 h at 28 °C. For the salt stress treatment, the seedlings were transferred into MS medium containing 300 mM NaCl for 12 h. For cold stress treatment, the seedlings were kept in 4 °C for 12 h, while for heat stress treatment the seedlings were cultured in MS medium at 50 °C for 12 h.




4.5. mRNA Isolation and qRT-PCR


Total mRNA was extracted from the whole seedlings of each treatment using RNAprep Pure Plant Kit (Tiangen, Beijing, China). The mRNA with DNA enzyme digestion was used for first-strand cDNA synthesis using PrimeScript™ RT reagent Kit (TaKaRa, Dalian, China), and quantitative RT-PCR amplification for each stress treatment was then carried out with three independent biological replications in Bio-Rad CFX Manager system (BIO-RAD, Berkeley, CA, USA). The qRT-PCR conditions used were as follows: precycling steps of 95 °C for 2 min and then followed by 40 cycles of 95 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s. The RcACTIN2 gene was used as an internal reference to normalize the relative expression level of all genes. The primers used in this study are listed in Supplementary Table S3.





5. Conclusions


In conclusion, the current study identified and characterized 46 GRAS gene family members from the castor bean genome. Further, the phylogenetic relationships, functional divergence between subfamilies, conserved motifs, expression profiles across different tissues, and abiotic stress responses were investigated for these genes in detail. Our results provide comprehensive information towards better understanding the molecular basis and impact of GRAS gene families on the growth and development of castor beans. In addition, these results will aid in efforts to identify the mechanisms that allow this crop to grow in varied environmental conditions.
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Figure 1. An unrooted phylogenetic tree of GRAS transcription factors from Arabidopsis thaliana, rice and castor beans. The multiple sequence alignment of GRAS proteins including Arabidopsis thaliana (red dots), castor beans (green dots) and rice (blue dots) were carried out using Clustal W [44], and the tree was generated with neighbor-joining methods. Members in the same clade were marked by the same color. 
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Figure 2. The distribution of conserved motifs within GRAS proteins in castor beans. The different colors indicate the conserved motifs within each protein. The conserved domains within the GRAS protein sequences and corresponding motifs are shown at the top. The scale for protein length is shown at the bottom. 
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Figure 3. Subfamily-specific motifs nested in the N-terminus region of GRAS proteins in castor beans. The logo represents conserved amino acids sequences between castor beans and Arabidopsis included in the motif. Heights of letters in the logo show the frequency of amino acids at that position (above). The aligned sequences and conserved amino acids for each motif (colored letters) are shown (below). 
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Figure 4. Potential target GRAS members of Rco-miRNA 171 in castor beans. The underline indicates the non-complementary site to miR171. 
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Figure 5. Gene expression profiles of GRAS members in different tissues or organs in castor beans. (A) Gene expression data from Xu et al. [47]; (B) the overlap of GRAS gene expression between Xu et al. [47] and Brown et al. [48]; (C) gene expression patterns from Brown et al. [48]. 
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Figure 6. Relative expression levels of 36 GRAS genes in different abiotic stress treatments. The two-week-old castor bean seedlings were subjected to various stress treatments including drought, salt, cold, and heat. The columns represent the expression levels of a gene, and the error bars show the standard error with three biological replicates. The expression level of control sample was normalized to 1. The asterisk above the columns indicates a significant change of expression level between stress treatment and control at p < 0.05. 
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Table 1. Functional divergence between subfamilies of GRAS proteins.
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Comparison

	
θII (s.e.)

	
θI (s.e.)

	
LRT θI

	
Qk > 0.9






	
PAT1/SHR

	
−0.14 (0.64)

	
0.53 (0.12)

	
19.29

	
3




	
PAT1/LISCL

	
−0.09 (0.52)

	
0.57 (0.12)

	
21.59

	
4




	
PAT1/SCL3

	
−0.83 (0.88)

	
0.42 (0.18)

	
5.50

	
0




	
PAT1/DELLA

	
−0.16 (0.50)

	
0.40 (0.19)

	
4.38

	
0




	
PAT1/SCR

	
0.42 (0.38)

	
0.70 (0.15)

	
22.69

	
6




	
PAT1/HAM

	
0.53 (0.47)

	
0.87 (0.12)

	
53.81

	
22




	
PAT1/GRAS

	
0.49 (0.36)

	
0.70 (0.17)

	
17.09

	
5




	
SHR/LISCL

	
0.52 (0.28)

	
0.87 (0.13)

	
42.95

	
24




	
SHR/SCL3

	
−0.31 (0.91)

	
0.46 (0.18)

	
6.76

	
1




	
SHR/DELLA

	
0.60 (0.20)

	
0.83 (0.20)

	
16.88

	
9




	
SHR/SCR

	
0.42 (0.58)

	
0.98 (0.25)

	
15.70

	
37




	
SHR/HAM

	
−0.28 (0.89)

	
0.61 (0.14)

	
17.82

	
5




	
SHR/GRAS

	
0.52 (0.27)

	
0.61 (0.15)

	
17.17

	
2




	
LISCL/SCL3

	
−0.70 (0.73)

	
0.42 (0.16)

	
7.43

	
0




	
LISCL/DELLA

	
−0.28 (0.45)

	
0.86 (0.10)

	
70.47

	
24




	
LISCL/SCR

	
0.35 (0.45)

	
0.86 (0.14)

	
39.74

	
24




	
LISCL/HAM

	
0.25 (0.52)

	
0.82 (0.10)

	
63.63

	
19




	
LISCL/GRAS

	
0.18 (0.39)

	
0.50 (0.10)

	
25.85

	
4




	
SCL3/DELLA

	
−0.79 (0.76)

	
0.33 (0.21)

	
2.54

	
0




	
SCL3/SCR

	
−1.83 (1.36)

	
0.62 (0.20)

	
9.98

	
2




	
SCL3/HAM

	
−1.18 (1.22)

	
0.68 (0.14)

	
22.61

	
5




	
SCL3/GRAS

	
−0.15 (0.65)

	
0.42 (0.19)

	
4.73

	
0




	
DELLA/SCR

	
0.37 (0.44)

	
0.74 (0.22)

	
11.75

	
3




	
DELLA/HAM

	
0.47 (0.33)

	
0.74 (0.14)

	
29.55

	
9




	
DELLA/GRAS

	
0.39 (0.29)

	
0.58 (0.16)

	
12.54

	
2




	
SCR/HAM

	
−0.22 (0.85)

	
0.46 (0.12)

	
13.96

	
3




	
SCR/GRAS

	
−0.38 (0.67)

	
0.58 (0.18)

	
10.66

	
1




	
HAM/GRAS

	
0.27 (0.50)

	
0.55 (0.10)

	
27.61

	
5








θI and θII: the coefficients of Type I and Type II functional divergence. LRT: likelihood ratio test statistics. Qk: posterior probability.








© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
SalELACINR

262
ATIGI9201 AGAL
28677.m000055 DELLA
ATl ARG

51501 ARGL2
AT ARGLS
ATIGH501 ARGLL
29807.m000382 DELLA

Name

28650 m000159 LISCI
e
ATIGS01 L1

ATIGO7S201 ASSCLL

ok

Name
28650.m000139 LIS

Selli! 158

Motif 15

Sites

Sole A°KLE9LE¥¥MS§%@§%

IEDEEAKGD GOMDILLAVLGYKVRSOMAPYAG AsETV
IINEIDOG AGDHAVLC b bisGATITY
200000 CCMDILLAVLO VIS \oi I
VR DGOG SAIDDELIAVE A RVRS QUITMMSWOID G TDTY

m\\mm\\n ot 1AV A RVISSIVAVAGKT FQUEANSNDDNG STVLADSVIY

ORISR WDLAS SSARNDIVIE
ornm

Wi
A ACYRVRSSDLR VAQRL

Motif]]

; EEDTQEK&Q Fofsl

I

s TeEEE
Sites

TSNESQ AVLKVISDMI QDCLA LOAEKSLYD
SR NSt DT 1 onciA LovEsID
SDDADED SVRYSOVENEEDNIEFKT OV DAL QWS
DD RSLYD
SADADESD \ KSLVE
AEKSIYE

MFOTSSA ATOALERML
SPSDDSDSSD) 1V DKANDILD AT
TESKVCSDVLL [VFR LA LQUARRSFFE
DSPDNSDISN VYLKYVISDI Fy QANERSIYD
DEADDIDIND AVLGVISOMENEDMODKVCILQESLD LEVFRSI
RQTEEMLOQ

DEIDSES TLLKY VNG

Motif 18

EI§SL¥E¥L§§¥P

L pewLoDCLAL
CL NPMFEDCLAL
TCMLODSIDL QA
PCMFIDPLAL

S
GAAERSIATALGERYT SSoASV DIt
DVLGQEYP HSLSHCPQIV
GEKYP PSINYDSAAIL

QAAFKSLYFL
FAAPRSLYEAIGRRY . PSPERNLATA

SLESPOPYT

VGISRDDIAL ESDONTSSSS
DLEDGSL

SCMLEDSIAL Dot e

ILSVLASDIY

ezt

Name
569240 DELLA GV ORI

e momss DELLA i

ﬂggzwh§§é¢k

AT2620681

g

e
s

Name
ATIGSI01 AsSCLIG ?“‘\"’L‘.‘“Ef

ot 1Al
AT30466001 AISCL30

s ysorarvss mvEDATL

GDGINGASES ENYONMFSDTDSVLQFRC

CAGEGD DLYSWIPRDD L AMQPKKCVE
"

Motif 19

Ii$0Lsslss

o s
AQEDGIS LSDTY

s
VNsDI

GDGISN LSDPTY. YN SDL80
LASDIVLY N SDLSSWYDSLLTEFNGS

Sites

STWLESMLSFLN/N PNFDFSQQPD.

SWorbLs RGN
VLSNDDVGST NS

VORI
r\\l DRTILY SR
SIS

s

6

DIT monkrDS

TRwE

LDTIONGODS
ANSDLDITRS

EE L st

Sites

SMFSDAFSVLOFKI LI
NI LALOrORCY
oo

Motif16

CGVEEASK!
PEKCAELASKFL KISQLVIDNS VPR TORKS

s

LINSDOWVINLD [ERSERRDSY

es
TQIY TALSSKKTSAADMLAY QTYVSVCPE
ShrsacAIa N B v

TOWTALSSICTSTSOMLIAY QTVISV Ok
ROITALSSEKLSAADMLKAY 1

wvvnslsskkkrucu.

120V AVNSTTSAN M
SSIVKALNRC, & ASTELLSY  MHILYEVCPY
SIVSRF SSTTSMVDILKAY  KLIVITCPIY
MTTVISATSSRTSMVDILKAY KOFVOACPTL





nav.xhtml


  ijms-17-01004


  
    		
      ijms-17-01004
    


  




  





media/file11.png
Relative expression level

28677.m000055

29820.m000985

28650.m000186

N
1

* *

27529.m000047

30076.m004651

*

29872.m000537

29692.m000540

29820.m000986

28650.m000187

27613.m000642

T

29790.m000809

*

30073.m002204

29807.m000482

N
1

4
i

—_
|

29908.m006159

*

N
I

o N b~
| |
*

N
|

28650.m000189

*

—
o
I

*

28166.m001040

*

30024.m001746

29661.m000901

30170.m013590

29916.m000544

28650.m000190

*

—
o1 O
I

29648.m001919

30131.m007244

29661.m000923

30190.m011131

30174.m008828

:

28650.m000191

29949.m000124

29634.m002156

29646.m001070

27568.m000253

29767.m000200

30169.m006225

.

28492.m000479

30156.m001710






media/file1.png
SCL4/7

I 9
g s
E-Bc
skEwd ©
2828 25 &S 2
AINT L9080 0 2
0000 0SS OFT TN S
00, . VSO IO &
09 NV 99> T §
09 T LI &
O ¥ L& O
N o O’ N AV O N ‘b\
N o 0o S ¥ o
[\V o So .. ?‘_\ ) Qy. QQ
e v ..O%’OQO QQT‘QQ
e S @ '19'\90\3"5\'5 P
i o » Cpq" « g
P Q NS SHR
o Q ® N\
759 @ N Q0L 4110
296, Atg~ 99 0 SN oot
2 > S
Atscfss P 99 O ® osGP‘P o
OSGRAS 7L87 P 7_% gt .. NSC\,?% 00090*
9 5 AL
AtLAS ® 6 02 35
OsGRAS; & =6l Vg .ifgggo
Os X
28400 2MOC1 @ ] | @ AtSCL11
92.m000479 @ c
= )8 — @ OsGRAS44
OsGRAS25 @ — 60
65 ® OsGRAS45
29872.m000537 @ ® OsGRAS53
OsGRAS32 @ 72 P
AtsCL23 @ 99 ‘SSGRAS«;
002204 @ o OsGRAsq7
CR‘\ ® 63
0sS 2 © 97
sCR* @
0% A9
G?\P*S &.
0s® 0. @ 98
o S
W o @7 S P
A6 G?‘the @
OV o QQ“ ok 99
« \'51 I ) O A o @
I S ‘e S & © N
Osd 'BQ\&\- 6‘00 65'\,5\ ’. iy 2 Y ..09(96‘
$ N ‘5'\ L) X <o Ly
o 06069\%0&6{9@‘... 9 QC? > ..:‘%@%5
Os43 o Or,c’&QQ Q\;O :é»q{? ... > = .. o(?p 00'9:..)30
SIS 0o 0® 0% 02
O LS YT ® o¥ o%v e Q
S S SFS o2 @ % o dy
DLT & L 4*‘0é’&bfgo.Ooo...oO...‘oo%w%o'%02;’3‘
WQ?%”Q.@(?@Q_QQ@ 233 wPRLBOL O@‘% ., Y%
TP FS S TTNL BB 088333980 b T
) o' SV ROOIOBIORNABC
v O ~ =g S B 7
A AT FEO R
Rc GRAS 2 §8"8§ g%%
© S ® A - 2 2 @ Arabidopsis thaliana
o g8 ©

DELLA

SCL3 ® Onzasativa

@ Ricinus communis





media/file2.png
Protein ID
28677.m000055
29692.m000540
29807.m000482
30170.m013590

30174.m008828
27568.m000253
28650.m000186
28650.m000187

29648.m001919
29949.m000124
30169.m006225
29889.m003281

30156.m001710

Subfamily

]

P-value

6.03 x 10"

Motifs

6164 [ 147 10
T -

6 4 7109
T

6/
Tl

/47 10 9
|l
I R
8 6 4 1ii7
I W R
3 6 4 1147
B
8 6 4 1147 2

=






media/file7.png
miR171 3'-CUAUAACCGUGCCGAGUUAGU-5'
29646.m001070 5'-GAUAUUGGACCGUCUCAAUCA-3'
29916.m000544 5'-GAUAUUGGCGCGGCUCAAUCA-3'
30174 m008828 S'-GAUAUUGGCGCGGCUCAAUCA-3'





media/file9.png
DLT DELLA

HAM

LISCL

PATI

RC_
SCL3 GRAS

SCL4/7
|

SCR

SHR

28677.m000055
29692.m000540
29807.m000482
30170.m013590
130190.m011131
29646.m001070
29820.m000986
29908.m006159
29916.m000544
30174.m008828
27568.m000253
28650.m000186
28650.m000187
28650.m000189
28650.m000190
28650.m000191
29767.m000200
27529.m000047
27613.m000642
28166.m001040
29648.m001919
29949.m000124
30169.m0062235
29889.m003282
30076.m004651
30024.m001746
30131.m007244
29634.m002156
29872.m000537
30073.m002204
29661.m000901
29661.m000923
29706.m001281

30156.m001710 |

&,ﬁ
~ $
§ $ F &
N g g R
1
|
B |
0.0 TPM 20.0

Xu et al

Brown et al

28677.m000055
29692.m000540
29807.m000482
30170.m013590
130190.m011131
29646.m001070

DLT DELLA

H.-\M

’99] 6.m000544
30174.m008828
27568.m000253

28650.m000187
28650.m000189
28650.m000190
28650.m000191

I_ISC]_

29767.m000200 | |

7]
©127529.m000047

27613.m000642
~[28166.m001040
£129648.m001919

29949 m000124

30169.m006225
3 29889.m003285
&)

RC_

30076.m004651
29790.m000809

L]
._I

hm

= “130131.m007244
——129634.m002156
v ¢]29872.m000537
30073.m002204
29661.m000901
29661.m000923
29706.m001281
30156.m001710

L&
SC

SHR

30024.m001746 | |

RPKM

30.0





media/file10.png
28677.m000055 29692.m000540 29807.m000482 30170.m013590 30190.m011131 29646.m001070
4

:
o
:
o
-
o

o o o of
29820.m000985 29820.m000986 29908. m006159 29916.1 mDODSM 30174.m008828 27568.m000253
4

e
Ik
Ud
F
o
13

< © o o

E 28650. mUOUJES 28650.1 mUDOlE7 28650. mOUOlEQ 28650.1 mDOD]BO 28650.1 m000191 29767. mOUDZDU

S . ) 10] 9 )

v o o [ o of o

g Z7529.ml!000_47 27613.m000642 28166. mOUlMU 29648.m001919 29949.m000124 30169 m006225
4

5 o o o o = o o

g 30076.m004651 29790.m000809 30024.m001746 30131.m007244 29634 m002156 28492.m000479

a
i
e
4
]
FE

of o
29872.m000537 30073.m002204 29661.m000901 29661.m000923 29706.m001281 30156.m001710
2,
5|

F
-
4
-
r
F

SETIRE SRS ST SRS s’ﬁ FRE SETIRE SIS
o o o o o






media/file5.png
bi's
[S)

29692.m000540 DELLA
AT1G14920.1 AtGAI
28677.m000055 DELLA
AT2G01570.1 AtRGA

o)

Name

IWEDEEAKGD
TMMMNEEDDG
EEEEQQQQDG
MVKKEEDGGG

LLAVLGA)

2 e =228 =

Motif 15

PHAs |

AHLEOL

Sites

=

GGMDELLAVLGYKVRSSDMAEVAQKLEQLEEVMGNVQED GLCQLASETV
NGMDELLAVLGYKVRSSEMADVAQKLEQLEVMMSNVQED DLSQLATETV
GGMDELLAVLGYKVRSSDMAEVAQKLEQLEMVMGIAQED GISHLSDTVH
NMDDELLAVLGYKVRSSEMAEVALKLEQLETMMSNVQED GLSHLATDTV

Motif 19

4
3
;J%‘Qé.m Ih_emgu-gn

S

Y

b3

Sites

LASETV ' YNPSDLSTWLESMLSELNI'N PNFDPSQQPD
LSDTVI YNPSDLSGWVQSMLSELNNP LDTIQNQQDS
LATDTV 'YNPSELYSWLDNMLSELNP” PLPASSNGLD
LATETV  YNPAELYTWLDSMLTDLNPP SSNAEYDLKA

5l

Name

29692.m000540_DELLA GNVQEDGLCQ
28677.m000055 DELLA MGIAQEDGIS
AT2G01570.1_AtRGA SNVQEDGLSH
AT1G14920.1 AtGAI SNVQEDDLSQ

AT3G03450.1 AtRGL2  KKADDDNNNS NMDDELLAVLGYKVRSSEMAEVAQKLEQLEMVLSNDDVG STVLNDSVHY AT3G03450.1_AtRGL2  VLSNDDVGST VLNDSV 'YNPSDLSNWVESMLSELNNP ASSDLDTTRS
AT5G17490.1 AtRGL3 LENGCGGGGD DNMDEFLAVLGYKVRSSDMADVAQKLEQLEMVLSNDIAS SSNAFNDTVH AT5G17490.1 AtRGL3 LSNDIASSSN AFNDTV!  YNPSDLSGWAQSMLSDLNYY PDLDPNRICD
AT1G66350.1 AtRGL1 SMTTVIKEEA AGVDELLVVLGYKVRSSDMADVA' KLEQLEMVLGDGISN LSDETVHYNP AT1G66350.1 AtRGL1 EMVLGDGISN LSDETV! YNPSDLSGWVESMLSDLDI'T RIQEKPDSEY
29807.m000482 DELLA SSSSSITNKP  PEIDNLLAGAGYKVRSSDLR ' VAQRLERLETAMINSFPSS  HLSVLASDTV 29807.m000482 DELLA LNSPSSHLSV  LASDTVLYNIUSDLSSWVDSLLTEFNQS QPLPSLPPDL

bits
S - N W

%

I

| .

= o

Name

Motif 11

Sites

1 SOULUE ek leeDe

&

28650.m000189 LISCL  YNSETSNFSQ AVLKYISDMLMEEDLEDKFPCMLQDCLA LQAAEKSLYD
28650.m000187 LISCL SSEGHDPNNN AVLKYISDMLMEEDLEGKTCMLQDCLA LQAAEKSLYD
AT1G07530.1 AtSCL14 SSSDDADFSD SVLKYISQVLMEEDMEEKPCMF 'DALA LQAAEKSLYE

2

8650.m000191 LISCL

SPSDDNDFSE TVLNYISQMLMEEDMEQKPCMF 'DFLA LQAAERSLYD

AT2G29060.1 AtSCL33a LASADADEFSD SVLKYISQVLMEEDMEDKFCMF 'DALS LQAAEKSLYE
29767.m000200 LISCL  DSPEDCDESD TVLRYISOMLMEEDIEDKTCMLQDSLD LQAAEKSFYE
27568.m000253 LISCL DLHEDFDESD VVLKYISDMLMEEDIEEKTCMFQESSA ALQAAEKSLY

2

8650.m000190 LISCL

SPSDDSDSSD PVLKYISQMLMEENMEDKFFMYYDPLD LKATEKSLYD

AT3G46600.1 AtSCL30 TESKVCSDYL FPVFKYINDMLMEEDLEGQSCMLEDSLA LQAAERSFFE

28650.m000186 LISCL
AT2G37650.1 AtSCL9
AT1G07520.1 AtSCL31

“OAAEKSE Byl

Name

28650.m000189 LISCL
28650.m000186 LISCL
29767.m000200 LISCL
28650.m000191 LISCL
AT2G29060.1 AtSCL33a
ATI1G07530.1 AtSCL14
28650.m000187 LISCL
27568.m000253 LISCL
AT2G37650.1 AtSCL9
28650.m000190 LISCL
AT5G59450.1 AtSCL11
AT3G46600.1 AtSCL30

Motif 18

|

PCMLQDCLAL QAAEKSLYDVLGEKYF
NFMFEDCLAL QAAEKSFYDVLGQKYF
TCMLQDSLDL QAAEKSFYEVLGKKYP
PCMFHDPLAL QAAERSLYDVLGEKYP
PCMFHDALSL QAAEKSLYEALGEKYP
PCMFHDALAL QAAEKSLYEALGEKYP
TCMLQDCLAL QAAEKSLYDVLGQEYP
CMFQESSAAL QAAEKSLYELIGEKYFP
VCMLQESLDL EAAERSLYEAIGKKYP
PPMYYDPLDL KATEKSLYDVLGEQDF
VGISRDDLAL QAAERSFYEIIQQQSP
SCMLEDSLAL QAAERSFFEVLQDQTF

PICDQSPSSI
ASLDQSPFLD
PSPEPKRVSI
SSPNQSSSFG
VDDSDQPLTT
SSSSASSVDH
HSLSHCPQIV
PSINYDSAAH
PSPERNLAFA
SSLESPQPYI
ESDQNTSSSS
ISGDLEDGSL

DSPDNSDISN VVLKYISDMLMEEELESKNFMFEDCLA  LQAAEKSFYD
DPADDFDFSD AVLGYISQMLNEEDMDDKVCMLQESLD LEAAERSLYE

PPADEIDSEN TLLKYVNQLLMEESLAEKQSIFYDSLA  LRQTEEMLQQ

Motif 17

TN R T

AT2G29065.1_AtSCL33b YSADPQPVNE IMVKSMFSDAESALQFKKGVEEASKFLPNSDQWVINLD IERSERRDSYV

AT2G29060.1 AtSCL33a NAVFGSSFSG DLVSNMFNDTDLALQFKKGMEEASKFLIPKSSQLVIDNS VPNRLTGKKS
28650.m000190_LISCL GDGIMGSSPS EMVQNMFSDTDSVLQFKRGLEEASKFLPRASQLVIDLE SNSFANGQKE
AT1G07530.1_AtSCL14 SAVYGSGFGD DLVSNMFKDDELAMQFKKGVEEASKFLIPKSSQLFIDVD SYIPMNSGSK

AT1G07520.1_AtSCL31 GEQFGQPANE ILVRSMFSDAESVLQFKRGLEEASKFLPNTDQWIFNLE PEMERVVPVK
28650.m000191_LISCL HDVMGSFESK IVVPNFFSERELALQFQRGVEEANRFLIPKENQLVIDLE TNASIPEMKE
27568.m000253_LISCL AADGLVDSPL STISEIFSDSESILQFKKGFEEASKFLI’NGSLFIDLES TGLFLKDLRE
29767.m000200_LISCL  DGLVHSPNST FrvP WNNESQSISQFIKGCVEEASKFLPNGDDLFRNIE VNRFLFKEPK

bits
n

N
K3

it

~

271@003

A
%Xmé g

Motif 16

P

s}i>
Ui e

I._
T

Khu

2 8 =

Name Sites
AT1G07530.1 AtSCL14 SLEARLAGTG TQIYTALSSKKTSAADMLKAY QTYMSVCPFK
29949 m000124 PATI1 GLVARLASSG SSIYKSLRCKEFASADLLSYM HILYEVCPYF
29767.m000200 LISCL GLDARLAGTG SQIYKCGCLVSKRTSAANVLKAY HLYLAACPFR
27613.m000642 PATI1 GLVARLASSG SSIYRALRCKEFASAELLSYM HILYEVCPYF
27568.m000253 LISCL. GLEARMAGSG TQIYKAFMSRI"TTAADVLKA' HLFLAACPFR

AT2G29060.1 AtSCL33a SLEARLAGIG TQVYTALSSKKTSTSDMLKAY QTYISVCPFK
AT1G50600.1 AtSCLS GLVARLASSG SSIYKALRCKDFTGFELLTYM HILYEACPYF
28650.m000191 LISCL GLEARLAGTG AQIYTALSSEKLSAADMLKAY LAYISACPFN
29648.m001919 PAT1 GLAARMAASG KYLYKALKCKEFPFPSSDRLAAM QILFEICPCF
28166.m001040 PAT1 GLVARKESSG NNIY' ALRCREFESKDLLSYM QILYEICPYL
AT4G17230.1 AtSCL13 GLRARLEGSG SNIYKSLKCNEFTGRELMSYM SVLYEICPYW
AT2G37650.1 AtSCL9 GLEARLAGTG SOQIYKGIVSKIFRSAAAVLKA OQOLFLACCPFR
AT1G21450.1 AtSCL1 GLAARMAASG KFIYRALKCKEFFSDERLAAM QVLFEVCPCF
27529.m000047 PAT1 GLRARVELSG SKIYRALKCEAPVSSDLMTYM GILFKICPYW
28650.m000190 LISCL ARLAGSVTGM QSFYTSLASRRRTAADILRAY KTHLHACPFK
AT2G04890.1 AtSCL21 GLVARLAASG SSIYKSLQSREFESYEFLSYV YVLHEVCPYF
28650.m000187 LISCL. ALETRLAGTG TFAYSILLSSKTHVSDILKAY QVYVKACPFK
AT1G07520.1 AtSCL31 RLEGSTGTMI QSYYDSISSKKRTAAQILKSY SVFLSASPFM
28650.m000186 LISCL. GLEARLAGTG THGYAPAVNSTTSAAGCMLKAY HAYTTACPFQ
AT5G48150.1 AtPAT1 GLVAQLASSG SSIYKALNRCFEPASTELLSY MHILYEVCPY
AT5G59450.1 AtSCL11 LEARITGNIS PPVSNFPFPSSTTSMVDILKAY KLFVHTCPIY
AT3G46600.1 AtSCL30 EALEARITGT MTTFISATSSRTSMVDILKAY KGFVQACPTL





media/file3.png
7,10 3,12 213205
15 19 8 6 4 1147 9 3 2 13 5

7l
E T <

Protein ID Subfamily P-value Motifs 15

28677.m000055 DELLA 2.73 x 10
29692.m000540 DELLA 975 x 10> 15 19 8 6 4 1147 93 21735
29807.m000482 DELLA 1.06 x 10™* 6 4 1147 109 3 213 5
30170.m013590 DELLA 6.44 x 10

6 4 1147 & 3 2 5

30190.m011131 DLT 2.60 x 10 -8 s -4 _1 L4 -10-9 3 12-2 /3 .5
29646.m001070 HAM 3.09 x 10 -8 .6 -4 -1 14-7 .9 -3 .5
8 4 1 147 3
29820.m000985 HAM 4.89 x 10 o e < A
29820.m000986 HAM 2.51 x 10* 4-1- 3- Iii
29908.m006159 HAM 4.54 x 10 E_Wi
29916.m000544 HAM 3.28 x 10¢ 8 6 4 1 7 9 5
30174.m008828 HAM 5.29 x 10™ 8§ 6 4 [/47 93 5

E

8 6164 (147 109 3122 205

27568.m000253 LISCL  4.60 x 10**
28650.m000186 LISCL  5.17 x 10"
28650.m000187 LISCL 132 x 10
28650.m000189  LISCL 143 x 10
28650.m000190  LISCL 1.39 x 102
28650.m000191 LISCL  2.85 x 10

8 6164 [147 109 3122 205

8 6164 1147 10 93122 205

8 6 4 1147 109 3122 205

8 6164 1147 109 3122 205
[ I A
8 6164 1147 109 3 122 205

8 6164 [ 7 109 3122 205

29767.m000200 LISCL 9.00 x 107 Gl L D 100322205
29728 m000844  Osl19 1.43 x 10 s w82
29929.m004746  Os4 1.27 x 10" mint e dldiiis 3
30147.m013794  Os4 1.46 x 10" N NN A TN RN I
30169.m006306  Os4 2.28 x 10" Kl sl a3
30131.m007029  Os43 2.66 x 10 N R E N SN ER
27529.m000047 PATI 1.51 x 10 e it e L iy
27613.m000642 PATI 1.96 x 10 mipglet Lln J02 S22
28166.m001040  PATI 3.99 x 10 ials el i
29648 m001919  PATI 521 x 10 Emale it B oSz
29949 m000124  PATI 3.13 x 107 e e e L e A
30169.m006225  PATI 718 x 10 aad ekt Biehiad 3

o
DN

1147 9 3 13

W

29889.m003281 Rc_GRAS 4.20 x 10*
29889.m003282 Rc_GRAS 9.27 x 10*
29889.m003284 Rc_GRAS 2.13 x 10"
29889.m003285 Rc_GRAS 9.90 x 10
29910.m000940 Rc_GRAS 4.37 x 10
30076.m004651 Rc_GRAS  4.60 x 10"

8 6 4 14

F

14 8 6

4 [ 7 9 312213 5

o
DN

4 1147 9 312213 5

8 6

4 1147 9312213 5

8 6 4 [ 147 9 3 /13 5

E

29790.m000809 SCL3 538 x 10> it hmd i ol &
8 6 4 1147 10 9 3122 135

30024.m001746  SCL3 1.56 x 10" ol e e il
30131.m007244 SCL3 429 x 10 _8 0 -4 -1 14-7 -10 _9 3 12.2 /3 5
29634.m002156 SCL4/7 2.26 x 10 & el &2

8 6 4 1147 3 12 13 5
28492.m000479 SCR 5.07 x 10 e L e Ba
29872.m000537 SCR 2.10 x 10 End sasias 372 135
30073.m002204 SCR 1.79 x 10 NN T
29661 . m0O00901 SHR 243 x 102 8 6 4 1 7 10 9312213 5
29661 m000923 SHR 287 x 10 8§ 6 4 114 7 9 3122 5
29706.m001281 SHR 1.74 x 10 il 28 2 3

8 6 4 114 7 10 9 3122 S5

30156.m001710 SHR 6.03 x 10" wond maiimm Adikid B

—

f
843





media/file0.png
SCL4/7,

® irabidopsis thaliana
O sativa

@ Ricinus communis






media/file8.png
|28677.m000055

Xuetal
30169.m006:
1£129889.m003285
£ 2130076.m004651
Brown et al R

30156.m001710






media/file6.png
miR171 3'-CUAUAACCGUGCCGAGUUAGU-5'
29646.m001070 5'-GAUAUUGGACCGUCUCAAUCA-3'
29916.m000544 5'-GAUAUUGGCGCGGCUCAAUCA-3'
30174.m008828 5'-GAUAUUGGCGCGGCUCAAUCA-3'





